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ABSTRACT 

The electromyographic (EMG) activity of trunk muscles has received little attention 

for tasks such as arm movements which do not explicitly direct trunk behavior. For 

such tasks, trunk muscles are considered to playa postural role, but only a limited set of 

conditions have been examined. The experiments presented in this study were designed 

to examine the relationship of the activity of trunk muscles at the initiation of rapid 

reaching movements to postural requirements as target direction and distance were 

broadly varied. 

Seated subjects performed bilateral arm reaching movements in the vertical plane to 

visible targets in many directions and at several distances. Surface EMG was recorded 

from trunk and shoulder muscles. Trunk position, trunk acceleration, and wrist 

acceleration were recorded. 

EMG patterns of the trunk muscles varied systematically with both target direction 

and target distance. The initial configuration of the body was varied to determine if the 

systematic variation with target direction was specific to one of three reference axes: the 

longitudinal axis of the foreann, the longitudinal axis of the trunk, or an absolute vertical 

axis that was external to the body. No one reference axis proved to have a stronger 

relationship with the activity of the trunk muscles across all target directions. Calculated 

muscle torques were compared to recorded activity of trunk muscles. Across all target 

directions and distances, trunk EMG at movement onset was not always qualitatively 

consistent with resisting either the calculated static torques of the final position or the 

segmental interactive effects of the arm on the trunk. 

By broadly varying target direction and distance, it was made clear that the activity 

of the trunk muscles was not universally related to any of the control requirements 
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tested. Regardless, systematic changes in EMG patterns were observed for trunk 

muscles with target direction and target distance. The regularities of the data were more 

striking than the scatter. These regularities make the data a critical test for any proposed 

control schemes of trunk muscle activity. 
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1. INTRODUCTION 

When a subject is given a movement task by an experimenter, some aspects of that 

task are more explicitly defined than others. For example, let us consider a reaching 

task in which a target is presented to a seated subject who is simply told to move the 

hand to the target. This task obviously involves moving the arm. What is not so 

obvious is the involvement of the body's trunk. The subject may in fact pay no attention 

to the trunk, but the trunk does move and the trunk muscles do become active. 

The observation that activity occurs in muscles seemingly far removed from the 

limb or limbs explicitly involved in the task is not new (Belen'kii, Gurfinkel, & 

Pal'tsev, 1967; Forget & Lamarre, 1990; Hugon, Massion, & Wiesendanger, 1982; 

Marsden, Merton, & Morton, 1981). Hess observed that many goal-directed, voluntary 

movements are propulsive and require active support from those body segments not 

directly involved (Hess, 1954; Hess, 1981). To emphasize the distinction between the 

actions of the different body segments, he used the term "teleokinetic" to mean 

"voluntary movements ... directed toward the attainment of certain objectives." The 

actions of the non-directed segments were termed "ereismatic"; they provide dynamic 

support specific to and varying with the needs of the teleokinetic component, and are 

necessary for an accurately aimed movement Other such terms have been devised. 

Cordo and Nashner (1982) used the terms "focal movement" and "associated postural 

adjustment," where a "focal movement" was defined as "directed movement of a body 

segment" and "associated postural adjustment" as "activation of postural musculature 

(usually) in advance of focal movements." Such distinctions imply separate roles for the 

arm and the rest of the body in the performance of arm movements; the arm performs the 

task while everything else resists segmental interactive effects and deals with static 
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requirements. There are times, however, when the muscles and segments which do not 

appear to be "focal" take on more than just a postural role. Cordo and Nashner (1982) 

suggested a dual role for the "postural" muscle activity, " ... associated postural 

adjustments initiated sway in the opposite direction to that produced by the destabilizing 

movement; this initial sway confers on the body a participational role in the focal 

movement as well as in postural stabilization." 

It may be impossible to assign separate roles to different segments and muscles of 

the body. "Posture--that is, postural activity--and voluntary movement co-operate 

intimately and in the present state of knowledge we cannot, within limits, separate them; 

we cannot, in general, say where, in the course of such movement, the voluntary 

element ends and postural support begins." (Martin, 1977) It is undeniable that several 

(all?) body segments move when a subject perfonns a task that superficially defines the 

involvement of only a few segments. Whether distinct and separate functions (and, 

therefore, separate control strategies) or common functions (and, perhaps, common 

control strategies) are carried out by the trunk and arm is unknown. 

For arm reaching movements perfonned in the horizontal plane with trunk 

movement restricted, the shoulder and elbow muscles are activated in such a way that 

their initial activity is closely related to target direction (Hasan & Karst, 1989; Karst & 

Hasan, 1991a; Karst & Hasan, 1991b). This result suggests that these muscle groups 

and joints act together and that the nervous system assigns them a common purpose to 

accomplish the task. For arm reaching movements when the trunk is not externally 

stabilized, it is not known whether the trunk muscle activity is related to target direction 

and therefore also predictable, as in the arm. 

Movement arises from a net imbalance of all the forces acting on a system. The 

success of a voluntary movement depends on the appropriate contribution of all the 
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forces that act on the moving system. For human voluntary movements, the moving 

system is a body made up of a series of essentially rigid segments of substantial mass, 

linked by joints that can rotate. The forces that act on this system include gravity, those 

forces due to contact with external objects, motion-related influences due to the linked 

nature of the body, passive joint tissue forces, and muscle forces (Miller & Nelson, 

1973; Smith & Zernicke, 1987). Of all these forces, the nervous system has control 

only over muscle yet must have some plan for dealing with the actions of the other 

forces whose interactions are far from simple. One approach, therefore, to the 

understanding of the control of voluntary human movement is to study the actions of 

muscles as indicators of the control strategies of the nervous system. 

Another approach in the analysis of strategy is the examination of movement 

kinematics and kinetics. However, to determine the motor control strategies of the 

nervous system, it is not sufficient to examine the dynamic behavior of the system 

alone. Although evaluation of kinematics and kinetics may reveal mechanical 

invariances of a given class of movements (Hollerbach & Flash, 1982; Soechting & 

Lacquaniti, 1981), there is no inherently direct or unique relationship of mechanics with 

neural action. Net muscle torques at a joint can be derived from inverse dynamics 

calculations, but still those calculations cannot illuminate the activity of individual 

muscles (Hoy & Zernicke, 1985; Phillips, Roberts, & Huang, 1983; Putnam, 1991; 

Smith & Zernicke, 1987; Zajac & Gordon, 1989). The problem is one of muscle 

redundancy: the existence of antagonist pairs and synergistic muscle groups. It is the 

muscle activity patterns that make up the final stage in the implementation of whatever 

plan the nervous system devises. 

The experiments presented here include an examination of the electromyographic 

activity (EMG) of trunk muscles at the initiation of rapid, target-directed arm movements 
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in the vertical plane, perfonned while sitting. In creating the activity patterns of the 

trunk muscles, the nervous system may not calculate, but must somehow take into 

consideration, both the segmental interactive effects due to the ann movement and the 

static requirements of the initial and final positions. These issues, as well as an analysis 

of the relationship of the activity of the trunk muscles to target direction, have been 

addressed with experiments in which the task parameters of target direction and target 

distance were manipulated. 
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2. LITERATURE REVIEW 

Although there is no distinct body of literature that pertains directly to the activity 

of the trunk muscles during ann movements, there are areas of study within the field of 

motor control which do provide relevant infonnation. This chapter presents the 

pertinent literature in three sections with an emphasis on the relationship of muscle 

activity patterns to static and dynamic mechanical requirements especially as related to 

movement direction and movement distance. In the first section, experiments which 

deal specifically with the trunk will be covered. In these experiments, the tasks 

perfonned by subjects directly and obviously involved the trunk. 

The second section presents infonnation from experiments on the control of 

standing posture. One approach to the study of posture control is to examine the activity 

of postural muscles while subjects perfonn various voluntary movements. Frequently, 

the task is some sort of ann movement perfonned while standing. These experiments 

do not specifically examine the behavior of trunk muscles. They do, however, provide 

infonnation on the non-focal muscle activity of the legs and suggest possible strategies 

for activation of the trunk muscles during ann movements. 

The third section briefly covers some of the literature on reaching movements of 

the ann. Although the literature on ann movement provides no direct infonnation about 

the behavior of trunk muscles, it does provide infonnation about task-specific 

characteristics of the ann muscles and movement during reaching. This section will 

focus on aspects of ann movements that may provide insights into trunk behavior during 

ann reaching tasks. A more detailed description of this area of the experimental 

literature, and the multiple control issues involved, can be found elsewhere (Hasan, 

1991; Soechting, 1989; Soechting & Flanders, 1991). The last section of this chapter 
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address, and their rationale. 

Trunk Moyements and Actiyity or Trunk Muscles 

Static and Quasi-Static Conditions 

19 

Many early investigations of the activity of trunk muscles stemmed from interests 

in functional anatomy, or the relating of the mechanical function of a muscle to its 

electrical activity (Floyd & Silver, 1955; Jonsson, 1970; Morris, Benner, & Lucas, 

1962; Pauly, 1966; Portnoy & Morin, 1956). Other investigators had clinical concerns, 

such as the relationship of the activity of trunk muscles to low back pain or lumbar disc 

pressure (Andersson, Jonsson, & 6rtengren, 1974a; Andersson & 6rtengren, 1974; 

Andersson, 6rtengren, Nachemson, & Elfstrom, 1974b; Nachemson, 1966; Pope, 

Andersson, Broman, Svensson, & Zetterberg, 1986). These experiments provided 

descriptions of trunk muscle EMG under static or quasi-static conditions while subjects 

either held various relaxed positions, exerted steady forces against an immobile support, 

or moved slowly from one position to another. Conclusions were then drawn regarding 

the roles of these muscles in resisting gravity, passive tissue forces, and externally 

applied forces. Results from these experiments, some of which will be presented 

below, largely confinned expectations based on static analysis. 

Trunk muscles, in general, demonstrate activity during sitting that is consistent 

with their role in resisting gravity and keeping the trunk vertical. A series of papers by 

Andersson and colleagues (Andersson, et al., 1974a; Andersson & Ortengren. 1974; 

Andersson, et al., 1974b) provide considerable infonnation on EMG activity of trunk 

muscles during quiet sitting in various postures and under a variety of support 

conditions. Although the erector spinae is a structurally complex collection of muscles, 

some generalizations about function across muscle regions can be made. All regions of 
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the erector spinae appear to be active in quiet sitting, although there is consistently a 

greater level of activity in the thoracic region than in either the lumbar or cervical 

regions. For supported sitting, EMG over all regions of the erector spinae muscles 

decreases with an increased inclination backward of the spine. In contrast, EMG of all 

back muscles increases when subjects hold a position of leaning forward. The activity 

of the abdominal muscles during quiet sitting has not received as much attention as that 

of the erector spinae, but there is some evidence that abdominal activity is low 

(Ortengren & Andersson, 1977). Low level electrical activity in tile psoas muscle has 

also been observed during quiet sitting (Andersson, et al., 1974b; Nachemson, 1966). 

Experiments in which subjects exert forces against external supports yield further 

information on the activity of trunk muscles under static conditions. In experiments by 

Jonsson (1970), seated subjects flexed forward against a resistance, and lumbar muscle 

activity decreased. When subjects extended backward against a resistance, lumbar 

muscle activity increased. These results again could have been expected from static 

considerations alone. 

Results from other experiments on muscle activity, however, are not as 

straightforward Pope and coworkers (1986) had subjects exert isometric axial torques 

to the left against an immobile support while standing. For a11levels of torque 

examined, there was considerable coactivation of abdominal and back muscles, and 

coactivation of the muscles on both the left and right sides, with only slight left-right 

asymmetry. Here then is a simple task, torque produced in a single direction, in which 

muscle activity is not simply reciprocal and the muscle activity could not be predicted 

solely from static analysis. 

The work of Monis, et ale (1962) provides a similar example. When their subjects 

performed lateral bends while standing, some coactivation of left and right sides of the 
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erector spinae muscles was observed in most, but (lot all, subjects. The greatest amount 

of activity was on the side ipsilateral to the movement, suggesting that, in this 

movement, the muscle action was not so much to counteract gravity but to overcome 

passive tissue forces that restrict lateral bend Portnoy and Morin (1956), on the other 

hand, saw only contralateral activity in subjects who performed the same task. These 

results suggest a certain amount of intersubject variability in lateral flexibility. 

Experiments on slow trunk movements have yielded results similar to those from 

experiments on position-related EMG. Reciprocal activity of the trunk muscles is 

observed far more often than coactivation, especially for movements performed in the 

sagittal plane, further supporting the role of the trunk muscles in resisting gravity (Floyd 

& Silver, 1955; Morris, et al., 1962; Pauly, 1966; Portnoy & Morin, 1956). 

Dynamic Conditions 

Although most investigations of the activity of trunk muscles have been of static 

conditions, some experiments have been done on rapid trunk movements performed 

while standing (Crenna, Frigo, Massion, & Pedotti, 1987; Floyd & Silver, 1955; 

Morris, et al., 1962; Oddsson, 1989; Oddsson & Thorstensson, 1987; Thorstensson, 

Oddsson, & Carlson, 1985). In these latter experiments, the erector spinae and rectus 

abdominis act as expected for a single joint movement by producing typical two- or 

three-burst reciprocal patterns. In the initial standing position, there is often some tonic 

erector spinae activity (Floyd & Silver, 1955; Jonsson, 1970; Morris, et al., 1962; 

Portnoy & Morin, 1956; Thorstensson, et aI., 1985). When subjects perform rapid 

trunk flexions, the first observed change in the EMG is a decrease, or pause, in that 

tonic activity (Crenna, et al., 1987; Floyd & Silver, 1955; Morris, et al., 1962; Oddsson 

& Thorstensson, 1987). Then, the rectus abdominis becomes active, followed by 

increased activity, or a burst, in the erector spinae. If the forward position is held at the 
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end of the movement, the muscle activity of the erector spinae continues, as one would 

expect to resist gravity (Crenna, et al., 1987; Floyd & Silver, 1955; Morris, et al., 1962; 

Oddsson & Thorstensson, 1987). If the task is to flex the trunk and then bring it back 

to vertical, the pattern of muscle activity is still reciprocal, but includes a third burst of 

muscle activity: abdominal-erector spinae-abdominal (Thorstensson, et al., 1985). The 

opposite pattern is observed for rapid trunk extension (Crenna, et al., 1987; Oddsson, 

1989). 

So far, we have seen that trunk muscles most often resist gravity in static 

situations, and act in the direction of motion and net torque application in rapid trunk 

movements. There are experimental results suggesting other actions of trunk muscles, 

e.g., resisting trunk movement. Thorstensson, Carlson, Zomlefer and Nilsson (1982) 

recorded the activity of lumbar muscles at the IA level as subjects walked and ran. They 

observed EMG bursts of both left and right lumbar muscle groups which were 

correlated with forward movement of the trunk, and EMG bursts of either left or right 

lumbar muscles which were correlated with movement of the trunk in the contralateral 

direction, suggesting that the lumbar muscles were resisting movements of the trunk. In 

locomotion, the purposeful movement is produced by the legs, yet the trunk moves, and 

the trunk muscles appear to resist that movement. Similar results were found in a later 

experiment in which trunk posture and behavior were altered during locomotion 

(Carlson, Thorstensson, & Nilsson, 1988). 

Activity of trunk muscles has also been recorded during arm movements 

performed while standing. In this task, as in the locomotion experiments described 

above, trunk behavior is not explicitly specified, but the trunk does move. The role of 

the trunk muscles per se in such movements has not been examined; however, the issues 

of posture control that have been addressed by these experiments are germane. In the 



next section the pertinent literature on posture control will be covered to examine the 

activity of non-focal muscles during ann movements. 

Arm Moyements Performed While Standjn2 
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A host of experiments have been carried out on movement and muscle activity 

during rapid ann swings performed while standing (Belen'ldi, et al., 1967; Bouisset & 

Zattara, 1981; Bouisset & Zattara, 1987; Bouisset & Zattara, 1988; Clement, Gurfinkel, 

Lestienne, Lipshits, & Popov, 1984; Gurfinkel, Lipshits, & Lestienne, 1988; Horak, 

Esselman, Anderson, & Lynch, 1984; Lee, 1980; Lee, Buchanan, & Rogers, 1987; 

Lestienne & Gurfinkel, 1988; Ramos & Stark, 1990). The ann is moved from the side 

of the body up and forward to shoulder level, all in the parasagittal plane, and the elbow 

is kept in an extended position. This task-directed movement (i.e., "focal" movement) 

involves a single joint, the shoulder. 

When a subject performs this task, a remarkable muscle activity pattern occurs. 

Not only are shoulder muscles active, but so are many leg and trunk muscles (Belen'kii, 

et al., 1967; Bouisset & Zattara, 1981; Bouisset & Zattara, 1987; Bouisset & Zattara, 

1988; Clement, et al., 1984; Gurfinkel, et al., 1988; Horak, et al., 1984; Joseph & 

Nightingale, 1954; Lee, 1980; Lee, et al., 1987; Lestienne & Gurfinkel, 1988). 

Similarly, muscle activity across many joints is also observed for ann movement tasks 

other than ann swings (Brown & Frank, 1987; Cordo & Nashner, 1982; Friedli, 

Hallett, & Simon, 1984; Woollacott, Bonnet, & Yabe, 1984). The activity of the leg 

and trunk muscles that accompanies these ann movements is considered by most 

investigators to have a postural role, i.e. to prevent a fall, and has been called 

"associated postural adjustment", while activity of the ann muscles is considered "focal" 

(Cordo & Nashner, 1982). The following two subsections, although necessarily 
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overlapping somewhat, will cover first some task-related characteristics of associated 

postural adjustments, then some possible functions of associated postural adjustments. 

Characteristics of Associated Postural Adjustments 

For a given rapid ann movement, the pattern of muscle activity that is considered 

the associated postural adjustment (APA) is quite consistent from trial to trial and from 

subject to subject (Belen'lcii, et aI., 1967; Bouisset & Zattara, 1981; Bouisset & Zattara, 

1987; Brown & Frank, 1987; Cordo & Nashner, 1982; Joseph & Nightingale, 1954; 

Lee, 1980; Lee, et aI., 1987). The same muscles are involved, and they become active 

in the same temporal order, despite subtle variations in initial posture that may occur 

from trial to trial and from subject to subject In many experiments, some activity of leg 

and trunk muscles is observed to occur before the activity of ann muscles (Belen'lcii, et 

aI., 1967; Bouisset & Zattara, 1981; Bouisset & Zattara, 1988; Cordo & Nashner, 1982; 

Friedli, et aI., 1984; Gurfinkel, et aI., 1988; Horak, et aI., 1984; Lee, 1980; Lee, et aI., 

1987; Woollacott, et aI., 1984). Also, leg and trunk movement occurs before both the 

activity of ann muscles and arm movement (Bouisset & Zattara, 1981; Bouisset & 

Zattara, 1987; Bouisset & Zattara, 1988). These results make the important point that 

these AP As are preplanned by the nervous system; they do not arise in response to the 

ann movement Also, despite or perhaps because of this muscle activity, there is 

movement of body segments other than the ann even though the subject performing the 

task is not consciously aware of it. 

The observed APA muscle pattern is specific to the task performed by the subject. 

For example, different AP A muscle patterns are observed for a unilateral ann swing and 

a symmetrical, bilateral ann swing (Bouisset & Zattara, 1981; Bouisset & Zattara, 

1988). Other examples include differences between the APAs observed for an arm push 

and an arm pull (Brown & Frank, 1987; Cordo & Nashner, 1982; Woollacott, et aI., 
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1984), a left arm swing and a right arm swing (Horak, et al., 1984; Lee, 1980), and an 

arm swing up and an arm swing down (Belen'kii, et al., 1967; Friedli, et al., 1984). 

Experiments using a tw<rehoice reaction time paradigm (a subject must make a choice 

between two tasks after a "go" signal) have all shown that a given focal movement is 

never accompanied by another focal movement's APA (Brown & Frank, 1987; Cordo & 

Nashner, 1982; Horak, et al., 1984; Woollacott, et al., 1984). These results suggest a 

strong relationship between the focal movement direction and the specific AP A pattern, 

although this possible relationship has not been explored beyond comparisons of two 

opposite directions (push/pull, swing up/swing down). 

The specificity of non-focal activity to a focal movement suggests a very tight 

linkage in the nervous system of APA and focal muscle activity. However, there is 

some flexibility. Under "catch" reaction time conditions (a "warning" signal without a 

"go" signal), subjects sometimes produce APA muscle activity without ever performing 

the focal task (Woollacott, et al., 1984). Also, in some patient populations, the focal 

movement can be performed with little or variable activity of non-focal muscles 

(Belen'kii, et al., 1967). In this latter case, these patients also showed difficulty in 

remaining standing, demonstrating that APAs do indeed playa "postural" role, a result 

also shown in modeling studies in which focal movements without non-focal activity are 

simulated (Ramos & Stark, 1990). 

For any given arm movement the APA pattern is consistent, but that pattern is 

influenced by certain task parameters. Associated postural adjustments are sensitive to 

the speed of focal movements. For arm swings perfonned over a range of speeds, the 

same leg muscles are involved, but the temporal order in which they become active may 

vary (Horak, et al., 1984; Lee, et al., 1987). In fact, leg muscle activity that occurs 

before fast focal movements can occur after the onset of slower focal movements. 
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Function of Associated Postural Adjustments 

For the body to remain standing during a rapid upward arm swing, the nervous 

system must deal with the net displacement of the body's center of mass and the 

disruptive segmental interactive forces which arise from the motion of the arm. 

