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Abstract The leading joint hypothesis (LJH), developed

for planar arm reaching, proposes that the interaction tor-

ques experienced by the proximal joint are low compared

to the corresponding muscle torques. The human central

nervous system could potentially ignore these interaction

torques at the proximal (leading) joint with little effect on

the wrist trajectory, simplifying joint-level control. This

paper investigates the extension of the LJH to spatial

reaching. In spatial motion, a number of terms in the

governing equation (Euler’s angular momentum balance)

that vanish for planar movements are non-trivial, so their

contributions to the joint torque must be classified as net,

interaction or muscle torque. This paper applies definitions

from the literature to these torque components to establish

a general classification for all terms in Euler’s equation.

This classification is equally applicable to planar and spa-

tial motion. Additionally, a rationale for excluding gravity

torques from the torque analysis is provided. Subjects

performed point-to-point reaching movements between

targets whose locations ensured that the wrist paths lay in

various portions of the arm’s spatial workspace. Movement

kinematics were recorded using electromagnetic sensors

located on the subject’s arm segments and thorax. The arm

was modeled as a three-link kinematic chain with idealized

spherical and revolute joints at the shoulder and elbow.

Joint torque components were computed using inverse

dynamics. Most movements were ‘shoulder-led’ in that the

interaction torque impulse was significantly lower than the

muscle torque impulse for the shoulder, but not the elbow.

For the few elbow-led movements, the interaction impulse

at the elbow was low, while that at the shoulder was high,

and these typically involved large elbow and small shoul-

der displacements. These results support the LJH and

extend it to spatial reaching motion.

Keywords Spatial arm reaching � Leading joint

hypothesis � Joint torque partitioning

Introduction

In multi-joint serial chains, torque application at one joint

instantaneously creates motion at all joints of the chain.

This phenomenon is called ‘dynamic coupling’ (Zajac and

Gordon 1989). Consequently, to produce a desired hand

trajectory with the human arm, which is often modeled as a

multi-joint serial chain, the torque at any joint must be

composed by taking into account the movement of all

joints. How the descending neural commands that produce

joint torques are adjusted to these passive, internal inter-

action torques or effects that underlie dynamic coupling

has intrigued researchers as early as Bernstein (1967).

Hollerbach and Flash (1982) demonstrated in simulation

that the wrist paths resulting from ignored interaction tor-

ques at both joints of a two-jointed serial chain are not

characteristic of human behavior. Subsequent studies

showed that muscular control accounts for interaction

effects (Abend et al. 1982; Galloway et al. 2004; Gribble

and Ostry 1999; Karst and Hasan 1991a, b; Sainburg et al.

1995, 1999; Schneider et al. 1990; Virji-Babul and Cooke

1995).
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The equilibrium-point approach of Feldman (1986) and

the optimal-control approach of Todorov (2004) for

studying motor control view the regulation of interaction

effects as a by-product of their respective control strategies.

In contrast, force control theories presume that interaction

effects are represented in internal models (Kawato 1999)—

neural constructs that mimic the input–output (or their

inverse) relations of the motor apparatus—and are used to

directly specify muscle forces (Hollerbach 1982). The

leading joint hypothesis (LJH) (Dounskaia 2005; Douns-

kaia et al. 1998, 2002; Hirashima et al. 2007), which

belongs to the last category, is an inverse dynamical

internal model. It provides an algorithm for estimating the

joint torques required to execute a desired hand trajectory.

These torques are presumably converted into muscle acti-

vations by other internal models.

The governing equation for the inverse dynamics of a

serial chain, ignoring dissipative forces at joints, may be

expressed as (Murray et al. 1994)

Tmuscle ¼ IðqÞ � €q� Cðq; _qÞ � Tgravity; ð1Þ

where q is the prescribed vector of joint displacements,

I and C are the inertia and the Coriolis matrix, respectively,

Tgravity is the vector of gravity-induced joint torques, and

Tmuscle is the vector of joint torques, presumably created by

the activation of muscles spanning the joints, passive ten-

dons, and the supporting skeletal structure. The dot nota-

tion indicates derivative with respect to time. The muscle

torque expression for any single joint involves accelera-

tions, velocities, and positions of all joints, since the

matrices I and C are generally not diagonal. This is pre-

cisely the interaction effect, and in estimating the muscle

torque at one joint, the central nervous system (CNS) must

compensate for the torque induced by the motion of all

other joints in the chain. Now, analysis of recorded human

arm movements has revealed that the interaction effects at

one joint are often low. The LJH suggests that the CNS

ignores these low interaction effects while composing the

task-specific torque at the leading joint, which serves as a

dynamic foundation of the movement of the entire chain.

