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ABSTRACT 

Understanding the control strategies that underlie multijoint limb 

movements is important to researchers in motor control, robotics, and 

medicine. Due to dynamic interactions between limb segments, choosing 

appropriate muscle activations for initiating multijoint arm movements is 

a complex problem, and the rules by which the nervous system makes such 

choices are not yet understood. The aim of the dissertation studies was 

to evaluate some proposed initiation rules based on their ability to 

correctly predict which shoulder and elbow muscles initiated planar, two

joint arm movements in various directions. 

Kinematic and electromyographic data were collected from thirteen 

subjects during pointing movements involving shoulder and elbow rotations 

in the horizontal plane. One of the rules tested, which is based on 

statics, predicted that the initial muscle activity at each joint is 

chosen such that the hand exerts an initial force in the direction of the 

target, while another rule, based on dynamics, predicted initial muscle 

activity such that the initial acceleration of the hand is directed toward 

the target. For both rules, the data contradict the predicted initial 

shoulder muscle activity for certain movement directions. Moreover, the 

effects of added inertial loads predicted by the latter rule were not 

observed when a 1. 8 kg mass was added to the limb. The results 

indicated, however, that empirically derived rules, based on~, the target 
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direction relative to the distal segment, could predict which muscles 

would be chosen to initiate movement in a given direction. Furthermore, 

the relative timing and magnitude of initial muscle activity at the 

shoulder and elbow varied systematically with.,p. Thus, the target 

direction relative to the forearm may be an important variable in 

determining initial muscle activations for multijoint arm movements. 

These findings suggest a control scheme for movement initiation in which 

simple rules suffice to launch the hand in the approximate direction of 

the target by first specifying a basic motor output pattern, then 

modulating the relative timing and magnitude of that pattern. 



OVERVIEW 

CHAPTER 1 

INTRODUCTION 

1 

The means by which the central nervous system (eNS) controls limb 

movements is currently being investigated through two complementary 

approaches. One, which may be thought of as an "inside-out" approach, 

involves the study of basic components of the system, such as cellular 

mechanisms of neuroI'lil function and specific neural circuits. The 

underlying assumption is that, despite the intricacy of the eNS as a 

whole, once the basic functional units of the nervous system are 

understood, even very complex motor behaviors may be understood as simple 

combinations of their actions. The "outside-in" approach, on the other 

hand, begins by examining the movement itself, in the hope of discovering 

which variables of a given motor task are important to the eNS for 

movement planning and execution, as well as the rules by which those task 

variables are used to formulate an appropriate motor response. This 

approach presumes that the rules underlying a given motor task should be 

manifest in consistently observeable relationships among the biomechanical 

and/or neurophysiological variables characterizing the task, such as a 

consistent correlation between a task variable (e. g. the speed of 

movement) and the motor output characteristics chosen by the eNS (e.g. a 

particular pattern of muscle recruitment). 
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The studies described hereinafter were based on the latter approach. 

The major aim of these studies was to test specific rules by which the eNS 

might choose the appropriate muscle activity for initiating multijoint arm 

movements. The specific rules tested are based on strategies for the 

control of arm movement that have previously been advanced in the motor 

control literature. Empirically derived rules which could account for the 

observed patterns of muscle activation were sought as well, since such 

rules could lead to alternative motor control hypotheses. 

The results are presented in the form of three manuscripts. Chapters 

2 and 3 deal mainly with testing the proposed initiation rules, using 

qualitative analysis of initial electromyographic (EMG) activity. The 

first of these two manuscripts introduces the techniques used for studying 

movement initiation and tests two proposed rules for movements in various 

directions, but initiated from a single point in the work space. The 

second paper extends this approach in terms of the rules tested and the 

variety of movements studied, while also delineating alternative 

initiation rules. The third manuscript (Chapter 4) includes quantitative 

analyses of electromyographic activity associated with movement 

initiation, and provides further support for the initiation rule proposed 

in the preceding chapter. As an introduction to those manuscripts, this 

chapter includes a review of the motor control literature dealing with 

some of the problems inherent in the control of multijoint limb movements, 

as well as possible strategies that the CNS might use to overcome them. 
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TERMINOLOGY 

The proposed experiments focus on planar movements involving two 

joints, although examples of other movement types are sometimes discussed 

as well. Unless otherwise noted, examples cited in this proposal may be 

assumed to refer to movements in which motion occurs about two joints 

(shoulder and elbow) and is restricted to the horizontal plane, thus 

eliminating torques due to gravity. Although this is clearly not the case 

for many functional limb movements, the application of this restriction, 

both in the discussion of movement strategies and in the experimental 

paradigm, allows for considerable technical simplification, while still 

retaining the pertinent mechanical characteristics of multij oint arm 

movements. 

Fig. 1.1 illustrates the conventions used in describing the planar, 

two-joint movements which were studied. The motions of horizontal flexion 

and extension about the glenohumeral joint, also referred to as horizontal 

adduction and abduction by some authors, will simply be termed "shoulder 

flexion" and "shoulder extension". Angles 8s and 8f: are defined such that 

an increasing value corresponds to flexion at the shoulder and elbow, 

respectively. The net muscular torques acting at these joints are 

represented by ~s and ~E' with a net flexor torque indicated by positive 

value of ~ and a net extensor torque expressed as a negative~. The angle 

~ defines the target direction relative to the initial orientation of the 

distal segment, whereas the angle ~ (not illustrated in Fig. 1.1) 
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represents the absolute target direction (i.e. relative to the stationary 

trunk of the subject). Thus, ~ - ~ + 8s + 8E• 

Another terminological i~sue concerns the definition of agonist and 

antagonist muscles with respect to multi-joint movements. For 

single-joint movements, the agonist may be defined as the muscle (or 

muscle group) which contracts to produce a joint motion or maintain a 

posture (Lehmkuhl and Smith, 1983). For multi-joint movements, however, 

this definition is difficult to apply, as will be shown later. For our 

purposes, the agonist at a given j oint will be defined as the muscle 

acting at that joint which is the first to be activated in the performance 

of that particular movement, regardless of the direction of subsequent 

rotation about that joint. Once the agonist is so defined, the antagonist 

may be defined as the musc1e(s) whose primary action at that joint opposes 

that of the agonist. The rationale for choosing these definitions will 

become apparent in the subsequent discussion of inertial interactions. 

CHARACTERISTICS OF MULTIJOINT ARM MOVEMENTS 

Dissociation of the direction of joint rotation 

and the sign of initial EMG activity 

Before delving into the literature on control strategies for 

mu1tijoint limb movements, it may be helpful to consider the example 

illustrated in Figure 1.2. This figure depicts three different two-joint 

pointing movements performed by the same subject. These movements differ 

with respect to initial arm position, target direction, and path of the 

hand, as indicated by the stick figure in the lower portion of each panel. 
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Note that in each of the 3 trials shown in Fig. 1.2, the temporal sequence 

of muscle activation (as illustrated by the rectified, filtered EMG 

signals) at both the shoulder and elbow is initially the same. 

Specifically, the pectoralis major and the biceps brachii, which act as 

flexors of the shoulder and elbow, become active prior to the posterior 

deltoid and triceps brachii, which act as extensors at those joints. Yet, 

despite this similarity in the pattern of muscle activation, the resulting 

movements display three different combinations of flexion and extension 

at the two joints (as shown by the upward or downward deflections of the 

joint angle traces, indicating flexion or extension, respectively). 

This example demonstrates that, for mu1tijoint movements, a given 

combination of muscle activations (e.g. shoulder flexor, elbow flexor) 

does not uniquely correspond to a single combination of joint rotations. 

Conversely, knowing that a movement requires a given combination of joint 

rotations, such as shoulder flexion and elbow extension, does not mean 

that the CNS must activate flexor muscles at the shoulder and extensors 

at the elbow in order to initiate the appropriate joint rotations. Though 

this observation is not new (c.f. Gordon et a1., 1986), and is easily 

predicted by applying principles of classical mechanics, the importance 

of the dynamic interactions responsible for this observation has only 

recently gained widespread attention in the field of motor control. 

Dynamic interactions between limb segments 

Th~ seemingly paradoxical joint rotations observed in Fig. l.2A (at 

the shoulder) and 1.2B (at the elbow) are due to torques other than those 



6 

produced by the muscles crossing that joint. Rather, the direction and 

magni tude of j oint rotation is determined by the sum of those muscle 

torques and the motion-dependent torques arising from mechanical 

interaction of the linked segments. These interaction torques are related 

to the inertias of the segments, and comprise acceleration- and velocity

dependent terms. 

The equations for determining the required muscular torques at each 

joint for given shoulder and elbow joint trajectories can be found in 

Appendix A. They indicate, for example, that the required muscular torque 

at the shoulder depends on the angular accelerations and velocities at 

both joints, and varies as the cosine of the elbow angle as well. For the 

planar, two-joint movement shown in Fig. 1.2, a brief description of the 

functional significance of the interaction torques follows. More detail 

is included (along with the equations of motion) in Appendix A, and 

several recent publications (Craig, 1986; Hollerbach and Flash, 1982; 

Morasso, 1986; Smith and Zernicke, 1987; Zajac and Gordon, 1989) offer 

more detailed and quantitative treatment of this topic. 

The cross-joint acceleration-dependent torques may either assist or 

oppose the muscular torque at the other joint. For movements in which the 

direction of joint rotation is the same at both joints, they generally 

oppose the muscular torques, whereas the converse is true for movements 

involving opposite rotations at the two joints. The magnitudes of the 

cross - j oint inertial torques also depend on the limb configuration, 

increasing with extension of the elbow. 
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There are two types of velocity-related interaction torques, 

sometimes termed centrifugal and Coriolis torques (Hollerbach and Flash, 

1982). The former varies as the square of the angular velocity at the 

opposite joint, whereas the latter varies as the product of the angular 

velocities at the two joints. For the particular two-joint situation 

discussed here, the centrifugal effect always tends to flex the shoulder 

and extend the elbow, whereas the Coriolis effect (which produces a torque 

only at the proximal joint) depends on the relative joint rotations, 

tending to flex the shoulder if elbow and shoulder rotation are in the 

same direction, and to extend the shoulder if the joint rotations are in 

opposite directions. Both types of velocity-dependent torques also vary 

with the elbow angle, reaching a maximum when 9E = 90. 

From the preceding discussion, it is apparent that the net effect of 

these various interaction terms is not easily determined, even for the 

relatively simple movements being considered. Because the angular 

acceleration at each joint depends on the interaction effects, as well as 

the muscular torques acting at the joint, the muscular torque appropriate 

for imparting a given angular acceleration in the case of a single-joint 

movement may need to be increased or decreased to have the same effect in 

the two-joint case. Thus, depending on the configuration of the limb, and 

on the velocities and accelerations at both joints, producing the same 

joint rotation will require different magnitudes of muscle activation, or 

even different muscles (when the required muscle torque changes sign). 
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Many neurophysiological studies of limb movelnent have focused on the 

simplest movements, those involving a single joint, to avoid the very 

complications discussed above. However, the growing realization that in 

making complex movements, the eNS "can not simply string together" a 

series of simpler movements (Hogan, 1985) has caused increased interest 

in the study of multi-joint posture and movement. This interest is 

evidenced by recent studies dealing with topics such as: motor cortex 

(Georgopoulos et al., 1986) and cerebellar (Fortier et al., 1989) activity 

associated with multi-joint movements, and reflex response to 

perturbations during postural (Lacquaniti and Soechting, 1984; 1986a; 

1986b) and dynamic (Soechting, 1988) tasks, as well as those focusing 

mainly on the mechanics of multijoint arm movements (Abend et al., 1982; 

Atkeson and Hollerbach, 1985; Flash 1987; Hogan, 1985; Hollerbach and 

Atkeson, 1987; Hollerbach and Flash, 1982; Kaminski and Gentile, 1986; 

Morasso, 1981; Mussa-Ivaldi et al., 1985; Soechting and Lacquaniti, 1981). 

Many of these studies are discussed in more detail below, in relation to 

the strategies to be tested. 

FORMULATION OF THE SPECIFIC RULES TO BE TESTED 

The simplest of the rules to be tested is based on the assumption 

that multijoint movements are performed as if they were simply several 

single-joint movements carried out simultaneously. Thus, the ini tia1 

muscle activity at each joint would be predictable based on the direction 

of joint rotation, just as it is for single-joint movements. A second 

rule predicts that the initial direction of force at the hand would 
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coincide with the target direction, while the third rule predicts that the 

initial acceleration of the hand would be directed toward the target. The 

latter two rules are formulated such that, given the initial elbow angle 

(e~nit.) and the target direction relative to the forearm (l/J), each rule 

provides a prediction of the initial direction (and relative magnitudes) 

of J.'s and J.'E' The derivation of the equations leading to those predictions 

may be found in Appendix B. In the next section, the proposed control 

strategies which served as the basis for these rules will be discussed in 

terms of rationale for their formulation, supporting evidence, and 

functional implications. 

THE INVERSE DYNAMICS STRATEGY 

The basic premise of the inverse dynamics strategy is that the 

nervous system plans movements in kinematic terms, specifying a desired 

traj ectory and then dealing with the dynamic considerations only as a 

means of attaining that trajectory. The most attractive feature of this 

strategy is that, by dealing explicitly with the dynamic complexities 

involved, the inverse dynamics strategy can completely account for the 

joint torques required for both the initiation and accurate termination 

of a multi-joint limb movement. On the other hand, determination of the 

precise sequence of muscular torques required at each joint in order for 

the limb to follow a specified trajectory (the "inverse dynamics probem") 

is a complex problem, since the effects of the previously described 

dynamic interactions must be balanced. The complexity of the computations 
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involved is one of the major drawbacks of this proposed control strategy. 

TRAJECTORY PLANNING 

The discussion of the inverse dynamics strategy will focus first on 

trajectory planning, an essential precursor to determining the required 

torques via inverse dynamics. Considering the hand to be the distal 

end-point of the limb, the hand path for a given movement simply describes 

the sequence of positions which were occupied by that point, whereas the 

hand trajectory includes the time sequence for movement of the hand along 

that path (Flash, 1987). For single-joint movements, the hand-path is 

restricted to an arc between the initial and final hand positions, thus 

the path is uniquely specified. A consistent observation about such 

movements is the relative invariance in the shape of the displacement-time 

profile (roughly sigmoidal) and its time derivatives. Irrespective of 

movement amplitude or peak velocity, single-joint movements, whether at 

the elbow (Marsden et al., 1983), wrist (Mustard and Lee, 1987), or 

interphalangeal joint of the thumb (Hallet and Marsden, 1979), tend to 

exhibit a relatively symmetrical, bell-shaped angular velocity profile. 

Kinematic "invariance" is thought to imply that the invariant feature may 

play an important role in the motor strategy used by the CNS (Morasso, 

1986; Soechting, 1989). Consequently, the demonstration of consistently 

bell-shaped velocity profiles for these single-joint movements has been 

widely interpreted as evidence for explicit trajectory planning by the 

eNS. Further support for the concept comes from experiments suggesting 
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that observed movement trajectories may be chosen to optimize some 

kinematic variable of the movement (Hogan, 1984; Nelson, 1983). 

The evidence cited above was from studies of single-joint movements. 

For pointing movements involving two or more joints, additional kinematic 

considerations emerge. First, specifying the hand location does not 

necessarily specify a unique configuration for the limb. Although it is 

true that a given hand position uniquely specifies the joint angles of the 

elbow and shoulder in the experimental paradigm proposed here, due to the 

anatomical restriction of elbow motion (i.e. 0 < 6E < 180 degrees), this 

generally is not the case for normal limb movements. In fact, if all the 

joints from the shoulder through the wrist are free to move (7 degrees

of-freedom), a given hand position may be attained by an infinite number 

of different joint configurations (Moras so , 1986). Likewise, the 

hand-path for a two-joint movement is no longer restricted to an arc as 

it was for the single-joint case, and so is not uniquely specified by the 

initial and final hand position. Thus, hand trajectories for 

point-to-point movements involving multiple joints may vary in path as 

well as in the time domain. This necessitates a mechanism for 

consistently choosing an appropriate trajectory (and final limb 

configuration) from among the myriad possibilities, if the system is to 

exhibit repeatable performance of a task (Craig, 1986). 

Despite this greater potential for variability in hand path and 

trajectory, investigations of target-directed, multijoint arm movements 

have suggested invariant kinematic features. There is general agreement 
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that unconstrained, multijoint pointing movements are characterized by 

hand trajectories for which the tangential velocity usually exhibits a 

single peak (Abend et al., 1982; Morasso, 1981). Moreover, the shapes 

of the hand path and tangential velocity profiles for multijoint movements 

were reported to be unaffected by the addition of inertial loads to the 

limb (Atkeson and Hollerbach, 1985; Lacquaniti et al., 1982). These 

consistent kinematic features have been interpreted by many investigators 

as support for the idea of trajectory planning; that is, that the planning 

of limb movements is based on specification of the kinematic, as opposed 

to dynamic, features of the movement. 

Coordinate systems for trajectory planning 

If trajectory specification is assumed to be involved in planning 

the movement, such specification could take place in terms of cartesian 

coordinates (sometimes referred to as "extrinsic" or "hand-space" 

coordinates) or in terms of joint rotations (also termed "intrinsic" or 

"joint-space" coordinates). This distinction is important in defining any 

strategy involving trajectory planning, because planning in terms of 

external coordinates requires a complex coordinate transformation in order 

to frame the planned hand trajectory in terms of joint rotations. This 

"inverse kinematics" computation is made more problematic by the general 

lack of a unique solution to the problem (Hollerbach and Atkeson, 1987; 

Morasso, 1986). 

Attempts to determine which, if either, of the coordinate systems is 

used also 'have focused on kinematic aspects of movement. Initial support 
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for trajectory planning in terms of cartesian coordinates stemmed from 

reports of more or less straight-line hand paths during the performance 

of point-to-point movements involving shoulder and elbow rotations in the 

horizontal plane (Morasso, 1981; Viviani and Terzuolo, 1982). However, 

investigations employing a wider variety of movements have provided 

evidence in support of j oint- space planning as well, by demonstrating 

kinematic invariance in terms of intrinsic coordinates (Soechting and 

Lacquaniti, 1981). It now appears that neither explanation is uniformly 

applicable (Atkeson and Hollerbach; 1985; Soechting, 1989). Although 

there is currently no means of determining the "desired trajectory" 

assumed to be specified by the CNS, the formulation of a testable rule, 

based on the inverse dynamics strategy, requires that one be specified. 

Thus, for the purpose of defining a testable initiation rule based on the 

inverse dynamics strategy (see Chapter 3), we have assumed that the 

"desired" trajectory follows a straight-line hand path from initial to 

final hand position, as suggested by Morasso (1981). 

DETERMINATION OF THE REQUIRED MUSCULAR TORQUES 

Assuming that the trajectory has been so chosen and the inverse 

kinematics calculation has determined the individual joint angles as a 

function of time, the next step in the inverse dynamics strategy is to 

determine the joint torque profiles required to produce those rotations. 

For the single-joint case, the required joint torque varies only with the 

angular acceleration, because the moment of inertia about the joint axis 

may be assumed to remain constant during the movement. When multi-joint 
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movements are considered, the problem becomes much more complex. As 

pointed out above, determining the exact muscular torques required at each 

joint for a given trajectory requires accurate prediction of the 

intersegmental interaction torques, that is, torques related to the motion 

of other segments of the limb. The equations for determining the required 

muscular torques in accordance with this model are found in Appendix A. 

Although a detailed consideration of those equations is not essential 

to this discussion, it should be reiterated that the magnitude of the 

interaction torques varies the angular velocity and acceleration at both 

joints, as well as with the configuration of the limb. As a result, even 

for the relatively simple movement considered here, the intersegmental 

interactions are sufficiently complex to preclude intuitive estimation of 

the magnitude (or, in many cases, even the direction) of the muscle 

torques required for initiating movement in a given direction. However, 

by using the inverse kinematics and inverse dynamics calculations, one can 

determine the exact muscle torques required for a specified hand path. 

Then, by comparing the sign (1. e. "+" for a flexor torque; "-" for an 

extensor torque) of these predicted initial muscle torques with the 

experimentally observed torques, we can test the inverse dynamics-based 

rule for movement initiation. Details of this approach are described in 

the Appendix B and in the Methods section of Chapter 3. 

ASSUMPTIONS UNDERLYING THE INVERSE DYNAMICS STRATEGY 

Given certain assumptions, the inverse dynamics strategy can be used 

to calculate the time-varying shoulder and elbow muscle torque profiles 
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for any given movement trajectory. The requisite assumptions include the 

following: (1) pre-movement specification of the trajectory; (2) accurate 

parameter values describing the mechanical characteristics of the entire 

limb, including the length, mass, center of mass, and moment of inertia 

of each segment (including any loads carried by the limb); and (3) 

availability of sufficient computing power within the CNS to perform the 

inverse kinematics and inverse dynamics calculations within a reasonable 

time frame. (Or, alternatively, sufficient storage for the vast "look

up-tables" required to store pre-computed inverse dynamics solutions.) 

Furthermore, if the specified trajectory is to be successfully followed, 

there must be no unexpected perturbations during the movement. 

Considering the first of the underlying assumptions (trajectory planning), 

it is apparent that one cannot directly demonstrate experimentally that 

the inverse dynamics strategy is actually being employed without knowledge 

of the "desired" trajectory specified within the CNS. Thus, the 

physiological relevance of the strategy hinges on the evidence for 

kinematics-based movement planning: namely, kinematic invariants, either 

in terms of extrinsic (Morasso, 1981) or intrinsic (Soechting and 

Lacquaniti, 1981) coordinates, and reports suggesting that hand path and 

tangential velocity profile are not affected by altering speed of movement 

or mass of the limb (Atkeson and Hollerbach, 1985; Lacquaniti et a1., 

1982). 

With respect to the second assumption, the inverse dynamics 

calculations require accurate information about the mass and inertial 
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characteristics of the limb segments to specify appropriate muscle 

torques. For the unloaded limb, it is easy to imagine that accurate 

estimates can be obtained by an iterative process as learning takes place, 

but errors must occur in estimating limb mass and moment of inertia when 

new loads are introduced. Whether the magnitude of such errors is 

reflected in trajectory errors in accordance with the predictions of the 

inverse dynamics strategy has not been tested. Similarly, the 

preprogramming of the requi.red joint torques could result in large 

deviations from the desired trajectory in the case of an unexpected 

perturbation to a limb controlled by the inverse dynamics strategy. That 

does not appear to be true, however, in experiments involving 

perturbations during complex mu1tijoint movements involving the lips and 

tongue (Abbs and Gracco, 1984), fingers (Cole et a1., 1984) or arm 

(Soechting, 1988). Rather, those experiments suggest that the CNS 

actually makes rapid, ongoing corrections in the motor output in order to 

compensate for such perturbations. 

The most common criticism of the inverse dynamics strategy relates 

to the third assumption, that the CNS is capable of carrying out the 

complex calculations in the required time frame (Chandler et al., 1982; 

Loeb, 1983). In contrast to the planar, two-joint movements to be studied 

here, most functional tasks actually involve several joints, and are not 

restricted to a single plane. Solving the equations required for 

application of the inverse dynamics strategy to complex movement tasks 

would represent a significant computational burden for the nervous system 
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(Craig, 1986), casting serious doubt as to the ability of the CNS to 

explicitly solve those equations on-line (Chandler et al., 1982). 

Acknowledging the difficulty of such on-line calculations, the use 

of look-up tables, in which pre-calculated torque values for different 

movements are stored, has been proposed (Raibert, 1978). This possibility 

has since been largely rejected, however, as it would tend to limit the 

diversity of movements possible and would require massive amounts of 

memory (Craig, 1986; Hollerbach, 1982; Hollerbach and Flash, 1982). 

The foundation of the inverse dynamics strategy is in the field of 

robotics, where most of the assumptions outlined above appear somewhat 

reasonable. Presently, solving the inverse dynamics equations on-line, 

for a system as complex as the human arm, is beyond current computer 

technology. Nevertheless, anticipated advances in that technology and 

implementation of design features which simplify the required calculations 

(Hollerbach, 1982) make future real-time applications in the field of 

robotics conceivable. Support for the physiological relevance of the 

strategy appears to be based on: (1) its applicability to robotics; (2) 

a dearth of viable alternative strategies from the motor control field; 

and (3) the obvious ability of animals to cope with the complex dynamics 

of mUltijoint limb movements. This rationale is illustrated by Hollerbach 

and Flash (1982). After providing convincing evidence that the magnitude 

of interaction torques is significant during typical multijoint movements, 

they go on to state "Since subj ects execute accurate straight line 

movements in these experiments, it can be concluded that the human motor 
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system must have devised some means for precomputing or otherwise 

compensating for the dynamic interactions." Furthermore, they reject any 

alternative for reflex compensation, and conclude that "limitations of 

feedback control in biological arms strongly suggest" that the necessary 

torques are precomputed in accordance with the inverse dynamics strategy. 

AN INITIATION RULE BASED ON THE INVERSE DYNAMICS STRATEGY 

To formulate a testable rule based on the inverse dynamics strategy, 

some assumptions must be made regarding the "desired" trajectory. Thus, 

the initiation rule relating to this strategy assumes that the intended 

trajectory is one in which the hand path is a straight line-connecting the 

initial and final positions. Thus, the rule predicts that the choice of 

shoulder and elbow agonist muscles will be made such that the initial 

acceleration of the hand will be directed toward the target. The 

derivation of the equations leading to those predictions is provided in 

Appendix B. 

THE EQUILIBRIUM POINT STRATEGY 

The equilibrium point strategy, as defined here, represents one of 

several versions of the "equilibrium point hypothesis" (Bizzi et a1., 

1976; 1982; 1984; Hogan, 1985; Po1it and Bizzi, 1979), and serves as a 

basis for one of the initiation rules to be tested. In contrast to the 

inverse dynamics strategy, the equilibrium point strategy determines the 

torques required for movement initiation based on a statics calculation, 

requiring knowledge only of the initial limb configuration and the target 

direction. This calculation assumes that the initial torques should be 
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chosen so as to exert a force in the direction of the target, which is 

analogous to the hand being "attracted" to the target by some external 

force. 