Obviously, the nervous system does so because rarely does one fall down or lose 

balance when one perfonns this task. Many muscles on the body's dorsal surface 

become active before the ann muscles, consistent with their role in dealing with the 

upcoming forward displacement of the body's center of mass and as expected from 

static concerns alone. However, not all dorsal surface muscles initiate APAs. For 

example, a clear pause in activity of the soleus muscle, an ankle plantarflexor, is 

observed before ann swings upward, with later bursts in both soleus and tibialis anterior 

after the ann movement has begun (Bouisset & Zattara, 1981; Bouisset & Zattara, 

1988). Kinematic analysis has shown that the ankle joint initially moves into plantar 

flexion with a rapid upward arm swing (Clement, et al., 1984; Friedli, Cohen, Hallett, 

Stanhope, & Simon, 1988; Lestienne & Gurfmkel, 1988). The initial change in muscle 

activity at the ankle (a pause in soleus activity) is consistent with the notion that the 

AP As act to resist disturbances associated with the ann movement; but, because the 

standing system consists of a complex series of many segments, the precise relationship 

of APA muscle activity to static and dynamic requirements is unclear. 

Experiments perfonned in space without the influence of gravity have attempted to 

address this issue. When asked to "stand" in a micro-gravity environment, subjects tilt 

the body forward to an exaggerated extent. Tonic activity of the ankle dorsiflexors 

occurs with this exaggerated tilt that is consistent with the altered external environment 

(no gravity). When asked to perform a rapid ann swing, subjects produce similar ankle 

movements and similar APAs to those observed on Earth (Clement, et al., 1984; 
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Lestienne & Gurfinkel, 1988). So, although in space the afferent input to the nervous 

system is considerably different than on Earth, the associated "postural" activity 

remains. Associated postural adjustments, therefore, may not have anything to do with 

regulating the position of the body's center of mass within the base of support. The 

results observed in micro-gravity support the notion that AP As may be acting to deal 

with the dynamic disturbances produced by the arm. It is possible that the AP As are 

learned patterns, no longer needing gravity-induced premovement afferent information. 

However, there are experimental results which show that the nervous system seems 

perfectly capable of altering APAs as support conditions are altered (Marsden, et al., 

1981). APAs disappear or decrease markedly when the trunk is stabilized by external 

supports (Cordo & Nashner, 1982; Friedli, et al., 1984). 

Tar2et.Pjrected Arm Moyements 

The characteristics of multi-joint arm movements have received a fair amount of 

attention over the last decade (Accornero, Berardelli, Argenta, & Manfredi, 1984; 

Atkeson & Hollerbach, 1985; Cruse & Briiwer, 1987; Hasan & Karst, 1989; 

Hollerbach & Flash, 1982; Karst & Hasan, 1991a; Karst & Hasan, 1991b; Marteniuk, 

MacKenzie, Jeannerod, Athenes, & Dugas, 1987; Morasso, 1981; Soechting & 

Lacquaniti, 1981; Wadman, Gon, & Derksen, 1980). These movements provide the 

opportunity to examine common, yet mechanically complex, voluntary movements in an 

effort to unveil motor control strategies of the nervous system. The mechanical 

complexity of arm movements is due to the in-series linkage of limb segments, resulting 

in both a large number of mechanical degrees of freedom and significant segmental 

interactive effects. With the availability of more than one degree of freedom, it is 

possible for the distal tip of the arm to follow any trajectory, within anatomical limits, to 

move from point to point Furthermore, the motion of each segment of the arm 
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influences all other segments of the ann. Despite these complexities, target-directed ann 

movements are performed in a coordinated and consistent manner. 

Mechanical Characteristics of Target-Directed Arm Movements 

Subjects who are asked to move the hand from one point to another, with little or 

no additional instruction, are remarkably consistent from trial to trial in how they move 

the ann despite the infinite variety of trajectory available to them (Atkeson & Hollerbach, 

1985; Cruse & BrUwer, 1987; Lacquaniti & Soechtlng, 1982; Morasso, 1981; 

Soechting & Lacquaniti, 1981). Moreover, one person makes such a movement 

essentially as any other person would (Atkeson & Hollerbach, 1985; Morasso, 1981). 

The consistency in ann movements has been examined with the notion that kinematic 

invariances provide evidence for neural control strategies (Hollerbach & Atkeson, 1987; 

Lacquaniti & Soechting, 1982; Soechting & Lacquaniti, 1981). 

Some investigators have observed a constant, bell-shaped profile of the tangential 

velocity of the distal tip of the ann, whether that distal tip be the wrist or finger or hand

held manipulandum (Atkeson & Hollerbach, 1985; Morasso, 1981). This bell-shaped 

velocity prome is observed across target directions (Hollerbach & Flash, 1982). 

Furthermore, constant relative velocity, or trajectory, profiles have been seen for 

reaching movements of different speeds (Atkeson & Hollerbach, 1985; Soechting & 

Lacquaniti, 1981), and for reaching movements to different distances (Iannone, Hallett, 

Stanhope, & Vail, 1991; Kaminski, Bock, & Gentile, 1992). 

Soechting and Lacquaniti (1981) examined joint kinematics as well as distal tip 

kinematics. They found invariance of the relative angular velocity of the shoulder to the 

relative angular velocity of the elbow for the deceleration phase of reaching movements, 

regardless of both movement speed and direction (within a limited range). They also 

observed this same shoulder-elbow "coupling" when subjects were required to reach 
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with different amounts of wrist supination or pronation (Lacquaniti & Soechting, 1982). 

This alteration of wrist behavior necessarily changed muscle behaviors at more proximal 

joints, yet the proximal joint kinematics remained unchanged. 

Kinematic invariances of the arm movements are observed despite varying 

kinetics, such as variations of individual muscle forces. Other forces that act on the 

shoulder and elbow joints include gravity (if movements are not perfonn in the 

horizontal plane), and segmental interactive effects. These latter forces arise from the 

movement of the arm segments. Specifically, they are due to angular velocity and 

angular acceleration of the connected segments (Hollerbach & Flash, 1982; Smith & 

Zernicke, 1987). These interactive effects are sometimes categorized as inertial, Coriolis 

and centripetal forces. 

As mentioned earlier, reaching movements are produced with relative velocity 

proflles of the distal tip which are constant across directions, despite the fact that the 

relative magnitudes of segmental interactive effects vary considerably with direction 

(Hollerbach & Flash, 1982), and so do muscle forces. However, because relative 

velocity profiles appear to be constant across movement speeds, the segmental 

interactive effects are likewise scaled with speed for a given direction of movement 

(Hollerbach & Flash, 1982), as long as that movement is perfonned in a horizontal 

plane without the influence of gravity. 

The relative importance of segmental interactive effects on arm movements is 

indeed dependent on the plane of action in which the movement is executed. Speed of 

arm movements within the vertical plane very much influences the relative importance of 

segmental interactive effects; at slow speeds, gravity forces are of more consequence, 

and at fast speeds segmental interactive effects predominate (Hollerbach & Flash, 1982; 

Soechting & Lacquaniti, 1981). 
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The observed kinematic consistencies in the face of changing relative magnitudes 

of gravity, segmental interaction and muscle forces suggest that the nervous system is 

concerned with at least some movement kinematics (e.g., distal tip trajectory) and takes 

into account segmental interactive effects, with muscle activity patterns resulting from 

some "low level" neural operation (Atkeson & Hollerbach, 1985; Cruse & BrUwer, 

1987; Hollerbach & Flash, 1982; Lacquaniti & Soechting, 1982; Soechting, 1989). The 

view that smooth and consistent arm movements result from explicit neural control of 

kinematic variables is not held without question. Another control scheme is based on 

the concept of muscle synergies, by which the nervous system produces consistent 

movements by constraining the muscle groups involved (Lee, 1984). 

Not all experimental tasks have resulted in constant velocity profiles of the distal 

tip. Marteniuk and colleagues (Marteniuk, et al., 1987) examined the tangential velocity 

profiles of the wrist for a variety of tasks (pointing, grasping, grasping and throwing). 

Their results show that velocity profiles vary with task goals; when behavior is more 

complex than point-to-point movement, wrist trajectories are not held constant. 

Electromyographic Characteristics of Target-Directed Arm Movements 

Most experimental attention has been paid to the mechanics of arm movements. 

Far fewer experiments have examined the related muscle activity (Accomero, et al., 

1984; Flanders, 1991; Hasan & Karst, 1989; Karst & Hasan, 1991a; Karst & Hasan, 

1991b; Wadman, et al., 1980). In these studies, EMG bursts of activity of shoulder and 

elbow muscles are observed with some consistency for rapid arm movements. The 

observed bursting pattern is usually reciprocal, yet occasionally coactivation of agonist 

and antagonist is observed. 

From experiments which demonstrate significant differences in segmental 

interactive effects for different movement directions, it could be expected that muscle 
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activity patterns would also vary considerably with movement direction. Shoulder and 

elbow muscle activity patterns have, in fact, been found to so vary (Flanders, 1991; 

Hasan & Karst, 1989; Karst & Hasan, 1991a; Karst & Hasan, 1991b; Wadman, et al., 

1980). Direction of arm movement is related to the muscle activity at the initiation of a 

reaching movement. Karst and Hasan (1991a) tested some possible control rules for 

movement initiation. Although their results did not fully support any of the tested 

hypotheses, they did discover that muscle activity (agonist selection) at movement 

initiation was empirically related to the target direction, as measured by its orientation 

with respect to the forearm. 

Frequently, subjects are asked to perform arm movements as fast as possible. 

When movement distance is increased in such experiments, there is a concomitant 

increase in the maximum velocity of the movement Under these conditions, neither 

maximum velocity nor movement distance influence which muscles become active to 

initiate the movement However, EMG burst amplitude and duration tend to increase as 

movement velocity and distance are increased (Accornero, et al., 1984; Wadman, et al., 

1980). 

Most of the studies of muscle activity have involved arm movements in a 

horizontal plane, eliminating the influence of gravity (Hasan & Karst, 1989; Karst & 

Hasan, 1991a; Karst & Hasan, 1991b; Wadman, et al., 1980). Relatively less 

information is available on EMG patterns for vertical arm movements (Flanders, 1991; 

Lacquaniti & Soechting, 1982; Soechting & Lacquaniti, 1981). Flanders analyzed 

activity patterns of arm muscles for reaches to targets in three-dimensional space 

(Flanders, 1991). For each muscle, she fIrst applied a temporal shifting procedure to 

the EMG across all target directions, and then used a principal component analysis 

technique on the temporally shifted data The activation patterns of each arm muscle 
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were characterized as consisting of a single phasic wavefonn and a single tonic 

wavefonn, and these wavefonns were scaled in amplitude and delayed in time across 

movement directions. She concluded that the nervous system uses this temporal shifting 

and amplitude scaling as a relatively simple strategy to produce arm reaches in different 

directions. 

Experimental Rationale and Overview 

This literature review has covered kinematics and muscle activity patterns for 

voluntary movements involving the trunk and arm. The experimental data available on 

the activity of trunk muscles are thorough for many static and quasi-static conditions and 

for some tasks which explicitly involve trunk movement However, activity of the trunk 

muscles and trunk movement have received little attention for tasks which do not direct 

trunk behavior, yet, trunk muscles are active and trunk movement does occur for tasks 

such as those involving arm movements. Because of this absence of information, the 

first goal of this study was to characterize the activity of trunk muscles during target

directed arm movements, a common task which involves trunk muscles yet does not 

explicitly defme trunk behavior. 

A second goal of this study was to evaluate muscle activity at movement initiation 

as it relates to possible control requirements. Specific questions were asked to 

detennine whether the trunk muscles displayed activity in agreement with arm control 

strategies or with posture control strategies or both. Three questions were posed 

concerning the relationship of the activity of trunk muscles at movement initiation to 

mechanical parameters. 

One, is the activity of the trunk muscles at movement initiation related to target 

direction? If so, can a reference axis for that relationship be determined? 
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Two, is the activity of the trunk muscles at movement initiation qualitatively 

appropriate to deal with the static requirements of the final position, such as the possible 

displacement of the system's center of mass or a change in the orientation of the trunk to 

vertical? 

Three, is the activity of the trunk muscles at movement initiation qualitatively in 

opposition to the trunk movement at movement initiation, indicating a postural role of 

resisting the segmental interactive effects of the arm movement? 

These experimental goals were addressed by two sets of experiments which 

examined the ,effects of varying target direction and target distance on the activity of the 

trunk muscles. 

Target Direction 

The first set of experiments was designed to evaluate the activity of the trunk 

muscles for reaching movements over a full range of target directions. It was also 

necessary to alter initial configuration of the body in these experiments to test which 

reference axis defined target direction. Trunk muscles are active during ann movements 

(at least when the trunk is not externally stabilized), but the extent to which that activity 

varies with target direction has not been explored in previous investigations. A number 

of sources, however, have shown or suggested modulation of EMG with target 

direction. As mentioned above, Flanders (1991) observed temporal and amplitude 

modulation of the EMG activity of ann muscles with target direction. Those 

experiments did not, however, attempt to define a specific reference frame for this 

modulation. Karst and Hasan (1991a) uncovered a simple empirical rule which related 

muscle activity at the shoulder and elbow at movement initiation to a target's direction 

from the longitudinal axis of the forearm. Because trunk muscles are also involved in 
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ann reaching, this reference axis of the longitudinal axis of the foreann was investigated 

in the experiments presented in this study. 

In addition, other possible reference axes were tested. The relationship of the 

activity of the trunk muscles at movement initiation to target direction as defined by the 

longitudinal axis of the trunk was evaluated. This reference axis has been shown to be 

meaningful in experiments, not on EMG patterns, but on the kinematics of ann 

movement. Gordon and coworkers examined errors in ann reaching movements 

performed in the horizontal plane without vision of the ann or target during movement 

(Gordon, Ghilardi, & Ghez, 1992a; Gordon, Ghilardi, & Ghez, 1992b). They found 

variable errors of the final position of the hand related to target direction from the hand 

Although they did not specifically measure target directions with respect to the 

longitudinal axis of the forearm, these errors could be so related. When subjects 

performed reaches from different initial positions of the ann, systematic errors were 

observed that were related to the hand's position relative to the midline of the body, 

indicating a referencing of target direction with the trunk. 

The two reference axes described above are both internal, body-centered axes. A 

third reference axis was also evaluated. This axis was external to the body and dermed 

target direction with respect to an absolute vertical. 

Varying the task parameter of target direction allowed all of the experimental 

questions listed above to be addressed Clearly, the relationship of the activity of the 

trunk muscles to target direction could be evaluated and the search for a reference axis 

was possible. Systematically varying target direction also systematically varied the static 

requirements of the final position; the final location of the center of mass of the body 

varied with target direction. Also, varying target direction affected the dynamics of the 

ann movement; the segmental interactive effects of the ann on the trunk varied with 
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target direction. Changes in static and dynamic requirements of the ann movement were 

then compared with the EMG activity of the trunk muscles to evaluate their postural role. 

Target Distance 

There is no evidence within the literature covered here that target distance alters the 

activity patterns of muscles to any great extent Ann movements of increasing distance 

are perfonned with essentially the same initial muscle activity at the shoulder and elbow 

(Wadman, et al., 1980). Integrated EMG values tend to increase, and the muscle 

activity for braking appears to make a temporal shift, but the initiation of the movement 

is qualitatively similar for ann movements of different distances. Furthennore, 

examination of trunk movements of increasing magnitude show changes in the timing of 

the muscle activity which is suggested to be involved in braking the movement, but there 

is no qualitative change in the muscle activity involved in the initiation of the movements 

(Oddsson & Thorstensson, 1987). Pilot data for the study presented here, on the other 

hand, showed distinct changes in the activity of trunk muscles at movement initiation for 

ann movements to targets at different distances for some target directions. These 

differences were apparent only when the target was moved to distances beyond ann's 

length, necessitating a change in the fipal position of the trunk. More systematic 

experiments on the effect of target distance on the activity of the trunk muscles were 

pursued, therefore, to examine this effect further. 

These experiments on target distance also addressed two of the experimental 

questions. As target distance changed, the static requirements of the final position . 
changed. Furthennore, it appeared that, in pilot studies, reaching movements within 

and beyond ann's length resulted in different initial movements of the trunk, and the 

relationship of the activity of trunk muscles to trunk movement changed, suggesting a 
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change in the relationship of the activity of the trunk muscles to the dynamics of the ann 

movement. 
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3. METHODS 

General 

All of the experiments shared the same task, subject pool, and electromyographic 

and mechanical measures. Those methodological elements that were shared will be 

presented fIrst; then, the methods specific to each set of experiments will be presented. 

Subjects 

Eight nonnal, healthy adult subjects, three female and five male, were recruited for 

this study from among University students and staff. Subjects volunteered and were not 

paid for their participation. They were fully informed of the test procedure and generally 

infonned of the pwpose of the study. Each subject was asked to sign a human subjects 

consent fonn in accordance with University policy. Some subjects participated in more 

than one set of experiments. 

Task 

Seated subjects perfonned fast, point-to-point reaching movements to a target that 

was always visible. The movements were perfonned with both anns moving 

symmetrically in the vertical plane. Bilateral ann movements were studied instead of 

unilateral ann movements because preliminary experiments showed that unilateral ann 

movements were associated with asymmetrical activity of the left and right trunk 

muscles. The principal focus of this study was on trunk muscle activity during 

movements in the sagittal plane. The asymmetry of muscle activity during unilateral ann 

movements suggested a relationship to trunk rotation in the transverse plane and could 

not be unequivocally related to trunk and ann movements in the sagittal plane. In 

contrast, bilateral ann movements were associated with symmetrical activity of the left 

and right abdominal and paraspinal muscles, while shoulder muscle activity patterns 
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were the same for both unilateral and bilateral ann movements. Such variations in EMG 

patterns have been demonstrated before with unilateral and bilateral ann swings 

(Bouisset & Zattara, 1988). 

Subjects were instructed to move the anns as fast as possible in a single, smooth 

movement and to avoid corrective movements. Subjects were given no specific 

instructions regarding trunk behavior. Because the task specified behavior of the ann, 

that behavior and the activity of the ann muscles will henceforth be operationally defined 

as "focal". Because the behavior of the trunk was not specified, the behavior of the 

trunk and the activity of the trunk muscles will henceforth be operationally defined as 

"non-focal". 

Experimental Apparatus 

Figure 1 contains a photograph of a subject and experimental appmltus. 

Subjects were seated throughout the experiment, effectively limiting the system under 

study to the trunk, head, and arms. Preliminary experiments showed no significant 

EMG activity of hip flexor, rectus femoris, or hip extensor, gluteus maximus, during 

ann movements, so the lumbar joint L2, about waist level, was considered the joint at 

which trunk flexion and extension occurred. Movement of the trunk, head, shoulder, 

and elbow joints was unrestrained, but a splint was fitted to the right wrist. This splint 

provided an attachment site for an accelerometer, as explained below in the section 

Mechanical Measurements. The chair used in the experiments had a back, but 

subjects were only allowed to use the back of the chair as support between trials; during 

trials, subjects performed the arm movements without back support. Subjects kept their 

feet on the floor or supported by a stable foot stool. Subjects held a lightweight 

polystyrene handle in both hands to insure symmetry of movement of the left and right 
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Figure 1. Experimental apparatus. The subject is in configuration 1. A splint is on 
the subject's right foreann and wrist Attached to that splint is an accelerometer with its 
axis pointed in the direction of the target The target apparatus is attached to the large 
metal plate to the subject's left, and the subject has her left fingertip aligned with the 
magnetic-based rod. The target, anterior to the subject, is a small cube of foam attached 
to a rod that can be rotated about the magnetic-based rod. The subject is holding a 
polystyrene handle. A fabric harness is wrapped around the subject's waist with straps 
over the shoulders. Attached to the back of this harness is the trunk accelerometer (at 1'2 
level) and a long band of elastic. That elastic is also attached to a force transducer that is 
located on a table directly behind the subject (out of view). In the lower right corner of 
the photograph is a voltmeter used by the subject for setting the initial position of the 
trunk prior to each trial. The subject is wearing headphones through which the go signal 
was provided. The EMG electrodes are not shown. 
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anns. Approximately 0.5 m to the left of the chair was a large metal plate which acted as 

a wall. This metal plate allowed an adjustable target to be placed to the left of the 

subject. 

The target apparatus consisted of a metal rod with a magnetic base. This rod was 

placed on the metal plate to the left of the subject and extended perpendicular from it 

Attached perpendicular to this rod (and parallel to the metal plate) was another rod. This 

second rod was able to rotate about the first rod. At the end of the second rod was a 3 

cm X 1.5 cm X 1.5 cm piece of foam. This entire apparatus was to the left of the 

subject and was always visible. The magnetic-based rod acted as the point for aligning 

fingertip position prior to each movement trial; the piece of foam at the end of the second 

rod acted as the target to which the subject was instructed to move. This dual-rod 

apparatus allowed for specific adjustments of the initial position of the fingertip, and it 

allowed for the position of the target with respect to initial position of the fingertip to be 

changed from trial to trial. The subject never came in physical contact with the target 

apparatus; instead, initial and fmal positions of the fingertip were immediately adjacent 

to the target apparatus. 

Electromyographic Measurements 

Surface, bipolar electrodes were used to collect myoelectric data. All EMG activity 

was recorded from the right side of the body. The movement task for these experiments 

was designed to be a two-dimensional movement occurring in a sagittal plane. The joint 

motions of interest, therefore, were flexion and extension of the trunk (L2 level), 

shoulder, and elbow. EMG recordings were made from representative flexors and 

extensors of the trunk and shoulder. 