Leading joint motion generates strong interaction torque at

the other (subordinate) joints. The role of the subordinate-

joint musculature is to regulate interaction torque and

create net torque that results in the desired motion of the

hand (Dounskaia 2005). This simplification in the move-

ment dynamics leads to a corresponding simplification of

joint-level control. Dounskaia (2005) also proposes a

scheme decoupling the control of leading and subordinate

joints into relatively independent hierarchical components.

The LJH gathers supporting evidence from a host of

studies wherein joint torque analysis is used to determine

the roles of leading and subordinate joints (Buchanann

2004; Dounskaia et al. 1998; Galloway and Koshland

2002; Hirashima et al. 2007; Ketcham 2004; Levin et al.

2001). Electromyographical (EMG) signals showing reci-

procal bursts of activity at the leading joint that are tightly

coupled with the joint’s acceleration and deceleration

(Dounskaia et al. 1998; Levin et al. 2001) offer further

support. EMG activity at the subordinate joint is more

complex. All of the studies cited above are planar motion

studies, except Hirashima et al. (2007) in which the

throwing motion of skilled baseball players is investigated.

The objective of this paper is to extend the LJH to spatial

reaching motion.

Methods

Subjects and tasks

Nine subjects, five female and four male, with no history of

physical or neurological disorders participated in the study.

Eight subjects were right handed, and one was ambidex-

trous. Subjects were between 20 and 33 years of age

(mean = 23.22 years, standard deviation (SD) = 3.9 years)

and naive to the purpose of the experiment. All subjects gave

their informed consent prior to inclusion in the study. This

research received approval from the appropriate Institutional

Review Board.

The subjects sat in and were strapped to a chair with a

band passing over the chest and under the arms to minimize

the movement of the thorax. Eight colored tennis balls

serving as targets were arranged around the subject on

stands made of PVC pipe, as shown in Fig. 1. Table 1

specifies the locations of the targets relative to the subject’s

right shoulder (median values).

The following six reaching tasks, consisting of the

subject pointing from an initial target to a final target with

the right arm and depicted in Fig. 2, were used in the study.

T3 

T5 

T7 

T2 T1 

T4 

T6 

T8 

Fig. 1 Location of targets relative to subject’s right shoulder. Tennis

balls covered with colored paper serve as targets mounted on PVC

pipe frames. Dotted lines indicate spatial locations of targets
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Task 1: T1! T8, short contralateral movement,

decreasing elevation.

Task 2: T3! T6, long ipsilateral movement, increasing

elevation.

Task 3: T1! T5, short ipsilateral movement,

horizontal.

Task 4: T2! T7, long contralateral movement, decreas-

ing elevation.

Task 5: T2! T6, long contralateral movement, increas-

ing elevation.

Task 6: T2! T5, long contralateral movement,

horizontal.

Two dummy tasks (T4! T7, and T3! T7) were

included to provide enough tasks that subjects would not

simply memorize joint motions for any one task. Sub-

sequent analysis, however, indicated that these tasks were

not necessary, so they are not considered further. All six

tasks required movement away from the body and full

extension of the elbow. Each began with the subject in the

neutral position with the hands resting on the knees. The

following instructions were given to the subject. The

experimenter will name the initial target. Point to the ini-

tial target with your forefinger close to the target and

remain in that position. The experimenter will then call out

a speed cue, followed by the final target. The speed cue will

be either ‘slow’, ‘normal’, or ‘fast’. Interpret the speed cue

in a consistent fashion for various tasks. Move your head to

locate the position of the final target (if necessary) and then

point to the final target at the appropriate speed. Move the

entire arm, i.e., the shoulder and the elbow, such that the

elbow is maximally extended in the final position. Remain

in the final position until the experimenter says the word

‘neutral’. Return to the neutral position and wait for the

specification of the next task. Keep the wrist rigid, and

focus more on producing smooth movements rather than

the accuracy of the final position of the finger.1

Each subject performed 220 pointing motions. Of these,

the first 20 involved all six tasks performed at all three

speeds to acquaint the subject with the procedure. The

actual experiment was comprised of the next 200 motions,

including 20 repetitions of the dummy tasks, presented in

pseudorandom order such that each task was repeated ten

times at each of the three speeds. To minimize fatigue,

breaks of approximately five minutes were enforced after

the 80th, 130th, 170th, and 200th motions. None of the

subjects reported feeling fatigued during the experiment.