The origin of this concept may be traced to the idea of "final 

position control", which emerged from the study of head movements during 

visual tracking tasks (Bizzi et al., 1976), and single-joint limb 

movements during a pointing task (Polit and Bizzi, 1979). The basic 

premise of final position control is that the nervous system uses the 

spring-like properties of muscles to its advantage for the planning and 

execution of movements, as well as for maintenance of static postures. 

It is further assumed that the spring-like properties of muscles may be 

"tuned" by variations in neural activation, and appropriate tuning of 

agonist-antagonist pairs may then be used to specify a given equilibrium 

pos i tion for the limb. It follows that to move from one equilibrium 

position to another, the eNS merely needs to specify the appropriate 

activation levels for the agonist-antagonist pair, and the limb will move 

to the new equilibrium position. This approach eliminates the need for 

planning the trajectory of the limb, the details of which emerge from the 

dynamical properties of the musculoskeletal system. Furthermore, this 

concept offers a unified treatment of posture and movemement. When 

stationary, the equilibrium point defines the posture of the limb, and, 

when moved, dictates the limb movement as well. 

Although the equilibrium position was initially assumed to move from 

the initial to the final position in a single "step", further 
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investigation of limb movements in deafferented monkeys (Bizzi et al., 

1984) demonstrated that limb movement was associated not with a step 

change in alpha motor neuron activity, as assumed for final position 

control, but with a gradual change in the motor command. These findings 

led to a modification of the concept in which eNS prescribed a series of 

equilibrium points or "virtual trajectory", (Bizzi et al., 1984; Hogan, 

1984; 1985) when executing a movement. Furthermore, it was suggested 

that the virtual trajectory might vary in a complicated manner, such that 

the equilibrium point might sometimes move beyond the target (Bizzi et 

al., 1982), or even beyond the reach of the limb (Hogan, 1985). 

This latter version of the equilibrium point strategy maintains the 

advantage of providing a unified treatment of posture and movement, but 

requires the formation of an appropriate virtual trajectory which, along 

with the mechanical properties of the system, ultimately determines the 

actual movement trajectory of the limb. Thus, some of the simplicity 

which originally made the concept of final position control so attractive, 

is lost. Furthermore, even this latter version of the strategy is unable 

to account for several observations from single-joint movrnent studies. 

For example, the observation that flexor EMG activity increased during the 

transient phases of an elbow flexion movement, even when the new final 

position required less steady-state flexor EMG activity (Hasan and Enoka, 

1985), could only be explained by the equilibrium trajectory initially 

moving in the opposite direction from the target. Similarly, Matheson and 

associates (1985) were unable to confirm a correlation between the final 



21 

elbow position and the EMG activity about the joint, although such a 

relationship is implicit in the equilibrium point strategy. 

Although the equilibrium point strategy has most often been 

considered in relation to single-joint arm movements, its applicability 

to multijoint limb movements has been suggested as well (Bizzi et al., 

1983; Berkinblit et al., 1986; Hogan, 1985; Flash, 1987). Berkinblit 

(1986) recently proposed a model for control of mu1tijoint limb movements 

in which each jOint has its own equilibrium position, which varies as the 

vector product of the "target vector" of the limb and the "working vector" 

of the joint. That model yields the same predictions of initial muscle 

activity as the initiation rule outlined below, and thus, may be evaluated 

on the basis of the results presented in Chapters 2 and 3. 

A slightly different version of the equilibrium point strategy has 

also been advanced as a possible control mechanism for multijoint arm 

movements (Hogan, 1985; Flash, 1987). This version suggests that, in 

addition to forces related to the difference between the equilibrium 

position and the actual hand position, forces stemming from anisotropic 

hand-stiffness fields may play an important role. If the CNS could set 

the characteristics of the stiffness field, for example, by appropriate 

muscle activations, the directional character of the field could be 

effective in counteracting unwanted interaction effects, without the need 

for quantifying those effects by means of an inverse dynamics calculation. 

Flash (1987) studied the paths of simulated arm movements driven by 

hypothetical "virtual trajectories" and influenced by the effects of end-
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point stiffness and viscosity (estimated under static conditions). She 

argued that the inclusion of these elastic and viscous forces helped to 

reproduce certain kinematic features of the actual movements from which 

the hypothetical "virtual trajectories" had been derived. Unfortunately, 

this possibility cannot be rigorously tested without knowledge of the 

planned virtual trajectory and information as to the manner in which the 

visco-elastic properties of the limb change during movement. 

AN INITIATION RULE BASED ON THE EQUILIBRIUM POINT STRATEGY 

Lacking the information required to form testable hypotheses based 

on this last version of the equilibrium-point strategy, the rule to be 

tested in Chapters 2 and 3 assumes that the "virtual position" which 

attracts the hand initially lies somewhere in the direction of the target 

and, due to the requirement for relaxation of the arm prior to the 

initiation of movement, that the effect of any anisotropy of stiffness or 

viscosity is negligible, at least for the initial phase of the movement 

on which this test is based. The equilibrium point strategy predicts that 

displacement of the equilibrium position in a given direction would result 

in the hand exerting an initial force in that same direction. Thus, the 

initiation rule based on this strategy predicts that the choice of 

agonists at the shoulder and elbow should be appropriate for the initial 

force at the hand to be directed toward the target. This rule is tested 

for a series movements from a single initial position in Chapter 2, and 

for movements throughout the work space in Chapter 3. 
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ALTERNATIVES FOR MOVEMENT INITIATION 

One of the major differences between the two strategies discussed so 

far lies in the information required by the CNS in order to initiate a 

multi-joint limb movement. The inverse dynamics strategy requires 

information regarding the mass and inertial characteristics of the limb 

segments to predict and compensate for dynamic interactions, whereas the 

equilibrium point strategy specifies initial muscle torques based on a 

statics calculation which only requires knowledge of the initial 

configuration of the limb and the direction of the target. Thus, by 

sacrificing explicit control of the movement trajectory, the latter 

approach simplifies the computational requirements and reduces the 

information required for movement planning. Although the equilibrium 

point strategy itself may ultimately prove incorrect, the simplicity of 

the strategy is intuitively appealing. 

The results which will be presented in subsequent chapters suggest 

that, at least for the initiation of mu1tijoint arm movements, appropriate 

muscle activations may be determined by such relatively simple rules, 

without the need for complex dynamics calculations. One possible argument 

against such simple strategies is the fact that, by not explicitly 

compensating for intersegmental dynamic effects, directional accuracy will 

be reduced. However, recent evidence from a variety of mu1tijoint 

movement paradigms (Abbs and Gracco, 1983; Cole et al., 1984; Soechting, 

1988) suggests that rapid, ongoing modulation of the motor command could 

limit those errors considerably. And, as pointed out in a commentary by 
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Loeb (1983), such inaccuracies are actually more typical of human 

performance than the robot-like precision which would stem from precise 

application of the inverse dynamics strategy. 

Furthermore, though such a strategy would require additional 

mechanisms for error correction and movement termination, the idea of a 

control strategy comprising various subprograms, rather than a single, 

all-encompassing mechanism, is certainly not new to the field of motor 

control (Waters and Strick, 1981; Ghez and Martin, 1982; Brown and Cooke, 

1984; Forget and Lamarre, 1987). Greene (1982) has suggested that "all 

sufficiently complex systems that work use a patchwork of methods, rather 

than some single powerful technique." He goes on to argue that such a 

patchwork approach actually simplifies the control task by allowing 

adequate approximation of any desired movement through various 

combinations of these methods, and draws support for this argument from 

the fields of psychology, neurophysiology and robotics. In view of some 

of the limitations apparent in the currently proposed strategies for 

control of multijoint limb movements, consideration of such alternatives 

seems warranted. 
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Fig. 1.1 Conventions for defining joint angles and the direction of hand 
movement. Note that ~ is defined as the target direction relative to the 
initial orientation of the forearm. Thus. the absolute target direction 
(c/>. not shown) may be calculated as ~ + e~nlt.. + e~n1t .• 
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Figure 1.2 Three movements performed by the same subject. Lower panels depict initial 
(solid lines) and final (dotted lines) limb configuration, as well as the hand path. Upper 
panels show rectified, filtered EMG signal (pectoralis and biceps show increased activity 
as upward deflections, posterior deltoid and triceps as downward deflections) and joint 
angles, with an upward deflection corresponding to flexion. Note differences in direction 
of joint rotations despite initial flexor EMG activity at both joints in all three cases. 
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CHAPTER 2 

INITIATION RULES FOR MULTIJOINT ARM MOVEMENTS: AGONIST SELECTION 

FOR MOVEMENTS FROM A SINGLE INITIAL POSITION. 

SUMMARY AND CONCLUSIONS 

27 

1. We studied planar, point-to-point arm movements to various target 

positions, starting from a fixed initial position. The movements were 

confined to the horizontal plane, and involved coordinated rotations about 

the shoulder and elbow joints, which were monitored potentiometrically. 

Electromyographic data were obtained from muscles contributing to those 

movements, and the first active muscles at each of the joints (agonists) 

were identified for each movement. 

2. Choosing appropriate muscle activations for initiating multijoint arm 

movements in a given direction is a complex problem, and the rules by 

which the nervous system makes such choices are not yet understood. We 

have evaluated some proposed initiation rules based on their ability to 

correctly predict which shoulder and elbow muscles were initially 

activated for movements to various target locations. 

3. One possibility examined was that for each joint, flexion was always 

initiated by flexor muscle activity and, similarly, extension was always 

initiated by extensor activity. We found for all subjects that this was 

not the case for movements to certain regions of the workspace. 

4. A second possible rule, that the initial agonist activity should be 

appropriate for the distal tip of the limb to exert an isometric force in 
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the direction of the final position, was also contradicted by our 

observations. 

5. Nevertheless, the data for each joint revealed that flexor-initiated 

movements occurred for final positions in a certain region of the 

workspace that was distinct from the region of final positions for 

extensor-initiated movements. 
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INTRODUCTION 

When more than one joint in a limb is free to move, the activation 

of a muscle that spans only one j oint would, in general, result in 

rotations about all the joints (Hollerbach and Flash 1982; Zaj ac and 

Gordon 1989). This interjoint interaction represents a mechanical 

characteristic which arises from the inertias of the linked segments, and 

is not dependent on the presence of mu1tiarticu1ar muscles (Smith and 

Zernicke 1987). The magnitude of these effects varies in a complex manner 

with the angular velocities and accelerations at both joints. Depending 

on the relative directions of rotation at the joints, the inertial torque 

due to rotation about one joint may either assist or oppose the torque 

resulting from muscle activation at the other joint. Consequently, it is 

theoretically possible, for instance in the case of human shoulder-elbow 

movements, that the activation of flexor muscles at both joints may 

initiate extension at one of the joints (Soechting 1988). This example 

illustrates that, even qualitatively, the relationship between the initial 

muscle activations and the resulting joint rotations appears to be 

nontrivial. As such, this relationship clearly warrants experimental 

investigation. 

OBJECTIVES OF THIS STUDY 

Despite the difficulties imposed by the intersegmental interactions 

described above, the nervous system is obviously capable of initiating 

movements in many directions. The question we wish to address 
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experimentally is: what are the rules by which the eNS determines the 

appropriate combination of muscles to activate for initiation of movement 

from a given initial position to various final positions? The validity 

of a proposed rule is appraised by its accuracy in predicting which 

muscles are initially activated at each joint when subjects perform 

movements in various spatial directions. The interpretation of the 

experimental data is simplified by the use of this qualitative test. 

In this study, we examine two hypotheses on the basis of their 

ability to correctly predict the signs of initial muscle activity at the 

shoulder and elbow for movements to different final positions. The first 

rule predicts that the sign of initial EMG activity at each joint 

(flexor/extensor) will correspond to the direction of rotation 

(flexion/extension) at that joint. The second rule predicts that the 

initial EMG signs at the shoulder and elbow will correspond to those 

required for the hand to exert a force in the spatial direction of the 

final hand position. 

TERMINOLOGY 

In describing the rotations about the shoulder during these 

movements, we use flexion in lieu of horizontal flexion (also known as 

horizontal adduction), and extension for horizontal extension (abduction). 

Also, hand is used (e.g. "final hand position") to signify the extreme 

distal tip of the arm, which actually was the tip of the index finger used 

to point to the targets. 
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As noted in the preceding discussion, the correspondence between 

initial muscle activity and joint rotation observed for single joint 

movements (e.g. initial flexor activity results in flexion) may not hold 

for mu1tijoint tasks. To avoid terminological confusion, the direction 

of rotation (flexion or extension) about a joint is distinguished from the 

sign of muscle activity (flexor or extensor) at the joint. It is further 

distinguished from spatial direction, which pertains to hand movement in 

space. 
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METHODS 

Eight healthy, adult volunteers, all right handed, served as 

subjects. The subject's right upper arm was strapped to an 

adjustable~ length metal bar, whose proximal end was connected via a rotary 

bearing to a fixed support. The distal end was connected via another 

bearing to a metal strip to which the forearm was strapped. The bearings 

allowed free movements of the two segments about vertical axes. The 

forearm was strapped in a neutral position with respect to 

pronation/supination, and the wrist and hand were immobilized, with the 

index finger held in a pointing posture. The carrying angle of the elbow 

was accommodated by padding under the forearm. Rotations about the 

shoulder and elbow were monitored by precision potentiometers mounted 

coaxially with the bearings. Bipolar, surface electrodes (12 mm diameter) 

were used to monitor the EMGs of five muscles: (i) the clavicular portion 

of the pectoralis major, a shoulder flexor, (ii) the posterior deltoid, 

a shoulder extensor, (iii) the biceps brachii, an elbow ~ shoulder flexor, 

(iv) the brachioradialis, an elbow flexor, and (v) the triceps brachii, 

an elbow ~ shoulder extensor. The signals were rectified and filtered 

conventionally, and were digitized (400/s sampling rate, 12 bits) along 

with the two potentiometer Signals, for computer storage. 

To minimize baseline EMG activity, and thus facilitate the 

identification of the initially active muscle groups at both joints, 

subjects were instructed to relax the arm completely while awaiting the 
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cue for movement initiation. When adequate relaxation was maintained (as 

verified by monitoring an oscilloscope display of the unrectified EMG 

traces), the data collection program was triggered. At the onset of 

sampling, an audible cue prompted the subject to perform a movement so as 

to point to a vertical rod that served as the target. No instructions 

were given regarding the path to the target. It was emphasized that 

quickness of response was not important, but that the subject should make 

the movement "in one go," at a "comfortable" speed. For a given initial 

position, target location was changed for successive trials, so that 

movements in many spatial directions were elicited. The initial position 

was specified either by another rod, or, in order to reduce variability, 

by providing the subject with an x-y display of the two joint angles on 

an oscilloscope. 

The stored data were analyzed off-line. For each trial the sign of 

initial EMG activity at each joint was determined by visual inspection. 

At the elbow, initial EMG activity was considered to have a flexor sign 

if either the biceps brachii (a two-joint muscle) or the brachioradialis 

(a pure elbow flexor) preceded triceps brachii activity. Occasionally, 

the sign of initial activity at one of the joints was indeterminate due 

to initial coactivation of flexor and extensor muscles, in which case, 

the trial was discarded. Initial and final hand positions were computed 

from joint angle records and segment lengths. To test the second rule, 

the shoulder and elbow torques required to exert a force in the direction 

of the final position were calculated as described in Appendix B. 
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RESULTS AND DISCUSSION 

Figs. 2.1A and B show the records associated with two trials 

performed by the same subject, starting from nearly the same position. 

The targets were placed somewhat differently in the two cases (~ - 113 deg 

in A and 105 deg in B), but for both movements, the shoulder extended 

while the elbow flexed. The subject initiated the trial depicted in Fig. 

2.lA by activating shoulder extensor (posterior deltoid) and elbow flexor 

(brachioradialis and biceps) muscles. In contrast, the trial depicted in 

Fig. 2.1B was initiated by activation of shoulder flexor (pectoralis 

major) and elbow flexor muscles. Nevertheless, in this trial too, the 

shoulder extended. 

This observation cannot be explained by the actions of two-joint 

muscles. Since EMG activity in the elbow flexor muscles (biceps brachii 

and brachioradialis) preceded that of triceps, any action of biceps 

brachii at the shoulder joint could only have contributed a muscle torque 

with the flexor sign, and thus added to the pectoralis contribution. The 

extension of the shoulder when the muscle activity is of the flexor sign 

(Fig. 2.IB) does not, however, contradict the principles of dynamics. 

This is because the angular acceleration about a joint depends not only 

on the muscular torque about that joint, but also on the interaction with 

the other joint, an interaction that arises from the inertias of the limb 

segments (Smith and Zernicke, 1987). It follows from the principles of 

dynamics that an initial shoulder flexor muscle torque must impart to the 

whole arm an angular momentum in the counterclockwise sense (as seen from 
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above the subject's right arm). The angular velocity of the upper arm can 

nevertheless be clockwise (i.e., shoulder extension), provided there is 

sufficient counterclockwise angular velocity of the forearm, which depends 

in part on elbow flexor muscle torque. The data in Fig. 2.1, while 

consistent with dynamics, raise the question of how the eNS decides which 

muscles to activate for initiating a movement. In principle, a movement 

to the same final position as in Fig. 2.1B could have been initiated with 

shoulder extensor activity, but the path would have been different. 

The data of Fig. 2.lB contradict the rule, according to which the 

sign of initial muscle activity at a joint should always correspond to the 

direction of joint rotation. A systematic test of this rule was carried 

out over a wide range of spatial directions. The results for one subject 

are shown in Fig. 2.2, where the final positions of 65 trials are 

depicted. In Fig. 2.2A, the final positions are marked by either an open 

circle or a cross, depending upon whether the trial was initiated by 

flexor or extensor activity at the shoulder. The shaded area denotes a 

region of the work space that could be reached only by extension of the 

shoulder from the initial position. (The curved boundary of the shaded 

area corresponds to no rotation about the shoulder, a change only in the 

elbow angle; hence the boundary is the arc of a circle centered on the 

initial elbow position.) If the first rule were correct, all the crosses 

would be expected to lie in the shaded area and open circles in the 

unshaded area. For the most part, this is the case in Fig. 2.2A. Note, 

however, that near the boundary there are open circles in the shaded area 
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and crosses in the unshaded area, representing trials in which the sign 

of initial muscle activity at the shoulder did not correspond to the 

direction of shoulder rotation. Although the domain of such points in 

Fig. 2.2A is a relatively narrow wedge near the boundary, the presence of 

this domain was a consistent feature in the data for all subjects. 

The first rule is contradicted more severely by the data pertaining 

to initial muscle activation at the elbow joint, as illustrated in Fig. 

2.2B. This figure includes data from the sa~e trials as Fig. 2.2A, but 

here, the symbols represent the signs of initial muscle activity at the 

elbow, and the shaded area corresponds to the region reachable only by 

elbow extension. Clearly, the boundary of this shaded area is far from 

any dividing line that could be drawn to separate the open circles from 

the crosses. 

The data of Fig. 2.2A and B, therefore, reveal certain domains of 

violation of the rule that the initial muscle activity about each joint 

is chosen in accordance with the requisite direction of rotation about 

that joint alone. These domains differ for the two joints, the region of 

violation being larger for the elbow data. These results are typical of 

the data for all subjects. 

The second rule, whose predictions are measurably different, is based 

on the idea that the CNS prescribes an equilibrium position (or a 

succession of equilibrium positions) toward which the limb gravitates 

(Bizzi et al. 1984; Berkinblit et al. 1986). Although there are several 

versions of this idea, there is a particularly simple and attractive one 
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that can be tested against our data. The rule to be tested is that the 

initial muscular torques about the joints are such that, if the distal 

tip were prevented from moving, it would exert a force in the spatial 

direction of the final position. In other words, the forces are those 

necessary for static equilibrium of the arm against a fictitious force 

which acts on the hand and is directed along a line from the final hand 

position to the initial one. 

Whereas the earlier versions of the equilibrium point hypothesis 

specified an instantaneous shift of the equilibrium position from the 

initial to the final hand position (Bizzi et al., 1976; Polit and Bizzi, 

1979), later versions allowed for a "virtual trajectory" composed of a 

series of equilibrium positions (Hogan, 1984; Bizzi et al., 1984). As 

stated, our second rule is compatible with either version, provided (in 

the latter case) that the equilibrium position lies anywhere along a line 

originating from the initial hand position and passing through (and 

beyond) the final hand position. 

The second rule is not, however, equivalent to the idea that the 

initial muscular torques are appropriate to accelerate the hand in the 

direction of the final position (cf. Hollerbach and Flash 1982). Pointing 

the force and pointing the acceleration have quite different requirements, 

since the hand is not the center of mass of the arm (for details, see 

Appendix B). The predictions of the second rule regarding initial 

shoulder muscle activity are graphically illustrated by the shading of 

Fig. 2.3A. In this figure, the data of Fig. 2.2A are reproduced, but the 
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straight-line boundary of the shaded region corresponds to the separation 

(predicted from the rule) between shoulder flexor-initiated and 

extensor-initiated trials. According to this rule, a line extending from 

the shoulder through the initial tip position would divide the work space 

such that final positions on one side of that line would require an 

initial shoulder torque having the flexor sign, while those on the other 

side would require the extensor sign. Once again, circles in the shaded 

region and X's in the unshaded region indicate violations of the second 

rule. The predicted boundary clearly does not correspond to the observed 

separation based on initial shoulder muscle activity (Fig. 2.3A). 

However, as shown in Fig. 2.3B, the sign of initial muscular activity at 

the elbow is in fair agreement with the expectation derived from the 

second rule. 

These results lead to the conclusion that neither of the hypotheses 

discussed here can fully explain the initial muscle activity observed at 

both the shoulder and elbow joints. As a purely empirical exercise, 

however, one can draw, for each joint, a boundary line that separates the 

final positions of flexor-initiated trials from those of 

extensor-initiated trials. This boundary provides an empirical answer to 

the question: for given initial and final positions, which muscles does 

the eNS decide to activate for initiation of movement? It remains to be 

seen whether the empirically determined boundary is consistent with a 

version of the equilibrium-point idea in which anisotropy of stiffness 

plays an important role (Hogan 1985; Flash 1987). We doubt that this is 
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the case, since in ou.r experiments the musculature was initially relaxed 

and presumably had little stiffness. 

Although the details of the EMG pattern are complicated (e.g., Fig. 

2.1), and some features may vary over repeated trials, the decision 

concerning the muscles to be activated initially is made by the eNS in a 

reproducible manner. Furthermore, the rule for this decision is 

approximately the same for different subjects. This robust finding may 

help in deciphering how coding of movement direction at the cortical level 

(Georgopoulos 1988) may be translated neurally into muscle activity. 
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Fig. 2.1 Records associated with two movement trials (A and B). On the 
left are shown the rectified and filtered EMGs from shoulder and elbow 
muscles and the joint angles, as functions of time. For the extensor 
muscles (posterior deltoid and triceps brachii) an increase in EMG is 
plotted as a downward deflection. The stick figure on the right depicts 
the initial (full lines) and final (dotted lines) configurations of the 
arm. The distal segment corresponds to the forearm, hand and index 
finger. The actual path of the tip is also shown. Although both 
movement trials involved shoulder extension and elbow flexion, the 
movement in B Was initiated by pectoralis major activity. 



Fig. 2.2A and B. Comparison of the sign of initial muscle activity and 
the direction of joint rotation. Stick figure depicts the initial limb 
configuration, the filled circle representing the maximum inter trial 
variability of initial tip position. Final positions for 65 movements are 
shown by open circles or crosses. In 2. 2A, circles indicate trials 
initiated by shoulder flexor activity, crosses indicate those initiated 
by shoulder extensor activity. The shaded area depicts the region of the 
workspace which can only be reached by shoulder extension. The arc on top 
is the workspace boundary. 2.2B (next page) shows the final positions of 
the same movements, but there, the circles and crosses indicate that 
initial elbow muscle activity was of the flexor or extensor sign, 
respectively. The shaded area denotes the region requiring elbow 
extension. Note that the boundaries of the shaded regions do not 
separate the circles from the crosses, particularly in Fig. 2.2B. 
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Figure 2.2B Comparison of the sign of initial elbow muscle activity and 
the direction of elbow joint rotation. See legend on preceding page. 
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Fig. 2.3A and B Comparison of the sign of initial muscle activity with 
that required for pointing the force in the spatial direction of the final 
position. The data of Fig. 2.2A and B are reproduced. 2.3A Unlike Fig. 
2.2A, the shaded area in 2.3A corresponds to the region in which shoulder 
extensor activity is required for pointing the initial force. Similarly. 
in 2.3B (next page), exerting an initial force toward the shaded region 
would require initial elbow extensor activity. Note that the boundary of 
the shaded area in A does not separate the shoulder flexor-initiated (open 
circles) and shoulder extensor-initiated (crosses) movement trials. 
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Fig. 2.3B Comparison of the sign of initial elbow muscle activity with 
that required for pointing the initial hand force in the spatial direction 
of the final position. See legend on the preceding page. 



CHAPTER 3 

INITIATION RULES FOR MULTI-JOINT ARM MOVEMENTS: AGONIST SELECTION 

FOR MOVEMENTS THROUGHOUT THE WORKSPACE. 

SUMMARY AND CONCLUSIONS 
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1. We studied kinematic and electromyographic features of human arm 

movements involving rotations about the shoulder and elbow joints in the 

horizontal plane, with emphasis on the initiation of such movements. 