Recordings from paraspinal muscles (erector spinae) were taken at the L2level, as 

defmed by the vertebral spinous process (Jonsson, 1969),3 cm from midline 
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(Andersson & 6rtengren, 1974). This location was chosen for two reasons. One, this 

is the only part of the back in which the erector spinae is the most superficial muscle. IT 

electrodes were placed on more superior portions of the back, recordings could include 

activity of the more superficial muscles, the trapezius and latissimus dorsi. These 

muscles act on the scapula, shoulder, and neck. Two, the recordings from this electrode 

location had been shown previously to be representative of trunk extensor activity, as 

described below. 

This electrode location recorded primarily from the iliocostalis lumborum and the 

multifidus portions of the erector spinae. The iliocostalis is the more superficial of the 

two muscles, and lies directly under the thoracolumbar fascia. Its muscle slips run 

vertically and cross several vertebral joints, with the inferior attachments on the iliac 

crest and the superior attachments on ribs 5 to 12. The multifidus is a rather massive 

muscle directly under the iliocostalis. Its muscle slips are somewhat shorter than those 

of the iliocostalis and run from the dorsal surface of the sacrum and transverse processes 

of the lumbar vertebrae to the spinous processes of the vertebrae 2 to 3 segments 

superior. 

The erector spinae make up the anatomical extensors of the trunk. The erector 

spinae consist of many muscles with numerous attachments. Some slips of muscle 

cross several vertebral segments, others only one or two; some slips run vertically, 

others obliquely. Despite the structural complexity of the erector spinae muscles, 

experiments of intramuscular versus surface EMG, and EMG measurements at various 

levels of the back, have made it possible to generalize across the muscle regions. 

Although some investigators have documented differences in levels of muscle activity 

for different portions of the erector spinae in various standing positions and trunk 

movements (Jonsson, 1970), most studies support the notion that all portions of the 
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erector spinae act together, especially for movements in the sagittal plane (Morris, et al., 

1962). In particular, comparisons of surface EMG at levels Ll, L3 and L5 of the 

erector spinae are similar and all change in parallel across a variety of sitting postures 

(Andersson, et al., 1974a). 

To monitor trunk flexor muscle activity, electrodes were placed over the abdominal 

muscles (Pope, et al., 1986). Many electrode locations were tested in preliminary 

experiments. Locations that were on the inferior portion of the abdomen yielded signals 

that were too small, due to the amount of adipose tissue superficial to the muscle mass. 

Locations that were on the superior portion of the abdomen yielded signals contaminated 

by the electrical activity of the heart. Locations at the level of the umbilicus largely 

avoided these problems. The abdominal muscles were recorded from three different 

places at the level of the umbilicus: 3, 8 and 12 cm from midline. The most medial 

electrode location (3 cm from midline) was over the rectus abdominis. This muscle has 

fibers that run vertically from the pubic crest to the cartilage of ribs 5-7. It is the primary 

flexor muscle of the trunk. The electrodes 8 cm from midline were over the lateral edge 

of the rectus abdominis. The most lateral electrodes (12 cm from midline) were over the 

external and internal oblique muscles. These muscles consist of fibers that run 

diagonally. They can influence abdominal pressure, and contribute torques in the 

flexion direction, in lateral bending, and in rotation about the vertical axis of the trunk. 

Only the data from the abdominal electrodes 8 em from midline were used for 

analysis. Although the most medial electrodes were directly over the rectus abdominis, 

they were not used because they were not always reliable due to adipose tissue variation 

from subject to subject When enough data were available for comparison, recordings 

from the most medial location showed similar patterns to those recordings from the 

electrodes 8 cm from the midline. The recordings from the oblique muscles were not 
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analyzed because their activity could not be strictly related to trunk action in the sagittal 

plane. These recordings from the obliques sometimes showed similar burst patterns to 

those recordings from the rectus abdominis (8 cm from midline), but there were 

differences which suggested differences in functional role. 

The anterior deltoid muscle was the shoulder flexor monitored; and the posterior 

deltoid was the shoulder extensor. These muscles cross only the glenohumeral joint, 

and are easily accessible for surface recordings. Electrodes were placed over the main 

muscle mass. In addition, the latissimus dorsi muscle was monitored. This muscle 

covers a very large area of the back of the trunk, running from the thoracolumbar fascia 

to the proximal end of the humerus. Recordings from this muscle were made to 

determine if it had activity similar to trunk extensors or shoulder extensors. Electrodes 

were placed just inferior to and approximately 2-3 em lateral to the inferior angle of the 

scapula, thereby avoiding the teres major and the serratus anterior muscles. 

Electromyographic signals were amplified, rectified, filtered, and stored for later 

analysis. The data were collected as digital signals and sampled every 3 ms, with 400 

samples per trial. Each trial, therefore, lasted 1200 ms. 

Mechanical Measurements 

Some aspects of trunk and arm motion were recorded with accelerometers and a 

position transducer. Because the aim of this project was to address questions about 

movement initiation and final position, kinematics of all body segments were not 

recorded. The measurements made were to identify onset of movement, the initial 

direction of movement, and fmal segment positions. 

Two single-axis, bidirectional accelerometers were used. Accelerometers provide 

a more sensitive signal from which to determine movement onset than position 

transducers, and, because movements were performed from rest, initial direction of 
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acceleration also indicated initial direction of movement One accelerometer (Columbia 

model 902) provided information on ann movement and was attached to the right wrist 

splint via a moveable mount This accelerometer's axis was aligned with target direction 

prior to each movement trial to make the identification of movement onset as clear as 

possible. Another accelerometer (Statham model A6-15-350) was mounted on a fabric 

harness that the subject wore about his or her trunk (see Figure 1). The accelerometer 

was located on the subject's back, below the cervical region of the spine, between T1 

and T3, and it was aligned to measure trunk accelerations along an anterior-posterior 

axis. 

Trunk position was measured with a force transducer (Grass Ff03, with Grass 

RPS112 power supply and Grass P16 amplifier) attached to a compliant spring. The 

force transducer was mounted on a table behind the subject and was attached to the 

fabric harness worn by the subject via a long band of elastic, thereby allowing the force 

signal to be analyzed as a position signal. 

Acceleration and position signals were digitally recorded along with EMG signals. 

Signals from the accelerometers were calibrated independently of the experiments. 

A calibration of the trunk position signal was performed and recorded for each 

experiment 

Experimental Procedure 

Subject preparation included explanation of the experiments, application of EMG 

electrodes, alignment of movement transducers, and verification of signals. This 

process took from 60 to 90 min. In addition, prior to experimental trials, some data 

were collected of relaxed levels ofEMG activity. The body of the experiment involved 

repeated trials in which a single trial consisted of a single reaching movement. Subjects 

performed from 30 to 60 trials in any given experiment. 
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Prior to each trial, the initial configuration of the body was set This practice 

helped insure a consistent initial configuration of a subject's trunk and anns from trial to 

trial. To set the initial position of the trunk, the subject used a digital readout of the 

voltage signal from the trunk position transducer. This feedback of trunk position was 

only used to help set the initial position of the trunk. During the movement trials, the 

subject looked at the target The subject set the initial position of the ann by aligning the 

left fingertip with the end of the magnetic rod that made up part of the target apparatus. 

Also prior to each trial, the subject was allowed one or two practice reaches to become 

familiar with the task, the target direction, and the target distance. 

An experimental trial began by the subject getting into the proper initial body 

configuration and telling the experimenter that he or she was ready. After a variable 

delay of 2-6 s, arm movements were then cued by an auditory go signal presented to the 

subject via headphones. The subject was instructed to move as soon as possible after 

the go signal. For each trial, 1200 ms of data were recorded starting 100 ms before the 

go signal. This amount of time was usually ample to capture a subject's movement and 

at least 100 ms before and after the movement. Experimental trials were occasionally 

repeated if the subject did not reach the target, the movement was not smooth, or the 

movement was too late or too slow. 

The subject was allowed to rest between trials while the experimenter moved the 

target to a new position, reoriented the wrist accelerometer to the new target direction, 

and prepared the computer for the next trial. This process usually took 1-3 min. After 

all experimental trials were performed, some subjects were asked to perform a few trunk 

movements without ann movements and data were recorded for these movements. Total 

experiment time never exceeded 210 min. 
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Tan:et Direction 

In some experiments, subjects perfonned reaching movements to many different 

target directions. Five subjects perfonned the basic reaching task that was described 

above in 22 to 28 different target directions. The distance of the target from the initial 

position of the fingertip was a constant 2S em. Target direction was varied from trial to 

trial. 

The initial configuration of the body was also varied. Three different 

configurations were used: configurations 1, 2 and 3. These configurations are shown 

in Figure 2A. In configuration 1, the trunk was vertical, the upper arm was at an angle 

of 45 deg from vertical. and the elbow joint was flexed to 90 deg. In configuration 2, 

the trunk was vertical, the upper arm was horizontal. and the elbow joint was flexed to 

90 deg. In configuration 3, the trunk was tilted back, and the arm was in the same 

spatial orientation as in configuration 1. The extent to which the trunk was tilted in 

configuration 3 varied from subject to subject (12-20 deg). No more than two 

configurations were tested in a single experiment. 

These configurations were used so that the activity of trunk muscles at the 

beginning of arm movements could be independently related to three different reference 

axes. Target direction defined as Theta (9) was the angle between an external vertical 

axis and target location from the distal tip of the arm, i.e., the fingertip. Target direction 

defined as Psi ('P) was the angle between the longitudinal axis of the forearm and the 

target location from the distal tip of the arm. Target direction defined as Phi (<I» was the 

angle between an axis parallel to the trunk and the target location from the distal tip of 

the arm. For configuration 1,9 was equivalent to <I> because the trunk was vertical. 
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Figure 2. Initial body configurations, target directions, reference axes and target 
distances. A. Target direction. The three stick figures show the three configurations 
used for these experiments. The small filled symbols represent target locations (25 em 
for the distal tip of the arm). Target direction was dermed by three different reference 
axes. Target direction defined by Theta (0) was the angle between an external vertical 
axis and target location from the distal tip of the arm. Target direction defined by Psi 
('I') was the angle between the longitudinal axis of the forearm and the target location 
from the distal tip of the arm. Target direction dermed by Phi (ell) was the angle 
between an axis parallel to the trunk and the target location from the distal tip of the arm. 
Target direction values increase counterclockwise for all three direction-naming 
conventions. On each stick figure, the targets where 0 = 0 deg, 'P = 0 deg, and ell = 0 
deg are marked. As initial configuration was changed, the relationships of the reference 
axes changed. It was then possible to compare data obtained from the different 
configurations to determine the relative significance of the coordinate systems based on 
the three reference axes. B. Target distance. The stick figure indicates the initial 
configuration and target locations used for these experiments. Four target directions 
were tested (0 = 270,285,300,315 deg), and four distances were tested (to cm less 
than arm's length, arm's length, 10 cm greater than arm's length, 20 cm greater than 
arm's length). 
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For configuration 2, 9 was equivalent to'¥ and <I> because all three reference axes were 

vertical. 

Two subjects perfonned reaches from configurations 1 and 2, two subjects 

perfonned reaches from configurations 1 and 3, and one subject perfonned reaches from 

all three initial configurations (in three separate e)~periments). 

Tareet Distance 

In other experiments, five subjects perfonned reaching movements to targets at 

different distances. All ann movements in these experiments were perfonned from 

configuration 1, and four target directions were tested (9 = 270,285,300 and 315 

deg). Figure 2B contains a stick figure of initial configuration and target locations for 

these experiments. Target distances within and beyond arm's length were tested. 

Target distances within ann's length left the trunk unconstrained in movement and in 

final position; target distances beyond ann's length forced the trunk to end up in a flexed 

position (tilted forward). Four target distances were used: arm's length (AL), 10 em 

less than ann's length (AL-), 10 cm greater than ann's length (AL+), and 20 cm greater 

than ann's length (AL++). Two distances greater than arm's length were tested because 

there was a degree of uncertainty in detennining the distance of ann's length. The 

uncertainty arose from the anatomical complexity of the shoulder girdle; the humerus 

joins to the scapula and the scapula creates a sliding joint with the rib cage. The distal 

tip of the ann, therefore, can be moved in space by movement of the scapula on the rib 

cage without any motion at the glenohumeral joint or the elbow joint. Regardless of this 

anatomical phenomenon, the shortest distance (AL-) was definitely shorter than ann's 

length, the longest distance (AL++) was definitely longer than ann's length, and the 

other two distances provided intermediate target distances. 
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Data Analysis 

Resting levels ofEMG (with the muscles as relaxed as possible) obtained at the 

beginning of each experiment were used as zero baselines. These resting levels were 

subtracted from the EMG data from the movement trials so that only activity above zero 

baseline was evaluated. Prior to any numerical analysis. EMG and mechanical traces 

were temporally aligned with respect to the initial change in the wrist acceleration signal. 

i.e .• the onset of wrist acceleration. This signal was chosen as the temporal reference 

for three reasons. First. the "go signal" could not be used because of the variation in 

reaction times across trials. Second, the task given to the subject was to perform an arm 

movement and the most direct measurement of onset of that movement was onset of 

wrist acceleration. Third, because the axis of the wrist accelerometer was aligned in the 

direction of the target prior to each trial. the onset of its signal was quite sharp. 

consistent, and readily identifiable across trials and across subjects. No EMG signal 

could be used for onset determination because none showed a distinct burst across all 

movements. 

EMG and Acceleration Onsets 

Surface EMG is often evaluated by identifying bursts of activity and measuring the 

onsets of those bursts. Determining burst onsets. however. is not always a 

straightforward process. Even though the movements in these experiments were 

performed from an initially still configuration. there was considerable baseline activity in 

both the paraspinal and anterior deltoid muscles. Bursts of activity above that baseline 

level were often difficult to discern. In addition. there were often initial pauses in 

activity rather than bursts. With these difficulties in mind. burst and pause onsets were 

determined for as much ~f the data as possible. 
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Customized computer software was used to determine EMG and acceleration 

onsets With this program, it was possible to examine a single channel of data for a 

single trial. The program calculated the mean and standard deviation of the amplitude of 

a signal (EMG or mechanical) over the first 90 ms of a given trial, then identified the 

point in time at which that signal exceeded five standard deviations from the calculated 

mean. Although this computation was entirely objective, it was at times insufficient to 

identify onsets ofEMG bursts. Surface EMG signals are by nature considerably 

variable. To accommodate variations that are obvious to the experimenter but not to the 

computer, the program allowed the experimenter to accept the program choice, alter that 

choice, or reject the trial altogether. This ability to modify the identified onset was also 

important because the program recognized only increases above the mean, so it was 

unable to identify pauses in EMG activity or initial negative deflections in mechanical 

measures. Such initial changes in traces were identified by the experimenter. In these 

experiments, data were analyzed trace by trace, i.e., one trial at a time and one channel at 

a time so that onset selections were not biased by data from other channels or data from 

other trials. A data trace was eliminated from onset analysis if there appeared to be no 

EMG modulation or if the variability was so great than no onset could be discerned. If 

two or more channels of data in a single trial were eliminated from analysis, the whole 

trial was eliminated. Because of these data difficulties, 37 of 271 trials were eliminated 

from onset analysis. An additional 81 trials had one channel of data eliminated, but the 

rest of the channels for those trials were included in onset analysis. A total of 21 % of all 

data were therefore eliminated from onset evaluation. 

Windowing of EMG 

Because of the difficulties with the onset data, a windowing technique was applied 

to the EMG data. When the EMG data from all target directions were aligned with 



respect to the onset of wrist acceleration, a pattern across target directions became 

apparent, and certain characteristics of that pattern led to the choice of quantification 

scheme. EMG data were quantified so that EMG amplitudes were averaged over 

specific time windows. Because this process arose from certain characteristics of the 

raw data, it is explained in detail in the RESULTS chapter. 
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EMG amplitude values calculated from this windowing technique were plotted 

against target direction. Cosine curves were fitted to the EMG data per muscle per time 

window (see Figure 12 in RESULTS) using the custom curve fitting function of 

DeltaGraph Pro software (DeltaPoint, Inc., 1991). The following general function was 

used: 

y = A cos(x-B) + C 

Where: y = EMG amplitude 

x = target direction 

A = amplitude of the cosine cwve 

B = target direction for peak EMG amplitude (horizontal shift) 

C = vertical shift of curve from zero 

Cosine curves were calculated with an iterative process using experimenter-supplied 

initial parameter values (A, B, C) which were estimated from visual inspection of the 

plotted data. This software also calculated r2 values. 

Calculation of Muscle Torque 

Reaching movements were simulated so that muscle torques could be calculated. 

The principal purpose of the simulations was to calculate the trunk muscle torques 

necessary to prevent the trunk: from moving. For the simulations, the body was 

modelled as a three-segment system: the head/trunk, the upper arms, and the forearms. 

Simulations of arm reaches were done for all experimental target directions. The 
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modelled movement differed from reality in that the trunk segment did not move. The 

trunk segment was not externally fIxed; rather, the muscle torque at the trunk joint was 

designed to resist the intersegmental effects of arm movement on the trunk and thereby 

prevent the trunk from moving. Movements of the ann segments were specifIed so that 

the distal tip of the arm moved in a straight line path to the target with a bell-shaped 

velocity profIle. Further description of muscle torque calculations is provided in 

AppendixA. 

An example of the computed output of a single simulation is presented in Figure 

3A. Segment parameters from subject GK were used. In this particular simulation, the 

gravitational torques were omitted for clarity. The simulated movement was 

"perfonned" from configuration 1, target direction was e = 75 deg, target distance = 25 

cm, and movement time = 400 ms. Calculated trunk, shoulder, and elbow torques 

varied over time. All simulations used a target distance of 25 em and a movement time 

of 400 ms. 

To quantify muscle torque at the beginning of the simulated arm movement, 

torque was averaged over the first 50 ms of the movement. This "torque at movement 

onset" was calculated for all target directions and plotted in Figure 3B. Trunk torque at 

movement onset was used as a qualitative indicator of the muscle torque required at the 

beginning of an arm movement to resist trunk motion. Where trunk torque at movement 

onset was calculated as a positive value, flexor torque was required to prevent the trunk 

from moving at the beginning of the arm movement Where trunk torque at movement 

onset was calculated as a negative value, extensor torque was required to prevent the 

trunk from moving at the beginning of the arm movement It was then possible to 

compare the range of target directions for these calculated torques to experimental EMG 
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Figure 3. Calculated muscle torques. Segment parameters from subject OK were 
used. A. Single trial simulation. Muscle torques were calculated over time. The stick 
figure indicates target direction and initial configuration. Target distance = 25 cm. 
Torques about trunk, shoulder, and elbow joints are indicated. Vertical calibration bar = 
4 Nm. Horizontal calibration bar = 50 ms. Movement time = 400 ms. The horizontal 
axis indicates 0 Nm torque; positive torque values represent flexor torque. The trunk 
torque shown here represents the muscle torque required to prevent the trunk from 
moving. Torque was averaged over the first 50 ms of movement time (between the two 
vertical lines) and was then termed "torque at movement onset". The torque values 
shown here do not include gravitational torques. B. Calculated torques at movement 
onset across target direction. Different symbols represent torques about the different 
joints as indicated. The stick figure indicates initial configuration and target direction 
convention. Torques at movement onset were calculated for many target directions and 
plotted. The target directions for which trunk torque was positive required flexor torque 
at movement onset to prevent the trunk from moving; where trunk torque was calculated 
to be negative, extensor torque was required. The vertical lines indicate the directions 
where calculated trunk torque switched from flexor to extensor. That range of target 
directions was then compared to EMO activity across target direction (see RESULTS). 
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values across target direction to see if initial changes in EMG were consistent with the 

calculated trunk torques. 
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Muscle torques under static conditions, i.e., those muscle torques required to 

hold steady a given configuration of the body against gravity, were also calculated. 

Muscle torques at the elbow, shoulder, and trunk were calculated for the three 

configurations used in the experiments. To maintain the body in configurations 1 and 2, 

an extensor muscle torque was calculated at the trunk joint For configuration 3, a 

flexor torque was calculated at the trunkjoint In addition, muscle torques were 

calculated to hold the final configuration of the body reached at the end of the simulated 

arm movements. These calculations were done for all target directions that had been 

experimentally tested, and included the condition that the trunk did not move, so any 

changes in muscle torque from initial configuration to final configuration were due to 

changes in the locations of the center of mass of the arms. As the center of mass of the 

arms moved forward, the trunk muscle torque decreased (shifted in the extensor 

direction); as the center of mass of the arm moved backward, the trunk muscle torque 

increased (shifted in the flexor direction). Ranges of target directions were identified 

that were associated with these calculated shifts forward and backward in the center of 

mass of the arm, and these ranges were then compared to trunk EMG patterns across 

target direction. 
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4. RESULTS 

Arm Moyements to Tan:ets in Different DirectioDs 

Previous examinations of non-focal muscle activity have included very little 

variation of focal movement directions. For example, studies on standing posture 

during ann movements have examined only push-pull differences or upward swing

downward swing differences. It is possible, then, to conclude control rules which may 

indeed appear to apply to those directions but may not be universally applied to 

movements in all directions. Such experiments do provide the basis for developing 

motor control hypotheses which can then be more fully examined by continuously 

varying a task parameter to evaluate the Validity of control rules. In the experiments 

presented here, target direction was varied broadly and fully to examine the universality 

of some control rules. First will be presented a description of the main features of the 

EMG patterns and motion characteristics of ann movements to targets in different 

directions from configuration 1. Those data will then be examined in the context of 

possible neural control strategies. Issues of coordinate systems, and static and dynamic 

requirements will be considered. 