Widely varying initial and final positions were used, so that the 

movements studied encompassed much of the reachable workspace within the 

plane. For each movement, the initial electromyographic activity at each 

joint was classified qualitatively in terms of the "sign" (Le. "flexor" 

or "extensor") of the initial muscle activity associated with movement at 

that joint. In addition, the relative magnitude of this initial activity 

was quantified in terms of the integral of the filtered, rectified EMG 

signal over the first 100 ms of activity. 

2. Two possible initiation rules, derived from previously proposed 

strategies for control of multi-joint limb movements, were tested with 

respect to their ability to predict the sign of initial muscle activity 

at each joint. Both rules implied that the sign of initial muscle activity 

should be predictable based on a combination of positional variables, 

namely ~ (the spatial direction of the final tip position with respect to 

the initial forearm orientation) and 8~nit. (the initial elbow angle). 
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3. According to one of the rules tested, which is based on statics, the 

initial muscle activity at each joint should be such that the distal tip 

of the limb exerts an initial force in the direction of the final tip 

position. Our data describing initial shoulder muscle activity clearly 

contradict this rule in two distinct regions of the .,p, 8~nit. plane. 

According to the other rule, which is based on dynamics, the sign of 

initial muscle activity at each joint is chosen such that the initial 

acceleration of the distal tip is in the direction of the final tip 

position. The data contradict the predicted initial shoulder muscle 

activity for a certain range of .,p. Furthermore, the effects of added 

inertial loads predicted by this latter rule were not observed for trials 

in which a 1.8 kg mass was attached to the distal portion of the limb. 

Results were equivocal with respect to predictions of initial muscle 

activity at the elbow. 

4. Though neither of the rules was fully supported, a consistent 

partitioning of flexor- and extensor-initiated movements with respect to 

1/J and a~nit. was observed. Furthermore, that combination of positional 

variables was not unique in its ability to reliably predict the sign of 

initial muscle activity. For each joint, the sign of initial muscle 

activity for a wide variety of movements was also predictable based on the 

change in joint angles at the shoulder (A9s) and elbow (ABE) required for 

the movement. 

5. Thus, for the planar, two-joint movements studied, neither of the two 

rules tested could fully predict the observed initial muscle activity at 



47 

the shoulder. It is, however, possible to empirically derive rules which 

can reliably predict the sign of initial muscle activity based on simple 

combinations of positional variables describing the movement, without 

explicitly considering limb dynamics or details of limb trajectory other 

than initial and final position. 
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INTRODUCTION 

One approach to discerning the strategies underlying eNS control of 

mu1tij oint arm movements entails identification of robust kinematic, 

kinetic, or e1ectromyographic features of the movements, because such 

"invariants" seem likely to playa role in movement planning. Particular 

attention has been directed toward the kinematics of planar, mu1tijoint 

arm movements, which have been described as having several invariant 

features, such as (more or less) straight-line hand paths (Morasso, 1981). 

These results have been widely interpreted as evidence that such movements 

are planned in terms of the traj ectory of the limb, and considerable 

attention has been directed toward the complex problem of how the CNS, 

given a desired movement trajectory, might then determine the appropriate 

muscle activations for attaining that trajectory (Hollerbach and Flash, 

1982; Lacquaniti et a1., 1986; Hollerbach and Atkeson, 1987; Soechting, 

1989). To follow a specified trajectory exactly, the CNS must have some 

method of compensating for the torques arising from mechanical 

interactions between the various moving limb segments. Exact compensation 

for those interactions presents a difficult problem, because the 

interaction torques vary in a complex manner with the positions, 

velocities, accelerations, and inertial characteristics of all segments 

of the limb (Hollerbach and F1as~, 1982; Zajac and Gordon, 1989). The 

complexity of the "inverse dynamics" calculations required for such 

compensation has led to suggestions that the nervous system may have some 
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means of simplifying the problem (Loeb, 1983), though there is no clear 

consensus as to how such simplification might be achieved (c.f Raibert, 

1978; Hollerbach and Flash, 1982; Hogan, 1984; Soechting, 1988). 

In contrast to this complexity, there is an inherent attractiveness 

to the possibility that relatively simple rules, aided by appropriate 

feedback, might suffice to generate the appropriate muscle activity for 

coordinated limb movements. Rules based on limited subsets of movement 

variables, as opposed to complete traj ectory information and accurate 

estimates of the inertial characteristics of the limb, could greatly 

reduce the computational complexity required for movement planning. The 

choice of which muscles to activate for initiation of a multi-joint 

movement is one example where a simple rule might supplant the need for 

more complex computations required for explicit compensation of 

intersegmental dynamic effects. 

We have examined planar, two-joint arm movements throughout the 

reachable work space, in an attempt to define comprehensive rules by ,,,hich 

the central nervous system (CNS) chooses, for each joint, which muscles 

must be activated for movement initiation. Previously, (see Chapter 2) 

we demonstrated how qualitative analysis of initial shoulder and elbow EMG 

activity could be used to formulate and test some simple initiation rules. 

The technique used in that study, however, limited the complexity of the 

rules which could be tested, as well as the diversity of movements 

included in a single test. Nevertheless, those results: (1) verified the 

usefulness of the qualitative EMG analysis, (2) demonstrated relationships 
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between initial EMG activity and positional variables which were 

consistent across subjects, and thus (3) supported the possibility that 

relatively simple rules might, indeed, account for the observed initial 

muscle activity at the shoulder and elbow. 

Although the initial muscle activity at each joint is not related 

simply to the direction of rotation at that joint alone, the possibility 

remains that some combination of variables related to rotations about both 

joints would be sufficient for predicting initial muscle activity. The 

angular excursions at the two joints (88s , 88E) comprise one such 

combination. In the first section of this report, we demonstrate that 

this simple combination of positional variables reliably predicts, for 

each joint, the sign of initial muscle activity. 

Such a demonstration in no way guarantees that the predictive power 

of a particular combination of positional variables is unique. In the 

second section of this report, we test two specific rules for movement 

initiation, both of which imply that combinations of two other positional 

variables (the spatial direction of the final tip position with respect 

to the initial forearm orientation [1/1) and the initial elbow angle [9~nit.) 

should also partition the flexor- and extensor-initiated trials for each 

joint. Using 1/1 and 8init . to characterize the previously described 

movements, as well as movements made with added inertial loads, we have 

compared the initial muscle activity to that predicted by each of the two 

rules, which are outlined below. 



51 

INITIATION RULES 

The first rule tested is based on the concept of final position 

control, the central feature of several versions of the "equilibrium point 

hypothesis" (Bizzi et al., 1976; 1982; Hogan, 1984; Polit and Bizzi, 

1979). Final position control relies on the spring-like properties of 

muscles and the ability of the eNS to "tune" those properties such that 

a given final position for each joint can be specified in terms of the 

relative activation of opposing muscle groups about that joint. 

Since multiple versions of the "equilibrium point hypothesis" have 

been proposed (Feldman, 1986), we have attempted to avoid further 

terminological confusion by identifying the specific rule tested here in 

a more descriptive manner. The specific rule that we are testing is that 

the direction of initial force must be toward the final position; this 

rule is termed the "point-the-initial-force" (PIF) rule for movement 

initiation. The PIF rule is based only on statics calculations; knowledge 

of segment lengths is assumed, but inertial characteristics of the limb 

segments do not affect the predictions (see Appendix B). For a given 

combination of ~ and e~nit., the PIF rule predicts the sign of the initial 

muscle activity required at each joint in order to direct the initial 

force at the distal tip of the limb (index finger) along a line connecting 

the initial and final position of the tip. 

The second rule tested is based on the assumption that the trajectory 

of the movement is pre-planned, and the joint torques necessary for 

following that trajectory are then determined by means of a complex series 
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of calculations which require precise knowledge of the mass and inertial 

characteristics of the limb segments. Because this type of strategy 

requires joint torques to be chosen such that the initial acceleration of 

the hand is in the direction specified by the planned traj ectory, the 

specific rule tested here has been termed the "point-the-initial 

acceleration" (PIA) rule for movement initiation. 

The PIA rule is based on the assumption that the multijoint movements 

studied here are planned in terms of the hand trajectory, and that the 

"desired trajectory" is one in which the hand path is initially directed 

in a straight line toward the final position (Morasso, 1981; Viviani and 

Terzuolo, 1982). In contradistinction to the PIF rule, in which initial 

muscle torques are determined by a statics calculation, the PIA rule 

assumes that movement dynamics are explicitly taken into account in 

determining the appropriate muscle torques at each joint. Thus, 

determining the required initial muscle torques predicted by the PIA rule 

(see Appendix B) requires knowledge of the mass, moment of inertia, and 

center-of-mass, as well as the length of each segment. The expressions 

for the initial torques, it turns out, do not require knowledge of the 

initial and final j oint angles (e~nit., e~nit., e~inal, e~inal) but rather of 

only two related variables, ~ and e~nit.. The PIA rule can be tested by 

comparing the sign of initial muscle activity at each joint with the sign 

of the initial torque required for the initial acceleration of the hand 

to be in the direction of the final position. (Note that the predicted 

torque is that required to move in the "desired direction", 1. e. directly 
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toward the final position. Comparing the sign of initial muscle activity 

with the predicted initial torque requirements for the actual direction 

of initial hand movement would merely be a test of Newton's laws of 

motion. ) 

Thus, both the PIF and PIA rules predict that these planar, two-joint 

movements, when plotted on the ..p, einit . plane, should be partitioned with 

respect to the sign of the initial muscle activity at each joint, though 

the rules differ as to the exact location of the predicted boundaries. 

To test these rules, we first examine the extent of agreement between the 

observed initial activity and the predictions of both rules for unloaded 

movements varying in direction and location within the work space. In 

addition, we examined how added inertial loads affect the sign of initial 

muscle activity, since loading changes the predictions of the dynamics

based PIA rule, but not those of the PIF rule, which does not take 

dynamics into account. 
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METHODS 

The subject's task was to perform a series of point-to-point hand 

movements which were restricted to the horizontal plane, and involved 

rotations about the shoulder and elbow joints. Subjects participating in 

these experiments were normal, healthy adult volunteers. All subjects 

were right-handed and free of known musculoskeletal or neurological 

conditions. 

MOVEMENT APPARATUS 

A thermoplastic splint (Aquaplast Corp.) was fitted to the subject's 

right forearm and hand such that the wrist and fingers were immobilized, 

with the index finger fixed in an extended position for pointing at the 

targets. This splint, along with a second splint fitted to the upper arm, 

and a modified, rigid cervical collar, served as stable sites of 

attachment for the angular position transducers. Precision, single-turn, 

linear potentiometers (Beckman Instruments) were used to monitor joint 

angles between the three functional segments (trunk, upper arm and 

forearm/hand). The potentiometers were attached to the splints by means 

of telescoping segments of brass tubing, such that the external (guide) 

tube maintained a fixed, parallel relationship to the corresponding body 

segment. With this arrangement, the relationship between the 

potentiometer output and the j oint angle remained very nearly linear, 

without requiring precise alignment between the rotational axes of the 

joint and the potentiometer. 
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The limb was supported in the horizontal plane by two plastic pylons 

which were free to glide en a smooth-surfaced table. In order to minimize 

the effects of friction, the bases of the supporting pylons were designed 

as miniature ground-effects vehicles, utilizing a plenum chamber design 

with an external source of compressed air to levitate the supports 

fractionally above the table surface. Adjusting the flow of compressed 

air provided virtually friction-free movement, even in experiments 

involving added inertial loads. Thus, the apparatus provided analog 

signals indicating shoulder and elbow joint angles during unrestricted 

movements encompassing the entire reachable work space, and allowed for 

the addition of inertial loads to either limb segment. 

EXPERIMENTAL PROTOCOL 

For each trial, the initial position of the arm was controlled by 

having the subject align the tip of the extended index finger coincident 

wi th a light beam proj ected from above. A second overhead spotlight 

indicated the target, which had a radius of approximately 2 cm. Once in 

position, the subject was instructed to relax the arm as completely as 

possible. Because the limb was supported by the apparatus, position could 

be maintained with minimal muscle activity prior to initiation of the 

pointing movement, thus facilitating interpretation of initial EMG 

activity. Once the subject's arm was in position and relaxed (as verified 

by monitoring EMG signals on an oscilloscope), the data collection 

computer was triggered by the investigator. The computer then provided 

the subject with a pair of audible cues to indicate the start and end of 
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the 1.28 s sampling window. The subject's task was to move the limb so 

as to point to the target (which was always visible), with the extended 

index finger. The subjects were informed that this was not a reaction 

time task, and that they were free to choose a comfortable speed of 

movement, provided that the movement was completed within the sampling 

window. No specific instructions were given regarding the path to be 

taken to the target, but the subject was told to perform the movement in 

a single action and not to attempt corrective movements. The final 

position of the limb was considered for purposes of analysis to represent 

the target for which the observed muscle activity pattern was appropriate. 

Prior to the initiation of data collection, subjects were given 

practice trials for familiarization with the apparatus and the general 

task requirements. However, once data collection began, the various 

movements were performed consecutively, without interspersed practice 

trials for the various initial positions and movement directions. 

Subjects performed 60 to 100 movement trials in a single experimental 

session lasting approximately two hours. They were given adequate rest 

between trials to minimize fatigue, and were allowed to terminate the 

experiment at any time. 

ELECTROMYOGRAPHIC DATA 

For most experiments, electromyographic recordings were made from 

five different muscles via bipolar surface electrodes. These muscles and 

their relevant actions are: (i) the posterior deltoid, a shoulder 

extensor, (ii) the clavicular portion of the pectoralis major, a shoulder 

" 
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flexor, (iii) the biceps brachii, a flexor of the elbow (and, to a lesser 

degree, the shoulder as well) (iv) the brachioradia1is, an elbow flexor, 

and (v) the medial head of the triceps brachii, an elbow extensor. A 

typical data record which includes the rectified and filtered EMG activity 

of these muscles is shown in Fig. 3.1. For one subject, EMG data were 

also collected from the anterior deltoid (another shoulder flexor) and 

from muscle groups which act to stabilize and retract the scapula (middle 

trapezius , and rhomboids). 

Recordings were obtained from both sing1e- and two-joint elbow 

flexors (brachioradialis and biceps brachii, respectively) in order to 

minimize interpretation problems which might result from variable usage 

patterns (Howard et a1., 1986). In addition, we were careful to exclude 

the possibility of cross-talk between adjacent pairs of muscles from which 

EMGs were recorded. This was accomplished by having the subject perform 

various tasks which demonstrated that, for each muscle, electrical silence 

could be maintained during the activation of adjacent muscle groups. 

Following differential amplification, the EMG signals were full-wave 

rectified, low-pass filtered, and digitized by a multiplexed, 12-bit 

analog-to-digital converter at an interval of 2.5 ms. Sequential 

digitization of all seven inputs (five EMG channels and two potentiometric 

signals) required less than 0.15 ms. Following completion of the 1.28 s 

sampling period, the digitized EMG and joint angle data were displayed 

via a high-resolution graphics system (Scion Corp., Addison, IL) and 

stored directly on a fixed disk for later off-line analysis. In addition, 
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the unrectified analog signals were displayed on an oscilloscope to 

monitor muscle relaxation prior to movement initiation, or, when triggered 

in the single-sweep mode by a TTL output from the data collection 

computer, for verification of the digitized waveforms. 

QUALITATIVE ANALYSIS OF INITIAL EMG ACTIVITY 

For each joint, a visual determination was made as to the sign of 

the observed initial muscle activity (i. e. "+" for an initial flexor EMG 

and ,,_It for an initial extensor EMG) at each joint. The requirement for 

minimal resting EMG activity prior to each trial made this visual 

identification procedure straightforward in most cases. Even in cases 

where slight resting EMG activity was present, the onset of agonist 

activity related to the movement was generally accompanied by reciprocal 

inhibition of any resting activity of the antagonist at that joint, 

further simplifying the decision. In some trials (5% and 11% of the total 

trials for the shoulder and elbow, respectively) the sign of initial 

muscle torque was indeterminate, and the trial was excluded from the EMG 

analysis. We have defined the term "agonist" at a given joint as the 

muscle group (flexors or extensors) that is activated first, regardless 

of the direction of joint rotation. This definition is necessary because 

the direction of initial muscle torque need not correspond to direction 

of j oint rotation due to the inertial interactions possible in multi -joint 

movements (Soechting, 1988). 
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QUANTITATIVE ANALYSIS OF INITIAL EMG ACTIVITY 

In addition to the qualitative EMG analysis described above, initial 

activity of agonist and antagonist muscles was quantified in terms of time 

of onset and the integral of the rectified, filtered EMG over the first 

100 ms of activity. The onset time of agonist and antagonist muscles was 

determined off-line by an interactive computer graphics program, using 

guidelines proposed by Walter (1984). This program displayed the 

appropriate EMG data along with a series of vertical cursors indicating 

for each muscle the onset as determined by a computer algorithm which 

calculated a threshold value (based on the standard deviation of the 

resting, baseline signal) and determined the time at which that threshold 

was initially exceeded. Visual inspection by the investigator determined 

whether the chosen onset was appropriate, and allowed for manual 

correction of the cursor placement, or, in cases where the time of onset 

was indeterminate, documentation of that finding. 

For quantification of the magnitude of initial EMG activity in each 

muscle, the rectified, filtered signal, corrected for the baseline level, 

was numerically integrated for 100 ms following the onset of activity in 

that muscle, as illustrated in Fig. 3.1. In Figs. 3.2 through 3.10, each 

movement is represented by a symbol which is filled if the initial EMG 

activity at that joint was that of the extensor, or open if initial flexor 

activity was observed. To convey, for each muscle, the relative EMG 

magnitude for the various trials on a given plot (in Figs. 3.2, 3.3 and 

3.5 through 3.9), the integrated EMG for each trial was normalized with 
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respect to the maximum for that particular muscle and subject. The 

normalized value determines the size of the symbol for a given trial, such 

that radius of the symbols spans an approximate three-fold range from 

minimum to maximum activity initial EMG magnitudes. 

KINEMATIC DATA 

Potentiometric signals indicating joint angles (see Fig. 3.1) at 

the shoulder (9s ) and elbow (9E) were digitized, displayed and stored as 

described in the section on EMG acquisition. Changes in the digitized 

output of the angular position transducers were linearly related to 

changes in angular displacement over the entire range of the movements 

studied (r > .99 for both joints). The angular displacement signals were 

sampled at a rate of 400/s, and the spatial resolution of the digitized 

angular position signals was approximately 0.06 degrees. For calibration 

purposes, absolute j oint angles were determined by manual goniometry. 

After each trial, the calculated initial and final j oint angles were 

displayed on-line to the investigators, and the calibration procedures 

were repeated when a difference of > 4 degrees occurred between the values 

obtained potentiometrically and those obtained by manual goniometry. High 

intra-tester reliability of the manual goniometry technique used for 

calibration has been demonstrated for joint angle measurements at the 

elbow (Rothstein et a1., 1983) and shoulder (Riddle et a1., 1987). 

TRANSFORMATION TO CARTESIAN COORDINATES 

Joint angle data were then transformed into a Cartesian system of 

coordinates, with origin at the shoulder, the x-axis along the lateral 
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dimension, and the y-axis along the anterior dimension. Using the 

measured segment lengths, .e 1 and.e2 (see Fig. l.l), the trajectory 

described by the distal tip of the limb ("hand trajectory") was derived 

trigonometrically by repeated application of equations (3.1) and (3.2), 

which provide the cartesian hand coordinates (x,y) for any as, aE pair. 

x = .e1 cos as + .e2 cos (as + aE) 

y = .e 1 sin as + .e2 sin (as + aE ) 

DETERMINATION OF TARGET DIRECTION (~) 

(3.1) 

(3.2) 

Initial and final hand position (respectiv~ly, Xi'Yi and Xf,Yf) were 

determined by averaging the hand position coordinates over the 25 ms 

periods before movement onset and after movement termination. For a given 

target location (Xf,Yf), the absolute direction (¢) from the initial to the 

final hand position is then given by: 

¢ = arctan «Yf - Yi)/(xf - Xi»; if Xf > Xi 

and by: 

¢ = arctan «Yf - Yi)/(xf - Xi» + 11"; if Xf < Xi' 

(3.3) 

(3.4) 

The initial target direction relative to the distal segment (~, which is 

depicted in Fig. 1.1, page 25), may be determined from equation (3.5): 

(3.5) 
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DETERMINATION OF ANGULAR VELOCITIES 

Digitized joint angle data were low-pass filtered (second order 

Butterworth; cutoff 12 Hz) prior to differentiation using a cubic spline 

function (Vaughan, 1982; Woltring, 1985). Because the digital filtering 

technique is bi-directional, no phase lag is introduced. 

ANTHROPOMETRIC DATA 

Several aspects of the data analysis (discussed below) required 

estimates of the mass, moment of inertia, and center of mass of the two 

mobile segments of the arm. Multiple estimates of each these parameters 

were calculated using regression equations based on height and weight 

(Chandler et al., 1975; Zatsiorsky and Seluyanov, 1983) or on various 

length and circumference measurements of the limb (Hinrichs, 1985). 

Estimates were obtained from several sources for purposes of verification, 

but all three sources yielded similar estimates, and only a single source 

was eventually used for the dynamics calculations. The most complete set 

of regression equations, provided by Zatsiorsky and Seluyanov, is listed 

below. Table 3.1 (page 88) illustrates, for one subject, the various 

estimates obtained for the limb segments alone, for the segment plus the 

movement apparatus, and, for the distal segment, with a L 8 kg mass 

attached to the hand, approximately 10 cm from the distal tip. 

Length of the proximal segment (~1) was determined as the distance 

between the tip of the acromion process and the lateral epicondyle of the 

humerus, and that of the distal segment U z) as the distance from the 

lateral epicondyle to the tip of the outstretched index finger. For the 
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upper arm, estimates of mass (ml)' center of mass (cl), and inertial moment 

about the transverse axis (II) were calculated directly from regression 

equations (Zatsiorsky and Seluyanov, 1983) based on subject height (H) and 

weight (lJ) (in units of m and kg, respectively): 

ml (kg) = 0.0301 W - 2.7 X 10-5 H + 0.25 

C 1 (m) = (0.003 W + 5.4 X 10-4 H + 1.67) X 10-2 

II (kg·m2) = (1.525 W + 0.01343 H -232) x 10-4 

(3.6) 

(3.7) 

(3.8) 

Since the corresponding parameters for the distal segment (c2, m2, 

and 12) include characteristics of both the forearm and hand, analogous 

regression equations were not available. However, Zatsiorsky and 

Seluyanov do provide regression equations estimating those parameters for 

the hand and forearm individually. From those values, m2 and c2 follow by 

definition, and application of the parallel axis theorem yields 12, (Note 

that II and 12 are defined as the moments of inertia about the centers of 

mass for each segment.) Regression equations, as given by Zatsiorsky and 

Seluyanov (1983), for the forearm and hand (denoted by subscripts f and 

h, respectively) are: 

mf = 0.01445 W - 1.14 X 10-5 H + 0.3185 (3.9) 

mh = 0.0036 W + 1.75 X 10-5 H - 0.1165 (3.10) 

cf = (-0.028 W + 9.30 X 10-4 H + 0.192) X 10-2 (3.11) 

ch = (0.026 W + 3.30 X 10-4 H + 4.11) X 10-2 (3.12) 

If = (0.855 W+ 3.76 x 10-2 H - 67.9) X 10-4 (3.13) 

Ih (0.088 W + 9.20 X 10-4 H -13.68) X 10-4 (3.14) 
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Typical estimates of the mass and inertial characteristics of the 

limb, for a male subject (S8), age 28, 1.83 m in height, and weighing 73.6 

kg, are provided in Table 3.1 (page 88). The mechanical characteristics 

of each link of the movement apparatus were added to those of the 

subj ect' s limb for use in subsequent dynamics calculations. Inertial 

characteristics of the movement apparatus were approximated by application 

of solid body formulae, as their mass is nearly an order of magnitude less 

than that of the limb of a typical subject. 



RESULTS 

PARTITIONING OF FLEXOR- AND EXTENSOR-INITIATED MOVEMENTS 

IN THE 89s .89E PLANE 
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Due to dynamic interactions between the two limb segments, the sign 

of the initial muscle activity at a joint need not correspond with the 

direction of joint rotation (Hasan and Karst, 1989; Soechting, 1989). 

However, it is still possible that the initial muscle activity chosen for 

a given movement could be predicted based upon some simple combination of 

the required shoulder and elbow joint excursions. We have examined this 

possibility by plotting the sign and magnitude of initial muscle activity 

at each joint on axes corresponding to the joint excursions at the 

shoulder and elbow (89s as the y-axis, and 89E as the x-axis). 

Fig. 3.2 depicts 59 movement trials performed by one subject (S7), 

with each symbol corresponding to a single movement. These data include 

movements initiated from three different initial positions (8~nit. ,8~nit. 

of 88,53; 84,79; and 52,50 degrees), and carried out in different spatial 

directions (c/J ranged from 1 to 349 degrees). The movements were of 

similar distance, with a mean (± s.d.) of 15.7 (± 4.8) cm between initial 

and final hand positions. Relative magnitude of the initial 100 ms of EMG 

activity (normalized with respect to the maximum EMG activity for that 

particular muscle during the course of the experiment) is indicated by 

symbol diameter. Trials indicated by an "X" are those for which the sign 

of initial muscle activity at that joint could not be reliably determined. 
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For the shoulder muscles, trials in which the sign of the initial 

muscle activity is opposite the direction of joint rotation (e.g. initial 

pectoralis major activity for a movement in which the shoulder actually 

extends) were observed only in very limited regions of the A8s ,A8E plane, 

where the change in 8s is relatively small. At the elbow, however, the 

trials demonstrating a discrepancy between the sign of initial muscle 

activity and the actual joint rotation occupied a much larger region of 

the A8s , A8E plane. For each joint, the magnitude of the initial EMG 

activity appears to vary with the relative proximity to the transition 

between flexor- and extensor-initiated movements. For example, the 

shoulder muscles tend to show relatively low initial EMG activity, as well 

as occasional. indeterminate trials, near the transitions between shoulder 

flexor- and shoulder extensor-initiated trials, while larger shoulder EMG 

bursts are found midway between those regions. 

Fig. 3.3 illustrates the robustness of the findings outlined above, 

demonstrating that the relationship between initial muscle activity and 

joint angle changes is similar across subjects, as well as over a wide 

range of initial positions and final positions. Data in Fig. 3.3 are for 

2 subjects (81 trials for subject SS and 99 trials for subject S6), and 

are presented as in Fig. 3.2, except that the muscles acting at each joint 

are depicted on a single plot, rather than showing each muscle on a 

separate plot. The 180 movements represented in Fig. 3.3 encompassed much 

of the reachable work space, as indicated by the range of initial joint 

positions (-7 to 82 degrees for 8~nit., and 22 to 121 degrees for 8~nit.). 
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Linear distance of hand movement ranged from 11 to 74 cm, with a mean (± 

s.d.) of 36.1 (± 15.4) cm, while peak tangential hand velocity spanned a 

similarly large range, varying from 0.4 to 4.3 mis, with a mean (± s.d.) 

of 1.65 (± 0.82) m/s. (In general, peak hand velocity varied linearly 

with distance for these self-paced movements, with a correlation 

coefficient of r~0.8l for all 470 trials.) Despite these variations, as 

well as the systematic variations in spatial direction of the movements 

(¢), the previously demonstrated partitioning 

extensor-initiated movements for each joint was 

of flexor

preserved. 

and 

This 

partitioning was consistent for all subjects tested, with only minor 

variations in the flexor/extensor boundaries across subjects. 

Thus, the sign of initial muscle activity at the shoulder and elbow 

was, for all subjects, related to the location of the trial in the ~eS,~eE 

plane. The boundaries which partitioned the flexor- and extensor-initiated 

trials differed for the two joints, but, for each joint, were similar 

across different subjects, and not markedly altered by movement distance, 

peak velocity or location within the work space. 

PARTITIONING OF FLEXOR- AND EXTENSOR-INITIATED MOVEMENTS 

IN THE W. 8~nit.. PLANE 

Although we have initially focused on the combination of positional 

variables, ~es. A8E• that particular combination is not unique in its 

ability to consistently predict the sign of initial muscle activity at the 

two joints. Another combination of positional variables which might 

predict the initial muscle activity at the shoulder and elbow was 
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suggested by the fact that both the PIF {tlpoint-the-initial-force tl } and 

PIA (llpoint- the-initial-acceleration") rules for movement initiation may 

be formulated in terms of one initial joint angle (ainu.) and the direction 

of the final position relative to the forearm (~). 

Figs. 3.4A and B illustrate, for the shoulder and elbow, 

respectively, that a partitioning of flexor- and extensor-initiated 

movements occurs in the ~,ainit. plane. The robust nature of this finding 

is emphasized by the minimal overlap of open (flexor-initiated) and filled 

(extensor-initiated) symbols, despite the inclusion of movements performed 

by eight di.fferent subj ects, encompassing vastly different initial and 

final positions, distances, and velocities (see Table 4.1, page 159, for 

the range of movements studied). 

Thus, Figs. 3.3 and 3.4 illustrate that there are at least two 

combinations of positional variables which can predict the sign of initial 

shoulder and elbow muscle activity for two-joint movements performed 

throughout the reachable work space in the horizontal plane. The broad 

range of movements over which those relationships hold cannot be 

overemphasized. The following example illustrates the significance of 

maximizing the variety of movements examined when testing for rules which 

might govern eNS control of multijoint movements. 

In considering which movement variables might be important in 

choosing which muscles to activate for movement initiation, movement 

direction appeared promising, based on the directional coding of cortical 

neuronal populations (Georgopoulos et al., 1983) and the direction-related 
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EMG findings reported by Wadman et al. (1980). Wadman and colleagues 

studied two-joint movements initiated from a single initial position, but 

varying with respect to target distance and direction, and reported that 

the muscles responsible for initiating movement at each joint depended not 

on the distance of movement, but only on the absolute movement direction 

(defined in relation to the subject's trunk). Although we found this to 

be true for movements from a single initial position (as indicated by 

Figs. 2.2 and 2.3, Chapter 2), that finding did not generalize to 

movements initiated from varying regions of the work space. 

This is clearly demonstrated by comparing the partitioning of filled 

and unfilled symbols (indicating shoulder extensor-initiated and flexor

initiated movements, respectively) in Fig. 3.4A with that in Fig. 3.SA. 

The same movements are depicted in both figures, but in Fig. 3.SA, the 

y-axis corresponds to ¢ (absolute direction of movement) as opposed to ~ 

(direction relative to the forearm) in Fig. 3.4A. Defining movement 

direction relative to the initial forearm orientation clearly provides a 

more distinct division between flexor- and extensor-initiated movements. 

The analogous comparison of ¢ and ~ with respect to predicting initial 

elbow muscle activity is illustrated in Figs. 3.4B and 3.SB. Thus, Fig. 

3.4 illustrates the significance of: (1) defining movement direction in 

terms of ~ (1. e. relative to the initial orientation of the distal 

segment), and (2) studying movements throughout the work space in our 

search for initiation rules. 
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Both the PIF and PIA rules for movement initiation may be expressed 

such that, given the values of ~ and e~nlt., each rule predicts the sign of 

the shoulder and elbow muscle torques required for initiating the 

movement. Specific predictions of the two rules were tested by plotting 

the sign and magnitude of the observed initial muscle activity at each 

joint on the ~,e~nlt. plane, and comparing the actual partitioning of 

flexor- and extensor-initiated movements to that predicted by each rule. 

TESTING THE PREDICTIONS OF THE "POINT-THE-INITIAL-FORCE" (PIF) 

RULE FOR MOVEMENT INITIATION 

As defined here, the PIF rule predicts that the initial muscle 

torques at each joint required for moving the hand to a target would be 

the same as those required if the hand were to exert an isometric force 

in the direction of the final position. Fig. 3.6 graphically illustrates 

those predictions, which are based on equations (B8), Appendix B. In 

Fig. 3.6A, the predictions of the PIF rule relative to the sign of initial 

shoulder muscle activity have been illustrated for one subject (S7). The 

stippled regions of the ~,e~nlt. plane indicate that movements 

characterized by those combinations of ~ and e~nit. would require an 

initial extensor muscle torque at the shoulder, according to the PIF rule. 

Similarly, the non-stippled regions indicate predictions of an initial 

shoulder flexor torque requirement, while the boundary lines (zero torque 

lines) correspond to the locus of points in the plane for which the PIF 
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rule would predict that no muscle torque at the shoulder would be required 

for directing the initial force at the tip toward the final position. 

Fig. 3.6B illustrates the analogous predictions for initial elbow muscle 

torque requirements. 

Superimposed on the PIF predictions, the symbols in Fig. 3.6 indicate 

the observed initial muscle activity (at the shoulder in Fig. 3.6A and at 

the elbow in Fig. 3.6B) for subject S7. As before, the sign of initial 

muscle activity is indicated by the shading of the symbols (filled for 

extensor; open for flexor), symbol size corresponds to the relative 

magnitude of the first 100 ms of EMG activity, and an "X" indicates 

indeterminate initial EMG activity. By superimposing the actual data on 

the predictions of the PIF rule in this manner, any qualitative (i.e. 

"sign") discrepancies between observed and predicted initial muscle 

activity are readily apparent. If the qualitative predictions match the 

data perfectly, all filled symbols would fall in the stippled regions and 

all open symbols in the non-stippled regions of the ~,e~nit. plane. 

In Fig. 3.6A, although the data for initial shoulder muscle activity 

demonstrate a distinct partitioning based mainly on ~, agreement with the 

predictions of the PIF rule is rather poor, with the observed divisions 

between f1exor- and extensor-initiated movements displaced with respect 

to the predicted divisions by some 40-50 degrees along the ~ axis. At the 

elbow (Fig. 3.6B), the data were in better agreement with the prediction 

based on the PIF rule, with only two discrepant observations. In general, 

the larger number of trials for which the sign of initial muscle activity 
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at the elbow was indeterminate made evaluation of the predictions with 

respect to that joint less conclusive. 

In Fig. 3.6, the data are restricted to two vertical columns in the 

tP,e~nit. plane, since they are from a single experiment which employed only 

three initial positions, two of which involved similar initial elbow 

angles. (For comparison, the movements depicted in Fig. 3.6 are the same 

as those plotted on ~es, ~eE axes in Fig. 3.2). In order to demonstrate 

the generality of these findings throughout the work space and across 

subjects, data from two other subjects (S5 and S6; 190 trials) are shown 

in Fig. 3.7, utilizing the same conventions as in previous figures. The 

boundaries calculated according to the PIF rule are indicated by the solid 

lines. For the shoulder, the PIF boundaries vary slightly between 

subjects, since the predictions take into account the lengths (but not the 

inertial characteristics) of the two limb segments, but the predicted 

boundaries for these two subjects are so similar that the boundaries in 

Fig. 3.7A appear as single lines. For the elbow, the PIF rule always 

predicts boundaries at 0 and 180 degrees. 

Fig. 3.7A further supports the finding that, for all subjects, the 

observed partitioning between shoulder flexor- and extensor-initiated 

movements differed substantially from that predicted for the shoulder by 

the PIF rule. With respect to the elbow (Fig. 3.7B), there are fewer 

discrepancies between observed initial muscle activity and the PIF rule 

predictions, but this may simply reflect the greater frequency of trials 
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in which the sign of initial EMG activity was more likely to be 

indeterminate. The data in Fig. 3.7 are typical of all eight subjects. 

TESTING THE PREDICTIONS OF THE "POINT-THE-INITIAL ACCELERATION" (PIA) RULE 

For each joint, the PIA rule also predicts regions of the tP,8~nit. 

plane, different from those predicted by the PIF rule, for which initial 

muscle torque should be of the flexor (or extensor) sign (see Appendix A 

for details). This allows for comparison of the predicted and observed 

initial muscle activity in the same manner as for the PIF rule. Fig. 3.8 

is analogous to Fig. 3.6 in that it graphically illustrates the PIA rule's 

predictions of the sign of initial muscle activity at the shoulder (Fig. 

3.8A) and elbow (Fig. 3.8B). Stippling indicates the region where the PIA 

rule predicts initial extensor muscle activity at that joint. For 

comparison of the relative fit of the PIA rule predictions with those of 

the PIF rule, the same data (59 trials; subject S7) shown in Fig. 3.6 are 

again superimposed on the tP, 8~nit. plane. Fig. 3.8A reveals that the 

observed sign of initial muscle activity at the shoulder is in relatively 

good agreement with the PIA rule prediction where tP < 180 degrees, but 

there is some disparity between the observed transition near tP = 270 

degrees and that predicted by the PIA rule. 

Fig. 3.9 represents a more general test of the PIA rule, examining 

the predictive power of the rule for a greater diversity of movements as 

well as across subjects. For comparison with the predictions of the PIF 

rule, this figure is analogous to Fig. 3.7 (data from the same two 

subjects), except that the zero-torque lines are now those predicted by 
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The predicted zero-torque lines for this 

subjects for both joints, since the 

expressions for required joint torque at both the shoulder and elbow 

include segment lengths and inertial characteristics. 

In Fig. 3.9A, the central region, between the two sets of zero-torque 

lines, is the region in which the PIA rule predicts initial extensor 

muscle torque at the shoulder. Filled symbols in that area are, 

therefore, in agreement with the PIA rule. Similarly, the uppermost and 

lowermos t regions of Fig. 3. 9A are those corresponding to predic ted 

initial flexor muscle torque at the shoulder. The data shown in Fig. 3.9A 

are typical in that the region of the 1/I,a~nit. plane in which initial 

shoulder extensor activity was observed is smaller than the region 

predicted by the PIA rule, with the discrepancy being most noticeable at 

the upper transition (1/1 > 180 deg) between shoulder flexor- and extensor

initiated trials. 

Fig. 3.9B depicts, for the same movements as in Fig. 3.9A, the data 

and PIA predictions with respect to initial elbow muscle activity. Once 

again, the relatively poor definition of the division between flexor- and 

extensor-initiated trials at the elbow precludes detailed evaluation of 

the PIA rule predictions with respect to that joint. In Fig. 3.9B, the 

primary region of predicted initial extensor activity is the large region 

in the lower half of the plot, whereas the large upper region corresponds 

to a prediction of initial flexor muscle torque at the elbow. The small 

region in the upper left corner of the plot is actually continuous with 
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the flexor region and the small region in the lower right corner is 

continuous with the extensor region. The apparent discontinuities of the 

zero torque lines and the regions of predicted initial activity are due 

to plotting what is actually a cylindrical surface (~O is equivalent to 

~360) in two dimensions. For all predictions based on 1/I,9~nit., there are 

two continuous zero-torque lines and 2 continuous regions of predicted 

initial muscle torque (one flexor and one extensor) on this cylindrical 

surface. 

Effects of inertial loading on observed initial EMG activity 

As noted above, the PIA rule assumes knowledge of the mass and 

inertial characteristics of the limb segments and takes those values into 

account for determination of the appropriate joint torques. It follows 

that the addition of inertial loads to the limb will alter the predicted 

partitioning between flexor-initiated and extensor-initiated movements in 

a predictable manner. A series of experiments was carried out to 

determine whether systematic changes in the sign of initial muscle 

activity were observed, and if so, whether such changes were in agreement 

with the predictions of the PIA rule. Of course, no changes would be 

predicted by rules which do not include inertial parameters, such as the 

PIF rule. 

The effect of added inertial loads was investigated by having four 

subjects perform series of movements both with and without the addition 

of a 1.8 kg mass attached to the movement apparatus at the hand. The 

subjects were aware of the added load and were allowed to practice loaded 
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movements prior to data collection. This additional mass resulted in an 

approximate doubling of both the distal segment mass and the moment of 

inertia about the center of mass, and also moved the center of mass 

distally. As a result, the PIA rule predictions (i.e. the placement of 

the zero-torque lines in the 1/I,e~nit. plane) were altered. Typically, the 

added mass caused the shoulder zero-torque lines predicted by the PIA rule 

to be shifted such that the 1/1 values (for e~nit. ranging from 20 to 120 

degrees) were greater by a mean of about 24 degrees. The corresponding 

change for the zero torque prediction at the elbow was less, with a mean 

increase in 1/1 values of about 12 degrees for e~nit. ranging from 20 to 90 

degrees, and a slight decrease in 1/1 for e~nit. values of 90 to 120 degrees. 

Contrary to the predictions of the PIA rule, the added inertial loads 

did not appear to alter the sign of initial muscle activity in relation 

to 1/1 and 8~nit. In Fig. 3.10, data from four subjects (total of 261 

movements, 94 with added loads) illustrate the lack of effect of an added 

inertial load on the observed partitioning of shoulder f1exor- and 

extensor-initiated movements. Movements performed with and without added 

loads are symbolized by squares and diamonds, respectively, while the 

convention of filled symbols indicating initial extensor muscle activity 

(at the shoulder in this case) is retained. Note that the two symbol 

shapes, indicating loaded versus unloaded trials, share the same boundary 

with respect to the observed initial muscle activity (indicated by filled 

symbols for extensor-initiated and open symbols for flexor-initiated 

movements). 
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This suggests, at least for the load employed in this experiment, 

that the sign of the initial activity is not predictably altered by 

inertial loading, although other features (e.g. the magnitude of initial 

EMG activity) may be affected. If, as suggested by the data of Fig. 

3.10A, the initiation rule followed by the CNS is not sensitive to 

inertial loading, then one might expect to see predictable changes in 

movement kinematics, although earlier reports (Lacquaniti et al., 1982; 

Atkeson and Hollerbach, 1985) have not provided evidence of such changes. 

Though a systematic analysis of kinematic changes related to loading was 

not an aim of this study, there is anecdotal evidence that loading, 

instead of directly affecting the rules for choosing the muscles to 

activate for initiation, may have resulted in alteration of the initial 

traj ectory, with corrections occurring later in the movement. 

3.10B and C illustrate this point. 

Figs. 

In Fig. 3.10A, the two symbols marked by arrows and labeled Band C 

correspond to the movements depicted in Figs. 3.10B and C, respectively. 

Both movements were performed by the same subject (Sl) and had nearly 

identical initial and final positions of both limb segments, as indicated 

by the solid and dotted stick figures, respectively. The movement 

depicted in Fig. 3.10B was performed without an added load, while that in 

Fig. 3.10C was performed with the 1. 8 kg mass attached to the hand. 

Although the sign of initial muscle activity at both joints was the same 

for the two movements, there is a marked difference (which is rapidly 

corrected as the movement progresses) in the initial path of the two 

movements. 
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DISCUSSION 

Researchers attempting to understand the manner in which the CNS 

controls limb movements are increasingly turning their attention to the 

study of multijoint movements. This trend is due, at least in part, to 

a growing realization that multijoint movements pose significant control 

problems that are not inherent in movements involving only one degree of 

freedom. The movement that we have studied is a relatively simple one, 

involving only two degrees of freedom, with both segments moving in a 

single plane. Still, this type of task is characterized by two prominent 

features of multijoint tasks that are not present in single joint tasks 

such as elbow flexion/extension movements. First, for a given initial and 

final limb position, the hand path is no longer uniquely specified. 

Second, significant torques are generated due to intersegmental 

interactions (Hollerbach and Flash, 1982; Zajac and Gordon, 1989). Thus, 

a control strategy for the task that we have studied must be capable of 

dealing with these problems, in addition to those presented by sing1e

joint movement tasks. 

Testing the PIF and PIA rules relied on interpretation of the 

shoulder and elbow EMG activity associated with movement initiation. In 

recent years, there have been a number of reports describing kinematic 

features of point-to-point, mu1tijoint arm movements (Atkeson and 

Hollerbach, 1985; Fleischer and Becker, 1986; Kaminski and Gentile, 1986; 

Morasso, 1981), hut in most cases, there are no corresponding EMG data. 
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Of the few papers that include EMG data from mUltiple muscles at each 

joint (Accornero, 1984; Berardelli et al., 1986; Wadman et al., 1980), 

only Wadman et al. (1980) provide any detailed description of the motor 

output and its relation to the ensuing movement kinematics. In fact, the 

proposed strategies that were the basis for formulation of the PIF and 

PIA rules are essentially supported exclusively by kinematic data and 

simulation studies. Since those strategies imply testable predictions 

regarding CNS output, EMG studies are a logical next step. 

Interpretation of EMG data associated with multijoint movements can, 

however, be difficult. The experimental paradigm that we have employed 

facilitates the interpretation of EMG recordings by (1) restricting 

movements to the horizontal plane, (2) fully supporting the upper 

extremity while still allowing virtually friction-free motion, and (3) 

utilizing a qualitative test, the results of which depended only on the 

sign, rather than the magnitude, of initial muscle activity at each joint. 

These factors allowed us to test the proposed rules over a wide range of 

movements, and to base the tests on observations of EMG activity, which 

provide a more direct indication of CNS motor strategy than do the 

resulting kinematics. 

The major aim of this study was to test two possible rules by which 

the eNS might choose an appropriate combination of flexor and extensor 

muscles at the shoulder and elbow muscles for initiating a planar, two-

joint arm movement. The specific rules tested deal only with the 

initiation of movement, but both rules are based on general strategies for 
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the control of mu1tijoint limb movement that have been promulgated in the 

motor control literature. The proposed strategies underlying those rules 

differ fundamentally, and, though the two rules are similarly formulated 

(1. e. both predict initial j oint torques based on ..p and 9~nit..), they yield 

measurably different predictions for the type of movements that we have 

studied. As demonstrated in Figs. 3.6 through 3.9, neither rule 

correctly predicted the actual boundaries (in the plane defined by ..p and 

9~nit.) which separated the movements initiated with pectoralis major 

(shoulder flexor) activity from those initiated by posterior deltoid 

(shoulder extensor) activity. 

The sign of initial shoulder muscle activity predicted by the PIF 

rule differed markedly from the observed activity in distinct regions near 

both of the shoulder "transitions" (Le. regions of the ..p and 9~nit. plane 

where slight changes in movement direction (..p) can result in a change of 

sign of initial muscle activity at the specified joint). Thus the data 

do not support versions of the equilibrium point hypothesis in which the 

muscle activations are chosen such that the hand is attracted toward 

either the final position (Bizzi et a1., 1976; Po1it and Bizzi, 1979), or 

toward a series of "virtual positions" (Hogan, 1984; Bizzi et al., 1984) 

located anywhere along a line extending from the initial hand position to 

(and beyond) the final position. (Of course, any observation could be 

explained if there were no constraints at all on the location of the 

virtual position, but that simply re-introduces the complications of 

trajectory planning which the equilibrium point hypothesis was meant to 
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Likewise, the recent suggestion (Berkinb1it, 1986) that each 

joint has its own equilibrium position (which varies as the vector product 

of the "target vector" of the limb and the "working vector" of the joint) 

is also contradicted, since it yields the same predictions of initial 

muscle activity as the PIF rule. 

It has been suggested that, in addition to forces related to the 

difference between the equilibrium position and the actual hand position, 

forces stemming from anisotropic hand-stiffness fields may play an 

important role. Flash (1987) simulated arm movements driven by 

hypothetical "virtual trajectories", but also influenced by the effects 

of end-point stiffness, estimates of which were obtained by arbitrarily 

scaling experimentally derived values of static end-point stiffness 

(Mussa-Iva1di et al., 1985). She argued that the inclusion of these 

elastic and viscous forces helped to reproduce certain kinematic features 

(e.g. characteristics of the hand path) of the actual movements from 

which the hypothetical "virtual trajectories" had been derived. Could the 

discrepancies between the observed initial shoulder EMG activity and the 

PIF predictions be explained by anisotropic stiffness at the distal end

point of the limb (Mussa-Ivaldi, 1985; Hogan, 1985; Flash, 1987)? We are 

doubtful. It is not clear how the elastic and viscous forces present at 

the initiation of the movements we have studied (in which the subject's 

arm is completely relaxed prior to movement) are related to those stemming 

from the stiffness fields characterized by Mussa-Iva1di et al. (1985), or 

whether such effects would produce the observed discrepancies. Pending 
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experimental clarification of those points, it is unclear whether 

anisotropic hand·· stiffness fields could account for the large 

discrepancies between our data and the predictions of the PIF rule. 

The data also contradicted the predictions of the PIA rule regarding 

the sign of initial shoulder EMG activity (see Figs. 3 . BA and 3. 9A) , 

though to a lesser degree than the predictions of the PIF rule. The PIA-

predicted shoulder transition near ~ ~ 110 degrees was generally quite 

accurate, though discrepancies were more frequent for movements initiated 

from configurations in which the elbow was relatively extended (i.e. einit . 
E 

< 40 degrees). At the other shoulder transition region (near ~ 260 

deg) , however, the observed partition between shoulder flexor- and 

extensor-initiated movements consistently differed from the PIA-predicted 

boundary by 20 to 30 degrees along the y-axis (see Figs. 3.BA and 3.9A). 

The PIA rule was also contradicted by the results of the loading 

experiments. As Fig. 3.10 illustrates, the observed boundaries between 

shoulder flexor- and extensor-initiated movements were not noticeably 

altered by the addition of a 1.B kg mass at the hand, even though the PIA 

rule predicted, depending on the particular subject and the initial elbow 

angle, a shift of the boundary toward higher ~ values, with a mean 

predicted shift of nearly 25 degrees for the loaded trials in Fig. 3.10. 

Thus, the loading experiments that were carried out on four subjects did 

not result in the altered initial muscle activity predicted by the PIA 

rule, and actually resulted in an increased region of the ~,e~nit. plane 

(where ~ > IBO deg) in which the predictions of the PIA rule were 
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contradicted. The PIF rule, based only on statics, did not predict a 

change in initial muscle activation choices in response to inertial 

loading. 

Overall, the tests indicated that when a wide range of movements 

were examined, neither rule could fully account for the observed sign of 

initial muscle activity about the shoulder. The data regarding initial 

muscle activity about the elbow was less conclusive, because determining 

the sign of initial elbow EMG activity was frequently impossible for 

movement directions near the elbow transition regions (at approximately 

~ = 0 and 180 [± 20] deg). As a result, the boundaries separating elbow 

flexor- and extensor-initiated movements was rather indistinct, and 

neither rule was contradicted to any great degree. However, it is of 

interest to note that the regions where the PIF and PIA rules contradict 

each other are actually larger for the predictions regarding initial elbow 

muscle activity than for those concerning the shoulder. This suggests 

that, despite the greater percentage of trials in which the sign of 

initial muscle activity could not be determined at the elbow, a series of 

experiments specifically aimed at exploring that region of the ~,8~nit. 

plane in detail might provide data that could distinguish the relative 

predictive power of the two rules with respect to the initial elbow muscle 

activity. 

Although neither of the rules tested could fully account for our 

data, several other important findings emerged from this study. First, 

these data demonstrate that it is possible to empirically derive simple 
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rules that can account for the manner in which the eNS chooses the muscles 

to be activated first at the shoulder and elbow during the performance of 

horizontal plane movements. Furthermore, such rules need not apply only 

to a very limited subset of movements (e.g. only those movements 

involving flexion at one joint and exte.nsion at the other; or those having 

the same initial or final position). Rather, such simple rules can be 

applicable to a wide variety of movements, providing consistent 

predictions of initial muscle activity at each joint across subjects, 

throughout the work space, and over several- fold ranges of movement 

distance and peak velocity. 

We have presented two combinations of positional variables (~es, ~eE' 

and.,p, e~nit.) on which empirically derived initiation rules could be based, 

since characterizing movements in terms of either combination results, at 

either joint, in a relatively distinct separation of flexor- and extensor

initiated movements. Granted, demonstrating that a particular combination 

of movement variables can be used to predict the sign of initial muscle 

activations does not establish that the eNS actually uses those variables 

in choosing the appropriate muscle groups for initiation of multijoint 

movements. Still, the prospect of a given variable playing a prominent 

role in movement planning and execution is enhanced by correlations with 

motor output variables, particularly if those correlations persist over 

a variety of movement conditions. 