Features of EMG patterns 

Qualitatiye Characteristics of Trunk Muscle EMG 

During arm movements, both the paraspinal and abdominal muscles displayed 

considerable myoelectric activity which was modulated in bursts and pauses. A distinct 

pattern of reciprocal bursts was apparent in the relative timing of the antagonist pair of 

trunk muscles. This burst pattern was obvious in single trials; no averaging of data was 

necessary to produce it Figure 4 contains an example of a distinct abdominal

paraspinal-abdominal burst pattern. Before the arm movement, there was very low 
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Figure 4. Typical abdominal-paraspinal-abdominal EMG pattern. Oata are from a 
single trial, subject GK. Traces are from top: abdominal EMG (ABO), paraspinal EMG 
(PAR), trunk position (TPOS), trunk acceleration (T ACC), anterior deltoid EMG 
(ADL), posterior deltoid EMG (POL), latissimus dorsi EMG (LAT), wrist acceleration 
(W ACC). PAR, POL, and LAT increase downward Upward deflections in TPOS and 
TACC indicate forward direction. Initial configuration of the body and target direction 
(0=165 deg) are indicated by the stick figure. The vertical line (time=O ms) indicates 
onset of wrist acceleration. The small vertical arrow indicates timing of the auditory go 
signal. Obvious in this trial is a reciprocal three-burst pattern of the trunk muscles 
associated with arm movement. 
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baseline activity in the abdominal muscles, but considerable activity in the paraspinal 

muscles. As ann movement began (onset of wrist acceleration), modulation in the 

abdominal and paraspinal muscles became obvious. There was a burst of abdominal 

activity with a pause in the paraspinal activity, followed by a burst in paraspinal activity 

with a pause in abdominal activity, then another burst in abdominal activity with a pause 

in paraspinal activity. After the ann movement, there was again very little abdominal 

activity and considerable paraspinal activity. This pattern was typical for target 

directions near e = 180 deg. 

As target direction was varied, the burst pattern and its degree of modulation 

varied. The remarkable extent to which the burst patterns of the trunk muscles varied 

became apparent only when those patterns were examined across the full range of target 

directions. The EMG recordings in Figure 5 demonstrate these burst pattern 

characteristics. The data are from subject AN. Each trace represents the abdominal 

EMG for a single trial, and each trial a different target direction. The traces are aligned 

with respect to the onset of wrist acceleration. When all traces were so aligned, a burst 

pattern emerged which varied with target direction. Figure 6 is a similar view of 

paraspinal EMG traces from the same subject For the paraspinal muscles, there was a 

substantial amount of baseline activity before and after the ann movement in addition to 

the bursts and pauses which occurred during ann movement. For this subject, there 

appeared to be a gradual shift of the onset of a burst of activity that occurred somewhat 

after movement onset for target directions 0=195 deg to 0=270 deg. This gradual shift 

was not observed for other subjects. Onsets of those bursts were examined for all 

subjects and are discussed later. Otherwise, similar burst patterns and modulation of 

burst patterns across target directions were displayed by all subjects. Appendix B 



Figure S. Abdominal EMG across all target directions. Data are from subject AN. 
Each trace represents a single trial and each trial a different target direction. Target 

62 

direction (0) was varied in 15 deg increments. Some of those values are indicated to the 
left of the traces. The stick figure shows the initial configuration of the body and target 
direction convention. Because reaction time varied from trial to trial, traces were aligned 
to the onset of wrist acceleration (time=O ms). Aligned so, modulation of the burst 
pattern with target direction became evident For this subject, target directions between 
270 and 45 deg were associated with a single burst approximately 100 ms after the onset 
of wrist acceleration; target directions between 105 and 210 deg were associated with a 
double burst beginning slightly before the onset of wrist acceleration and ending 
approximately 300 ms later. Target directions showing little EMG modulation between 
the single and double burst ranges can be observed. All subjects showed similar 
patterns. 
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Figure 6. Paraspinal EMG across all target directions. Data are from subject AN. 
Figure fonnat is identical to that of Figure 5. The single and double burst ranges are 
approximately opposite in direction to those for the abdominal EMG. In addition to the 
bursts and pauses associated with ann movements, considerable baseline activity was 
observed before and after ann movement. 
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contains additional figures from subject AN of aligned traces for shoulder muscles and 

for trunk position and acceleration. 

Figures 4, 5 and 6 display certain characteristics that were common to all subjects. 

The reciprocal bursts by and large did not temporally overlap. There appeared to be 

"transitional" target directions for which the burst pattern was not as distinct, and in fact 

there were some directions for which there was very low activity in both the abdominal 

and paraspinal muscles at the beginning of arm movement (onset of wrist acceleration). 

The continuous change of the EMG patterns across target directions appeared to be one 

of burst amplitude rather than burst onsets. The overall pattern of bursts and pauses 

created by the antagonist pair of trunk muscles retained its reciprocal nature across target 

direction, while the amplitude of the bursts in the paraspinal and abdominal muscles 

varied with target direction. 

This burst pattern of trunk muscles observed for arm movements contrasted in 

some respects to the burst pattern of trunk muscles observed when subjects were asked 

to perfonn trunk movements (without the arms). Both trunk and arm movement tasks 

yielded substantial levels of EMG in the trunk muscles and this EMG was modulated in 

bursts and pauses. However, while a reciprocal three-burst pattern was frequently 

observed with arm movements, only reciprocal two-burst patterns were observed when 

subjects were asked to perfonn fast trunk flexions or extensions (Figure 7). 

Windowjn~ ofEMG 

Surface EMG is often evaluated by identifying bursts of activity and measuring 

amplitudes of those bursts. In these experiments, EMG data were analyzed by creating 

temporally constant windows over which amplitudes were averaged. There are several 

reasons for choosing this approach. First, baseline activity in the paraspinal and anterior 

deltoid muscles made it difficult to detennine the existence or onset of bursts. Second, 
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Figure 7. Trunk muscle EMG during trunk movements. Data are single trials from 
subject AS. A. Trunk flexion. B. Trunk extension. Traces are from top: abdominal 
EMG (ABD), paraspinal EMG (PAR), trunk position (TPOS), trunk acceleration 
(TACC). PAR increases downward. Upward deflections in TPOS and TACC 
indicate forward direction. The small vertical arrow indicates timing of the auditory 
go signal. Trunk muscles displayed substantial levels of activity for these 
movements, modulated in reciprocal two-burst patterns. 



decreases from baseline activity, i.e., pauses, were observed; averaging over a time 

window allowed pauses as well as bursts to be evaluated. Third, the overall burst 

pattern appeared to maintain a relatively constant timing in relation to the timing of the 

arm movement. Fourth, there was a lack of temporal overlap of the paraspinal and 

abdominal bursts. 
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Because of the three-burst nature of the EMG patterns of the trunk muscles, EMG 

amplitudes were analyzed over three time windows, using customized computer 

software. An example of this windowing method is presented in Figure 8. For a given 

subject, an overall window width was detennined by choosing a single trial in which the 

abdominal muscles displayed two bursts (generally around e = 180 deg, configuration 

1). The abdominal EMG trace was used because of its lack of initial and fmal baseline 

activity and the subsequent ease of determining onsets and offsets. The beginning of the 

overall window was chosen as the onset of the fIrst abdominal burst and the end of the 

overall window was chosen as the offset of the second abdominal burst This overall 

window was then subdivided into 3 windows of equal duration, and its relative timing 

with respect to the onset of wrist acceleration was determined. The same overall 

window, with the same relative timing to the onset of wrist acceleration, was then 

applied to all the EMG data for all the muscles for a single subject For each subject, a 

different overall window was determined, and overall window width and relative timing 

to the onset of wrist acceleration varied from subject to subject. Appendix K contains 

figures of application of these windows to the abdominal and paraspinal EMG for all 

subjects. 

EMG amplitude was then averaged over each of the three windows. EMG 

amplitude was also averaged over the first 90 ms (initial) and the last 90 ms (final) of 

each trial. These EMG data were then normalized per experiment per muscle to the 
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Figure 8. Window method. Data are from a single trial, subject AN. Traces are 
identified as in Figure 4. Initial configuration of the body and target direction are 
indicated by the stick figure. The small vertical arrow indicates timing of the 
auditory go signal. The dashed vertical line indicates the onset of wrist acceleration. 
The solid vertical lines delimit the windows used for averaging EMG amplitude. 

For this subject the first window began 30 ms before W ACe onset; the third 
window ended 261 ms after WACC onset; and each window was 97 ms in duration. 
These same windows were then applied to all muscles for all trials for this subject. 



maximum (MAX) and minimum (MIN) EMG values obtained from these movement, 

initial, and final windows using the following equation. 

y=mx+b 

where: y = calculated nonnalized EMG 

x = pre-nonnalized EMG 

m = l00/(MAX-MIN) 

b = -MIN(l00)/(MAX-MIN) 

70 

This nonnalization procedure was used only to facilitate graphical representation of the 

data. Because of the inherent variation of electrical resistance between electrode and 

muscle, from muscle to muscle, and from subject to subject, the specific voltage 

magnitudes of surface recordings of muscle activity have no direct physiological 

meaning. Comparisons of EMG amplitudes across muscles, across subjects, and across 

test sessions were therefore not possible. Surface EMG recordings do, however, 

provide a gross measure of the overall level of activity of a muscle or muscle group, 

allowing qualitative comparisons across experimental trials within a single muscle for a 

single subject Such comparisons are not affected by the nonnalization process. 

Nonnalized window values were plotted versus target direction. Figure 9 

provides an example of data from one subject (DO). Abdominal and paraspinal EMG 

values from the three subwindows were plotted versus target direction (9). These 

windows appeared to capture the pattern observed from the aligned traces of the raw 

data. With some scatter to the data, trunk muscle EMG amplitudes in each window 

were seen to vary with target direction, in general displaying a single peak: value across 

target directions. All subjects displayed a similar pattern. Appendix C contains figures 

similar to Figure 9 for all subjects. 
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The reciprocal nature of the EMG that was observed in the individual traces was 

also apparent in the EMG amplitudes from the three subwindows. For window 1, the 

highest levels of abdominal EMG were obtained for target directions near 0=180 deg 

and the highest levels of paraspinal EMG were obtained for target directions near 0=0 

deg. Figure 10 shows the relationship between abdominal and paraspinal EMG in 

window 1. Window 1 values of abdominal EMG were plotted against window 1 values 

of paraspinal EMG. The data cluster along the two axes, indicating reciprocal activity 

levels; when the paraspinal muscles were active, there was little activity in the abdominal 

muscles, and when the abdominal muscles were active, the paraspinal muscles were not. 

This relationship was also shaped by those "transition" directions in which EMG levels 

were very low for both muscles. Comparisons of abdominal and paraspinal EMG in 

windows 2 and 3 yielded similar results. 

The three subwindows also captured the alternating bursts and pauses of activity 

for a given muscle, as is indicated by the comparisons of EMG amplitudes across 

subwindows. Figure 11 contains abdominal window 1 values plotted against abdominal 

window 3. These data suggest some covarying of window 1 and 3 EMG amplitudes 

and therefore some covarying of the amplitudes of the bursts associated with those 

windows. The comparable relationship for the paras pinal muscles was not as distinct. 

Comparisons of window 1 and window 2 values showed reciprocal patterns. Graphs of 

those relationships are presented in Appendix D. 

Because the window EMG values varied with target direction and displayed a 

single peak value across target directions, cosine functions were fit to the data (see 

METHODS for details). An example of this curve fitting is presented in Figure 12. 

There was some variability in the fit of the cosine function as indicated by the r2 values, 

but in general, values for peak target direction were consistent across subjects and peaks 
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relationship between the abdominal EMG and paraspinal EMG is reciprocal in that 
when one muscle displays activity, activity in the other muscle is low. 
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Figure 11. Window 1 and window 3 values of abdominal EMG. Data are from all 
subjects (n=5), all trials, all target directions. Each data point represents the 
abdominal EMG values from window 1 and window 3 from a single trial. The 
relationship suggests covarying of the amplitudes of the abdominal bursts within 
windows 1 and 3. 
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for abdominal and paraspinal muscles were in opposite directions for a given window. 

Figure 13 shows peak target directions and r2 values for all subjects for the abdominal 

and paraspinal muscles. In window 1, for example, calculated peak target direction for 

abdominal EMG was near 0=180 deg, and calculated peak target direction for 

paraspinal EMG was near 0=0 deg. Appendix E contains tables of all peak and r2 

values for cosine functions fit to all subjects, all muscles, and all experimental 

conditions. 

Window I as an Indicator of Initial Chan2C in EMG Activity 

Comparisons between windows across target direction indicated that the windows 

captured some basic qualitative features observed in the raw EMG data. Because EMG 

amplitudes in window 1 were then used to address control issues (see below), data were 

scrutinized more carefully to verify that window 1 did indeed capture the frrst change in 

EMG (burst or pause) from baseline activity, i.e., the activity associated with the onset 

of movement (see Appendix K). 

Paraspinal and abdominal EMG traces within the time boundaries of window 1 

were visually inspected from a total of 271 trials (all subjects, all target directions, all 

initial configurations of the body). Window 1 was considered to accurately capture the 

initial change of an EMG trace if the window was entirely filled with a burst or a pause 

and that burst or pause was the first change in EMG from baseline. Window 1 clearly 

and accurately captured bursts and pauses in 92% of all cases (5011542; 266/271 

abdominal EMG traces, 235/271 paraspinal EMG traces). In these cases, window 1 

accurately represented the initial change in EMG. In the case of the abdominal muscles 

when no early change in EMG occurred, window 1 captured that level of EMG that was 

associated with the beginning of movement (see Figure 5). 
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In an additional 7% of all cases, window 1 captured a slightly "contaminated" 

view of the initial change in EMG (6/271 abdominal EMG traces, 31/271 paraspinal 

EMG traces). In these instances, window 1 contained part of a burst and part of a 

pause. The consequence of this contamination was that values of average EMG 

amplitude for these traces was moderated; they were either slightly higher or lower than 

would have occurred if window 1 had more accurately captured the first change in 

EMG. The occurrence of these contaminated values for the abdominal EMG was not 

consistent across target direction or initial configuration of the body. There was a 

tendency for the contaminated values of paraspinal EMG to occur from 0= 180 deg to 

0=270 deg for three of the five subjects. In these cases, the initial change in EMG was 

clearly a pause in paraspinal activity, but window 1 captured the end of this pause and 

the beginning of a subsequent burst. producing window 1 values that were slightly 

higher than would have occurred if window 1 had contained only a pause. 

In less than 1 % of all cases did window 1 capture activity that was not 

representative of the initial change in EMG (0/271 abdominal EMG traces, 5/271 

paraspinal traces). In these cases, window 1 either captured a burst when a pause was 

the initial change in EMG or it captured a pause when a burst was an initial change in 

EMG, injecting some scatter to the data. These non-representative values and the 

contaminated values mentioned above did not alter the conclusions drawn with respect to 

control issues (described below). 

A related concern about the validity of the window technique is that it may have 

masked any gradual shifts in timing of EMG patterns across target direction, causing 

shifts in onsets to be interpreted as shifts in amplitude. In Figure 6, for example, there 

appeared to be a gradual shift of burst onset in the paraspinal muscles across target 

directions 0=195-270 deg. This particular gradual shift in burst onset was not observed 
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in all subjects. For the target direction range 9=195-270 deg, onsets of that burst 

(which occurred after the onset of movement) and the pause that preceded it were 

visually examined. There did not appear to be a consistent temporal shift of pause 

onsets for any of the subjects for target directions 9=195-270. Also, not all the subjects 

showed the same gradual shift of burst onset as that seen in Figure 6. Of the four other 

subjects, one showed the same gradual shift of burst onset as seen in Figure 6, two 

subjects showed no systematic variation of burst onsets, and one subject showed a 

systematic change in burst onset opposite to that apparent in Figure 6. 

The advantage of using the window technique was its ability to capture certain 

qualitative characteristics of the EMG patterns across target direction, including the 

following. Certain basic features of the EMG pattern were captured (reciprocal 

bursting, pauses in activity), an accurate view of the direction of initial change in trunk 

muscle EMG associated with the onset of ann movements was provided, consistent 

characteristics across subjects were displayed, and this technique allowed application to 

most of the data (only 12 trials out of 283 were discarded). Although the windows were 

able to capture EMG amplitude qualitatively, they did not always provide accurate 

amplitude values. Due to the temporal rigidity of the windows, the windowing 

technique was limited in precisely quantifying EMG. 

The windowing technique is limited by the potential of "partial volume effect" in 

different trials where different proportions of the same EMG signal falls in the window. 

This could give the appearance of changes in amplitude which in reality are changes in 

the latency. Visual inspection of the data suggests that this may only be an intennittent 

problem. However, fuller resolution of the latency versus amplitude issue will require 

consideration of alternative analytic techniques. In subsequent studies, we will consider 



alternative approaches to assessing EMG amplitude versus latency that avoid the 

technical limitations associated with an arbitrary windowing technique. 

Shoulder Muscle EMG Patterns 

Shoulder muscles displayed many of the characteristics of the trunk muscles. 
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Within a single trial, bursts and pauses of activity were observed (Figure 4). Appendix 

B contains aligned traces of EMG from the anterior deltoid, posterior deltoid and 

latissimus dorsi muscles (subject AN). As for trunk muscles, burst amplitudes of 

shoulder muscle EMG varied with target direction. The timing of the bursts of shoulder 

muscles was very similar to that of the trunk muscles, but was not precisely the same. 

However, the fIrst sub-window appeared to capture some of the shoulder muscle EMG 

modulation across target direction, so the EMG windows that had been applied to the 

trunk muscles were applied to the shoulder muscles. Despite the defining of the EMG 

windows by trunk muscle activity, some modulation of shoulder muscle activity across 

target direction was indeed captured by those windows. Window 1 patterns, in 

particular, were similar across subjects. Unlike the activity of the trunk muscles, which 

tended to show a negative relationship between window 1 values and window 2 values 

for a given muscle, activity of the shoulder muscles was often similar across all three 

windows for a given muscle. This result may be due to a less than perfect fit of the 

windows to the shoulder muscle activity (see Figure 8). Appendix F contains data of 

anterior deltoid and posterior deltoid muscles, showing window averages and calculated 

linear correlations between windows. 

It has been reported that EMG patterns of the latissimus dorsi were similar to EMG 

patterns of the posterior deltoid for ann movements in the vertical plane (Flanders, 

1991). Aligned traces of single trials across target directions do show some similarities. 



Linear correlations of window averages of posterior deltoid to latissimus dorsi were 

calculated and correlation coefficients are presented in Table 1. 

Table 1. Coefficients (r) for linear correlations between posterior deltoid and 
latissimus dorsi EMG window averages*. 

Subject Window 1 Window 2 Window 3 

GK 0.79 0.76 0.80 

GY 0.93 0.45 0.67 

AN 0.90 0.07 0.92 

AS 0.42 0.37 0.49 
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*Data from one subject (DO) have been omitted due to unreliable latissimus dorsi data. 

EMGOnsets 

Although windowing seemed to provide the most secure and consistent view of 

EMO patterns, EMO onsets were also determined. Onset data from previous research 

have suggested anticipatory postural activity prior to a voluntary movement Onset data 

from these experiments, therefore, were examined for the relative timing of trunk and 

shoulder muscle activity and trunk and shoulder motion. 

As has been stated earlier, there are inherent difficulties with evaluation of onsets 

of EMG bursts. Baseline activity in paraspinal and anterior deltoid muscles made 

identification of burst onsets difficult and a highly subjective matter. Also, only those 

trials could be used in which there was modulation, eliminating many trials from 

analysis (see METHODS for data acceptance criteria). Another cause of variability 

was the existence of relatively small bursts. Even with the guidance of the automated 

computer selection of burst onsets, the process was largely a subjective one. 
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In addition to bursts of activity, there were equally striking pauses of activity in the 

data from these experiments (see Figures 5 and 6). Because any modulation in EMG 

indicates a change in the neural drive to a motor neuron pool and a modulation in muscle 

force, a pause should be considered as meaningful a neural adjustment as a burst. 

Onsets, therefore, were considered to be the first identifiable change--up or down--in 

EMG activity. This approach was compared to the standard method of identifying 

onsets as the beginning of bursts only. Figure 14 contains two graphs. One graph 

displays onsets of paraspinal activity, as either bursts or pauses, across target directions 

for a single subject (AN; for comparison with raw data, see Figure 6). The second 

graph displays onsets for bursts only, determined from the same raw data. Because the 

onset values for the two graphs were extracted from the same raw data on two separate 

occasions, there is a certain amount of discrepancy between the values in the two 

graphs. The two graphs in Figure 14 demonstrate that when pause onsets are included it 

is possible to capture neural changes that occur prior to the standard burst onsets. Of 

course, pauses can only be identified in EMG patterns when baseline activity is present. 

The same phenomenon was observed for anterior deltoid EMG, over approximately the 

same target direction range. 