Though initiation rules could be based on either combination of 

posi tional variables (~es, ~eE' or .,p, e~nit.) presented, other observations 
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seem to suggest that the latter pair (particularly ~) is more likely to 

actually be relevant to the CNS. Actually, the partitioning of f1exor

and extensor-initiated movements on the ~,e~nit. plane depends mainly on 

~, as evidenced by the fact that the observed boundaries (e.g. in Figs. 

3.5A and 3.5B) are essentially horizontal. Thus, ~ alone is a relatively 

good predictor of initial muscle activity. 

The fact that ~ is a directional variable is intriguing, since there 

is ample evidence that the direction of movement is encoded in the 

activity of neuronal populations in the motor cortex (Georgopoulos et a1. , 

1982; 1983; see Georgopoulos 1988 for a recent review), as well as more 

recent evidence (Fortier et a1., 1989) of direction-related activity in 

popUlations of cerebellar neurons. 

Another important feature of ~ relates to its definition as the 

direction, relative to the initial orientation of the forearm, of a line 

from initial to final tip position. The relevance of forearm orientation 

is supported by results of psychophysical experiments (Soechting, 1982; 

Soechting and Ross, 1984) suggesting that the CNS is more cognizant of the 

spatial orientation of the forearm than of individual joint angles at the 

shoulder and elbow. Finally, a recent study by Worringham and Beringer 

(1989) suggests a fundamental relationship between direction in visual 

field coordinates and movement direction relative to the forearm. By 

testing subjects in postures which altered the relative positions of the 

head, trunk, and arm, Worringham assessed three different forms of 

compatibility between the direction of target movement on a video display, 
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and the direction of joystick (hand) movement require~ to capture the 

target with a cursor. Thus, if the target moved to the right in the 

visual field, the task could require the hand to actually move in the same 

spatial direction as the target, or move to the right relative to trunk, 

or move to the right relative to the forearm. Regardless of the 

configuration of the head, trunk and arm, subjects were able to plan and 

execute accurate movements much more rapidly when the direction of 

movement in the visual field was compatible with the direction of hand 

movement relative to the forearm. These results lend further support to 

the possibility that ~ plays an important role in movement planning and 

initiation. 

Our demonstration that ~ is superior to ~ (the absolute direction 

in space, defined with respect to the subj ects trunk) in predicting 

initial muscle activity may appear difficult to reconcile with the 

demonstrations by Georgopoulos and associates (Georgopoulos et al., 1984; 

Kettner et al., 1988) that neuronal population vectors were correlated 

with absolute movement direction. We believe, however, that our results 

are compatible with those findings, and that any apparent discrepancy is 

due to the fact that we studied movements over a larger portion of the 

reachable work space. When defining the direction of movements from a 

single initial position, ~ and ~ differ only by a constant, and, if 

compared for a number of nearby starting positions, they tend to covary. 

But, when initial positions throughout the work space are used, the 

correlation between the two directional variables decreases, and ~ is 
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clearly better related to the sign of initial muscle activity at each 

joint. 

The conclusion that neuronal activity in motor cortex relates 

strictly to the absolute spatial direction might be drawn from studies in 

which two-dimensional (Georgopoulos et al., 1984) or three-dimensional 

(Kettner et al., 1988) movements were performed from different initial 

positions. However, Georgopoulos et a1. (1984) point out that, even 

though the neural activity was similar for parallel movements (e.g. 

movements from 6 o'clock to center and from center to 12 o'clock for the 

two-dimensional task), "qualitative observations from the present study 

suggest that this may not be so for movements made far apart in space." 

So, it appears that the movements in those studies were performed within 

a relatively small region of the reachable work space, where 1/J and t/J 

covary to a considerable degree. Whether or not 1/J would better correlate 

with neuronal population coding over a wider range of movements remains 

to be seen. 

In conclusion, although our data do not support the specific 

initiation rules that we tested, they suggest that the choice of muscles 

to be activated for initiating mu1tijoint arm movements could be 

accomplished through the use of relatively simple rules, which are based 

on positional variables and do not specifically account for dynamic 

effects. Furthermore, our data, as well as other neurophysiological and 

psychophysical findings, imply that the direction of hand movement 

relative to the orientation of the forearm is an important variable for 

the planning and execution of multijoint arm movements. 
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TABLE 3.1 

TYPICAL ESTIMATES OF SEGMENT MASS AND INERTIAL CHARACTERISTICS 

Subject: S8 Age: 28 Height: 1.83 m Weight: 73.6 kg 

Segment Source Mass Center Moment 0 

description of of mass Inertia 
estimate (kg) (cm) (kg ·m2 ) 

Distal segment alone Z 1.64 22.2 0.027 
(hand and forearm) C 1. 74 0.028 
[length: .€2 = 47 cm] H 0.028 

Distal segment with Z 2.29 22.2 0.035 
movement apparatus C 2.39 0.038 

H 0.036 

Distal segment, apparatus Z 4.09 28.7 0.057 
and 1. 8 kg load at the hand C 4.19 0.061 

H 0.058 

Proximal segment alone Z 1. 97 11.8 0.013 
(upper arm) C 1. 99 0.014 
[length: .€l = 36 cm] H 0.015 

Proximal segment with Z 2.29 11.8 0.014 
movement apparatus C 2.31 0.015 

H 0.016 

Estimates of segment mass and inertial characteristics for one male 
subject. The estimate for center of mass for each segment is expressed as 
the distance (cm) from the proximal end of the segment, and the moment of 
inertia estimate refers to the moment about the transverse axis passing 
through the segment's center of mass. Source of regression equations: 
Z = Zatsiorsky and Se1uyanov (1983); C = Chandler et a1., 1975; and 
H = Hinrichs (1985). Only Zatsiorsky and Se1uyanov provided regression 
equations for all necessary estimates, as indicated by missing values 
("--") for other sources. 
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Fig. 3.1 Raw data record depicting the method used for quantifying the 
magnitude of initial EMG activity. For each of the initially active 
muscles (posterior deltoid, biceps brachii and brachioradialis), the 
vertical dashed line indicates the onset of activity as determined by the 
automated method described in the text. The shaded region represents the 
integral of the filtered and rectified signal (corrected for baseline 
activity) over the first 100 ms of activity. This value, normalized with 
respect to the maximum for each muscle, was used as an indicator of the 
relative magnitude of initial muscle activity across trials. Baseline, 
resting EMG levels for each muscle were calculated as the mean value of 
the filtered and rectified signal over the first 50 ms of the record. 
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Figs. 3.2A and B Relationship of shoulder (Aes) and elbow (AeE) ~oint 
excursions to initial pectoralis (in A) and posterior deltoid (in B) EMG 
activity for movements in various directions. See legend on page 92. 
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Fig. 3.2C and D Relationship of initial biceps (C) and brachiora4ialis 
(D) EMG activity to joint excursions at the shoulder (fl8s) and elbow-' (fl8E) 

for movements in various directions. See figure legend on page 92. 
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Fig. 3.2A-E. Relationship of initial EMG activity (triceps brachii 
depicted in E) to joint excursions at the shoulder (69s) and elbow (69E) 
for movements in various directions. Data are from 59 trials performed 
by one subject (S7), starting from one of three different initial 
positions. A Each open circle represents one moveme'nt for which the 
flexor (clavicular portion of the pectoralis major) was the first 
shoulder muscle to be activated. The size of the circles indicates the 
relative magnitude of the initial 100 ms of activity. B As in A, with 
filled circles now representing movements in which the shoulder extensor 
(posterior deltoid) was the first active shoulder muscle. C-E Circles 
represent trials in which the sign of initial muscle activity observed at 
the elbow was either flexor (open symbols in C and D for biceps brachii 
and brachioradialis, respectively), or extensor (filled symbols in? for 
triceps brachii). An "xn indicates that the sign of the initial muscle 
activity at tqe.elbow could not be reliably determined for that trial. 
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Fig. 3.3A Partitioning of flexor- and extensor-initiated movements in 
the aes • aeE plane. Data from two subjects (180 trials) demonstrating for 
both joints the partitioning in the aes • aeE plane between flexor- and 
extensor-initiated movements. Open circles indicate trials with initial 
flexor activity. and filled circles those with initial extensor activity 
at the shoulder. As in Fig. 3.2. symbol size indicates re4ative 
magnitude of initial EMG activity. and an "X" indicates trials for which 
the sign of inidal muscle activity at that joint could not be determined. 
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Fig. 3.3B Partitioning of flexor- and extensor-initiated movements in 
the ASs, A9z plane. Data from two subjects (180 trials) demonstrating for 
both joints the partitioning in the ASs. A9z plane between flexor- and 
extensor-initiated movements. Split circles indicate trials in which 
a flexor was the first active elbow muscle. with the relative magnitude 
of initial biceps EMG activity indicated by the size of the upper half 
of the circle. and that of the brachioradialis by the lower half. Filled 
circles indicate initial extensor (triceps) activity at the elbow, and 
indeterminate trials are indicated by an "X" . Note the relatively 
distinct partitioning. which differs . for the two joints, but is 
maintained across subjects, for movements of different distances. anP for 
different initial limb configurations (see text for details of mov~ment 
characteristics),. 
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Fig. 3. 4A Partitioning of shoulder flexor- and extensor- initiated 
movements in the l/I,e~nit. plane. A Each symbol represents the sign of 
initial shoulder EMG activity for a single movement (total of 390 movement 
trials performed by eight subjects). Filled symbols indicate initial 
extensor activity, open gymbols correspond an initial flexor EMG sign. 
This distinct partitioning persists across subjects, movement dire~tion, 
distance, and location within the workspace. (For a description ot the 
range of movement variables studied, see Table 4.1, page 159.) 
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Fig. 3.4B Partitioning of elbow f1exor- and extensor-initiated movements 
in the 1/I,e~nit. plane. B Each symbol represents the sign of initial elbow 
EMG activity for the same 390 movement trials shown in Fig. 3.4A. Filled 
symbols indicate initial extensor activity, open symbols correspond an 
initial flexor EMG sign. For a description of the range of movement 
variables studied, see Table 4.1, page 159. 
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Fig. 3.5A Partitioning of shoulder flexor- and extensor-initiated 
movements is not seen in the q, ,e~Dlt. plane. A illustrates the sarne 
movements depicted in Fig. 3.4A, except for the substitution of q, as the 
y-axis variable in place of 1/1. Comparison of Figs. 3.4 and 3.5 
illustrates that the sign of initial shoulder and elbow EMG activity is 
better predicted by expressions relating to 1/1 than to q,. 
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Fig. 3.58 Partitioning of elbow flexor- and extensor-initiated movements 
is not seen in the tP. e~Dit. plane. B illustrates the same movements 
depicted in Fig. 3.4B. except for the substitution of tP as the y-axis 
variable in place of~. Comparison of Figs. 3.4 and 3.5 illustrates that 
the sign of initial shoulder and elbow EMG activity is better predicted 
by expressions relating to ~ than to tP. .. 
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Fig. 3.6A Comparison of observed partitioning between shoulder flexor
and extensor- initiated trials in the ~.eA~t. plane with that predicted 
by the PIF rule .. See figure legend on page 101. 
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Fig. 3.6B Comparison of observed partitioning between elbow f1exor- and 
extensor- initiated trials in the ifJ.e~nlt. plane with that predicted by the 
PIF rule. See figure legend on page 101. 
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Fig. 3.6A and B Comparison of observed partitioning between flexor- and 
extensor-initiated trials in the ",eAnit. plane with that predicted by the 
,PIF rule. Data are for 1 subject (for comparison, the same 59 trials 
depicted in Fig. 3.2), with movements initiated from three different 
initial positions. Stippling indicates those regions of the ",eAnit. plane 
where the PIF rule predicts (for this subject) initial extensor muscle 
activity at the shoulder (in A) or eloow (in B). 

A Sign (flexor for open circles; extensor for filled circles) and 
relative magnitude (indicated by symbol size) of initial muscle activity 
at the shoulder. 

B Sign and magnitude of initial muscle activity at the elbow. Split 
circles indicate initial flexor activity, with the relative magnitude of 
the initial biceps activity indicated by the upper half and that of the 
brachioradialis by the lower. Filled circles indicate initial extensor 
(triceps) activity and indeterminate trials are marked by an "X". Open 
symbols in stippled regions or filled symbols in non-stippled regions 
indicated trials for which the sign of observed initial muscle activity 
was opposite to that predicted by the PIF rule. For the shoulder, there 
were two distinct regions where such discrepancies between observe~ and 
predicted activi.ty were consistently seen in all subjects. 
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Fig. 3.7A Observed versus PIF-predicted initial shoulder muscle ac~ivity 
across subjects, initial positions and movement distances. See tigure 
legend on page ·104 for details. 
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Fig. 3.78 Observed versus PIF-predicted initial elbow muscle activity 
across subjects, initial positions and movement distances. See fi~~~e 
legend on page 104 .. 
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Fig. 3.7A and B Observed versus PIF-predicted initial muscle activity 
across subjects, initial positions and movement distances. Data are for 
the same two subjects as in Fig. 3.3., and include movements spanning 
much of the reachable work space. Conventions as in previous figures, 
with symbols in A (page 102) indicating the sign of initial shoulder 
agonist activity, and those in B (page 103) representing initial elbow 
muscle activity. 

Solid lines indicate the predicted partitioning according to the PIF rule 
(prediction for both subjects are shown, but appear nearly as a single 
line, since limb segment lengths were nearly identical, leading to only 
minimal differences in predicted zero torque lines). Despite the broader 
range of movements, results are in general agreement with those of Fig. 
3.6, with the exception of a less distinct partitioning of the sign of 
initial shoulder muscle activity in the lower left of Fig. 3.7A. (the 
region roughly bounded by 1/J-110 to 135 and e~nit'_25 to 40). In that 
region of the plane, it appeared that for longer movements (greater than 
about 30 em) there was a greater tendency for initial flexor III\lsc1e 
activity at the. shoulder than for shorter movements with similar tP,e~nit. 
values. 
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Fig. 3.8A Comparison of observed partitioning between shoulder flexor
and extensor-initiated trials in the ~,ein1t. plane with that predict~d by 
the PIA rule. For details, see figure legend on page 107. 
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Fig. 3.88 Comparison of observed partit10ning between elbow flexor-_and 
extensor-initiated trials in the ~,e~nit. plane with that predicted by~the 
PIA rule. For details, see figure legend on page 107. 
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Fig. 3.8A and B Comparison of observed partitioning between flexor- and 
extensor-initiated trials in the """ainu. plane with that predicted by the 
PIA rule. Data are for 1 subject (for comparison, the same 59 trials 
depicted in Fig. 3.7), with movements initiated from three different 
positions. Stippling indicates those regions of the """ainu. plane where 
the PIA rule predicts (for this subject) initial extensor muscle activity 
at the shoulder (in A) or elbow (in B). Symbol conventions are identical 
to those in previous figures. 

A (page 105) Symbols indicate the sign (flexor for open circles; extensor 
for filled circles) and relative magnitude (indicated by symbol size) of 
initial muscle activity at the shoulder. Note the group of open symbols 
in the upper portion of the stippled region, indicating observed initial 
shoulder flexor activity which contradicts the predicted initial extensor 
activity. 

I 

B (page 106) Sign and magnitude of initial muscle activity at the elbow. 
Split circles indicate initial flexor activity, with the relative 
magnitude of the initial biceps activity indicated by the upper half and 
that of the brachioradialis by the lower. Filled circles indicate 
initial extensor (triceps) activity and indeterminate trials are marked 
by an "XU. Open symbols in stippled regions or filled symb6Js in 
non-stippled r~gions indicated trials for which the sign of observed 
initial muscle activity was opposite to that predicted by the PIF rule. 
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Fig. 3.9A Observed versus PIA-predicted initial shoulder muscle D.ctivity 
across subjects, initial positions and movement distances. Data are for 
the same. two subjects as in Fig. 3.7A. Solid lines indicate the 
predicted partitioning according to the PIA rule. Near both boundaries, 
flexor-initiated movements (open symbols) are observed where the PIA tule 
predicts initial.extensor actiVity. 
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Fig. 3.08 Observed versus PIA-predicted initial elbow muscle activity 
across subjects, initial positions and movement distances. Data ar~ for 
the same two subj ects as in Fig. 3. 7B. Solid lines indicate\ the 
predicted parti1=ioning according to the PIA rule. Only a few trials 
contradict the PIA rule (e.g. open symbols near ~l20; e~ni~·_20 deg). 
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Fig. 3.10A - C Effect of added inertial loads on the sign of observed 
initial muscle activity at the shoulder. See figure legend on next page. 
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Figs. 3.l0A - C (Previous page) Effect of added inertial loads on the sign 
of observed initial muscle activity at the shoulder. A Open symbols 
represent movements for which flexor muscle activity was initially 
observed at the shoulder, and filled symbols indicate initial shoulder 
extensor activity. Square symbols indicate the presence of the added 
inertial load and diamond symbols indicate no added load. Note the lack 
of effect of the added inertial load with respect to the partitioning of 
the flexor- and extensor-initiated trials. Arrows indicate the movements 
depicted below, one of which (C) was performed with, and the other (B) was 
performed without the addition of a 1.8 kg mass to the hand. 

3.l0B and C For the two trials indicated by the arrows in Fig. 3.l0A, 
the movement path, as well as the initial (solid) and final (dashed) limb 
configurations, are depicted. These two movements, performed by the same 
subject (Sl), have nearly identical values of ~ and 9~nlt., but one (B) was 
performed without an added load, while the other (C) was performed with 
the 1.8 kg mass added to the hand. Note the difference in the initial 
path of the two movements, despite the similarity in the direction of the 
final position (~). 
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CHAPTER 4 

TIMING AND MAGNITUDE OF EMG ACTIVITY 

FOR HULTIJOINT ARM MOVEMENTS IN DIFFERENT DIRECTIONS 

SUMMARY AND CONCLUSIONS 

1. We studied electromyographic (EMG) and kinematic features of se1f

paced human arm movements involving rotations about the shoulder and elbow 

joints. Movements were initiated from various positions, and covered much 

of the reachable work space in the horizontal plane. Emphasis was on 

characterizing robust features of the relative timing and magnitude of the 

initial EMG activity at the two joints, and on correlating them with 

variables related to the initial and final positions. 

2. The pattern of muscle activity at each j oint was typically 

characterized by bursts of alternating flexor and extensor activity, 

comparable to the three-burst pattern associated with single-joint 

movements. As the spatial direction of the target was altered, the 

magnitude of each burst was modulated over a continuous range (i.e. even 

to zero activity). This was the case not only for later bursts, as has 

been shown in some cases of single-joint movements, but for the first 

agonist burst as well. 

3. In the preceding paper, we showed that the choice of agonists (e.g. 

flexors or extensors) at each joint is predictable based on the movement 

direction relative to the distal segment (~). Here, we present 
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quantitative analyses of initial agonist EMG activity at the shoulder and 

elbow which reveal that 

4. However, despite the regularity of initial agonist timing between the 

two joints, the agonist onset difference was poorly correlated with 

apparent differences in the timing of joint rotational onsets. 

5. For most movement directions, initial EMG activity at the shoulder 

preceded that at the elbow by 5 to 40 ms. Negative agonist onset 

differences (i.e. elbow EMG activity preceding shoulder activity) were 

observed only for movement directions near the transitions between 

initial-flexor and initial-extensor activity at the shoulder. In those 

cases, the initial agonist activity at the shoulder was greatly reduced, 

or, in some cases, entirely suppressed, though the antagonist and second 

agonist bursts were present in their usual temporal aligruaent with the 

corresponding bursts at the elbow. Similarly, for movement directions 

near the transition between initial elbow flexor and extensor activity, 

the first agonist EMG burst at the elbow was occasionally reduced or 

absent, resulting in large, positive agonist onset differences. 

6. Thus, the direction of the final position relative to the initial 

orientation of the forearm may be an important variable in determining not 

only which muscles to activate first at each joint, but the relative 

timing and magnitude of that initial activity as well. These findings 

are compatible with a control scheme for initiating limb moments in which 

the eNS employs relatively simple rules to first choose a basic motor 

output pattern, and then modulates the relative timing and magnitude of 
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that initial output in order to launch the hand in approximately the 

direction of the target. 
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INTRODUCTION 

Whereas interest in the study of multijoint limb movements has 

increased dramatically in recent years, much of the literature pertaining 

to control of mu1tijoint arm movements is based solely on the study of the 

kinematic features of movement (Abend et al., 1982; Atkeson and 

Hollerbach, 1985; Fleischer and Becker (1986); Hollerbach and Atkeson, 

1987; Kaminski and Gentile, 1986; Morasso, 1981). Relatively little 

attention has been directed toward the muscle activation patterns 

underlying those kinematic attributes. Moreover, several of the studies 

that have included a significant emphasis on electromyographic (EMG) 

activity have focused mainly on reflex responses to imposed perturbations 

(Soechting, 1988), on the effects of eNS pathology (Berarde11i et a1., 

1986), or on atypical movements (Normand et a1., 1982). Only a few 

studies (Accornero, et a1., 1984; Lacquaniti et a1., 1986; Soechting, 

1986; Wadman et a1., 1980) have presented EMG activity from multiple 

muscle groups as well as kinematic data for volitional mu1tijoint 

movements, and, of those, only Wadman and colleagues performed 

quantitative EMG analyses. 

Further attention to the muscle activity patterns that underlie such 

movements appears warranted. For instance, characteristics of the muscle 

activity can be used to test existing hypotheses concerning control of 

mu1tijoint limb movements, as demonstrated in the preceding paper. 

Moreover, the existence of consistent relationships between muscle 



116 

activation patterns and kinematic or kinetic variables of movement may 

indicate which of those variables are important in planning the 

appropriate motor output (Bouisset and Lestienne, 1974; Soechting 1989), 

thus providing the groundwork for development of new hypotheses. 

In the preceding chapter, we utilized a qualitative measure of 

electromyographic activity to test proposed rules the CNS might use to 

determine which muscle groups to use when initiating two-joint movements 

involving the shoulder and elbow. By determining the first muscle group 

(I.e. "flexor" or "extensor") to be activated at each of the two joints, 

movements were identified by the "sign" of initial shoulder and elbow EMG 

activity. Proposed rules were evaluated on their ability to predict which 

of the four combinations of initial shoulder, elbow EMG signs was actually 

observed for each movement. Thus, the EMG data were used in a qualitative 

manner to test specific hypotheses regarding the initial torque 

requirements at the shoulder and elbow without requiring a quantitative 

transformation between EMG activity and torque. 

As a result of that study, we proposed that a relatively simple rule 

might suffice for determining which muscles at each joint should initiate 

a given movement. Choosing the sign of initial muscle activity at the 

shoulder and elbow is an essential step in formulating the motor output 

for movement initiation; however, the timing and magnitude of that output 

must be appropriate as well. If one assumes that a simple initiation rule 

can determine which muscles to activate first, an analogous simplification 

for specifying initial EMG timing and magnitude seems plausible. In an 
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attempt to discern simple rules that might govern the initiation of 

multijoint arm movements, we have also analyzed the timing and magnitude 

of shoulder and elbow EMG activity associated with movement initiation. 

The primary aims of this study are: (1) To characterize the robust 

features of initial EMG timing and magnitude, both within and across 

joints, for a wide variety of two-joint arm movements, and; (2) to then 

determine which, if any, positional variables (related to the initial and 

final positions) demonstrate consistent correlations with those EMG 

characteristics. Delineating the presence (or lack of) consistent 

relationships between EMG and positional variables is indicative of which 

positional variables are (or are not) important in planning the initial 

muscle activity. 

Previous results with which our EMG data may be compared are quite 

limited. Soechting and colleagues (Soechting and Lacquaniti, 1981; 

Soechting 1986) have published records of two-joint, shoulder-elbow 

movements in the vertical plane (though only for movement directions that 

require shoulder flexion and elbow extension), as well as for three

dimensional movements involving the shoulder, elbow, and wrist (Lacquaniti 

et al., 1986). And, though not directly comparable, useful information 

may also be drawn from EMG data related to other mu1tiarticu1ar movements, 

including, for example, those involving the trunk (Oddsson and 

Thorstensson, 1987), fingers (Cole and Abbs, 1987), or lips (Abbs and 

Gracco, 1983; Gracco and Abbs, 1989). 
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The studies that afford the most direct comparison with the results 

presented here are those of Accornero et al. (1984) and Wadman et al. 

(1980). Both studies focused on movements in the horizontal plane 

involving rotations about the shoulder and elbow, and presented examples 

of both EMG and positional data, but detailed quantitative analyses were 

employed only by Wadman and colleagues. Moreover, Wadman's study was 

limited to movements performed "as fast as possible" from a single 

initial limb position, and it included only eight discrete movement 

directions. In the present study, we have examined self-paced, point-to

point movements that included a much broader range of initial positions, 

distances, and movement directions, such that the end-point paths covered 

much of the reachable work space in the horizontal plane. In examining 

this broader range of movements, we have corroborated the findings of 

Wadman et al. (1980) concerning shoulder and elbow EMG activity for 

movements from a single initial position, but found that some of their 

conclusions did not hold across different initial positions. In addition, 

we have demonstrated similar relationships that appear to be independent 

of initial position. These relationships involve the same positional 

variable which, in the preceding chapter, was shown to predict which pairs 

of shoulder and elbow muscle groups act as agonists for a given movement. 

Thus, the results presented here suggest that not only the sign of the 

initial muscle activity at each joint, but the relative magnitude and 

timing of those initial muscle activations, might be chosen by relatively 

simple rules based on variables related to the initial and final position. 
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METHODS 

The data used in this study are the same as those used in the 

previous one, except that those movements performed with added inertial 

loads are not included in this report. Thus, these results are based on 

a total of 470 movements performed by eight volunteers, whose task was to 

perform a series of point-to-point hand movements that were restricted 

to the horizontal plane, and involved rotations about the shoulder and 

elbow joints. Subjects participating in these experiments were normal, 

healthy adult volunteers, who gave their informed consent. All subjects 

were right-handed and free of known musculoskeletal or neurological 

conditions. 

The data collection, storage and processing procedures were identical 

to those described in the previous study, with the following exceptions: 

(1) The magnitude of initial activity was quantified for both agonist 

and antagonist muscles, assuming, of course, that the onset of activity 

could be reliably identified. This is illustrated in Fig. 4.1, the shaded 

regions represent the integral of the rectified and filtered EMG for the 

first 100 ms of activity in both the agonist (pectoralis and biceps) and 

antagonist (posterior deltoid and triceps brachii) muscles. 

(2) In the previous study, the magnitude of the initial EMG activity 

for a given muscle was, in several of the figures, indicated by the radius 

of the circle representing the movement. Those values were normalized 

with respect to the maximum value obtained for that particular muscle. 
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In this study, data characterizing the initial magnitude of EMG activity 

are not normalized . 

(3) For this study, we have determined the time of rotational onset 

at the shoulder and elbow, as well as the onset time of hand movement. 

The joint rotational onsets were calculated by determining the point in 

time when the angular velocity exceeded a predetermined threshold (joint 

rotational onsets were calculated for several threshold values, including 

5, 15, 25, and 35 deg/s). The angular velocity data were obtained by 

numerical differentiation and low-pass filtering of angular displacement 

data, as described in the previous report. The onset of hand movement was 

determined in a similar manner. After calculating linear displacement of 

the hand, as described in the previous report, those data were numerically 

differentiated and filtered to obtain the tangential velocity. The onset 

of hand movement was taken to be the point where the tangential velocity 

exceeded 0.1 m/s. 
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RESULTS 

We begin by presenting a series of individual movement records which 

illustrate some typical e1ectromyographic features of planar, two-joint 

reaching movements. Specific examples from these records will be used to: 

(1) describe some gross features of the EMG activity; (2) to compare these 

EMG patterns to those typical of single joint movements; and (3) to 

illustrate the temporal coordination of agonist and antagonist muscle 

groups both wi thin and across joints. This survey will lay the groundwork 

for the quantitative analyses of EMG timing and magnitude. 

GROSS FEATURES OF EMG ACTIVITY AT THE SHOULDER AND ELBOW 

In Fig. 4.2, each of the six records (A-F) depicts a single movement 

performed by the same subj ect, initiated from approximately the same 

position, but differing in movement direction, as indicated by the values 

of ~ below each record. The movement direction (~) varied from -21 to 248 

degrees. Unlike the case of single-joint movements, where joint rotation 

is generally assumed to result from shortening of the agonist, the 

identities of agonist and antagonist muscles for these movements cannot 

be inferred solely from the joint rotations. Because of this, we have 

defined the "agonist" at each joint as the first muscle group (i.e. flexor 

or extensor) to show EMG activity at that joint. The "antagonist" could 

then be defined simply as the muscle group whose actions oppose those of 

the agonist. Joint rotation in a direction antithetical to the action of 
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the agonist was observed at either joint in these experiments (e.g. at the 

elbow in Fig. 4.2B). 

TYPICAL FEATURES EMG ACTIVITY AT EACH JOINT 

Agonist-antagonist EMG activity at the shoulder 

For these planar, two-joint arm movements, the shoulder EMG pattern 

nearly always comprised at least two, and typically three or more, 

alternating bursts of flexor and extensor activity. Indeed, all six 

records shown in Fig. 4.2 demonstrate this alternating pattern in the 

shoulder muscles, whether the agonist is a flexor (e.g. PEe in 4.2A - e) 

or an extensor (P. DELT in 4. 2D - F). These records illustrate that 

shoulder muscle activation patterns for planar, two-joint movements 

exhibit remarkable similarity to the two-or three-burst patterns of 

flexor-extensor alternation frequently associated with rapid, single-joint 

movements of the elbow (Hallet et a1., 1975; Karst and Hasan, 1987; 

Person, 1958) or shoulder (Angel, 1974; 1977; Pantaleo, et al., 1988). 

Agonist-antagonist EMG activity at the elbow 

For the majority of movements studied, we observed patterns of 

alternating flexor (biceps brachii and/or brachioradialis) and extensor 

(triceps brachii) EMG activity at the elbow analogous to those observed 

at the shoulder (e.g. Figs. 4.2B, e, D, and F). At the elbow, however, 

exceptions to the typical alternating burst pattern were more frequent. 

Those exceptions were most often characterized by the absence of 

measurable activity in one or more of the elbow muscles. Movements 

accompanied by initial co-activation of flexor and extensor muscle groups 
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at the same joint were also observed more frequently at the elbow than at 

the shoulder. As a result, both qualitative and quantitative EMG analyses 

were more difficult for the elbow than for the shoulder. 

Examples of elbow EMG activity that did not fit the char.acteristic 

alternating pattern included inactivity of one (e.g. brachioradialis in 

Fig. 4.2B) or both (Fig. 4.2A) of the elbow flexors, as well as a few 

instances of virtually complete inactivity in all three elbow muscles from 

which EMGs were recorded (e.g. Fig. 4.2E). Movements such as the one in 

Fig. 4.2E, where elbow rotation occurred with little or no EMG activity, 

did not represent recording artifacts, as they were observed for several 

subjects, and, in each case, the observed elbow rotations were compatible 

with the effects of intersegmental torques related to rotation about the 

shoulder. (Though we never observed movements in which there was complete 

inactivity of both shoulder muscles, shoulder rotation occasionally 

preceded the onset of shoulder EMG activity, as illustrated in Fig. 4.2D, 

and discussed in more detail below.) 

EMG Activity of synergists at the same joint 

In all experiments, we recorded EMG activity from both the 

brachioradialis and the biceps brachii. These two muscles are anatomical 

synergists, acting to flex the elbow, but the biceps crosses the shoulder 

joint, and could conceivably act at that joint as well. The relative 

magnitude of initial EMG activity recorded from the two elbow flexors was 

quite variable, as demonstrated by comparison of EMG records in Figs. 

4.2B, C and F, where biceps EMG magnitude was greater than 
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brachioradia1is, with Fig. 4.2D, in which the opposite was true. 

However, Fig. 4.2 also illustrates that in all cases where both muscles 

showed activity, the EMG bursts of the two elbow flexors remained roughly 

in-phase with each other and out-of-phase with bursts of elbow extensor 

(triceps) activity. And, when only one of the pair of flexors shows 

activity, that activity remains out-of-phase with triceps activity (e.g. 

Fig.4.2B). So, despite the variability in relative magnitude of biceps 

and brachioradia1is EMG activity, their temporal pattern of activity 

remained consistent with the assumed synergistic relationship between 

those muscles. 

Although the clavicular portion of pectoralis major was chosen as the 

representative shoulder flexor, comparison with the anterior deltoid in 

one subject failed to reveal any qualitative differences in their activity 

during the movements studied. Finally, elbow extensor activity was 

recorded from the medial head of the triceps brachii (which crosses only 

the elbow) Pilot investigations in this laboratory supported the 

conclusions of Buchanan et al. (1986), who reported that the medial head 

is a reliable indicator of elbow extensor activity as a whole, and does 

not tend to be active in tasks requiring only shoulder extensor torque. 

COMPARISON OF EMG PATTERNS ACROSS JOINTS 

Although quantitative comparison of EMG activity across joints is 

dealt with in later sections, some important temporal features are evident 

on a gross scale. When typical two- or three-burst patterns were seen at 

both joints, the most obvious characteristic of EMG timing was the 
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relatively synchronous natu~e of the EMG patterns at the two joints, as 

exemplified in Figs. l:.2B, C and F. That is, the agonist bursts at the 

two joints (e.g. DEL and TRI in Fig. 4.2F) tended to be active in-phase 

with each other and out-of-phase with the antagonists at both joints (PEC, 

BIG and BRD in Fig. 4.2F). It should be emphasized, however, that 

although the bursts were approximately synchronous, exact onset and 

termination times differed between joints, as detailed in subsequent 

sections. In general, the first agonist bursts at the two joints showed 

more consistency in their temporal alignment than later bursts. 

The distinct tendency for the first agonist bursts at the two joints 

to coincide drew attention to a few trials in which the first agonist 

burst appeared to be missing at one of the joints, even though later 

bursts were present in normal temporal alignment with their counterparts 

at the other joint. For example, compare the EMG activity for the 

movement depicted in Fig. 4.2B, where both joints exhibit three-burst EMG 

patterns with flexor agonists, with the record from the movement shown in 

Fig. 4.2A. Although the triceps activity clearly coincides with that of 

the posterior deltoid (the shoulder antagonist) in both cases, in Fig. 

4.2A there is no elbow EMG activity coincident with the initial shoulder 

agonist burst. Thus, it appears that the slight difference between the 

two movements was accomplished in Fig. 4. 2A by modulating the biceps 

activity, which was already quite low in Fig. 4.2B, to an even lower 

level. In this case, that modulation apparently suppressed the burst 

completely. This phenomenon of a "missing" first agonist burst, although 
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observed more often in the elbow EMG pattern, also occurred at the 

shoulder, as illustrated in Fig. 4.20. In this example, there is no 

shoulder EMG activity coincident with that of the elbow agonists 

(flexors), despite the alignment of the deltoid activity with the elbow 

antagonist burst and the coincidence of the pectoralis major activity with 

the small second agonist burst seen in the biceps trace. In both of these 

examples, it is obvious on visual examination that the time between the 

first EMG activity at the two joints is markedly increased. Subsequent 

sections include more quantitative evidence which supports the contention 

that these data are the result of an extreme reduction of the first 

agonist burst of the typical, three-burst pattern of motor output. 

FINE FEATURES OF EMG TIMING AND MAGNITUDE 

SCOPE OF THE MOVEMENTS STUDIED 

In the preceding sections examples drawn from individual movement 

records served to illustrate typical features of EMG activity as well as 

to lay the groundwork for the quantitative analyses to follow. For ease 

of comparison across trials, the movements chosen for presentation in Fig. 

4.2 were from one subj ect, and, like those studied by Wadman et a1. 

(1980), were all carried out from a single initial position. It is 

important to note, however, that this was not the case for all movements. 

On the contrary, we attempted to maximize the range of initial and final 

positions, as well as the direction and distance of the movements studied. 

The movements studied covered much of the reachable work space in 

the horizontal plane, with initial joint angles ranging from -7 to 88 
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degrees for s~nit and from 18 to 121 degrees for sAnit.. Angular excursions 

at the shoulder and elbow ranged from -53 to 83 degrees and from -94 to 

90 degrees, respectively, resulting in movements of the distal end-point 

(fingertip) varying from 4 to 83 cm. Table 4.1 provides more complete 

descriptive statistics of the kinematic features for the 470 movement 

trials which formed the primary data base for this study. Though we had 

hoped to study movements over the entire reachable work space, there were 

some limitations due to technical considerations. For example, initial 

positions near the extremes of joint range-of-motion presented 

difficulties. Since the supporting apparatus essentially eliminated 

friction, initial positions near the extremes of joint motion especially 

near full extension of the elbow) required sustained muscle activity to 

overcome the torque due to passive 

requirement for complete relaxation 

elasticity, thus violating the 

of the arm prior to movement 

initiation. Also, though movement directions span the entire 360 degree 

range of~, the distribution is rather uneven. In order to better define 

the transitions at which the sign of initial agonist activity changed 

(e.g. from shoulder flexor to shoulder extensor near ~ = 110 deg) we 

attempted to record more movements for directions near both the elbow and 

shoulder transitions. But, though successful near the shoulder 

transitions (near ~ = 110 and 260 deg) , elbow EMG activity near the elbow 

transition regions (near ~ = 0 and 180 deg) was frequently impossible to 

interpret and quantify, due to minimal levels of activation, or co

activation, or both. The net result was a greater number of quantifiable 
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movements for directions near the shoulder transitions, as indicated by 

the larger number of data points per bin in Fig 4.5. 

TIMING OF INITIAL AGONIST EMG ACTIVITY AT THE SHOULDER AND ELBOW 

Although the basic patterns of agonist and antagonist EMG activity 

at each joint are comparable to those associated with single-joint 

movements, characterization of the motor output for these two-joint 

movements must also include the coordination of those patterns between the 

shoulder and elbow. In fact, the stereotypy of the EMG pattern at each 

joint implies that control of the relative size and timing of those 

patterns across joints is of primary importance, and furthermore, suggests 

that EMG variables characterizing that control may be used to elucidate 

the importance of various kinematic features in movement planning. 

Despite the appearance of approximately synchronous onset of EMG at the 

two joints, closer examination revealed consistent differences in the EMG 

onset times of the agonists (agonist onset difference). In Fig. 4.3 and 

subsequent figures, biceps onset was used as the indicator of elbow-flexor 

onset, since brachioradialis onset was quantifiable in slightly fewer 

movements than biceps onset (181 as opposed to 193). Although pairwise 

comparison of the onset times revealed that the biceps mean onset time 

preceded that of brachioradialis by a small, but significant interval 

(mean ± s.d. of 3.4 ± 22.6 ms; p<O.05; n=177), substituting 

brachioradialis onset for that of biceps did not alter any of the 

conclusions drawn from those figures, as indicated by the results shown 

in Table 4.2; which includes both data sets. 
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Relationship between the agonist onset difference and W 

In view of the extent to which the choice of initial agonists at the 

shoulder and elbow is related to ~, evaluating other EMG features, such 

as the agonist onset difference, with respect to changes in ~ is an 

obvious first step. This relationship is illustrated for data from 

individual movement trials in Figs. 4.3 and 4.4, and for averaged data in 

Fig. 4.5. In Fig. 4.3, agonist onset difference is plotted against ~ for 

75 trials performed by one subject. Each symbol represents a single 

movement, with the symbol shapes corresponding to the choice of the 

agonists at the two joints, as indicated in the legend. (The various 

combinations of initial shoulder, elbow EMG activity are clustered over 

specific ranges of~, though with some overlap apparent, indicating that 

~ alone is not a perfect predictor of the transitions between different 

pairs of shoulder, elbow agonists.) For each of the four symbol shapes, 

there is a roughly linear relationship between the agonist onset 

difference and ~, as indicated by the regression lines which have been 

fitted to the data for each pair of agonists. The results for this 

subject are typical in that within each of the four movement categories, 

the agonist onset difference is significantly correlated with ~, though 

the percentage of the total variability accounted for by this relationship 

(i.e. r2) is modest. 

Data from all 8 subjects (345 movements) are presented in Fig. 4.4, 

us ing the same conventions as in Fig. 4.3. In addition, Table 4.2 

provides the corresponding linear correlation coefficients for all 8 
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The consistency of this 

relationship across subjects is indicated by the fact that the correlation 

coefficients for the combined data are similar to those for individual 

subjects, even though these data have not been normalized, and the 

movements encompass a wide range of distances, speeds, and initial 

positions. 

The data are presented in Figs. 4.3, and 4.4, as well as in Table 

4.2, in a manner that emphasizes three major points: (1) By itself, ¢ is 

a reasonably good predictor of which combination of muscle groups at the 

shoulder and elbow were initially activated. This is illustrated by the 

fact that each symbol type (representing one of the four possible 

combinations of initial flexor or extensor activity at each joint) lies 

within a discrete range of ¢, with a limited degree of overlap between 

symbol types. (2) For each of the four possible combinations of initially 

active muscle groups, the agonist onset difference varies with ¢ in a more 

or less linear fashion. (3) Points (1) and (2) are valid across subjects, 

and for movements throughout the work space, as indicated in Table 4.1 by 

the range over which the initial and final positions were varied during 

these experiments. 

Fig. 4.5 illustrates the systematic variation of the agonist onset 

difference with respect to ¢ in a slightly different manner. All 345 

trials with quantifiable EMG onsets (the same trials depicted in Fig. 

4.4B) are included in Fig. 4.5 by averaging within bins based on ¢. Bin 

width was set at 10 degrees, but adjacent bins were collapsed if they 
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contained less than 4 data points (collapsed bins are identifiable by the 

presence of horizontal, as well as vertical, error bars). 

Relationship between the agonist onset difference and ~ 

In the previous section, we demonstrated that characterizing these 

two-joint movements in terms of~, the direction of movement with respect 

to the distal segment, is indicative not only of the sign of the agonist 

muscle groups at the shoulder and elbow, but of the relative timing of 

that initial activity as well. In this section, we will relate those 

findings to the only comparable data available, that of Wadman et a1. 

(1980), who reported that the agonist onset difference varied with the 

absolute direction of movement rather than direction relative to the 

forearm. 

In Fig. 10 (pg. 32) of Wadman et a1. (1980), the axes are analogous 

to those in our Fig. 4.4, except that they have defined movement direction 

in absolute terms, such that 0 degrees is directly to the right of the 

subject, 90 degrees is straight ahead, and so forth. However, since all 

of their movements were initiated from the same position, the absolute 

direction of movement (¢) can be related to ~ for comparison with our data 

(based on their Fig. 1, ¢ = ~ + 200 deg). After transformation, it 

appears that their data fit reasonably well with those in our Fig. 4.4, 

though the inclusion of only eight discrete movement directions in their 

data makes comparison somewhat ambiguous. 

We thus corroborate the findings of Wadman et al. regarding agonist 

onset difference and absolute movement direction for movements from a 
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single initial position. But, in order to compare the efficacy of these 

absolute and relative definitions of movement direction in predicting the 

agonist onset difference, the initial position must be varied as well as 

the movement direction. Fig. 4.6 portrays data from the same 345 

movements as Fig. 4.4, but the agonist onset difference is now plotted 

against absolute movement direction (¢ - 1/J + e~n1t. + e~n1t.) All other 

conventions of Fig. 4.6 are identical to those of Fig. 4.4. Comparison 

of Figs. 4.4 and 4.6 reveals that the separation of movements by agonist 

pairs (i.e. symbol types) when plotted with respect to 1/J is no longer 

maintained when data are plotted against absolute movement direction 

instead. Moreover, comparison of the correlation coefficients relating 

1/J and the agonist onset difference to the analogous coefficients after 

substituting ¢ for 1/J, reveals a marked reduction in the strength of the 

correlation for three of the four shoulder-elbow agonist combinations. 

All in all, these results indicate that movement direction characterized 

in terms of 1/J is more likely to play a role in the control of movement 

initiation than is the absolute movement direction. 

TIMING OF THE ANTAGONIST EMG ONSET 

Though the main focus of this study was on initial agonist activity, 

we have also examined the relative timing and magnitude of initial 

antagonist activity at each joint. Antagonist onsets were more difficult 

to quantify than those of the first agonist, particularly at the elbow, 

where the antagonist EMG was frequently small or absent. Of the 470 

movements performed without added loads, shoulder antagonist onsets were 
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identified for 292 (62%) of the movements, as opposed to only 110 (23%) 

at the elbow. Most of the movements (69% and 87% for the shoulder and 

elbow, respectively) with quantifiable antagonist activity were those for 

which the sign of initial activity was the same at the two joints (e.g. 

flexor agonists at both joints). But, despite the limitations imposed by 

the data pool, some interesting trends were discernible. 

First, the mean agonist antagonist onset difference for the 

shoulder was found to be more than 40 ms greater than for the elbow. 

Thus, in contrast to the order of initial agonist activation, the onset 

of elbow antagonist activity tends to occur before shoulder antagonist 

onset. For those movements where agonist - antagonist onset difference 

was found for both joints, the mean (± s.d.) values of 181 ± 83 and 140 

± 91 ms (for the shoulder and elbow, respectively) were significantly 

different (paired t-test, p<O.OOl; n-82). This finding does not appear 

to be an artifact of the distribution of movements for which antagonist 

activity could be quantified, because each of the four combinations of 

shoulder, elbow agonists had similar mean agonist - antagonist onset 

differences. 

Second, relationships between positional variables, such as movement 

direction (~), and the timing of the antagonist onset, either in relation 

to the agonist at the same joint, or to the antagonist at the other joint, 

were generally inconsistent. Although the agonist - antagonist onset 

difference at the shoulder was reasonably well correlated with both ~ and 

ASs for some types of movements (those with initial shoulder, elbow agonist 
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signs of F,F and E,E), this was not true for the other two groups of 

movements (E,F and F,E initiated movements), and elbow antagonist timing 

appeared unrelated to those positional variables for all four movement 

types. Similarly, no consistent pattern emerged between those positional 

variables the relative magnitude of agonist and antagonist activity at 

either joint. 

Thus, two main findings emerged from analysis of the antagonist burst 

timing: (1) the interval between agonist and antagonist onsets at a given 

joint was not clearly related to kinematic features at either the joint 

or hand level; and (2) there was a clear tendency for the onset of the 

elbow antagonist to precede the shoulder antagonist onset by approximately 

25 ms, in contrast to the tendency for agonist activity at the shoulder 

to precede elbow agonist activity by a similar interval. 

MAGNITUDE OF INITIAL AGONIST EMG ACTIVITY AT THE SHOULDER AND ELBOW 

Having thus far considered control of movement initiation in terms 

of which muscle groups are the first activated at each joint and when 

those agonists are activated relative to each other, we turn our attention 

to how much initial agonist activity is associated with movements in 

various directions. We have characterized the magnitude of initial 

agonist activity at the shou1der(E:~) and elbow (E:~) by determining the 

area under the curve described by the filtered and rectified EMG signal 

(corrected for baseline activity) over the first 100 ms of activity . 

Quantifying the initial EMG activity in terms of peak amplitude does not 

alter the conclusions drawn, since the integral of the rectified EMG was 
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linearly related (r > 0.96 for all comparisons) to the peak amplitude 

during the same period. Similarly, integration of initial EMG signals 

over shorter intervals (e.g. 40 or 60 ms) did not substantively alter the 

results. 

Relationship between the shoulder:elbow EMG magnitude ratio and W 

In order to assess coordination across joints for the same wide range 

of movements studied in the previous sections, we quantified the relative 

magnitude of initial agonist activity as a ratio of Eag at the shoulder and 

elbow (E:~: E:!) . The relationship of this ratio to the direction of 

movement, defined by~, is exemplified by Fig. 4.7, which represents data 

from 45 movements performed by one subject. Comparison of Fig. 4.7 with 

Fig. 4.3 (which depicts data from the same movements) reveals that the 

relative magnitude of initial agonist EMG at the shoulder and elbow varies 

with ~ in a manner similar to that demonstrated for the relative timing 

of initial agonist activity. 

Following the format of previous sections, Fig. 4.8 illustrates the 

consistency of this relationship by depicting bin-averaged data from all 

eight subjects. One aspect of this comparison deserves further 

clarification: For each combination of shoulder and elbow agonists, the 

expression E:~:E:~ provides a quantitative comparison of initial agonist 

EMG activity for different movements performed by the same subject. But, 

the actual value of that expression depends on the relative gain of the 

EMG recordings for the shoulder and elbow muscles. Thus, the relative EMG 

gains must be standardized if one is to make any strict, numerical 
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comparisons of Esh'Ee1 across different pairs of muscles, either within or ag' ag 

across subjects. In these experiments, EMG gains were always adjusted 

such that, for each muscle, the largest EMG amplitudes observed during a 

series of practice movements were just under the saturation level of the 

ana10g-to-digita1 converter, so the relative gains remain similar, but not 

identical, across subjects. As a result, when these data are averaged 

across subjects, as in Fig. 4.8, any differences in relative gains will 

tend to increase the variability of the magnitude ratio, but will not 

affect the form of the relationship demonstrated. 

Comparison of E:~:E:~ activity across subjects in Fig. 4.8 confirms 

the form of the relationship seen in Fig. 4.7, despite this additional 

source of variability. Following the same conventions as Fig. 4.5, the 

data in Fig. 4.8 once again represent 345 movements performed by eight 

different subjects. subjects. The symbols indicate the relative 

magnitude (E:~:E:~ ± S.E.M.) of the initial EMG activity at the shoulder 

and elbow, averaged over 10 degree bins of ~. 

Relative magnitude of initial EMG activity in biceps and brachioradialis 

Although biceps brachii and brachioradialis are anatomical 

synergists, they do not show identical patterns of activation. Our data 

suggest that there is a systematic covariation in magnitude of biceps and 

brachioradialis activity. This is best demonstrated for movements in 

which these elbow flexors are the agonists. In general, relatively 

greater biceps activity tends to be associated with positive A9s values, 

that is, movements involving flexion of the shoulder, while trials 
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initiated with relatively greater brachioradialis activity were generally 

those involving shoulder extension or minimal motion at the shoulder. 

Alternatively, the relative activity of the biceps and brachioradialis 

could be considered to vary according to which shoulder muscle is 

concurrently activated (i.e. biceps> brachioradialis activity if the 

pectoralis is also active, and brachioradialis > biceps activity during 

posterior deltoid activations). 

This finding is in agreement with the results of Jongen (1989) 

regarding motor unit recruitment thresholds during isometric tasks 

requiring generation of both shoulder and elbow torques. He demonstrated 

that motor units in single-joint elbow flexors (brachioradialis and 

brachialis) were recruited earlier (i.e. at lower levels of elbow flexion 

torque) for tasks which also required shoulder extensor torque than for 

tasks requiring flexor torque at the shoulder. Furthermore, the converse 

is true for at least some motor units in biceps brachii. 

OTHER TEMPORAL CHARACTERISTICS OF PLANAR, TWO-JOINT ARM MOVEMENTS 

Axial to peripheral sequencing of initial agonist activations 

For most of the movements studied, the initial agonist activity 

recorded at the shoulder preceded that at the elbow, as indicated by the 

propensity toward positive agonist onset values in Fig. 4.4. Pairwise 

comparison of the agonist onset times for all 345 trials revealed a 

significant (p<O.OOl) mean onset difference of 25.8 ± 36.6 ms (mean ± 

S.D.). These onset differences are comparable to the 15 to 25 ms mean 

differences reported by Wadman et al. (1980), even though the movements 
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that they studied generally entailed higher velocities and shorter 

durations. 