To determine if trunk muscle activity was anticipatory to shoulder muscle activity, 

the relative onsets of muscles were evaluated. Figure 15 contains two graphs showing 

the differences between onset of trunk EMG and onset of shoulder EMG. These graphs 

were generated as follows. "Trunk EMG onset" was defmed as the earlier of the 

abdominal EMG onset and paraspinal EMG onset for a given trial. "Shoulder EMG 

onset", similarly, was defined as the earlier of the anterior deltoid and posterior deltoid 

EMG onsets for a given trial. Shoulder EMG onset was then subtracted from trunk 

EMG onset for a given trial. That value was then plotted versus target direction. Both 
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Figure 15. Relative onsets of trunk and shoulder EMG across target direction. Data 
are from subject AN. The stick figure indicates initial configuration of the body and 
target direction convention. Each data point represents the difference between the 
first trunk EMG onset and the first shoulder EMG onset for a given trial. A. Onsets 
defined by bursts only. B. Onsets defmed by pauses and bursts. A negative value 
indicates that the trunk onset occurred before the shoulder onset. The relative timing 
of onsets of trunk and shoulder muscles appeared similar for both onset choice 
methods, and trunk muscle onset was not always prior to shoulder muscle onset. 
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graphs in Figure 15 show this relationship for the same subject (AN). Again, one graph 

included onsets defmed by pauses as well bursts; the other graph includes onsets 

defined only by bursts. The two graphs are quite similar. There is considerable 

variation in trunk-shoulder onsets across target directions. But, by and large, the same 

relative timing holds whether initial changes are considered as only bursts or as both 

bursts and pauses. This result may be specific to this particular initial configuration 

because both trunk (paraspinal) and shoulder (anterior deltoid) muscles exhibited 

considerable baseline activity, and pauses were nearly as frequent as bursts at the 

beginning of arm movements across the full range of target directions. 

Figure 16 contains data from all subjects (n=5), plotted as in Figure 15. For this 

graph, onsets were defined by both pauses and bursts. Each subject individually 

exhibited considerable variability in the relative timing of trunk and shoulder EMG 

onsets, with no obvious relationship between relative trunk-shoulder EMG onsets and 

target direction. When all the data were graphed together, however, there did appear to 

be some modulation of trunk-shoulder EMG onset with target direction. 

On average, there were changes in trunk muscle activity before shoulder muscle 

activity (mean = -22 ms), but there was considerable variation (standard deviation = 68 

ms). An anticipatory postural activation pattern did not hold for all target directions, but 

was more consistent for target directions 0 = 210 to 285 deg. 

Features of Trunk and Arm Motion 

In addition to EMG, wrist acceleration and trunk position and acceleration were 

recorded (see Figure 4 and Appendix B for examples). Wrist acceleration traces 

provided infonnation about the movement of the arm in that the onset of wrist 

acceleration was used as indicative of the onset of arm movement The traces did not, 

however, provide any quantitative infonnation about arm movement because, as the arm 
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to shoulder EMG onsets. Although individual subjects' data did not show a 
relationship of trunk-shoulder EMG onset to target direction, the combined data 
suggested some modulation across target direction. 
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movement progressed and the foreann/hand changed its orientation in space, the 

accelerometer was not always pointed directly at the target Onsets of wrist acceleration 

were very easy to identify; data from only 12 trials out of 283 were discarded due to 

difficulties in detennining the onsets of wrist acceleration. Because reaction time varied 

from trial to trial, the onsets of wrist acceleration provided a time reference for the other 

data (see METHODS for detail). Reaction time varied from subject to subject, but 

there was no overall relationship of reaction time to target direction (r2=O.03, all 

subjects, initial body configuration 1). Reaction time means and standard deviations are 

presented in Table 2. 

Table 2. Reaction times as defined by the onset of wrist acceleration from the auditory 
go signal. Means and standard deviations from all subjects for all trials to all 
target directions from initial body configuration 1. 

Subject 

GK 

GY 

DO 

AN 

AS 

Reaction Time Mean ±SD (ms) 

350±45 

249±28 

241±61 

244±43 

224±38 

Trunk acceleration was recorded to provide information on the onset and initial 

direction of trunk movement An example of trunk acceleration traces aligned to the 

onset of wrist acceleration is in Appendix B. In contrast to the bi- or tri-phasic 

wavefonns of the wrist acceleration traces (see Figures 4 and 8), trunk acceleration 

traces were considerably more complex, indicating complex trunk motion. Initial 

deflections in the trunk acceleration traces were not as distinct as those for the wrist. 

Occasionally, onsets were gradual or very small. Onsets were detennined, however, for 
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as many trials as possible. Figure 17 contains relative onsets of trunk and wrist 

accelerations across target directions for all subjects. Negative values in this graph 

indicate that the onset of trunk acceleration occurred before the onset of wrist 

acceleration. There were both negative and positive values across all target directions. 

The overall mean relative onset was -15 ms with a standard deviation of 34 ms, but there 

was no consistent trend for the trunk to move before the wrist except for target 

directions near 0=240 deg. This result is likely related to target distance (25 cm) being 

very close to arm's length for those target directions. 

The direction of initial deflection of the trunk acceleration traces was used to 

identify which direction (forward or backward) the trunk moved first That direction is 

also indicated in Figure 17. Unfilled symbols represent trials in which the first trunk 

acceleration was forward, and filled symbols represent trials in which the first trunk 

acceleration was backward. There was an overall trend for initial changes in trunk 

acceleration forward for target directions anterior to initial distal tip position, and for 

initial changes in trunk acceleration backward for target directions posterior to initial 

distal tip position, but this trend was not strict 

Trunk position was recorded to measure net displacement of the trunk (final minus 

initial position). These traces also exposed some trunk motion characteristics. Figures 

4 and 8 contain trunk position traces for single trials and Appendix B contains an 

example of trunk position traces across all target directions aligned to the onset of wrist 

acceleration. These traces show that almost all arm movements were associated with 

some trunk movement; the trunk was not held still. Notably, the majority of trunk 

position traces showed a reversal in the direction of trunk movement This behavior is 

in contrast to the more direct arm movement behavior (without direction reversals) 
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Figure 17. Relative onsets of trunk and wrist acceleration across target direction. 
Data are from all subjects (n=5). The stick figure indicates initial configuration of the 
body and target direction convention. Each data point represents the difference 
between the onset of wrist acceleration and the onset of trunk acceleration for a given 
trial. The different symbols represent data from different subjects as indicated. 
Unfilled symbols indicate when first acceleration of the trunk was forward; filled 
symbols indicate when first acceleration of the trunk was backward. A negative value 
means that onset of trunk acceleration occurred before onset of wrist acceleration. 
There was no consistent trend for the trunk to move before the wrist except for target 
directions near 9=240 deg (see text). Initial trunk movement backward was more 
often associated with target directions 9=0-180 deg, and initial trunk movement 
forward was more often associated with target directions 9=180-360 deg (see text). 



displayed in experiments by others (Atkeson & Hollerbach, 1985; Soechting & 

Lacquaniti, 1981). 

90 

For most trials, the initial (before arm movement) and final (after arm movement) 

trunk positions were very similar. There were some subjects, however, for whom net 

displacement of the trunk was found to vary systematically with target direction in that 

there was a net displacement of the trunk forward when the target was located anterior 

and superior to the initial location of the distal tip of the arm. This result is consistent 

with the the target being near the limit of ann's length. 

Control Issues 

Threet Direction Reference Systems 

Examination ofEMG patterns made clear that activity of the trunk muscles varied 

systematically with target direction, implying the existence of a reference axis for 

derming direction. That a given muscle's EMG pattern varies with target direction is not 

new (Flanders, 1991; Karst & Hasan, 1991a; Karst & Hasan, 1991b; Wadman, et al., 

1980). Previous experiments on EMG patterns during arm reaching tasks have 

identified the longitudinal axis of the foreann as a meaningful reference axis for defining 

target direction (Karst & Hasan, 1991a). Target direction for the data presented here to 

this point has been dermed by an external vertical axis (see Figure 2A in METHODS). 

To evaluate whether initial trunk muscle activity held a relationship with the 

longitudinal axis of the forearm, three subjects in this study performed arm reaches from 

two initial configurations with different arm positions, thereby spatially uncoupling the 

longitudinal axis of the forearm from the external vertical axis. In addition, another 

internal reference axis was considered. That reference axis was the longitudinal axis of 

the trunk. Three subjects performed arm reaches from two initial configurations with 
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different trunk positions to spatially uncouple the longitudinal axis of the trunk from the 

external vertical axis. 

Data obtained from reaches from the different initial configurations were then 

combined and plotted against target direction as defined by each reference axis to 

detennine if EMG more closely followed one reference axis than another. It was 

possible that the data obtained from two configurations would closely overlap for one 

reference axis, but those same data would yield a more scattered graph when plotted 

against target direction defined by another reference axis. When plotted in this way, 

however, the data displayed no obvious preferential relationship to any of the three 

reference axes tested. The lack of a positive result is in part due to the inherent scatter of 

the data. Perhaps, also, the initial configurations tested were not different enough from 

each other to adequately uncouple the various reference axes. There are, however, 

obvious restrictions on choosing initial configurations due to anatomical constraints and 

the size of the reachable workspace. Appendix G contains additional detail about 

comparisons of reference axes and graphs of the data. 

Static Requirements 

One approach to revealing the intent of the nervous system in the control of the 

trunk during ann movements is to evaluate the trunk EMG and its relationship with the 

static and dynamic mechanical requirements of the ann movement. Dynamic 

requirements involve resisting the segmental interactive effects of the arm movement on 

the trunk. These requirements are dealt with in the following section. Static 

requirements involve holding the body still against the force of gravity. One simplistic 

control possibility is that the nervous system is concerned with static requirements alone; 

the nervous system produces a movement (a change in position) by activating those 

muscles necessary to hold the body in the desired fmal position. In the context of the 
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experiments presented here, this strategy would be expressed by initial changes in trunk 

muscle EMG that are in the opposite direction from the net displacement of the center of 

mass of the body. 

The location of the center of mass of the body is determined by the locations of the 

centers of mass of each of the body segments. Net displacement of the trunk was 

measured in the experiments and net displacement of the arms was calculated from arm 

movement simulations. Figure 18 contains the initial and final values of trunk position 

for subject GK. Initial values were determined by averaging the data over the first 90 

ms of a given trial, coinciding with the time period just before the presentation of the go 

signal to the subject. Final values were determined by averaging the data over the last 

90 ms of a given trial, usually well after the completion of the arm movement (see 

Figures 4 and 8 for examples of single trials). There is a target direction range over 

which the net displacement of the trunk (and its center of mass) is forward, and a target 

direction range over which the net displacement of the trunk is backward These results 

are typical of all subjects for arm reaches from all initial body configurations. 

Net displacement of the center of mass of the arms was determined from the 

calculated muscle torque at the trunk under static conditions (see Appendix A for 

details). Initial and [mal muscle torques at the trunk were calculated under the 

assumption that the trunk did not move; only the arm segments moved to reach the 

target. Therefore, the [mal trunk torque in simulations varied as the center of mass of 

the arms varied; as the center of mass of the arms experienced a net displacement 

forward, trunk torque became more negative (shifted in the extensor direction). By 

these calculations, a range of target directions was determined over which the center of 

mass of the arms moved forward and trunk torque shifted in the extensor direction. 



Trunk Position 

-E 
.2-
c: 
o 
~ 
'00 
o a. 

::t:. 
c: 

~ 

6 
4 
2 

o 
-2 

-4 

o 
o 

o 
000 

o 
o 

.e·8 ••• ·~e~·i·.·.··.· 
S080 0 

Paraspinal EMG 

100 

~ 80 
W 60 
"0 

. ~ 40 
(ij 20 
E 
o 0 
Z 

o 

o 0 
o 0 

o 00 0 00 

U. I • •• 00.' • •••• ••••••• • .0181 0 
o S.oDo 
00 Do 0 

90 180 270 

Target Direction e (deg) 
360 

o ..... . . 

180 

Initial • 

Final 0 

Initial • 

Final 0 

. . 

93 

. 
• 270 . 

Figure 18. Initial and final trunk position and EMG. Data are from subject OK. 
This subject perfonned two trials for each target direction from initial configuration 
1. The top graph displays initial (pre-movement) and [mal (post-movement) values 
of trunk position. The bottom graph displays initial and final values of paraspinal 
EMG. Filled symbols represent the value averaged over the first 90 ms of a single 
trial. Unfilled symbols represent the value averaged over the last 90 ms of a single 
trial. The stick figure indicates initial configuration of the body and target direction 
convention. The shaded bars at the bottom of each graph indicate the range of target 
directions over which was calculated a shift forward in the center of mass of the 
arms (and a shift in the extensor direction of the trunk torque). Across target 
direction, measured displacement of the trunk and calculated displacement of the 
center of mass of the arms were in the same direction (forward or backward), and net 
changes in paraspinal EMG were appropriate to oppose net displacement of the body. 
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The calculated displacement of the center of mass of the arms and the measured 

displacement of the trunk were in the same direction; the target direction range over 

which the calculated center of mass of the arms moved forward was the same as the 

target direction range over which the trunk (and its center of mass) moved forward 

This calculated range of target directions was therefore used as representative of the net 

displacement of the center of mass of the whole system (trunk plus arms) and the static 

trunk torque requirements for the final position. A comparison was then made between 

these calculated static trunk torque requirements and trunk EMG at the initiation of arm 

movement. 

Also presented in Figure 18 are initial and final levels of paraspinal EMG. These 

EMG values were measured under true static conditions, i.e., while the body was still, 

before and after the arm movement As expected under these conditions, paraspinal 

EMG activity was higher when the trunk (and arms) were displaced forward and was 

lower when the trunk (and arms) were displaced backward. 

Although net changes in paraspinal EMG were appropriate to resist the net 

displacement of the center of mass of the body, it is not the case that one need only 

produce the EMG appropriate for maintaining the final position to initiate the movement 

to get to that final position. Figure 19 contains EMG data from window 1 for subject 

GK for all three initial configurations (subject GK was the only subject to be tested from 

all three initial body configurations). Window 1 EMG data are presented here as 

representative of initial changes in trunk EMG at the beginning of arm movement In 

each graph in Figure 19, there is systematic variation of abdominal and paraspinal EMG 

across target directions. There are target directions in which paraspinal EMG levels are 

high and abdominal EMG levels are low (suggesting an extensor torque dominance), 

and other target directions for which the opposite is true (suggesting a flexor torque 
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Figure 19. Calculated static torques compared to window 1 EMO. Data are from 
subject OK. For this subject, data from each configuration were collected in separate 
experiments. Window 1 values from abdominal (ABD, filled symbols) and paraspinal 
(PAR, unfIlled symbols) muscles are plotted in each graph. The top graph contains data 
obtained from arm reaches performed from configuration 1; the middle graph, 
configuration 2; and the bottom graph, configuration 3. The shaded areas indicate the 
range of target directions over which were calculated a net displacement forward of the 
arm center of mass and a net shift of trunk torque in the extensor direction. The stick 
figures to the right indicate the initial configurations of the body and target direction 
convention. For this subject, the trunk in configuration 3 was tilted back 20 deg from 
vertical. For data from each configuration, the EMG changes at the beginning of the 
arm movement (as defined by window 1 values) did not coincide with the static torques 
for the end of the movement (as defined by calculated values of trunk torque). 
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dominance). Also on each graph are the ranges of target directions for static trunk 

torques at the end of arm movement, calculated from arm movement simulations, as in 

Figure 18. The shaded areas represent those target directions for which the fmal 

position required a shift of trunk torque in the extensor direction (a shift forward of the 

center of mass of the system). The unshaded areas represent those target directions for 

which the final position required a shift of trunk torque in the flexor direction (a shift 

backward of the center of mass of the system). 

Regardless of the initial configuration, the EMG changes at the beginning of the 

arm movement (window 1 values) did not coincide with calculated torques at the end of 

the arm movement. For example, data from configuration 1 show some un shaded target 

directions (calculated shift of trunk torque in the flexor direction) with high abdominal 

EMG and low paraspinal EMG (-135-210 deg); for these target directions the calculated 

torques and the EMG are qualitatively in the same direction. There are, however, other 

unshaded target directions with high paraspinal EMG and low abdominal EMG (-30-

135 deg); for these target directions the calculated torques and the EMG are qualitatively 

in opposite directions. The lack of coincidence of target direction ranges for calculated 

static torque requirements and trunk muscle activity indicate that the nervous system was 

not solely attempting to aim for the final posisiton by initiating the movement with 

muscle activity necessary to maintain that final position. Similar results were found for 

configurations 2 and 3, and for all SUbjects. Comparable graphs of data from the other 

subjects are presented in Appendix H. 

Dynamic Requirements 

In addition to the influence of static requirements on trunk muscle EMG, dynamic 

influences are also present Indeed, for fast multi-joint movements, segmental 

interaction effects can overshadow gravitational effects, and this complexity must 
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somehow be taken into account by the nervous system. The mechanical system studied 

in these experiments is not a simple one. Three segments are involved: the head/trunk, 

the upper arms, and the forearmslhands. Subjects were instructed to move the distal tip 

of this system to a target and no restrictions were placed on trunk behavior. Not only do 

the arms move in this task, but it is clear from the data collected that the trunk moves as 

well. Despite the consequent dynamic complexities, the task is performed with ease. . 

One possible strategy that the nervous system might use to control the action of the 

trunk during arm movements and to deal with these complexities is to resist the 

segmental interactive effects of the arm on the trunk and to try to keep the trunk still. 

Trunk muscle torques during arm movement were calculated under the assumption that 

the trunk did not move (see Appendix A). Arm reaches were simulated with a three

segment model in which initial configuration, segment parameters, movement time and 

target distance were experimenter specified. Muscle torques at the trunk, shoulder, and 

elbow were calculated over time for the duration of the arm movement (see Figure 3 in 

METHODS). Muscle torques were averaged over the first 50 ms of movement time to 

get a representative value for "torque at movement onset". That value varied with target 

direction (see Figure 3 in METHODS). There was a range of target directions over 

which trunk torque at movement onset was calculated to be positive, indicating flexor 

torque to resist trunk movement, and a range of target directions over which trunk 

torque at movement onset was negative, indicating extensor torque to resist trunk 

movement These calculated target direction ranges were compared with window 1 

EMG values to detennine if the observed EMG was qualitatively appropriate to resist 

trunk motion imposed by segmental effects of arm movement 

Figure 20 contains the same window 1 abdominal and paraspinal EMG values as 

in Figure 19 (subject GK). The shaded areas in this figure, however, represent the 
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Figure 20. Requirements to resist trunk motion compared to window 1 EMG. EMG 
data and figure fonnat are identical that in Figure 19. The shaded area indicates the 
ranges of target direction over which was calculated an extensor torque at the trunk to 
prevent the trunk from moving at the beginning of ann movement Although there was 
some agreement of torque requirements from the simulations with EMG data, this 
agreement did not hold for all target directions. 
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target directions calculated to require extensor torque to prevent the trunk from moving 

at the beginning of ann movement, rather than extensor torque to hold the trunk steady 

at the end of ann movement as in Figure 19. There was overlap of target direction 

ranges for which both paraspinal EMG was high (and abdominal EMG is low) and 

simulations indicated trunk torque at movement onset in the extensor direction to prevent 

the trunk from moving, but the overlap was not perfect For example, the shaded areas 

for configuration 1 coincided with target directions in which paraspinal EMG was high 

and abdominal EMG was low; EMG and calculated initial net trunk muscle torques 

were, therefore, qualitatively consistent In the unshaded target direction range, 

however, there were also target directions in which paraspinal EMG was high and 

abdominal EMG was low; EMG and calculated initial net trunk muscle torque were then 

qualitatively in opposition. If the nervous system is attempting to resist trunk motion at 

the beginning of ann movements, it does not do so for the entire range of target 

directions. Results from other subjects were qualitatively similar, although specific 

target direction ranges for EMG levels and calculated torques varied somewhat Data 

from the other subjects are presented in Appendix 1. 

These target direction experiments revealed a systematic effect of target direction 

on EMG patterns of trunk muscles. Of those factors related to target direction that were 

tested here, none universally applied to trunk EMG activity. None of the specific 

reference axes predominated in explaining the target direction relationship; steady EMG 

levels during maintained configurations were strongly related to static requirements, but 

initial changes in EMG (as represented by window 1 values) were not related to static 

requirements of final position across all target directions; neither were initial changes in 

EMG singularly appropriate to prevent the trunk from moving across all target 

directions. It may be that trunk muscles are ruled by multiple concerns that cannot be 
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singled out or that trunk muscle control is more sensitive to one factor for certain target 

directions than for others. 

Arm Moyements to Tan:ets at Different Distances 

Although no single tested control rule was upheld by the preceding experiments, 

there was some systematic modulation of EMG pattern across target direction. The 

trunk EMG patterns were modulated from one qualitative extreme to the other. For 

some target directions, paraspinal EMG was high and abdominal EMG was low at the 

beginning of arm movement; for other directions, abdominal EMG was high and 

paraspinal EMG was low. 

Experiments by other investigators have shown no such qualitative range of EMG 

patterns for arm movements across target distance or for trunk movements of varying 

magnitude. Pilot experiments in this study, however, showed that for some but not all 

target directions, trunk muscle EMG did vary across target distance to the same extremes 

as across target direction. This phenomenon was observed when comparing distances 

which placed different constraints on the net displacement of the trunk. In the 

experiments presented so far, no movement constraints whatsoever were placed on the 

trunk. Because the system under investigation consisted of three segments and three 

joints, not only were distal tip and joint trajectories unspecified by the task, but so were 

final configurations of all the segments. 

In the experiments in which target distance was varied, target distances within and 

beyond arm's length were tested For those target distances within arm's length, all 

segments were unconstrained in their trajectory and final configuration. For those target 

distances beyond arm's length, the segments were also unconstrained except that the 

trunk was forced to end up in a flexed position (tilted forward) in order for the distal tip 

of the arm to reach the target. 