During one experiment, EMG data were obtained from additional 

shoulder muscle groups, including those acting to retract the scapula 

(middle trapezius and rhomboids). These muscles, in accord with the 

functional linkage between (horizontal) extension at the glenohumeral 

joint and retraction of the scapula (Lehmkuhl and Smith, 1983), were 

generally active in conjunction with the posterior deltoid. More 

importantly, comparison of the onset times of the glenohumeral and 

scapular muscles revealed similar proximal to distal sequencing of muscle 

activation. For movements initiated with shoulder extensor (posterior 

deltoid) activity, the onset of EMG activity in the scapular retractor 

muscles typically preceded the initial deltoid activity by approximately 

20 ms, an interval akin to that observed between shoulder and elbow 

agonist onsets. 

"MiSSing" first agonist bursts 

In contrast to the general trend toward a proximal to distal sequence 

of activation, 16% of the 345 movements represented in Fig. 4.4 had 

negative agonist onset differences. For those 56 movements the elbow 

agonist onset preceded the shoulder agonist by a mean (± S.D.) of 19.2 ± 

23.7 ms (range: -105 to -2 ms). As illustrated in Fig. 4.4, those 

movements associated with negative agonist onset values had corresponding 

~ values falling within one of two narrow ranges. Of those 56 movements, 

32 had ~ values between 89 and 135 degrees (mean ~ = 113 ± 11 deg), with 
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the remaining 24 movements clustered between ~ - 235 and 283 deg (mean ~ 

- 260 ± 10 deg). Note that these two ranges of ~ correspond to the 

regions of transition between movements initiated by shoulder flexor 

activity and those initiated by the shoulder extensor. Conversely, for 

~ values near the transition between elbow f1exor- initiated and elbow 

extensor-initiated movements (i.e. ~ = 160 to 200 deg and ~ = -20 to 20 

deg), agonist onset differences tend to take on large positive values. 

Inspection of the data records of movements with negative agonist 

onset differences revealed EMG activity that fell roughly into two 

categories: (1) movements with large negative agonist onset differences 

and complete suppression of the shoulder first agonist burst (as 

exemplified by the movement depicted in Fig. 4.2D, for which the agonist 

onset difference is -115 ms); and (2) movements with agonist onset 

differences ranging from -2 to approximately -40 ms, characterized by 

large elbow agonist bursts and small shoulder agonist bursts. Conversely, 

very large positive agonist onset differences were associated with small 

or absent first agonist bursts at the elbow (e.g. Fig. 4.2A, where the 

agonist onset difference is 110 ms). 

Relationship between the agonist EMG timing and joint rotational onsets 

Finally, we will consider the agonist onset difference with respect 

to the time difference between the onset of rotation at the two joints. 

In a study of the kinematic features of horizontal, two-joint arm 

movements, Kaminski and Gentile (1986) reporten significant differences 

between the onset of rotation at the shoulder and elbow (rotational onset 
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difference). And, for movements involving six different combinations of 

initial and final positions, they reported a strong correlation between 

the rotational onset difference and the difference in absolute joint 

excursion at the shoulder and elbow [ABS(L\9E)-ABS(L\9s)]' As a result, they 

suggested that the difference in absolute j oint excursions is used to 

determine the relative timing of shoulder and elbow joint rotational 

onsets. 

Since such explicit control of the rotational onset difference should 

be apparent in the timing of initial agonist EMG activity at the two 

joints, we looked for a correlation between agonist onset difference and 

j oint rotational onset difference for the shoulder and elbow. This 

relationship is illustrated in Fig. 4.9, which includes the data from 345 

movements (8 subjects). The rotational onset at each joint was defined 

by the same criterion used by Kaminski and Gentile, that is, the point in 

time when the angular velocity first exceeded 5 deg/s. For these data, 

the general lack of correlation between the agonist onset difference and 

the joint rotational onset difference is indicated by an overall linear 

correlation of r=0.18 (n=345). Furthermore, results were similar when 

other threshold values were used to calculate the joint rotational onset, 

and when assessing the data separately for each combination of shoulder, 

elbow agonist (i.e. by symbol type), as indicated by Table 4.3, which 

summarizes these analyses. 

We also examined the relationship between the rotational onset 

difference and the difference in absolute joint excursion at the shoulder 
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and elbow, for which Kaminski and Gentile :::-eported strong (negative) 

linear correlations. In contrast, for the much broader range of movements 

included in this study, the correlation between the rotational onset 

difference and the difference in absolute joint excursions was much lower, 

with linear correlation coefficients ranging from r--O .14 to r--O. 33 

(n-470), depending on the threshold values for determining joint 

rotational onset. These correlations are summarized in Table 4.4. 
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DISCUSSION 

Several recent investigations of motor control strategies for limb 

movement have examined two-joint, planar movement tasks similar to the one 

used in these experiments. Though relatively simple (and thus, it is 

hoped, amenable to analysis), these tasks are characteristic of mu1tijoint 

arm movements in general, in that the control strategy employed by the CNS 

must contend with the occurrence of significant intersegmental 

interactions (Hollerbach and Flash, 1982). This study is one of only a 

few, however, which include quantitative analyses of EMG activity and the 

relationship of that activity to movement kinematics. Furthermore, it is 

unique in that it inclucl.es a much greater range of task variables (e. g. 

movement distance, direction, initial and final position) than previous 

investigations of planar multijoint movements. 

The first section of this chapter summarizes some features of the 

EMG patterns that were found to be consistent across subjects and 

throughout the work space. In agreement with previous reports (Accornero 

et al., 1984; Wadman et al., 1980), the EMG patterns at either joint 

typically consisted of alternating flexor and extensor bursts, analogous 

to the patterns associated with rapid, single-joint movements. These two-

or three-burst patterns have been described for movements of the elbow 

(Brown and Cooke, 1981; Hallet et al., 1975; Karst and Hasan, 1987; 

Lestienne, 1979; Person, 1958; Waters and Strick, 1981), shoulder (Angel, 

1974; 1977; Pantaleo, et al., 1988), wrist (Mustard and Lee, 1987), finger 
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(Meinck et al., 1984), and thumb (Hallett and Marsden, 1973; Marsden et 

al., 1983). Moreover, agonist-antagonist burst patterns have also been 

observed for isometric tasks requiring production of brief torque pulses 

about the elbow joint (Ghez and Gordon, 1987; Gordon and Ghez, 1984). 

Coupled with the pervasiveness of three-burst EMG patterns in studies of 

single- joint tasks, the consistent appearance of similar EMG patterns 

during these multi-joint movements suggests that they represent a 

fundamental unit of motor output for controlling limb movements. 

For single-joint movements, the timing and magnitude of the initial 

agonist and antagonist bursts have been shown to vary with specific 

kinematic and kinetic features of the resulting joint rotation. 

Delineating such relationships between task variables and the 

corresponding motor output patterns is a well-established approach to 

understanding the organization of motor control strategies (Bouisset and 

Lestienne, 1974). Of course, specific rules, such as those linking EMG 

and kinematic variables for single joint movements, cannot be expected to 

hold for mul tij oint movements, where the rotation of adj acent joints 

contributes significant interaction torques (Hollerbach and Flash, 1982). 

It appears that increased awareness of this fact has heightened interest 

in the study of mu1tijoint limb movements and fostered a growing debate 

over the relevance of single-joint movement studies to our understanding 

of motor control strategies (see, for example, Gottlieb et a1., 1989 and 

accompanying commentaries by Cordo et al.; Flanders; Loeb; Newell et al.; 

Wallace and Weeks). It is rather surprising, however, that despite the 
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increased interest in multijoint movement paradigms, there have been so 

few attempts to define basic features of the EMG activity and relate those 

features to the task variables of mu1tijoint arm movements. 

Nevertheless, the limited comparable data which are available 

(Accornero, et al., 1984; Wadman et a1., 1980) are in agreement with our 

findings. These results suggest that: (1) at each joint, the same basic 

muscle activation pattern is used for two-joint movements as for single 

joint movements, though it is modulated in a different fashion; and (2) 

simple relationships between kinematic and EMG variables do exist, and 

could form the basis of simple initiation rules for these two-joint 

movements. In the following section, we will compare and contrast 

features of the initial EMG pattern for one- and two-joint movements. 

The most obvious difference between single- and multi-joint movements 

is that, for the latter, the sign of the agonist EMG need not correspond 

to the direction of joint rotation, though it is predictable based on ~. 

For example, comparison of the elbow EMG and position records in Figs. 

4.2B and 4.2C demonstrates that similar patterns of EMG activity may 

accompany joint rotation in either direction. These results also have 

implications concerning the origin of the antagonist burst of the three

burst EMG pattern (for a recent review of this debate, see Hasan et al., 

1985). Some investigators have proposed that the antagonist burst depends 

primarily on peripheral feedback resulting from stretch of the antagonist 

muscle (Angel, 1977; Ghez and Martin, 1982). However, the occurrence of 

antagonist bursts in deafferented subj ects (Forget and Lamarre, 1987; 



145 

Sanes and Jennings, 1984) and under isometric conditions (Ghez and Gordon, 

1987; Gordon and Ghez, 1984) indicates that the antagonist burst is 

centrally programmed, though it is subject to ongoing modification by 

peripheral feedback (Dufresne et a1., 1978; Sanes et a1., 1985; Soechting, 

1988). Our data provide further evidence that generation of the late 

components of the three-burst pattern is not dependent on antagonist 

stretch, since, in some cases (e.g. Fig. 4.2C), the entire three-burst 

pattern is expressed even though the antagonist is actually shortening 

throughout the movement. 

Another difference in the EMG patterns of single-joint and mu1tijoint 

movements concerns modulation of burst magnitudes. Our data suggest that 

one aspect of the mu1tijoint control strategy, possibly related to 

compensation for interaction torques, involves modulation of the first 

agonist burst magnitude to a much greater degree than that observed for 

single-joint movements. It appears that, in some cases, the first agonist 

burst is modulated to zero activity, resulting in the "missing first 

agonist burst" illustrated in Figs. 4. 2A and D, for the elbow and 

shoulder, respectively. Such modulation of the first agonist burst 

appears to be analogous to the modulation of the antagonist burst 

demonstrated for single joint movements by providing external braking 

assistance (Hallet and Marsden, 1979; Karst and Hasan, 1987; Waters and 

Strick, 1981). 

On the whole, these data suggest that the robust pattern of 

alternating agonist-antagonist muscle activation observed in both single-
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joint and mu1tijoint tasks may represent a fundamental unit of motor 

output, the timing and amplitude of which may be modulated by a number of 

different task variables (e.g. degrees of freedom available, kinematic 

constraints, expectation of perturbations). An important implication of 

these assumptions is that specific rules governing this modulation will 

only be demonstrated by experiments that manipulate the relevant task 

variables through an appropriate range. 

In other words, when searching for rules governing control of limb 

movements, the rule may be misinterpreted (or, at the least, interpreted 

differently) when viewed in too restrictive a context. For example, the 

rule specifying the sign of initial agonist activity at the elbow, based 

on ~, works for the case of single-joint elbow movements as well (i.e. 

initial flexor EMG is required for ~ < 180 deg, and initial extensor 

activity for ~ > 180 deg). However, attempts to deduce that rule by 

studying single-joint movements would most likely result in the conclusion 

that initial EMG activity corresponds to the direction of joint rotation, 

rather than to~. Two similar examples are discussed in the following 

section, where examination of apparent discrepancies between our results 

and previous findings dramatically illustrates how conclusions are 

influenced by the range over which task variables are manipulated. 

Our rationale for studying movements initiated from positions 

throughout the work space was to emphasize general relationships between 

muscle activation parameters and kinematic variables. The importance of 

manipulating the task variables over a large range (Newell, 1989) is 
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clearly demonstrated in the following examples, where we attempt to 

resolve two discrepancies between our results and those of previous 

studies. 

The first example concerns differences between our results and those 

of Wadman et a1. (1980) with respect to relationships between EMG 

'variables (e.g. agonist onset difference) and movement direction. Though 

Wadman and associates studied movements varying both in direction and 

distance, all of those movements shared the same initial position. As a 

result, they concluded that the characteristics of the EMG activity varied 

with ~, the absolute direction of movement, rather than with~. (Recall 

that ~ and ~ differ only by a constant for m~vements from the same initial 

position.) Although our data corroborate their findings for movements 

from a single initial position, the inclusion of more diverse movements 

in our experimental paradigm indicated that relationship to be obscured 

by changes in initial position, and furthermore, provided evidence 

supporting a more global corollary based on ~. 

A second example concerns the relationship between rotational onset 

difference at the shoulder and elbow and the absolute difference in the 

excursions at those joints. Although Kaminski and Gentile (1986) 

reported a strong linear correlation between those two variables, our data 

revealed them to be poorly correlated (see Table 4.4). Despite the fact 

that Kaminski and Gentile studied movements characterized by six different 

combinations of initial and final positions, it appears that at least two 

of the factors that contribute to the discrepant results are related to 
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differences in the range over which task variables were manipulated in the 

two studies. 

A review of the methods employed by Kaminski and Gentile (1986) shows 

that, although six different combinations of initial and final positions 

were used, all six of those combinations required flexion at the shoulder 

and extension at the elbow. As Hollerbach and Flash (1982) have noted, 

the manner in which the dynamic interactions between limb segments affect 

each joint is fundamentally different for "reaching" movements (where the 

shoulder and elbow rotate in opposite directions) as opposed to 

"whipping" movements (where rotations at the two joints are opposite). 

The differences in the dynamic interactions associated with the two 

movement types are easily observable in the angular displacement traces 

shown in Fig. 4.2. Whereas the rotational onsets at the shoulder and 

elbow tend to coincide for the reaching movements in Figs. 4.2A, B, D, 

and E, the whipping movements may be characterized by a much later 

rotational onset at one of the joints (e.g. the elbow in Fig. 4.2F) or by 

a transient reversal of rotation (e.g. at the elbow in Fig. 4.2G) which, 

depending on the velocity threshold chOSen, mayor may not be defined as 

the rotational onset. Thus, at least part of the discrepancy may relate 

to the fact that our data include approximately equal numbers of both 

types of movement, while Kaminski and Gentile studied only "reaching" 

movements. 

Moreover, for all six of the movements that they studied, both joints 

underwent excursions of at least 25 degrees, and the ratio of the joint 
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excursions never exceeded 3:1, whereas the much broader range of movements 

that we studied included some for which the shou1der:e1bow excursion ratio 

exceeded 20: 1. This difference may be significant, since our data 

indicate that the rotational onset difference becomes much more variable 

when the movement direction requires only a small excursion of one of the 

joints, such that the absolute joint excursions are very different (e.g. 

a ratio of > 5:1). 

Even if we consider only movements similar to those studied by 

Kaminski and Gentile, however, the agreement with their results is only 

moderately improved, indicating that other factors must contribute to the 

difference. We suspect that much of the remaining difference is due to 

the manipulandum used by Kaminski and Gentile. Prior to this study, we 

performed a series of experiments in which we used a similar device, but 

later abandoned the device for the following reason. Unlike the apparatus 

used in our later experiments, the correspondence between the joint angles 

of the manipulandum and those of the arm rests on the assumption that the 

axes of rotation of the arm joints remain coincident with those of the 

manipulandum. We were uncomfortable with that assumption, particularly 

with respect to the shoulder joint. Furthermore, occasional subjective 

reports of mechanical interactions between the arm and the manipulandum 

(e.g. "it makes my arm move differently than it otherwise would") were 

consistent with axis misalignment. Upon reviewing our data from 

experiments in which we used that manipulandum, we found the rotational 

onset results to be in somewhat closer agreement with those reported by 
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Kaminski and Gentile, suggesting that the correlation between joint 

rotational onset and absolute joint excursion difference is, at least in 

part, an artifact resulting from misalignment between the axes of the limb 

joints and those of the apparatus. 

The significance of the preceding discussion lies in the conclusion 

which Kaminski and Gentile based on their rotational onset data: namely, 

the proposal that "information on the expected difference in joint 

displacement is used to determine the timing of joint movement onset." 

The implication that the temporal aspects of the motor command are 

adjusted on the basis of the relative excursion of the shoulder and elbow 

is not supported by our data, which indicate that differences in joint 

rotational onset at the shoulder and elbow are poorly correlated with 

differences in agonist EMG onset at the two joints. We suggest that the 

mechanical properties of the limb are a more likely basis for the observed 

differences in rotational onset at the two joints. Furthermore, we would 

argue that this example illustrates the importance of considering the 

motor output of the eNS, as well as the kinematic features of movement, 

when attempting to discern the strategies underlying the control of limb 

movements. 

One of the principle findings to emerge from this analysis of EMG 

activity was the relationship of initial agonist activity at the two 

joints to ~, the direction of movement relative to the initial orientation 

of the forearm. In the previous chapter, we used qualitative EMG analysis 

to demonstrate that the sign of initial EMG activity at each joint was 
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predictably related to simple combinations of positional variables, and 

suggested that a simple rule based on such variables might underlie the 

choice between flexors and extensors as the first muscles to be activated 

at each joint. Though at least two different combinations of variables 

can predict the sign of initial agonist activity at the two joints, other 

lines of evidence, such as direction-dependent neuronal activity in the 

motor cortex (Georgopoulos et a1., 1984; 1988; Schwartz et a1., 1988) and 

cerebellum (Fortier et a1., 1989), imply that movement direction may play 

an important role in eNS planning of multijoint arm movements. In this 

chapter, we presented the results of quantitative EMG analyses 

demonstrating additional links between the muscle activation patterns 

responsible for initiating multijoint arm movements and..p, the direction 

of movement relative to the forearm. 

Previously, ..p was presented in combination with a second positional 

variable (e~nit.), since the specific initiation rules tested were 

formulated in terms of that combination. However, the sign of initial 

agonist activity at each joint is largely predictable on the basis of ..p 

alone, as indicated in Figs. 4.3 and 4.4 by the fact that the symbols 

representing movements initiated by each of the shoulder, elbow agonist 

combinations (i.e. F,E [shoulder flexor, elbow extensor); E,F; E,E; and 

F,F) occupy a specific range of ..p, with limited regions of overlap. The 

fact that the movements depicted in Fig. 4.4 are initiated from positions 

throughout the work space illustrates that this relationship is 

essentially independent of initial limb configuration. This aspect of ..p 
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stems from its being defined as the movement direction relative to the 

forearm, as opposed to the absolute direction of mov~ment (¢». Comparison 

of Fig. 4.4 with Fig. 4.6, where the same data are plotted against ¢>, 

provides clear evidence that ¢> does not provide a comparable prediction 

of initial agonist activity for movements performed from varying initial 

positions. 

In our description of typical EMG characteristics, we noted that the 

onsets of the agonist and antagonist bursts at the two joints usually were 

not simultaneous, though gross temporal alignment of the corresponding 

bursts was typical. Quantitative analysis of the timing of initial 

agonist activity at the shoulder and elbow revealed that the onset of EMG 

activity in the shoulder agonist generally precedes the elbow agonist 

onset, but the duration of that interval, termed the agonist onset 

difference, varies systematically with ~ (see Figs. 4.3, 4.4, and 4.5). 

Conversely, it appears that the order of antagonist activation is 

generally reversed, though the significance of this finding is unclear. 

Although afferent influences offer a possible explanation for this 

phenomenon, we failed to see any clear relationships of antagonist timing 

to kinematic features such as peak angular velocities (both antagonist 

onsets preceded the peaks in angular velocity at either joint) or peak 

tangential hand velocity. 

The strong tendency toward activation of the shoulder agonist before 

the elbow agonist is not simply due to conduction delays, which probably 

account for less than 3 ms of the 26 ms mean agonist onset difference. 
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Instead, this trend seems to be a manifestation of a general rule for 

upper body movements which dictates that initial agonist activations 

proceed sequentially from axial joints to peripheral ones. This general 

rule would account for our observation that initial agonist activation 

proceeded from scapulothoracic to glenohumeral to elbow joints. Likewise, 

it would account for the observation that neck (axial) muscle activation 

precedes arm muscle activation in a task requiring coordinated movement 

of the head and arm (Biguer et al., 1982). 

Comparison of the relative magnitude of the first 100 ms of agonist 

activity at the shoulder and elbow revealed a variation with respect to 

~ (illustrated in Figs. 4.7 and 4.8) similar to that seen for the agonist 

onset difference. As a result of these relationships, the agonist onset 

difference tends to be largest (shoulder onset much earlier) for movement 

directions where the relative magnitude of initial agonist activity is 

large at the shoulder compared with the elbow, and vice versa. Since both 

magnitude and timing of initial agonist EMG activity vary with~, it seems 

feasible that the temporal aspects of the motor command maybe stereotyped 

at the pre-motoneuronal level, while the systematic variation in EMG 

latency may result from an inverse relationship between the excitatory 

drive to a motoneuron pool and the time required to reach motoneuronal 

threshold (Karst and Hasan, 1989). Recent studies of speech motor control 

mechanisms (Gracco and Abbs, 1989) also suggest that the timing and 

magnitude of muscle activity may be implemented in different regions of 

the nervous system, but, in contrast to our speculation, indicate that the 
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timing of the EMG onsets is specified first, approximately 50 ms prior to 

EMG onset. 

Although the results presented here do not connote causative 

relationships, they demonstrate, for a wide range of horizontal-plane 

movements, that ~ is consistently related to: (1) which combination of 

shoulder and elbow muscle groups movements is chosen by the eNS for 

movement initiation; (2) the relative timing of initial muscle activation 

at the shoulder and elbow; and (3) the relative magnitude of those 

initial activations. All in all, the evidence relating ~ to so many 

aspects of initial agonist activity, over such a diverse range of 

movements, provides considerable support for the notion that the muscle 

activations responsible for initiating these multijoint movements could 

be chosen on the basis of simple rules that do not explicitly account for 

dynamic effects. 

Of course, despite our efforts to focus on general relationships, 

by studying a broad range of movements, our findings are still somewhat 

task specific in that they are based on planar, two-joint movements. Are 

these results actually applicable to understanding real-life, three

dimensional movements, or do they only address the particular task that 

we have studied? We suggest that the results presented here do address 

broader issues in motor control. In fact, the most important result of 

this study is not the demonstration of any specific relationship that may 

govern aspects of this particular movement task. The importance of this 

study lies mainly in promoting the feasibility of initiating mUltijoint 
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arm movements without relying on inverse dynamics calculations or 

trajectory planning (be it joint, hand or "virtual" trajectory), but 

relying, instead, on simple rules in which positional variables are used 

to determine which muscles should be the agonists at each joint, and what 

the relative timing and magnitude of their initial activations should be. 

The advantage of using such rules lies, of course, in their relative 

simplicity. In the remainder of this discussion, we will consider some 

of the other implications of this alternative approach to the control of 

multijoint arm movements. 

Because this initiation rule does not explicitly deal with the 

torques stemming from dynamic interactions of the various limb segments, 

errors in the initial direction of movement are an inherent 

characteristic. Consequently, the use of this initiation rule seems 

dependent on the availability of a means for rapid correction of ongoing 

motor output. In fact, there is evidence to indicate that adequate 

sensorimotor mechanisms, including both closed-loop and feed- forward, 

open-loop controllers, are available for correction of such errors (for 

a recent review, see Abbs and Winstein, 1989). The feasibility of such 

corrections has previously been dismissed (e.g. see Hollerbach and Flash, 

1982) based on the implicit assumption that the only mechanism available 

was a closed-loop, autogenic response. Rapid, functional modulation of 

ongoing motor output seems much more likely to derive from the type of 

non-autogenic responses which have been demonstrated by perturbation of 

the upper extremity during both movement (Cole et a1., 1984; Soechting, 
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1988) and postural tasks (Lacquaniti and Soechting, 1986b; Soechting and 

Lacquaniti, 1988). Thus, it appears possible that the discrepancies 

between intended and actual direction of initial' movement could be 

corrected as the movement progresses. 

By definition, a rule for determining appropriate muscle activation 

patterns for initiation of movement cannot account for the movement as a 

whole. Hence, the overall control scheme would have to include an 

additional component for terminating the movement. It is clear that the 

termination of the movement cannot be achieved by simply using an inverse 

of the initiation rule, since the different limb configuration near the 

final position is accompanied by different dynamic interaction effects. 

For single-joint movements about the elbow, a simple rule, relating 

antagonist activation to the average torque required for braking, has been 

demonstrated (Karst and Hasan, 1987). Whether an analogous relationship 

can be derived, with respect to muscle activity for terminating multijoint 

movements, remains to be seen. 

Although we have not proposed specific rules for the braking 

component of multijoint movements, the possibility that a control strategy 

might comprise separate components for the initial and terminal phases of 

a limb movement has been advocated by many investigators (Brooks, 1981; 

Brown and Cook, 1981; Ghez and Martin, 1982; Ghez and Gordon, 1987; 

Walter, 1985; Waters and Strick, 1981). Moreover, the demonstration that 

antagonist activity can be appropriately modified in response to 

perturbations during multijoint arm movements (Soechting, 1988) supports 
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the possibility that the appropriate motor output for the termination 

phase, like that for initiation, could be approximated by using a simple 

rule, then "fine-tuned" by ongoing sensorimotor responses. 

In closing, we offer the speculation that the consequences of using 

a control scheme based on simple rules are actually quite compatible with 

several common observations concerning multijoint arm movements. Though 

the approximations involved would result in less accuracy than could be 

achieved by using trajectory planning and inverse dynamics calculations, 

Loeb (1983) correctly points out that most movements are characterized by 

less-than-perfect accuracy. Moreover, since the directional errors are 

subject to ongoing correction, the accuracy of the initial path, which is 

generally irrelevant to the task, would be affected more than terminal 

accuracy. In addition, the inaccuracies stemming from the use of a simple 

initiation rule might well explain the unresolved mysteries of hand path 

curvature. 

Consider the following scenario: The proposed initiation rule 

dictates that movements in various directions are initiated by a "guess" 

as to the initial muscle activations needed for launching the hand toward 

the target. Because this guess does not explicitly account for dynamic 

effects, the guess will (almost always) be inexact, and thus, the initial 

motion will not be directly toward the target. And, because the effects 

of dynamic interactions vary with movement direction and limb 

configuration (i.e. location within the work space, at least for these 

movements), the degree to which the initiation rule actually counters 
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those effects will vary likewise. It follows that the magnitude and 

direction of the deviation from the intended path will vary with the 

movement direction and location within the work space, as is the case for 

observed hand paths (Atkeson and Hollerbach, 1985; Fleischer and Becker, 

1986; Georgopoulos et al., 1981). So, an initiation rule that does not 

exactly counteract dynamic effects may account for the fact that hand path 

curvature varies with movement direction and location within the work 

space, whereas the observation of "relatively" straight-line paths simply 

indicates that: (1) the rule provides a fair approximation of the muscle 

activity required for straight paths; and (2) corrective mechanisms exist 

that can limit the magnitude of directional errors. 



Table 4.1. Characteristics of the movements studied. 
(n = 470) 

Variable Range Mean S.D. 

einitinl 
s (deg) -7 to 88 42.9 17.9 

einitinl 
E (deg) 18 to 121 70.3 22.7 

fles (deg) -53 to 83 3.0 22.6 

fleE (deg) -94 to 90 0.7 42.0 

e~eak (deg/s) -279 to 355 14.2 115.2 

e~eak (deg/s) -578 to 640 7.7 230.1 

Distance (cm) 4 to 83 26.7 14.4 
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Table 4.2. Relationship between the agonist onset difference and ~ 

AGONIST EMGs SUBJECTS I 

(SHOULDER, ELBOW) 
ALL Sl S2 S3 S4 S5 S6 S7 S8 

Flexor, flexor -.43 -.14 -- -.58 -.84 -.34 -.27 -.50 -.83 
(PEC, BIC) (132) (18) -- (18) (5) (24) (37) (18) (9) 

Flexor, flexor -.52 - .45 - .10 -.71 -.96 -.39 -.59 - .43 -.23 
(PEC, BRD) (115) (12) (8) (18) (6) (19) (34) (9) (9) 

Extensor, extensor -.54 -.44 -.31 - .51 .-86 -.67 -.64 -.80 -.10 
(P.DEL, TRI) (93) (13) (5) (11) (8) (29) (10) (9) (8) 

Flexor, extensor .76 .91 -- -- .52 .29 .92 .87 -.95 
(PEC, TRI) (60) (14) -- -- (5) (10) (10) (9) (8) 

Extensor, flexor .51 .46 -- .76 .94 .82 .44 .52 --
(P.DEL, BIC) (60) (8) -- (5) (5) (10) (18) (10) --

Extensor, flexor .65 .50 - - .75 .96 .74 .57 .62 .53 
(P.DEL, BRD) (66) (8) -- (5) (5) (10) (17) (11) (9) 

~ _ .... - -, - -- - - -

Linear correlation coefficients and values of n (in parentheses) for individual 
subjects and for grouped data. Note that separate coefficients for biceps and 
brachioradia1is were calculated for trials with a flexor agonist at the elbow. Cells 
with less than 5 data points (" __ ") have been omitted. 

t-' 
C7't 
o 



Table 4.3. Relationship between agonist onset difference 
and onset of joint rotation at the shoulder and elbow. 

Initial agonist 
EMG sign 

(Shoulder, elbow) 

Flexor, flexor 

Extensor, extensor 

Flexor, extensor 

Extensor, flexor 

All movements 

Number 
of 

trials 

132 

93 

60 

60 

345 

Threshold for joint 
rotational onset 

5 deg/s 15 deg/s 25 deg/s 35 deg/s 

.00 .23 .21 .20 

.17 .13 .08 - .10 

.35 .30 .32 .38 

.28 .07 .07 -.33 

.18 .14 .10 .02 

Simple linear correlation coefficients relating the time between shoulder 
and elbow agonist onset to the corresponding time between shoulder and 
elbow joint rotational onset (as defined by four different angular 
velocity thresholds). 

I-' 
0"1 
I-' 



Table 4.4. Relationship between the absolute angular 
excursion difference and the difference in joint 
rotational onset times at the shoulder and elbow. 

Threshold for joint 
rotational onset 

Initial agonist 
EMG sign 

(Shoulder, elbow) 

Number 
of 

trials 5 deg/s 15 deg/s 25 deg/s 35 deg/s 

Flexion, flexion 90 - .14 - .45 - .43 -.23 

Extension, extension 54 -.12 -.16 - .17 -.04 

Flexion, extension 175 - .18 - .41 -.30 -.18 

Extension, flexion 151 - .19 -.22 -.30 -.01 

All movements 470 -.16 -.33 -.30 -.14 

Simple linear correlation coefficients relating the difference in absolute 
joint angular excursions at the shoulder and elbow [ABS(~eE) - ABS(~es)] 
to the time difference between shoulder and elbow joint rotational onsets 
(as defined by four different angular velocity thresholds). 

I-' 
0'\ 
N 
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Figure 4.1 Illustration of the method used for quantifying the magnitude 
of initial EMG activity in each muscle. The shaded region represents the 
integral of the filtered and rectified signal (corrected for baseline 
activity) over the first 100 ms of activity. Baseline, resting EMG levels 
for each muscle were calculated as the mean value of the filtered and 
rectified signal over the first 50 ms of the record. 
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Fig. 4.2 See legend on following page. 
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Figure 4.2A - F (Preceding page) Records of digitized EMG and kinematic 
data for movements in different directions. Each of the six records 
depicts a single movement performed by the same subject, initiated from 
approximately the same position, but differing in movement direction, as 
indicated by the values of ~ below each record. Angular displacements at 
the shoulder and elbow are indicated by the traces labelled as and aE, 
respectively. For both joints, upward deflections indicate flexion 
(increasing value of a) and downward deflections, extension. Mean (± S.D.) 
initial joint angle for these six movements was 23 ± 3 degrees for a~nit. 
and 56 ± 4 degrees for a~nit. Each record also includes the rectified and 
filtered EMGs of five shoulder and elbow muscles, with increasing activity 
indicated by an upward deflection of the EMG trace for flexor muscles 
(biceps brachii, brachioradialis and pectoralis maj or) and a downward 
deflection for extensor muscles (triceps brachii and posterior deltoid). 
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Figure 4.3 Time difference between shoulder and elbow agonist EMG onsets 
relative to .,p (movement direction with respect to the forearm). Each 
symbol represents a single movement performed by the same subject (S7). 
Symbol type indicates the sign of initial shoulder and elbow agonist EMG 
activity (see symbol key, lower right). Note that each combination of 
agonists (symbol type) falls within a distinct region of .,p (i. e. .,p 
predicts the sign of shoulder and elbow agonists), and, within each symbol 
type, the agonist onset difference is related to .,p in a 
roughly linear fashion, as indicated by the linear regression lines and 
correlation coefficients (see key). 
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Fig. 4.4 Time difference between shoulder and elbow agonist EMG onsets 
relative to .,p (movement direction with respect to the forearm). All 
conventions are the same as in Fig. 4.3. Symbols represent 345 movements 
(performed by eight different subjects) covering most of the reachable 
work space in the horizontal plane (see Table 4.1 for complete descriptive 
statistics). The limited overlap of symbol types indicates that, even 
across subjects and task variables, .,p remains a relatively good predictor 
of the sign of initial agonist activity at the shoulder and elbow. 
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Fig. 4.5 Averaged values of agonist onset difference relative to .,p. 
Mean agonist onset versus mean value of .,p for 10 degree bin widths. The 
number of data points in each bin is indicated by the value of n below 
each symbol. Thus, each square symbol and vertical error bar in Fig. 5 
indicate the mean (+- S.E.M.) agonist onset difference for the n 
movements within that bin, and the horizontal error bars indicate the 
S.E.M. for .,p within the hin. (For the 10 degree bin widths, the horizontal 
error bars are not visible, since they are narrower than the symbols.) 
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Fig. 4.6 Time difference between shoulder and elbow agonist EMG onsets 
relative to ~ (absolute movement direction). All conventions are the same 
as in Figs. 4.3 and 4.4. Symbols represent the same 345 movements shown 
in Fig. 4.4, but ~ has been plotted on the X-axis, rather than~. The 
much greater overlap of symbol types (in comparison to Fig. 4.4) indicates 
the superiority of ~ (as opposed to ~) as a predictor of the sign of 
initial agonist activity at the shoulder and elbow. Likewise, ~ is more 
closely correlated with antagonist onset difference for three of the four 
combinations of initial shoulder, elbow agonist, as indicated by the 
generally higher correlation coefficients (given in the symbol keys) for 
Fig. 4.4 as compared with those for Fig. 4.6. 
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Fig. 4.7 Relative magnitude of initial agonist EMG activity at the 
shoulder and elbow, relative to ~ (movement direction with respect to the 
forearm). This figure is identical to Fig. 4.3 except that the Y-axis now 
indicates the relative magnitude of the first 100 ms of EMG activity in 
the shoulder and elbow agonists, plotted as log10 (shoulder / elbow). 
Thus, increasing Y values indicate increasing shoulder EMG activity and/or 
decreasing elbow EMG activity. Note the similarity of the relationship 
depicted here to that depicted in Figs. 4.3 and 4.4 for the agonist onset 
difference relative to ~. 
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Fig. 4.8 Bin averaged values of initial agonist magnitude ratio relative 
to~. The number of data points in each bin is indicated by the value of 
n below each symbol. Bin width is 10 degrees, except where noted by an 
asterisk above the symbol (adjacent bins have been collapsed if n < 4). 
Thus, each square symbol and vertical error bar in Fig. 4.5 indicate the 
mean (± S.E.M.) relative magnitude of initial shoulder and elbow agonist 
EMG activity for the n movements within that bin, and, where visible, the 
hori.zontal error bars indicate the S. E.M. for ~ within the bin. (For the 
10 degree bin widths, the horizontal error bars are not visible, since 
they are narrower than the symbols.) As in Fig. 4.3, increasing Y values 
indicate increasing shoulder EMG activity and/or decreasing elbow EMG 
activity. Note the similarity of the relationship depicted here to that 
depicted in Fig. 4.5, which differs from this figure only with respect to 
the variable plotted on the Y-axis. 
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Fig. 4.9 Time difference between shoulder and elbow agonist EMG onsets 
relative to the time difference for onset of rotation at the shoulder and 
elbow joints. Each symbol represents one of 345 movements (8 subjects), 
with symbol type indicating the sign of initial shoulder and elbow agonist 
EMG activity. Rotational onset at each joint was defined as the point 
where the absolute angular velocity first exceeded 5 deg/s. The lack of 
correlation between these two variables indicates that the relative timing 
of shoulder and elbow movement initiation is not due to a corresponding 
temporal organization of the motor output of the eNS. 
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The format chosen for this dissertation includes a detailed Summary 

and Conclusions section for each of the three preceding chapters. As 

such, this concluding chapter does not include a reiteration of those 

specific points. Rather, it serves as a forum for speculating on the 

broader ramifications of these studies. The following comments are 

divided into two sections. First, we will consider the results presented 

in the preceding chapters in terms of their relevance and specific 

implications with respect to current concepts for control of mu1tijoint 

limb movements. Whereas the first section emphasizes how these results 

relate to quite specific control strategies, the second section offers a 

much broader, and, admittedly, more opinionated commentary centering on 

experimental approaches to understanding the control of mu1tijoint limb 

movements. 

In chapters 2 and 3, we proposed specific rules, derived from 

previously suggested motor control strategies, by which the eNS might 

choose the appropriate shoulder and elbow agonist muscle groups for 

initiating planar, two-joint arm movements in various directions. Though 

none of the specific rules tested were fully supported by the data, those 

results do not refute, as a whole, the more general strategies on which 

the rules were based. Those results do, however, dictate certain 

constraints under which those strategies must have been implemented if, 
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indeed, they were utilized by the eNS for controlling the movements under 

study. 

For example, if one postulates that the movements studied were 

controlled by implementing any version of the equilibrium point 

hypothesis, one must also assume either: (1) that the choice of a "virtual 

trajectory" is not spatially constrained (Le. the equilibrium point may 

be assumed to move to a series of positions anywhere in space); or (2) 

that the stiffness and damping characteristics of the limb represent a 

significant influence on the observed trajectory, such that those 

characteristics could explain the consistent discrepancies between the 

predictions of the PIF rule and our observations regarding the sign of 

initial muscle activity at the shoulder and elbow. The first assumption 

essentially negates the most attractive feature of the equilibrium point 

strategy: the avoidance of explicit trajectory planning. If we could 

assume that the movement is initiated by displacing the equilibrium point 

to the target position, or at least somewhere in the direction of the 

target, then the complexity of the initiation rule would be substantially 

less than, for example, the PIA rule. But, if the actual hand path can 

only be explained by assuming that the virtual trajectory may go anywhere 

in the work space, or worse 'yet, even beyond the reachable work space 

(Hogan, 1985), the original simplicity of the concept is lost. 

Furthermore, if the path of the equilibrium point is not constrained in 

some simple manner, such as along a line toward the intended final 

position, the concept is not testable, because any data could be explained 
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by some form of virtual trajectory, and there is no independent means of 

determining whether the eNS actually used such a "virtual trajectory". 

Evaluation of the latter assumption, that the observations reported here 

could be accounted for by the passive viscoelastic properties of the limb, 

awaits experimental determination of limb stiffness and damping under 

dynamic conditions. 

Our data also have distinct implications regarding the proposal that 

the eNS explicitly plans the hand trajectory, then uses inverse kinematics 

and inverse dynamics calculations to determine appropriate muscle torques. 

In light of our data, that proposal is feasible only if one also assumes 

that the planned hand trajectory is not straight, but involves a degree 

of curvature, the directi~n and extent of which varies with both the 

initial position of the limb and the inertial characteristics of each of 

the limb segments. In other words, our data indicate that an additional 

set of rules would be required for determining the "desired" hand-path 

curvature prior to initiating the inverse kinematics and inverse dynamics 

calculations. The addition of these further complications to an already 

complex strategy does not enhance the feasibility of the eNS actually 

employing such a strategy. 

On the ,,,hole, the results presented in the preceding chapters suggest 

that the control strategy employed for initiating these planar, two-joint 

movements does not include (1) explicit trajectory planning, or (2) 

precise compensation for intersegmental dynamic effects. Alternatively, 

we have suggested that our results are compatible with a strategy which 
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includes the use of: (1) simple rules governing the choice of initial 

muscle activation patterns, based on task variables such as the intended 

direction of hand movement; (2) sensorimotor mechanisms for correction of 

directional errors by appropriate modification of motor output during the 

movement; and (3) an additional mechanism for generating muscle activity 

appropriate for terminating the movement. We have presented our own data 

to support the first point, and have cited evidence supporting the latter 

points as well. 

The alternative strategy outlined above could account for many 

typical characteristics of mu1tijoint movements. For example, the lack 

of specific compensation for intersegmental interactions migl.t explain the 

variation of hand path curvature over the work space. The inclusion of 

corrective mechanisms could account for the ability to correct for path 

deviations due to external perturbations, fatigue, or errors in estimating 

added loads, as well as those due to uncompensated intersegmental 

interactions. Furthermore, recently demonstrated non-autogenic reflex 

mechanisms (see Abbs and Winstein; 1989, for a recent review) appear to 

be particularly well-suited for effective modification of ongoing motor 

output during the performance of multijoint movement tasks. 

In summary, our results are not in agreement with the predictions of 

either of the proposed initiation rules that were tested, nor do they 

appear to be easily reconciled with the implications of the proposed 

strategies on which those rules were based. Rather, they suggest an 
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alternative strategy in which initial muscle activations are chosen 

without explicit consideration of intersegmental dynamic effects. 

The conclusions discussed in the preceding section relate 

specifically to the principal focus of these studies, strategies for the 

initiation of multijoint limb movements. But, in the course of completing 

these studies, other, more general conclusions emerged as well. For 

example, reviewing the available literature led to the rather obvious 

conc1us:"~on that the search for strategies underlying the control of 

multijoint limb movements is still in its infancy, and current concepts 

of control strategies are rudimentary. Those strategies that have been 

proposed have frequently not been presented in the form of testable 

hypotheses. And, as suggested by the studies presented here, the 

development of new hypotheses seems necessary as well. 

A more important (and, no doubt, more controversial) conclusion also 

emerged during the course of these studies: it appears that progress 

toward understanding mUltijoint control strategies is being hampered by 

the experimental approaches that have typically been employed in studies 

of multijoint limb movements. Two specific examples are discussed below. 

Based on a review of the literature and subsequent comparisons of our 

findings with those of previous studies, it appeared that many 

generalizations regarding "typical features" of multijoint arm movements, 

as well as proposals for CNS control strategies, were unduly influenced 

by the experimental design. For example, a great deal of speculation 

regarding CNS control strategies for multijoint arm movements has been 
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based on studies in which only kinematic data were collected. It should 

be noted that the presence of kinematic invariants does not necessarily 

connote a control strategy in which those kinematic features are 

specifically planned. Rather, such invariants may emerge from a number 

of strategies, including, for example, the PIF rule tested in Chapter 3, 

or an initiation rule based on positional variables, such as we have 

proposed. Another neglected aspect of experimental design, discussed in 

a recent commentary by Newell (1989), and vividly illustrated by our 

observations, is the issue of task specificity. This problem has been 

summarized as follows: "One of the most significant limitations of the 

motor control and skill acquisition domain is that the theories, models, 

hypotheses, and even hunches about the re1ationship(s) between independent 

and dependent variables tend to be task specific" (Newell, 1989). The 

results presented here provide concrete support for that premise by 

demonstrating that conclusions based on movements covering limited regions 

of the work space (Wadman et a1., 1979) or encompassing limited 

combinations of joint rotations (Kaminski and Gentile, 1986) are, indeed, 

task specific, and may, in fact, be quite misleading. In conclusion, the 

studies presented here indicate that current concepts regarding control 

of mu1tijoint limb movements are in need of considerable refinement, if 

not outright replacement. Moreover, the examples outlined above reveal 

that current experimental approaches to this problem are often inadequate, 

and support the premise that detailed consideration of experimental design 

is a particularly important, but often overlooked, factor in the study of 
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strategies underlying the control of mu1tijoint movements. Specifically, 

we suggest that more effort be directed toward development of testable 

hypotheses, that experiments testing those hypotheses encompass the widest 

possible range of movement parameters, and, finally, that attempts to 

understand how the eNS controls movements include at least some appraisal 

of neural activity, rather than relying on11 on the study of kinematics. 
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Given the length, mass and inertial characteristics of the segments 

as well as the desired movement trajectory in terms of the joint angles 

(and their time derivatives), the inverse dynamics calculation provides 

the time-varying sequence of torques required to produce the movement. For 

the horizontal plane, two-joint system under consideration here, the 

required torques are given by the following equations, which are 

generalized from those provided by Hollerbach and Flash (1982) and Craig 

(1986), who had assumed that the mass distribution of each segment is 

uniform: 

~s - {11 + 1z + m1 c~ + mz(l~ + c~ + 2 i 1cZ cos SE)}Bs 

+ {l z + mzc~ + mZi 1cz cos Se>BE 

{mZi 1cz sin SE}9~ - {2 mZi 1cZ sin 9e>9s9E, 

~E {l z + mzc~ + mZi 1cz cos 9E) }es 

+ {l z + mzc~}BE + {mZi 1cz sin 9d9~ , 

(AI) 

where m1' mz are the proximal and distal segment masses, i 1 , i z the segment 

lengths, c1, Cz the distances from the center of mass to the proximal end 

of the segment, 11 and 1z the moments of inertia for rotations about the 

center of mass. 



DYNAMIC INTERACTIONS BETWEEN SEGMENTS 

ACCELERATION-DEPENDENT EFFECTS 

181 

At the elbow, the same-joint inertial component of the required elbow 

muscle torque (i.e. that proportional to 9E) is identical to that necessary 

for the same angular acceleration in the single joint case. However, the 

corresponding component at the shoulder (proportional to 9s) must also 

account for the added inertia of the distal segment, the effect of which 

is minimized when the elbow is fully flexed and maximized when the elbow 

is fully extended (i.e. SE = 0 deg). In addition, both joints are subject 

to inertial interaction torques that are proportional to the angular 

acceleration at the other joint, and which also vary with cos SE' 

VELOCITY-DEPENDENT EFFECTS 

Two types of velocity-dependent interaction effects, sometimes termed 

centrifugal and Coriolis torques (Craig, 1986; Hollerbach and Flash, 

1982), must be considered when dealing with limb movements involving two 

or more joints. The magnitudes of the centrifugal torques acting at the 

shoulder and elbow vary as the square of the angular velocity of the other 

joint, and both depend on the elbow angle as well. 

The Corio lis effect is apparent when a segment rotates about an axis 

which is itself rotating, as is the case for the distal segment in the 

two joint example dealt with in this proposal. This effect, which is 

proportional in magnitude to sin SE times the product of the two angular 

velocities, generates a torque only at the shoulder joint in this example, 
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as the effect at the distal segment is equivalent to a force parallel to 

the long axis of that segment. 

FUNCTIONAL SIGNIFICANCE OF DYNAMIC INTERACTIONS 

The muscle torques required at each joint for a given movement 

trajectory depend on the sum of the terms discussed above. The following 

discussion will illustrate how those terms interact during the performance 

of two-joint pointing movements. 

The inertial interactions due to rotation about one joint may either 

assist or oppose the muscular torque at the other joint. For movements in 

which the direction of joint rotation is the same at both joints, the 

cross-joint inertial torques generally increase the needed muscle torque, 

while the converse is true for movements involving opposite rotations at 

the two joints. The magnitude of the cross - j oint inertial torques are 

maximal when the elbow is fully extended. 

For the particular two-joint situation discussed here, the sign of 

the centrifugal effect at each joint is fixed by the limb geometry, since 

it is assumed that no hyperextension of the elbow is possible (i.e. the 

functional range of elbow motion is approximately 0 to 150 degrees). As 

a consequence of this constra.int, the centrifugal effect always tends to 

assist flexion and oppose extension at the shoulder, while the effect at 

the elbow is the opposite, always tending to extend the elbow. The 

magnitude of the centrifugal effect at either joint varies with the elbow 

angle (maximum effect when SE = 90 deg) , and increases as the square of the 

angular velocity at the opposite joint. 
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The Coriolis effect acting at the shoulder depends on the relative 

direction of the two joint rotations, tending to flex the shoulder if 

elbow and shoulder rotation are in the same direction, and to extend the 

shoulder if the joint rotations are in opposite directions. As with the 

centrifugal effects, the Coriolis effect at the shoulder also varies with 

the elbow angle, reaching a maximum when 9E = 90 deg. 
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APPENDIX B 

CALCULATION OF PREDICTED MUSCLE TORQUES FOR MOVEMENT INITIATION 

PREDICTIONS FOR THE PIA RULE 

We begin with the equations of motion of a two-joint, planar system, 

as described in Appendix A: 

(B1) 

+ {12 + m2c~ + m2£lc2 cos 9d8E 

·2 .• 
{m2£lc2 sin 9d9E - {2 m2£lc2 sin 9d9s9E, 

J.iE = (12 + m2c~ + m2£lc2 cos 9E) }8s 

+ {I2 + m2c~}eE + {m2£lc2 sin 9E}e~ , 

where m1' m2 are the segment masses, £1' £2 the segment lengths, C1' c2 the 

distances from the center of mass to the proximal end of the segment, 11 

and 12 the moments of inertia for rotations about the center of mass. 

As shown in Chapter 3, equation (3.1), the cartesian coordinates for 

the hand are given by: 

x = £1 cos 9s + £2 cos (9s + 9E) (B2) 

The direction of acceleration of the end-effector can be determined from 

:it and y. The expressions are simplified considerably by restricting 

attention to movement onset. Thus, differentiating equations (B2) twice, 

and substituting as = O,eE = 0, we obtain: 
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(B3) 

Elimination of 8s , 8E between equations (B1) and (B3) yields, for 

movement onset when the angular velocities are zero, equations relating 

the two torques to x and y. These are further simplified by the 

requirement that the initial acceleration have the direction ¢. In other 

words, 

x - a cos ¢ (B4) 

y = a sin ¢ 

where a is the magnitude of the acceleration, a positive quantity. 

Substituting ¢ = ~ + es + eE, we finally obtain the prediction of PIA rule 

for the muscular torques required at movement onset, namely, 

(B5) 

cos ~ 

cos(eE + ~) ) 

.£2 sin eE 

cos(eE + ~) ) 

.£2 sin eE 
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The superscript (A) indicates that these torques are appropriate for 

acceleration in the target direction. Note that I'~A) and I'fA) depend on the 

positional variables ~ and 9E. 

PREDICTIONS FOR THE PIF RULE 

Let fx' fy be the components of the force exerted by the end-effector. 

Taking moments about the shoulder and elbow joints, we obtain: 

I's = x fy - Y fx (B6) 

I'E = ~2 cos(8s + 8E)fy - ~2 sin(8s + 8E)fx 

The requirement that the initial force be pointed in the direction ¢ is 

expressed by: 

fx = f cos ¢ 

fy f sin ¢ 

(B7) 

where f is the magnitude of the force, a positive quantity. Substituting 

¢ = ~ + 8s + 8E, it follows from equations (B6) and (B7) that: 

(B8) 

The superscript (F) indicates that these torques are appropriate for a 

force in the target direction. 

The zeroes of expressions BS and B8 may then be found numerically and 

plotted on ~,8E axes for use in hypothesis testing, as shown in Chapter 3. 
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