Features of EMG Patterns 

Ann reaches were perfonned from configuration 1 in four target directions 

(0=270,285,300,315 deg). This target range coincided with the "transition" from 
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very little EMG modulation (270 deg) to a distinct paraspinal-abdominal-paraspinal 

EMG pattern (315 deg). Most emphasis was placed on target direction 0=315 deg 

because its window 1 EMG (high paraspinaI, low abdominal) for short distances was 

qualitatively in opposition to the net displacement of the trunk required to reach the target 

for distances greater than ann's length and had been associated with the greatest 

qualitative range of EMG patterns across target distance in pilot experiments. It should 

be noted, however, that 0=315 deg was very close to the target direction identified by 

the computer model as the transition from trunk torque at movement onset in the 

extensor direction to trunk torque at movement onset in the flexor direction (see Figure 

20 and Appendix I). 

Figure 21 contains abdominal and paraspinal traces from single trials at different 

target distances (subject LT). As for the aligned traces in the experiments on target 

direction, the traces here were aligned with the onset of wrist acceleration. The 

abdominal traces in Figure 21A showed a modulation of activity with target distance. 

For the shortest distance (15.5 cm, which was 10 cm less than ann's length), there was 

a distinct abdominal EMG burst occurring approximately 100 ms after the onset of wrist 

acceleration. For the longest distance (45.5 cm, which was 20 cm greater than arm's 

length), the abdominal burst occurred earlier, with the onset of wrist acceleration. The 

paraspinal traces in Figure 21B also displayed pattern modulation with target distance. 

There were the expected two bursts for the shortest distance (see Figure 6). For the 

longest target distance, that first paraspinal burst remained, but there was a pause in 

paraspinal EMG prior to that burst. The change in patterns and timing of bursts resulted 
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Figure 21. Trunk muscle EMG across target distance. Data are single trials from 
subject LT. A. Abdominal EMG across target distance. B. Paraspinal EMG across 
target distance. Target distances (TO) in cm are indicated to the left of the EMG traces 
and are from top to bottom: 10 cm less than arm's length, arm's length, 10 cm greater 
than arm's length, and 20 cm greater than arm's length. Trials are temporally aligned 
with the onset of wrist acceleration. The stick figure indicates initial configuration of the 
body, target direction, and target distances. The abdominal burst which occurred after 
the onset of wrist acceleration for shorter target distances shifted to an earlier onset as 
target distance increased. There was a paraspinal burst near the onset of wrist 
acceleration for all target distances. That burst was preceded by a pause for the longer 
target distances. This modulation of EMG pattern represents a qualitative change from 
initial extensor EMG (and torque) increase to initial extensor EMG (and torque) 
decrease. 
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Figure 21. Trunk muscle EMG across target distance. 
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in a qualitative change in trunk: EMG activity from short target distance to long target 

distance. For short distances, the initial change was an increase in paraspinal EMG (and 

a shift in muscle torque in the extensor direction), and abdominal and paraspinal muscles 

displayed a reciprocal burst pattern. For long distances, the initial change was a 

decrease in paraspinal EMG (and a shift in muscle torque in the flexor direction), and the 

abdominal EMG occunecl much earlier so that paraspinal and abdominal muscles 

displayed a coactive burst pattern. 

The traces in Figure 21 provide the most dramatic example of changes in EMG 

from short target distance to long target distance. Many of the characteristics observed 

in Figure 21 were observed for all subjects. The early pause in paraspinal EMG for 

longer target distances was observed in the data from all subjects. The paraspinal burst 

(circa the onset of wrist acceleration), however, varied from subject to subject. In one 

subject it disappeared, in one subject it was reduced, in two subjects it appeared 

relatively unchanged (including L 1'). Abdominal EMG for the longest target distance 

was not as consistent across subjects. One subject produced a pattern similar to subject 

LT (Figure 21). In the data from another subject, an early onset of abdominal activity 

was observed, but there was no distinct "burst". For another subject, there appeared to 

be less abdominal EMG associated with the longer target distance. This result was 

perplexing because it seemed that the reach to longer distance was initiated with very 

little trunk EMG at all. This subject, however, did show a great deal of electrical activity 

at movement onset for the longest target distance from the most lateral abdominal 

electrodes (12 cm from midline instead of the standard 8 cm from midline). Those 

electrodes likely recorded from the external oblique muscle instead of the rectus 

abdominis. Appendix J contains data as in Figure 21 of abdominal and paraspinal EMG 

from the other subjects. 
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The other target directions tested here also showed some changes in EMG with 

target distance, but with some differences. Target directions 9=270, 285, and 300 deg 

were essentially alike. The shortest target distances were associated with very little 

modulation of either abdominal or paraspinal EMG at the onset of wrist acceleration, and 

the longest target distances were associated with a distinct burst in abdominal EMG and 

a simultaneous pause in paraspinal EMG with the onset of wrist acceleration. 

No windowing of EMG data from the experiments on target distance was done 

because of the limited amount of data and the variation of movement time with target 

distance. EMG onsets, too. were not helpful because of the difficulties in objectively 

determining onsets, as was discussed earlier. 

Features of Trunk Movement 

Trunk position and trunk acceleration also displayed modulation with target 

distance. Figure 22 contains trunk position traces from subject LT, aligned to the onset 

of wrist acceleration. For the shortest target distance, the trunk position trace revealed a 

reversal in movement direction and a small net displacement of the trunk forward. For 

the longest target distance, the trunk position trace no longer showed any reversal in 

movement direction and there was a dramatic increase in net displacement of the trunk 

(by design). 

Trunk acceleration traces also varied across target distance. The onset of trunk 

acceleration for the shortest distance was nearly simultaneous with the onset of wrist 

acceleration, but was clearly in advance of the onset of wrist acceleration for the longest 

distance. Although there were difficulties in determining onsets of trunk EMG, trunk 

and wrist acceleration traces yielded somewhat more distinct onsets. Figure 23 contains 

a bar chart of the mean relative timings of trunk and wrist accelerations for all subjects, 

for all target distances and across all target directions tested. There was a clear trend for 
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Figure 22. Trunk position across target distance. Data are single trials from 
subject LT. Figure fonnat is identical to that of Figures 23A and B. Upward 
deflections in position indicate forward direction. Trunk position traces showed 
reversals in movement direction for shorter target distances and no reversals for the 
longest target distance. Trunk motion appeared to become more directed as target 
distance increased. 
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Figure 23. Relative onsets of trunk and wrist acceleration across target distance. 
Each bar represents the mean and standard deviation of trunk minus wrist acceleration 
onset. Data are from all subjects. The number of trials (n) that make up each bar is 
indicated at the bottom of the graph; that value varied because some onset data were 
rejected and some subjects performed more than one trial per condition. Target 
direction is indicated at the top of the graph. Bar patterns vary with target distance as 
indicated: 10 cm less than arm's length (AL-), arm's length (AL), 10 cm greater than 
arm's length (AL+), 20 cm greater than arm's length (AL++). The stick figure is a 
schematic of the initial configuration of the body, target directions, and target 
distances. Negative values mean that the onset of trunk acceleration occurred before 
the onset of wrist acceleration. There was a clear trend for trunk acceleration to occur 

earlier and before wrist acceleration for the target distances greater than arm's length. 
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earlier relative onsets of trunk acceleration for longer distances. There was remarkable 

consistency across subjects; all of these trunk motion characteristics (for position and 

acceleration) were observed in the data from all subjects. 

These trunk motion measurements pointed to a qualitative variation in trunk 

behavior with target distance. As target distance extended beyond arm's length, the 

trunk motion became similar to the more direct arm segment motions described by 

previous investigators, and trunk motion was anticipatory to arm motion for the longer 

distances but not for the shorter distances. 

Across both target direction and target distance, EMG patterns of the trunk 

muscles were modulated qualitatively and quantitatively. Gradually varying a single 

task parameter allows the expression of a similarly gradual modulation of EMG. The 

examination of the full range of modulation made clear that the EMG pattern was not 

universally related to any of the control requirements tested here. 
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5. DISCUSSION AND CONCLUSIONS 

Modulation of EMG with Task Parameters 

In the experiments presented here, ann reaching movements were accompanied by 

a substantial amount of EMG activity in the trunk muscles. This activity showed 

consistent characteristics across subjects and varied systematically as the task parameters 

of target direction and distance were varied. The variation with target direction was 

broad, covering the full qualitative range from paraspinal bursts first to alxlominal bursts 

first. The gradation of patterns across all target directions became especially obvious as 

target direction varied in small increments (15 deg). This gradation was not obvious in 

pilot experiments in which target direction was varied in increments of 45 deg. 

Mcxlulation of EMG patterns with task parameters has been observed before. For 

example, the muscle activity of the ann muscles has been shown to vary with target 

direction in reaching tasks (Flanders, 1991; Hasan & Karst, 1989; Karst & Hasan, 

1991a; Karst & Hasan, 1991b; Wadman, et al., 1980). There may, however, be some 

differences between trunk muscle patterns and ann muscle patterns. Flanders (1991) 

analyzed ann muscle activity patterns from ann reaching movements. Her results 

indicated that the activation patterns for each ann muscle could be characterized as made 

up of a single phasic waveform and a single tonic waveform. These waveforms varied 

in a gradual fashion across target direction in both amplitude and timing. In contrast to 

Flanders results on ann muscles, the trunk EMG patterns from the experiments 

presented here did not show a consistent trend for gradual temporal shifts of EMG 

patterns across target direction. Rather, a distinct characteristic of the EMG was a 

relatively constant timing of the overall trunk muscle pattern (both alxlominal and 

paraspinal muscles) across target directions. The EMG analysis by the window methcxl 
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took advantage of this constant timing. Within the relatively fixed temporal pattern, 

burst amplitudes of a given trunk muscle waxed and waned, yielding "phasic" patterns 

that varied from burst-pause-burst to pause-burst-pause. 

Gradual modulation of EMG patterns have been associated with other task 

parameters. Moore, et al. exposed subjects to horizontal perturbations of the standing 

surface in all directions (Moore, Rushmer, Windus, & Nashner, 1988). They observed 

gradual changes in EMG of leg and trunk. muscles across perturbation direction. They 

presented their data in schematic "musical scores" similar to the aligned traces figures of 

raw EMG in this study (Figures 5 and 6, Appendix B). Onsets of ankle dorsiflexor and 

plantar flexor bursts remained relatively constant across perturbation direction while 

burst amplitudes varied For some target directions, there were coactive bursts of 

dorsiflexors and plantar flexors. The trunk muscles, on the other hand, were described 

as having burst onsets that varied considerably with perturbation direction, with mostly 

reciprocal bursts of abdominal and paraspinal muscles and "transition" directions where 

both muscles displayed very little activity. Their "musical score" of trunk data look 

remarkably similar to the aligned traces presented in this study. Similar results were 

found in the same kind of perturbation experiments on cats (Macpherson, 1988; 

Rushmer, Moore, Windus, & Russell, 1988), in that EMG patterns for individual 

muscles varied in a gradual fashion with perturbation direction. Although responses to 

perturbations may not be related to activity produced with voluntary movements, both 

types of experiments show EMG gradations with spatial parameters. 

Gradual modulation of EMG patterns has also been observed when subjects 

perfonn voluntary ann movements while walking (Hirschfeld & Forssberg, 1991). 

Hirschfeld and Forssberg had subjects pull on a stiff handle while walking on a 

treadmill. In these experiments, the arm movement can be considered the "focal" task, 
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and the related activity in the trunk and legs can be considered "non-focal". The ann 

pulls were perfonned at various times in the step cycle and EMG patterns of the leg 

muscles were examined. The leg muscle activity associated with the ann pull varied 

gradually with the phase of the step cycle. These data provide an example of temporal, 

or phase-related, modulation of EMG as opposed to the spatial modulation described 

above. 

The experiments by Hirschfeld and Forssberg (1991) on non-focal muscle activity 

and the experiments by Moore et al. (1988) on postural responses to perturbations were 

carried out in part to evaluate the concept of muscle synergies. The use of muscle 

synergies by the nervous system is considered to be a possible way to reduce the large 

number of degrees of freedom created by muscle redundancy and to avoid the 

complexity of allowing for completely independent control of individual muscles (cf., 

Hasan, Enoka, & Stuart, 1985). Lee dermed a "neuromotor synergy" in rather specific 

terms as a unit of action of more than one muscle that displays certain spatial, temporal, 

and scaling characteristics while task needs are varied (Lee, 1984). According to this 

definition, the activity of a set of muscles is considered a "synergy" if the same muscles 

are used with a fixed relative temporal order, and the components of the pattern are 

scaled in magnitude as a task parameter is varied As corollary, she suggested that the 

existence of a synergy would be demonstrated if there were a "continued presence of a 

pattern despite negative effects on intentional actions", Le., if a pattern appropriately 

associated with one movement task were called up for another movement task for which 

it was inappropriate. 

Results from the experiments presented in this study and those of Hirschfeld and 

Forssberg (1991) and Moore et al. (1988) in which EMG patterns gradually varied with 

task parameter are not consistent with this specific definition of synergy. Because EMG 
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patterns across muscles varied gradually, they did not appear to be composed of a few 

discrete muscle patterns. Macpherson proposed an alternative, less rigid, definition of 

synergy (Macpherson, 1988). In her experiments on posture perturbation of standing 

cats, she varied perturbation direction. Muscle activity from many muscles varied 

gradually across perturbation directions, producing "tuning curves" or ranges of 

activation. Some muscles were regularly activated together and each perturbation 

direction seemed fairly strictly associated with its own muscle activity pattern. She 

defined a synergy as "a group of muscles constrained to act together" whose activity can 

be modified or "tuned" as task demands vary. This definition provides some control 

flexibility while avoiding the problem of independent control of individual muscles. If 

the trunk muscles in the experiments presented in this study are to be considered 

activated as a "synergy", this more flexible definition may be appropriate. 

Target distance also influences EMG patterns. Variations in movement amplitude 

have previously been associated with changes in EMG for a variety of movement tasks, 

such as single-joint wrist movements (Mustard & Lee, 1987), single joint elbow 

movements (Brown & Cooke, 1981; Gottlieb, Corcos, & Agarwal, 1989), multi-joint 

arm movements (Buneo, Soechting, & Flanders, 1992; Wadman, et al., 1980), and 

trunk movements performed while standing (Odds son & Thorstensson, 1987). The 

general finding has been that as movement amplitude increases, EMG bursts increase, 

but the relative timing of bursts within an agonist-antagonist pattern remains qualitatively 

unchanged. In contrast, results from the experiments presented in this study indicate 

that for some situations target distance can yield qualitative, not just quantitative, 

variation in EMG patterns (see Figure 21 and Appendix 1). 

In addition to studies of EMG patterns, kinematic and behavioral studies indicate 

that movement direction and movement distance are separate influences. Errors in 
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reaching tasks (without vision of the ann) have been found to be larger in movement 

distance than in movement direction (Flanders, Tillery, & Soechting, 1992; Gordon, et 

al., 1992a; Gordon, et al., 1992b; Soechting & Flanders, 1989a; Soechting & Flanders, 

1989b). Gordon, et ale suggest that movement distance and direction in reaching are 

planned in parallel, with direction defining the activity pattern of the muscles involved 

and distance ("extent") defming the amplitude scaling of that pattern (Gordon, et al., 

1992a; Gordon, et al., 1992b). This parallel processing may be true for ann muscles in 

reaching tasks, but in the case of the experiments presented here, changes in target 

distance were associated with qualitative changes in trunk muscle activity, not just 

pattern scaling. 

Three-Burst and Two-Burst Patterns 

An interesting observation from the experiments presented here is that voluntary 

trunk flexions and extensions were associated with a reciprocal two-burst pattern where 

an "agonist" burst was followed by an "antagonist" burst (Figure 7). In contrast, 

reciprocal three-burst patterns of the trunk muscles were observed with many of the 

voluntary ann movements (Figures 4-6). The three-burst pattern has been observed 

before in multi-joint movements (Wadman, et al., 1980), but is not restricted to multi

joint movements. In fact, the three-burst pattern has been observed for uni-directional, 

single-joint movements of the wrist (Mustard & Lee, 1987), elbow (Brown & Cooke, 

1981), and shoulder (Angel, 1974). Previous experiments of voluntary trunk 

movements, however, are consistent with the experiments presented here in that they do 

not show three-burst patterns for uni-directional movements (Oddsson & Thorstensson, 

1987). Only when the subjects are asked to bend and then return the trunk to vertical is 

a three-burst pattern observed (Crenna, et al., 1987; Thorstensson, et al., 1985). 
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Multi-burst patterns of single-joint movements are generally considered to be pre

planned and central in origin. The ftrst "agonist" burst is considered to accelerate the 

limb segment, and the following "antagonist" burst is related to braking the limb 

segment (Lestienne, 1979), but is not entirely responsible for braking (Karst & Hasan, 

1987). The purpose of a second "agonist" burst remains unclear (Angel, 1974; Brown 

& Cooke, 1981). This third burst has been observed more consistently with practice 

(Angel, 1974), and more robustly with higher movement velocities (Mustard & Lee, 

1987). Brown and Cooke also found smaller third bursts when subjects were asked to 

be more accurate, but that result may be more related to a slower speed than to increased 

accuracy per se (Brown & Cooke, 1981). 

The experiments presented in this study do not address the signiftcance of the two

versus three-burst patterns directly. Accuracy constraints were different for the 

voluntary trunk movements and the voluntary arm movements, but the arm movements 

were the more accurate of the two. The ann movements were to speciftc targets and 

accuracy was monitored. The trunk movements, on the other hand, were not directed to 

a target and were of unspecifted amplitude. The trunk movements, therefore, could be 

considered less accurate than the arm movements, yet it was the arm movements with 

which the three-burst pattern of trunk muscles was observed. No measures were taken, 

however, to relate accuracy and movement velocity. Movement velocity might explain 

the difference, but trunk acceleration traces for voluntary trunk movements and for 

voluntary arm movements often were comparable (compare Figures 4 and 7). Practice, 

too, may be an influence. Although subjects performed many more voluntary arm 

movements than voluntary trunk movements, they were allowed to practice both before 

data were collected. Without knowing the functional signiftcance of the third burst, it is 



difficult to speculate as to the meaning of the pattern differences of the trunk muscles 

between trunk movements and ann movements. 

Relative Timing of Trunk and Arm 
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Much of the non-focal muscle activity with voluntary movements has been 

described as anticipatory in nature, i.e., non-focal before focal (Belen'kii, et al., 1967; 

Bouisset & Zattara, 1988; Cordo & Nashner, 1982; Friedli, et al., 1984; Horak, et al., 

1984; Lee, 1980; Lee, et al., 1987; Oddsson & Thorstensson, 1987; Woollacott, et al., 

1984). Non-focal muscle activity, however, is not always in advance of focal muscle 

activity. From experiments on reaching movements performed while sitting, Moore, et 

al. (Moore, Brunt, Nesbitt, & Juarez, 1992) reported that 70% of all ann movements 

showed onsets of shoulder muscle activity (focal) prior to trunk muscle activity (non

focal). In contrast to Moore's data, the data from the experiments presented here 

showed that, more often than not, changes in trunk EMG preceded changes in shoulder 

EMG (see Figure 16). However, the relative timing of onsets of trunk and shoulder 

muscle activity was not strict for any target direction. There was considerable spread to 

the data for each target direction, and there were data for most target directions showing 

onsets of trunk muscle activity after onsets of shoulder muscle activity. Is the trunk 

muscle activity "anticipatory" to that of the arm? Sometimes, but not by necessity, as is 

clear by the number of trials in which ann muscle activity preceded trunk muscle activity 

(Figure 16). However, the presence of any data for which trunk muscle activity 

precedes shoulder muscle activity demonstrates that the trunk muscle activity at the onset 

of ann movement is pre-programmed and central in origin; it does not arise from 

movement-related peripheral feedback. 
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Tan:et Direction Reference Axis 

Aligning the EMG traces of the trunk muscles exposed a gradual change in burst 

and pause patterns across target direction (see Figures 5 and 6). Target direction, it 

seems, is significantly influential in determining EMG patterns. This modulation with 

target direction implies the existence of a reference frame, or reference axis, for defining 

direction. Indeed, Soechting and Flanders suggest that a reference frame is central to 

any spatial description, including a spatial description of neural activity, whether of a 

supraspinal motor center or a muscle (Soechting & Flanders, 1992). 

To adequately specify a reference axis or frame, it is necessary to examine that 

frame in more than one initial configuration of the body (Gordon, et al., 1992a; Hasan, 

1992). Karst and Hasan examined reaching movements of the arm in the horizontal 

plane, using many initial arm configurations (Karst & Hasan, 1991a). They uncovered 

an empirical relationship of arm muscle activity to initiate arm movements with target 

direction defined with respect to the longitudinal axis of the forearm ('P). Similarly, 

Gordon and coworkers examined errors in arm reaching movements performed in the 

horizontal plane without vision of the arm or target during movement (Gordon, et al., 

1992a; Gordon, et al., 1992b). Different initial configurations of the arm were used. 

They found variable errors (about the mean) of the final position of the hand related to 

target direction from the hand Although they did not specifically measure target 

directions as \}I, these errors could also be related to the longitudinal axis of the forearm. 

Systematic errors (defined as the difference between the average fmal position of the 

hand and the target), however, were related to the hand's position relative to the midline 

of the body, indicating a referencing of target direction with the trunk. 

The experiments presented here sought to determine if trunk muscle activity at the 

onset of arm movements was related to target direction as defined by either the 
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longitudinal axis of the ann or the longitudinal axis of the trunk. Neither reference axis 

proved to be more clearly associated with trunk EMG when data from different initial 

configurations of the body were combined. Nor was a fixed, external axis that was 

unrelated to the body more meaningful (see Appendix G). Shoulder muscle activity in 

these experiments yielded no more confident a relationship to a reference axis. The lack 

of a positive result from these experiments may be due to the small range of the initial 

configurations of body that was tested. It may also be that no one reference axis is 

related to trunk muscle activity; a combination of reference axes may more adequately 

describe trunk muscle activity. 

Static Postural Requirements 

With voluntary movements come postural disturbances which can be classified as 

dynamic and static (Oddsson & Thorstensson, 1987). Dynamic effects arise from 

segmental interactive effects and will be dealt with in the next section. Static postural 

requirements arise from changes in the center of mass of a system. In the experiments 

presented here, there were changes in the location of the center of mass of the system 

with the ann movements. The final position static requirements changed from the initial 

position static requirements. Before and after ann movement, paraspinal muscle activity 

was clearly related to both measured trunk position and calculated displacements of the 

center of mass of the anns (see Figure 18). The static relationship between body 

configuration and trunk EMG has been known for some time (Floyd & Silver, 1955; 

Jonsson, 1970; Morris, et al., 1962; Portnoy & Morin, 1956). 

In contrast, the trunk muscle activity at the beginning of arm movements was not 

related to fmal position static requirements as might be expected if the nervous system 

were aiming for the final position and initiating the movement by producing the muscle 

activity necessary to maintain that final position. There were many target directions for 
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which the trunk EMG at the beginning of ann movement was qualitatively opposite to 

that of the static requirements. In Figure 19, for example, a target direction range of 

approximately 9=30-150 deg for configuration 1 was related to higher paraspinal than 

abdominal activity at the beginning of ann movement, although the calculated 

displacement of the center of mass of the anns required a shift of trunk torque in the 

flexor direction at the end of arm movement. In addition, there were qualitative changes 

in EMG across target distance for target direction 9=315 deg even though the static 

requirements of the fmal position did not qualitatively change. 

Also, trunk muscle activity was not as would be expected if the trunk alone were 

moving from its initial position to its fmal position; net trunk displacement was not 

always consistent with the muscle activity at the beginning of movement. In Figure 18, 

for example, net trunk displacement forward was observed for the target direction range 

9=210 to 360 deg, yet the onset of ann movement was typically associated with 

increases in paraspinal activity for target directions 9=285-360 deg (Figure 6). The 

trunk muscles, therefore, were performing more than either a static role or a single-joint 

movement role. 

Dynamic postural Requirements 

It has been suggested that the non-focal muscle activity associated with voluntary 

movements acts to resist disturbances created by the focal movement (Belen'kii, et al., 

1967; Clement, et al., 1984; Lee, et al., 1987). In the experiments presented here, trunk 

muscle activity at the beginning of ann movement was compared to trunk muscle torque 

calculated under the condition that the trunk resisted trunk motion due to the motion of 

the ann and that the trunk did not move. In these comparisons, trunk muscle activity at 

the onset of ann movement was not always qualitatively appropriate to prevent the trunk 
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from moving; the trunk muscles were not resisting the disturbances created by the ann 

movement for all target directions (see Figure 20 and Appendix I). 

Investigators have examined non-focal muscle activity during voluntary ann 

movements, but the scope of ann movements has been limited to ann swings up and 

down (Belen'kii, et al., 1967; Bouisset & Zattara, 1988; Horak, et al., 1984; Lee, 

1980), ann pushes and pulls (Cordo & Nashner, 1982; Woollacott, et al., 1984), and 

elbow flexions and extensions (Friedli, et al., 1984). The conclusion that non-focal 

muscle activity is perfonning a postural role by resisting the effects of the focal 

movement may seem appropriate for this limited set of movements, but may not be so 

for all target directions. In the direction experiments of this study, if one examines ann 

movements to the two target directions e = 0 and 180 deg, for example, one might 

conclude that trunk muscle activity is qualitatively in opposition to the segmental 

interactive effects of the ann movement (see Figure 20). These two target directions 

may be quite similar to the ann-swing tasks used by others (Belen'kii, et al., 1967; 

Bouisset & Zattara, 1988; Horak, et al., 1984; Lee, 1980). Pilot experiments from the 

study presented here showed similar trunk and shoulder EMG patterns for ann swings 

up and ann reaches up, and for ann swings down and ann reaches down, even though 

initial configurations of the ann varied for the two tasks. For the ann swings up, the 

ann started from a position in which it was hanging vertical at the side of the trunk and 

moved sagittally to a position in which it was at shoulder height; the elbow was kept 

fully extended during the ann movement. The arm reaches up, on the other hand, 

started from a position similar to configuration 1 (see Figure 2), and the fmgertip was 

moved to a target directly upward (0=0 deg). Despite these differences in initial 

configuration and movement, the EMG patterns were very similar. In light of the results 



from the target direction experiments presented here, caution should be shown in 

drawing conclusions about control strategies from a limited set of movements. 
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Although the trunk muscles may not in all cases be acting to prevent the trunk from 

moving, that is not to say that the nervous system does not take into account dynamic 

effects of movement. Whether the nervous system is explicitly concerned with the 

dynamics of movement has been the focus of much research. One possibility is that the 

nervous system first calculates movement kinematics for a given task, then translates 

those kinematics into kinetics by inverse dynamics calculations, then creates a muscle 

activity pattern that will produce the kinetics (cf., Hasan, 1991). This scheme requires 

enormously complex calculations and must deal with the problem of muscle 

redundancy. 

Other schemes seek to reduce the complexity. The equilibrium point (or trajectory) 

hypothesis suggests that the nervous system explicitly ignores the masses of moving 

segments and the consequent intersegmental effects. According to this scheme, the hand 

in a reaching movement gets to the target by an equilibrium trajectory that is centrally 

defmed and that sets activation thresholds of motor neuron pools; afferent feedback and 

reflexes then determine the activity of the muscles (Feldman, Adamovich, Ostry, & 

Flanagan, 1990). In the reaching movements in these experiments, the trunk, although 

free to move, moved little. For the trunk to remain still under the equilibrium trajectory 

hypothesis, the nervous system would have to stiffen the trunk by considerable muscle 

activity (by using either excessive opposing activity or by coactivation of flexors and 

extensors) because the nervous system does not "know" that the trunk is massive or that 

there are segmental interactive effects due to arm movement. There are, however, target 

directions for which both the paraspinal and abdominal muscle activity is low at the 

beginning of arm movement (e.g., e = 255 deg, Figures 5 and 6), contrary to this 
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application of the equilibrium trajectory hypothesis. The trunk is not being held still by 

muscle activity but rather by its own mass and the segmental interactive effects of the 

arm on the trunk. Such a situation suggests that the nervous system does consider 

somehow segment mass and segmental interactive effects. 

Results from the experiments presented here indicate that the nervous system 

neither completely ignores movement dynamics nor specifically calculates the muscle 

activity to resist movement dynamics. One compromise between inverse dynamics 

calculations and dynamics-carefree movement has been suggested by Ghez and Gordon 

(Ghez, Gordon, Ghilardi, Christakos, & Cooper, 1990; Gordon, et al., 1992b). They 

hypothesize that the nervous system does not compute inverse dynamics; rather, the 

nervous system makes imprecise estimates of dynamics to initiate arm movements, and 

as the movement progresses those estimates are updated with visual and proprioceptive 

feedback. In their experiments, deafferented patients and normal subjects performed 

reaching movements in the horizontal plane to targets in many directions without visual 

feedback of the arm. The patients made movement distance errors in reaching that 

suggested that they did not take into account the inertial anisotropy of the limb. 

Furthermore, both normals and patients showed peak accelerations of distal tip 

movements that varied with target direction and inversely with inertial resistance to 

movement Normal subjects were able to correct this variation in acceleration with 

proprioceptive feedback, whereas the patients made errors in movement distance. The 

investigators also modeled reaching movements such that the same force was applied at 

the distal tip of the arm to start the movement. Because of the non-uniform inertia of the 

arm across target direction, the acceleration of the distal tip of the arm was also not 

uniform across target distance. Their results from the model and the human experiments 

suggest that approximations of inertial effects are made to plan the movement 
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The Trunk as a Sement of the Arm 

By comparing trunk EMG patterns to modelled requirements for resisting 

segmental interactive effects, it appears that the trunk muscles' role in the experiments 

presented here is not consistently to try to prevent the trunk from moving. Yet, the 

trunk displays mechanical behavior that is different from that of the ann. Upper ann and 

foreann segments in reaching movements tend to act together as a functional unit, 

moving directly toward the target (Atkeson & Hollerbach, 1985; Georgopoulos, 1988; 

Kalaska & Crammond, 1992; Soechting & Lacquaniti, 1981). In contrast, the trunk 

position traces in the experiments here showed consistent reversals in movement 

direction for nearly all ann movements. Furthermore, the trunk EMG at the beginning 

of ann movement did not appear to be tightly related to target direction from the 

longitudinal axis of the foreann ('P) as had been shown for the shoulder and elbow 

muscles (Karst & Hasan, 1991a). 

For greater target distances, however, the behavior of the trunk became more 

similar to that of the ann. There were no movement reversals in the trunk position 

traces, and trunk movement consistently started before ann movement The EMG of the 

trunk muscles also changed. The EMG patterns showed characteristics of both trunk 

movements and ann movements combined; there was an early pause in paraspinal 

activity and an early burst in abdominal activity as seen with trunk movements (see 

Figure 7), but there still remained a paraspinal burst at the onset of wrist acceleration as 

seen with ann movements (see Figure 6). It was as if two motor programs for the trunk 

muscles, one for ann movement and one for trunk movement, overlapped (see Figure 

21). 

The paraspinal burst that occurred near the onset of wrist acceleration is 

particularly interesting. Because the trunk moved directly into flexion it would seem that 
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the movement onset would most appropriately be associated with an abdominal burst 

(and the abdominal burst does occur earlier for greater target distances), but there 

appeared to be a remnant of paraspinal activity at movement onset This paraspinal 

remnant supports the notion of synergy as put forth by Lee in that the muscle activity 

associated with one movement is observed with another movement for which is seems 

inappropriate (Lee, 1984). For the greater target distances, that paraspinal burst was not 

consistent across subjects. In fact, it was absent for the one subject with the greatest 

experience with the experimental task (see Appendix J). This result could indicate that 

practice may influence the EMG patterns for reaches to greater target distances. 

From Tareet to Muscles 

The characteristics of trunk muscle activity during arm reaching have been 

presented here. This muscle activity, however, is the final neural step in the process of 

performing the movement Somehow the nervous system must determine where a target 

is in space and translate that information into the appropriate muscle activity patterns to 

move the hand to the target (Kalaska & Crammond, 1992). Because many body 

segments and many more muscles are involved, there is no one solution to this task. 

The hand could follow an infinite number of trajectories. For any hand trajectory, the 

body segments could follow an infmite number of segment trajectories. For any 

segment trajectory, the choice of muscle activity patterns is infinite. Despite this 

explosion of possibilities, the arm reaching task is performed in a rather stereotyped way 

(Atkeson & Hollerbach, 1985; Cruse & Brower, 1987; Lacquaniti & Soechting, 1982; 

Morasso, 1981; Soechting & Lacquaniti, 1981). However the translation from target to 

muscles occurs, it must take into account not only the already complex workings of the 

focal segments and muscles but also those actions which are non-focal and the postural 

stability and configuration of non-focal segments. 
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The neural processing leading up to muscle activation has received considerable 

attention. Recordings from single cells in supraspinal motor centers have yielded 

interesting results. The work by Georgopoulos and colleagues on monkeys have shown 

motor cortex cells whose population activity is closely associated with the trajectory of 

the wrist during multi-joint ann reaching movements in many target directions, 

suggesting a motor cortical representation of movement kinematics (Georgopoulos, 

Kettner, & Schwartz, 1988). Other areas of the brain have also shown activity related to 

movement direction (Alexander & Crutcher, 1990a; Alexander & Crutcher, 1990b; 

Caminiti, Johnson. Burnod. Galli, & Ferraina. 1990a; Crutcher & Alexander. 1990; 

Kalaska & Crammond, 1992). Georgopoulos further suggested that the motor cortex 

cells may act in determining muscle activity patterns by having each cell send diverging 

signals to many motor neuron pools. either directly or via propriospinal neurons. so that 

the signals are appropriately weighted. Individual motor cortex cells would then not 

only have a "preferred direction" for hand trajectory during reaching, but they would 

also have specific and stable weighted connections with motor neuron pools 

(Georgopoulos, 1988; Georgopoulos, et al., 1988). The ultimate movement then would 

result from the activity of a population of cortical cells and their combined weighted 

connections with motor neurons. The target direction experiments in the study 

presented here did yield trunk muscle activity patterns with some characteristics that 

make the weighted connections proposed by Georgopoulos seem possible. For a given 

trunk muscle. the amplitude of its activity within a single time window did vary in a 

gradual fashion with target direction. showing a single peak target direction (see Figure 

12). It is conceivable that the modulation of trunk muscle activity varies with the activity 

of a population of supraspinal cells with "preferred directions". 
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However, movement direction is not the only parameter that is related to the 

activity of supraspinal motor centers and muscle activity patterns. Caminiti examined 

cells in the motor cortex during reaching movements to many target directions from 

different initial configurations of the arm (Caminiti, Johnson, & Urbano, 1990b). The 

preferred direction of individual cells appeared to shift as the initial position of the 

shoulder was shifted, but the population vector still seemed to follow the hand trajectory 

in space. In turn, this shift may have an effect on the possible weighted connections to 

the spinal corel. Changes in arm configuration still leave preserved a supraspinal 

representation of the hand trajectory, but individual cells might alter their weighted 

connections to the motor neuron pools. It is possible that such a change in weighting 

might affect non-focal along with focal muscles. 

The results in this study from the target distance experiments, however, suggest 

that the weighted connections cannot be too strict. Trunk muscle activity varied 

markedly from short target distance to long target distance. Such dramatic changes have 

not been observed either at the kinematic level for hand trajectory or at the motor cortical 

level. Whether target distance is within or beyond arm's length, the velocity profIle of 

the hand trajectory remains bell-shaped and the hand path remains essentially straight 

(Iannone, et al., 1991; Kaminski, et aI., 1992); the hand just moves further. In the 

motor cortex, some cells have shown a monotonic ~elationship with movement 

amplitude in multi-joint reaching tasks, but preferred direction of those cells does not 

change (Georgopoulos, 1991). It may be that motor cortical activity is related to hand 

trajectory in reaching, but there are times when neither the features of the hand trajectory 

nor the motor cortical cell activity change qualitatively, yet there are dramatic changes in 

trunk EMG (see Figure 21 and Appendix 1). This change in trunk EMG is not 



consistent with hand-trajectory-related motor cortex cells producing movements by 

specific and stable weighted connections to motor neuron pools. 
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There are data from other motor centers in the brain that suggest a broader, more 

versatile scheme. The experiments of Alexander and Crutcher show that there are 

multiple representations of various task and movement parameters in the brain 

(Alexander & Crutcher, 1990a; Alexander & Crutcher, 1990b; Crutcher & Alexander, 

1990). Cells in the primary motor cortex, the supplementary motor cortex, and the 

putamen were recorded during single-joint elbow movements in monkeys. In all three 

areas there were cells related to the preparatory period and some related to the movement 

itself. Most of the cells showed a relationship to movement direction of the joint. Some 

cells showed a relationship to muscle activity (or load). Some cells showed activity 

related to target direction instead of movement direction. These results indicate that 

many task or movement variables are processed at multiple levels and in parallel during 

movement preparation and movement execution. Results such as these have led Kalaska 

and Crammond to describe the motor cortex as a "computational map" (Kalaska & 

Crammond, 1992), where serial, reciprocal, and parallel connections produce a 

"heterarchy of interacting representations of different movement attributes ... by which 

the motor system can separately control many interdependent parameters of movement 

while successfully coping with the laws of motion, context-dependent changes in 

planning priorities, and the complexities of musculoskeletal biomechanics." This 

description seems to leave adequate room for maintaining the integrity of movement 

parameters such as hand trajectory while calculating non-focal requirements. 
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The activity of trunk muscles during ann reaching showed remarkable modulation 

with the task parameters of target direction and distance. Clearly, trunk muscles playa 

significantly integral part in arm reaching tasks. This trunk muscle activity was not 

detennined to be universally related to any of the control requirements tested. Although 

target direction influenced the modulation of the pattern of muscle activity, there was no 

one reference axis to which that activity of the trunk was related across initial 

configurations of the body. The paraspinal muscle activity played a clear role in 

resisting gravity when the trunk and arm were held still, but static requirements did not 

explain the activity observed to start an arm movement. Furthennore, the trunk muscle 

activity was not completely explained by the notion that non-focal muscle activity resists 

segmental interactive effects of the focal segments. These data do show systematic 

changes in EMG patterns of trunk muscles with target direction; the regularities of the 

data are more striking than the scatter. These regularities make the data a critical test for 

any proposed control schemes of trunk muscle activity. 
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APPENDIX A: CALCULATION OF MUSCLE TORQUE 

. Muscle torques were calculated to test the hypotheses that the nervous system 

produces trunk muscle activity at the onset of movement that is appropriate to resist the 

static and dynamic postural disturbances caused by arm reaching movements. No direct 

comparisons were made of experimentally obtained EMG and calculated muscle torque. 

Rather, target direction ranges of calculated flexor and extensor trunk torques were 

compared to target direction ranges over which abdominal and paraspinal EMG was 

high or low. 

The body was modelled as a three-segment system consisting of the head/trunk, 

upper arms, and forearms/hands. The modelled movements were bilateral arm reaching 

movements in the sagittal plane. The trunklhead was modelled as a single, rigid 

segment that was specified not to move. Although in reality the trunk consists of 

numerous in-series vertebral joints, it has often been modelled as a single segment (cf., 

Enoka, 1988). Electromyographic measurements have also indicated similar activity 

across all sections of the paraspinal muscles (see the METHODS section on 

Electromyographic Measurements), suggesting a common behavior of the segments of 

the spine for movements in the sagittal plane. Separate measurements of the head and 

trunk were not performed, but head movements observed during the experiments were 

always in the same direction as that of net trunk displacement. Also, Gurfinkel, et al. 

showed that the head and trunk moved in synchrony and in parallel during arm swings 

performed while standing (1988). L2 was chosen as the "trunk joint" at which muscle 

torque was calculated to be consistent with electrode location in the experiments. 

Chosing another location would have changed the magnitudes but not the direction 

(flexor or extensor) of the calculated torques. 
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Definitions of variables 

The following is a list of variables used in the calculations of muscle torque (see 

Figures A-I and A-2). 

9=target direction from vertical 

D=target distance 

T=movement duration 

g=acceleration due to gravity=9.8m1s2 

t=time 

m 1 =mass of trunk/head segment 

m2=mass of upper arms segment 

m3=mass of forearms/hands segment 

dl=Iength of trunklhead segment (from L2 to shoulder) 

d2=length of upper arms segment (from shoulder to elbow) 

d3=length of forearms/hands (from elbow to tip of index fmger) 

cl>l=trunk/head angle from horizontal 

cl>2=upper arm angle from horizontal 

cl>3=forearm/hand angle from horizontal 

Cl =distance to center of mass of trunk/head segment from L2 

c2=distance to center of mass of upper arms segment from shoulder 

c3=distance to center of mass of forearms/hands segment from elbow 

h=moment of inertia of upper arms segment about its center of mass 

I3=moment of inertia of forearms/hands segment about its center of mass 

J.Ll=muscle torque at trunk (L2) 

J.L2=muscle torque at shoulder 

J.L3=muscle torque at elbow 
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Input Parameter values 

Parameter values that were necessary to calculate muscle torque included segment 

lengths, segment inertial characteristics, initial configuration of the segments, movement 

duration, target distance, and target direction. Segment lengths were measured on each 

subject. These lengths were used to calculate segment inertial characteristics (mass, 

location of center of mass, moment of inertia about center of mass) using the regression 

equations of Zatsiorsky and Seluyanov (see Table A-I). Initial configuration of the 

segments was specified as in the experiments for configurations 1,2 and 3 (see Figure 2 

in METHODS). These segment parameters are shown in Figure A-I as applied to 

configuration 1. 

Movement duration was a constant 0.4 s for all simulations. Target distance was a 

constant 25 cm for all simulations. Target direction was varied for each simulation from 

0=0 deg to 0 = 345 deg in increments of 15 deg as was used in the experiments. 

Specifications of Kinematics 

Prior to torque calculations, segment kinematics were specified. The trunk was 

specified to remain still. Only the upperarm and forearm/hand segments were specified 

to move. The trajectory of the distal tip of the arm segment was modelled so that the 

distal tip moved in a straight line to the target with a bell-shaped velocity profile. This 

specification was based on considerable experimental data for arm reaching movements 

(Atkeson & Hollerbach, 1985; Hollerbach & Flash, 1982; Iannone, Hallett, Stanhope, 

& Vail, 1991; Kaminski, Bock, & Gentile, 1992; Morasso, 1981). 

The first step in the calculations was to define the motion of the distal tip of the 

arm. The location in space of the distal tip of the arm was specified in cartesian 

(extrinsic) coordinates. Segment angles (intrinsic coordinates) were related to cartesian 

coordinates as follows (see Figure A-2). 



x = dlCOScjll + d2coscjl2 + d3coscjl3 

y = dlsincjll + d2sincjl2 + d3sincjl3 

The following equation was used for the distal tip velocity, v. 

v = Vsin2(~) 
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where V = 2(Dff), peak speed of the distal tip of the ann. The x and y components of 

the distal tip velocity were 

x = -01 sin0)(simn/n2 

y = (Vcos0)(sin7tt/T)2. 

By integrating and differentiating, 

and 

x = Xo -Wsin0)[t-bin2-F1 

y =yo +¥VCOS0)[t-bin
2
-F1 

.. ",. a~. 2m x = -, .. smo "rlll"T 

.. (V a~· 2nt y = COSo "l11l"T 

where (Xo,Yo) is initial position of the distal tip of the ann. 

Motion of ann segments was then detennined by the motion of the distal tip. 

Movement duration, T, was divided into 100 equal parts. At each moment of time (t), 

x, y, x, y, X, and y were calculated as specified above. Because the trunk was specifed 

not to move, coordinates were defined relative to the shoulder to simplify calculations of 

intrinsic coordinates. 



x' = X-dlCOS<\>l 

y' = y-disin<\>l 

Cartesian coordinates were transfonned to intrinsic coordinates and <\>2, cI>3, 

~2' ~3, ¥2, ~; were calculated. Quadrants were selected appropriately for the inverse 

trigonometric functions, so that 

r'2+d 2-d 2 v' 
<\>3 = cos-1 2~r' 2 + tan-1 t' 

~3 = _ XCOS<\>2 + ysin<\>2 
d3Sin( <\>3-<\>2) 

~~ = XCOS<\>3 + ysin<\>3 + d2~22cos(<\>3-<\>2) +d3~32 
d2sin(<\>3-<\>2) 

~~ = _ ;tCOS<\>2 + ysin<\>2 + d3~32cos(<\>3-<\>2) +d2~22 
d3sin( <\>3-<\>2) 

Torgue Calculations 

Once kinematics of all segments were specified, torques were then calculated. 
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Muscle torques at the trunk, shoulder, and elbow represent the sum of torques produced 
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by all muscles at those joints (i.e., the resultant muscle torque) rather than torque values 

of individual muscles. 

Using the method of Hasan (1991), at each time t, muscle torques at the trunk, 

shoulder, and elbow were calculated as follows. 

Where 

Gl = g(mlcl + m2dl + m3dl) 

G2 = g(m2c2 + m3d2) 

G3 = g(m3c3) 

H23 = H32 = m3d2c3 

H33 = m3c32 +13 

The j=l term is not included because the trunk does not move; ~1 = 0 and ~·1 = O. 

Static muscle torques were calculated by using the Gi terms alone. Jll. then, 

identified the trunk muscle torque necessary to hold the trunk still in opposition to the 

torques due to gravity. 

Dynamic muscle torques were calculated by using the Hij terms alone. Jll. then, 

identified the trunk muscle torque necessary to keep the trunk still in opposition to the 

torques due to the segmental interactive effects of the motion of the ann segments. 
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Figure A-I. Schematic of segment variables used for calculations of trunk muscle 
torque as applied to configuration 1. Variables are defined in the text. Arrows 
indicate segment weights. Dotted lines indicate segment lengths and distances to 

centers of mass. 
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Figure A-2. Schematic of cartesian (extrinsic) and joint (intrinsic) coordinates 
used for calculations of kinematics. A general body configuration is shown. 
Variables are defined in the text. 
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Table A·I. Body segment parameters used for calculations of muscle torque. 

Subject Trunk/Head 
Forearm/Hand 

Upper Arm 

Segment GK 36 28.5 39.5 
Length (cm)* GY 43.5 32.5 44 

DG 40 33.5 44.5 
LT 35 33.5 47.5 
BS 41 32 45 
AN 41 34 48 
AS 41 35 48.5 
YL 39.5 30.5 43 

Segment GK 19.28 2.41 2.23 
Mass (kg)# GY 24.12 3.28 2.83 

DG 20.85 2.85 2.58 
LT 24.18 3.37 2.92 
BS 28.49 4.03 3.33 
AN 28.11 3.98 3.30 
AS 28.39 3.93 3.24 
YL 24.41 3.24 2.77 

Segment Center GK 23.33 11.24 18.60 
of Mass (cm)§ GY 27.37 12.69 20.55 

DG 26.80 12.65 21.27 
LT 23.98 13.19 22.14 
BS 25.40 13.80 21.78 
AN 25.87 13.78 22.53 
AS 24.69 13.30 21.91 
YL 24.96 12.22 19.93 

Segment Moment GK 0.0083 0.0239 
of Inertia (kg.m2)~ GY 0.0180 0.0390 
about Center DG 0.0167 0.0360 
of Mass LT 0.0208 0.0487 

BS 0.0256 0.0521 
AN 0.0254 0.0600 
AS 0.0228 0.0606 
YL 0.0154 0.0391 

*The length for trunk/head was the distance from L2 to the shoulder where the upper 
arm attaches. 
#Mass of both arms was used. 
§Center of mass was the distance from the proximal joint. 
~Because the trunk was modelled not to move, no moment of inertia value was 
necess~. 
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APPENDIX B: ALIGNED TRACES ACROSS TARGET DffiECTION 

The following figures contain data from subject AN. Figure fonnat is identical to 

that of Figures 5 and 6 in RESULTS. Figure B-1 contains single-trial traces of 

anterior deltoid EMG. Figure B-2 contains single-trial traces of posterior deltoid EMG. 

Figure B-3 contains single-trial traces of latissimus dorsi EMG. Figure B-4 contains 

single-trial traces of trunk position. Figure B-5 contains single-trial traces of trunk 

acceleration. 
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Figure B-1. Anterior Deltoid EMG across all target directions. 
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Figure B·2. Posterior Deltoid EMG across all target directions. 
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Figure B-3. Latissimus Dorsi EMG across all target directions. 
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Figure B-4. Trunk position across all target directions. 
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Figure B·5. Trunk acceleration across all target directions. 

750 

180 

144 

o 
o 
0270 

15 m/s2 

1000 



145 

APPENDIX C: WINDOWED EMG 

The following figures contain data from all subjects of averaged values of 

abdominal and paraspinal EMG by window for configuration 1. Figure fonnat is 

identical to that of Figure 9 in RESULTS. Figure C-l contains data from subject GK. 

This subject perfonned two trials for most target directions. Figure C-2 contains data 

from subject GY. Figure C-3 contains data from subject AN. Figure C-4 contains data 

from subject AS. 
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Figure C-l. Averaged abdominal (ABD) and paraspinal (PAR) EMG values by window. Data are from subject GK. 
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Figure C-2. Averaged abdominal (ABD) and paraspinal (PAR) EMG values by window. Data are from subject GY. 
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APPENDIX D: COMPARISONS BETWEEN WINDOWS 

The following figures contain abdominal and paraspinal EMG amplitudes from the 

three subwindows. Data from all subjects were combined (n=5). Figure fonnat is 

identical to that of Figure 11 in RESULTS. Figure D-l shows the relationship 

between window 1 and window 3 values of paraspinal EMG. Figure D-2 shows the 

relationship between window 1 and window 2 values of abdominal EMG. Figure D-3 

shows the relationship between window 1 and window 2 values of paraspinal EMG. 
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Figure D-l. Window 1 and window 3 values of paras pinal EMG. 
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APPENDIX E: COSINE PEAK AND r2 VALUES 

The following tables contain peak and r2 values calculated from fitting cosine 

functions to windowed EMG data (see Figures 12 and 13 in RESULTS). Data from 

all subjects, all muscles, and all initial configurations of the body are presented. Table 

E-1 contains configuration 1 data. Table E-2 contains configuration 2 data. Table E-3 

contains configuration 3 data. The latissimus dorsi data from subject DO were 

eliminated due to unreliable electrode location. 



Table E·l. Peak and r2 values, configuration 1. 

Window 1 Window 2 Window 3 
Muscle Subject peak (deg) r2 peak (deg) r2 peak (deg) r2 

ABD GK 177 0.27 2 0.51 156 0.24 
GY 204 0.57 352 0.67 150 0.42 
DG 197 0.47 2 0.46 163 0.23 
AN 180 0.56 339 0.62 158 0.52 
AS 157 0.30 6 0.46 123 0.47 

PAR GK 0 0.57 210 0.83 304 0.73 
GY 11 0.68 205 0.88 291 0.76 
DG 17 0.69 210 0.78 327 0.83 
AN 339 0.71 189 0.84 332 0.89 
AS 6 0.63 217 0.86 325 0.71 

ADL GK 319 0.82 266 0.54 310 0.90 
GY 321 0.85 290 0.82 309 0.82 
DG 320 0.84 245 0.43 327 0.77 
AN 320 0.89 180 0.47 327 0.89 
AS 335 0.87 298 0.81 337 0.84 

PDL GK 124 0.02 252 0.28 289 0.31 
GY 146 0.42 129 0.30 151 0.27 
DG 136 0.65 36 0.15 144 0.26 
AN 144 0.54 109 0.43 119 0.46 
AS 128 0.60 100 0.19 123 0.42 

LAT GK 238 0.02 235 0.36 297 0.28 
GY 151 0.48 212 0.21 193 0.009 
AN 153 0.58 325 0.28 121 0.38 
AS 139 0.13 345 0.24 132 0.01 -Vt 

Vt 



Table E-2. Peak and r2 values, configuration 2. 

Window 1 
Muscle Subject peak (deg) r2 

ABD GK 308 0.005 
GY 210 0.36 
00 215 0.54 

PAR GK 8 0.53 
GY 33 0.74 
00 43 0.65 

ADL GK 3 0.94 
GY 5 0.76 
00 351 0.88 

PDL GK 346 0.85 
GY 174 0.27 
00 179 0.45 

LAT GK 6 0.69 
GY 163 0.24 

Window 2 
peak (deg) r2 

43 0.60 
23 0.74 
25 0.39 

232 0.84 
201 0.72 
245 0.67 

292 0.62 
345 0.82 
270 0.26 

318 0.46 
132 0.22 
132 0.57 

323 0.76 
215 0.06 

Window 3 
peak (deg) r2 

186 0.23 
143 0.32 
134 0.69 

319 0.31 
321 0.66 
325 0.60 

351 0.78 
1 0.81 

342 0.78 

351 0.73 
121 0.24 
158 0.26 

350 0.83 
18 0.38 

.... 
Ut 
0'\. 



Table E-3. Peak and r2 values, configuration 3. 

Window 1 
Muscle Subject peak (deg) r2 

ABD GK 217 0.38 
AN 152 0.59 
AS 184 0.62 

PAR GK 47 0.56 
AN 351 0.64 
AS 21 0.43 

ADL GK 320 0.86 
AN 311 0.91 
AS 320 0.86 

PDL GK 141 0.34 
AN 127 0.73 
AS 142 0.61 

LAT GK 175 0.02 
AN 131 0.71 
AS 167 0.28 

Window 2 
peak (deg) r2 

25 0.67 
359 0.64 
21 0.68 

191 0.56 
207 0.61 
242 0.44 

256 0.80 
182 0.54 
282 0.88 

183 0.15 
111 0.81 
136 0.15 

92 0.01 
327 0.33 
197 0.0005 

Window 3 
peak (deg) r2 

146 0.55 
148 0.63 
150 0.59 

272 0.40 
327 0.80 
301 0.43 

324 0.78 
316 0.85 
331 0.89 

134 0.13 
123 0.61 
150 0.24 

134 0.16 
111 0.58 
140 0.00002 

..... 
U1 
-...J 
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APPENDIX F: EMG ACTIVITY OF SHOULDER MUSCLES 

The following figures contain EMG data from the anterior deltoid and posterior 

deltoid muscles from all subjects. Figure fonnat for Figures F-l through F-5 is identical 

to that of Figure 9 in RESULTS. Figure F-l contains data from subject GK. Figure 

F-2 contains data from subject GY. Figure F-3 contains data from subject DG. Figure 

F-4 contains data from subject AN. Figure F-5 contains data from subject AS. 

Figure fonnat of Figures F-6 and F-7 is identical to that of Figure 11 in 

RESULTS. Figure F-6 contains comparsions between windows 1 and 2 for both 

anterior deltoid and posterior deltoid Data from all subjects were combined (n=5). 

Figure F-7 contains comparisons between windows 1 and 3 for both anterior deltoid and 

posterior deltoid. Data from all subjects were combined. 
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APPENDIX G: REFERENCE AXES 

Comparison of e and \}I 

Karst and Hasan (1991a) uncovered a strong empirical relationship between initial 

changes in shoulder and elbow EMG and target direction for arm reaching movements in 

the horizontal plane. Target direction in that case was defined as the angle between the 

longitudinal axis of the forearm and the target location from the distal tip. That angle 

was termed \}I (Psi). For the data presented in the body of this text, target direction was 

defined as the angle e (Theta) between an external vertical axis and target location from 

the distal tip (see Figure 2A in METHODS). 

To evaluate whether initial trunk muscle activity held a relationship with \}I 

similar to that found by Karst and Hasan, arm reaches were performed by three subjects 

from two initial configurations with different arm positions, configurations 1 and 2. By 

altering the arm position, the longitudinal axis of the forearm (an "internal" axis) was 

spatially uncoupled from the external vertical axis. Data obtained from reaches from 

configurations 1 and 2 were then combined and graphed. 

Figures G-l through G-3 contain data from subjects GK, GY, and DG, 

respectively. In each figure, window 1 EMG data from both the abdominal and 

paraspinal muscles have been plotted against target direction. Each graph contains the 

combined data obtained from reaches from two configurations. Each data point 

represents the EMG average from window 1 from a single trial for a given muscle. 

Abdominal EMG data are in the two top graphs; both graphs contain the same data. 

Similarly, paraspinal EMG data are in the two bottom graphs, and both graphs contain 

the same data. The data in the two graphs to the left are plotted against target direction 

as defined bye; the data in the two graphs to the right are plotted against target direction 
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as defined by 'P. Filled symbols represent configuration 1; unfuled symbols represent 

configuration 2. The stick figures to the far right indicate the two configurations and the 

target direction conventions for e and 'P. Target direction values increase counter-

clockwise. 

This double plotting of data was done to detennine if EMG more closely followed 

one reference axis than the other. It was possible, for example, that the data obtained 

from the two configurations would closely overlap for one reference axis, but those 

same data would yield a more scattered graph when plotted against target direction 

defined by the other reference axis. The data in figures G-1 through G-3 do not 

demonstrate such a clear picture. There was a certain amount of scatter in the data from 

a single configuration. When data from two configurations were combined, that scatter 

may have covered up whatever relationship to reference axis might exist. No obviously 

stronger relationship to one reference axis over the other was clear. Figures G-4 

through G-6 contain graphs providing similar infonnation on the shoulder muscles, 

anterior deltoid and posterior deltoid There appeared to be a slight tendency for the 

shoulder data to more closely follow 'P, but because of the scatter in the data, that 

tendency was not particularly strong. 
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Comparison of 0 and <I> 

In addition to examining the relative significance of the longitudinal axis of the 

foreann as a reference axis, another internal reference axis was considered. That 

reference axis was the longitudinal axis of the trunk, for which target direction <1> (Phi) 

was defined as the angle between an axis parallel to the trunk and the target location 

from the distal tip. For configuration 1, the trunk was vertical and therefore <1> was 

equivalent to 0 (see METHODS). To uncouple 0 and <1>, two configurations with 

different trunk positions were tested. Three subjects perfonned ann reaches from 

configurations 1 and 3. In configuration 3, the trunk was tilted back away from vertical, 

but the ann was kept in the same orientation in space as for configuration 1. Due to 

physical limitations, the extent to which the trunk could be tilted back was restricted to 

no more than 20 deg from vertical. 

Figures G-7 through G-9 contain window 1 EMG data from configurations 1 and 

3 in the same format as for Figures G-l through G-3. Each data point represents the 

EMG average from window 1 from a single trial for a given muscle. Abdominal EMG 

data are in the two top graphs, and paraspinal EMG data are in the two bottom graphs. 

The data in the two graphs to the left are plotted against target direction as defined by 0; 

the data in the two graphs to the right are plotted against target direction as defined by <1>. 

Filled symbols represent configuration 1; unfilled symbols represent configuration 3. 

The stick figures to the far right indicate the two configurations and the target direction 

conventions for 0 and <1>. For subject GK, the trunk in configuration 3 was tilted back 

20 deg from vertical; for subject AN, 15 deg; and for subject AS, 12 deg. Target 

direction values increase counter-clockwise. As was the case for comparing 

configurations 1 and 2, the scatter in the data for configurations 1 and 3 prevented any 



obvious relationship with either reference axis from being manifested. Figures G-l 0 

through G-12 contain data from anterior deltoid and posterior deltoid. 
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APPENDIX H: STATIC REQUffiEMENTS 

The following figures contain abdominal and paraspinal data from window 1, and 

the ranges of target direction for calculated static torque of final positions. Figure fonnat 

is identical to that of Figure 19 in RESULTS. Figure H-l contains data from subject 

GY for configurations 1 and 2. Figure H-2 contains data from subject DO for 

configurations 1 and 2. Figure H-3 contains data from subject AN for configurations 1 

and 3; the trunk in configuration 3 was tilted back from vertical 15 deg. Figure H-4 

contains data from subject AS for configurations 1 and 3; the trunk in configuration 3 

was tilted back from vertical 12 deg. 
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Figure H·l. Calculated static torques compared to window 1 EMG. Data are from 
subject GY. 
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APPENDIX I: DYNAMIC REQUffiEMENTS 

The following figures contain abdominal and paraspinal data from window 1, and 

the ranges of target direction for calculated requirements to resist trunk motion. Figure 

fonnat is identical to that of Figure 20 in RESULTS. Figure 1-1 contains data from 

subject GY for configurations 1 and 2. Figure 1-2 contains data from subject DO for 

configurations 1 and 2. Figure 1-3 contains data from subject AN for configurations 1 

and 3; the trunk in configuration 3 was tilted back from vertical 15 deg. Figure 1-4 

contains data from subject AS for configurations 1 and 3; the trunk in configuration 3 

was tilted back from vertical 12 deg. 
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Figure 1-1. Requirements to resist trunk motion compared to window 1 EMG. Data 
are from subject GY. 
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Figure 1·2. Requirements to resist trunk motion compared to window 1 EMO. Data 
are from subject DO. 



Configuration 1 

100 
(!) 
::E 
W 
"0 
Q) 50 .!:::! 
a1 

E 
0 z 0 

0 

Configuration 3 

100 

"0 

.~ 50 
(ij 

E 
o 

90 

ABO. 

PAR 0 

• • 
• •• 0 

0 
0 

180 270 360 

o 

z 
O~~~rr~~~~~~~~~ 

o 90 180 270 360 

Target Direction 0 (deg) 

190 

0 
••••• • • • • • • • • 270 

180 

o 
••••• • • • • • • 

• • 270 • • • ••••• 
180 

Figure 1-3. Requirements to resist trunk motion compared to window 1 EMG. Data 
are from subject AN. 
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are from subject AS. 
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APPENDIX J: ALIGNED TRACES ACROSS TARGET DISTANCE 

The following figures contain abdominal and paraspinal data from single trials 

across target distance. Figure fonnat is identical to that of Figure 21 in RESULTS. 

Figure J-l contains data from subject BS. Figure J-2 contains data from subject OK. 

Figure J-3 contains data from subject OY. Data from subject YL are not shown due to 

unreliable paraspinal data. 
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Figure J-l. Abdominal and paraspinal EMG across target distance. Data are from 
subject BS. 
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Figure J-3. Abdominal and paraspinal EMG across target distance. Data are from 
subject GY. 



APPENDIX K: WINDOWS APPLIED TO ABDOMINAL AND 

PARASPINAL EMG 
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The following figures contain abdominal and paraspinal EMG traces from all 

subjects for ann reaches from configuration 1. Figure fonnat is similar to that of 

Figures 5 and 6 in RESULTS. In each figure, each trace represents a single trial and 

each trial a different target direction. Target direction (0) was varied in 15 deg 

increments. Occasional traces are missing, either because that movement was not 

performed or because the onset of wrist acceleration was difficult to detect (see 

METHODS for selection criteria). Traces are aligned to the onset of wrist acceleration 

(solid vertical line, time = 0 ms). The dotted vertical lines delimit the windows used for 

calculating EMG amplitude. 

Figures K-l through K-6 contain abdominal EMG from subjects GK, GY, DG, 

AN, and AS, respectively. Figures K-7 through K-12 contain the corresponding 

paraspinal EMG. Subject GK performed two trials to many of the target directions; both 

trials 1 and 2 are shown separately in Figures K-l and K-2 (abdominal EMG),and 

Figures K-7 and K-8 (paraspinal EMG). 
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Figure K·1. Windows applied to abdominal EMO, subject OK, flrst trials. 
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Figure K·2. Windows applied to abdominal EMO, subject OK, second trials. 
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Figure K·4. Windows applied to abdominal EMO, subject DO. 
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Figure K·8. Windows applied to paraspinal EMG, subject GK, second trials. 
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Figure K-9. Windows applied to paraspinal EMG, subject GY. 
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Figure K-IO. Windows applied to paraspinal EMG, subject DG. 
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Figure K-ll. Windows applied to paraspinal EMG, subject AN. 
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Figure K-12. Windows applied to paraspinal EMG, subject AS. 
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