Data recording and analysis

Electromagnetic sensors (Flock-of-Birds, Ascension

Technology Corporation) were taped onto the subject’s

right wrist, right upper arm, right scapula, and spinous

process of the 7th cervical vertebra. Sensor locations were

related to various body-segment locations via a digitization

protocol recommended by the International Society of

Biomechanics (Wua et al. 2005). Local anatomical refer-

ence frames were defined for the right forearm, the right

T6

T2T2

T1

T8

Task 1 Task 2

T3

T6

Task 3 

T1

T5

T7

Task 4 Task 5 Task 6 

T2

T5

T1
T8

T6T3 T1

T5

T2 T2 T2

T6 T5T7

Fig. 2 Two views of each pointing task, one from behind subject and

one overhead

Table 1 Target locations relative to right shoulder

Target Distance from shoulder

(m)

Azimuth

(deg)

Elevation

(deg)

T1 0.45 -20 10

T2 0.50 45 10

T3 0.55 0 -35

T4 0.65 45 -35

T5 0.90 -60 0

T6 1.40 -60 50

T7 1.0 -60 -30

T8 0.95 30 -25

Distances are accurate to 0.05 m and angles to 5�

1 Movement at different speeds is not endemic to the discussion of

the LJH. This feature of the experiment was included to evaluate the

Time Invariance Hypothesis (Ambike and Schmiedeler 2006), which

is not part of this paper.

Exp Brain Res (2013) 224:591–603 593

123



upper arm, the right scapula, and the thorax, and joint

reference frames were assigned to the shoulder and elbow

joints. X, Y, and Z position coordinates were sampled at

100 Hz and filtered using a low-pass, fourth-order, zero-

lag, Butterworth filter with a cut-off frequency of 1.5 Hz.

Kinematic model and movement kinematics

The arm is modeled as a three-link kinematic chain with

idealized spherical and revolute joints at the shoulder and

elbow, respectively. The wrist joint is ignored. The center

of the glenohumeral joint is located using the rotation

method (Veeger 2000), and it served as the center of the

spherical joint of the kinematic model. The rotation axis of

the elbow corresponds to one of the axes of the forearm’s

anatomical reference frame.

Movement kinematics, including up to third-order linear

and angular motion properties of the upper arm and fore-

arm, were computed in The MotionMonitor software

(Innovative Sports Training, Inc.). These data were used to

compute the kinematic quantities required for joint torque

computation in the ‘‘Appendix’’. The detailed kinematic

development is found elsewhere (Ambike 2011).

Movement dynamics

In previous LJH research (Dounskaia 2005; Dounskaia

et al. 2002, 1998; Hirashima et al. 2007) and work

involving serial chain, inter-segmental dynamics (Gallo-

way and Koshland 2002; Hore et al. 2011; Sainburg et al.

1995, 1999; Sainburg and Kalakanis 2000; Schneider and

Zernicke 1990), the torque components at a segment’s

proximal joint are partitioned into muscle torque (MT),

interaction torque (IT), gravity torque (GT), and net torque

(NT), related by

Tnet ¼ Tmuscle þ Tinteraction þ Tgravity: ð2Þ

Equation 2 is obtained from Equation 1 by partitioning

the terms IðqÞ � €q� Cðq; _qÞ using some rule based on the

definitions of NT and IT to get Tnet and Tinteraction.2

Zatsiorsky (2002) provides an overview of the definitions

of these torque components used in the literature. The

contributions of MT and IT to NT at each joint for an

entire movement are quantified from the time series of the

torque components. This includes an analysis of torque

signs, torque impulses, torque timing, and EMG

recordings. Torque signs indicate the portion of the

movement for which MT is dominant in accelerating the

joint (Dounskaia et al. 1998; Sainburg et al. 1999). The

signed impulses of the torque components indicate the

magnitude of the contributions of MT and IT to NT

(positive when in the same direction as NT). If the total IT

impulse is small compared to the MT impulse, it is

classified as ignorable. Relative timing of MT compared to

NT is assessed as an absolute shift in time of MT-positive

and MT-negative peaks relative to the corresponding NT

peak in each cycle, divided by the cycle duration. This is

close to zero if the peaks occur simultaneously, that is,

when MT is the dominant component of NT. Deviation

from zero indicates that IT contributes to NT, influencing

its timing (Dounskaia et al. 2002). Finally, processed

EMG signals from the anterior and posterior deltoids and

from the biceps and lateral head of the tricep are compared

with the NT profiles at the shoulder and elbow,

respectively, to reveal the extent to which muscle

activity directly caused joint acceleration/deceleration

(Dounskaia 2005). Dounskaia et al. (1998) provide

similar EMG analysis for arm movement involving the

elbow and wrist joints.

A similar analysis is used in the present paper, but the

equations of motion (EOM) for the spatial chain are written

first. A set of definitions for the torque components are

chosen and used to partition the EOM. The analysis of

torque signs and impulses is modified to account for two

characteristics unique to spatial motion—gravity and the

non-collinearity of shoulder torque components. Analysis

of torque timing is omitted since it reveals the same

information as the analysis of torque impulses, and EMG

measurements were not made. The objective is to deter-

mine whether IT at one joint is small compared to the

corresponding MT so that it can be considered ignorable, as

required by the LJH.

Euler’s angular momentum balance equation (Green-

wood 1988; Zatsiorsky 2002) applied to each segment of a

serial chain (planar or spatial) is

M ¼ I � aþ x� I � x; ð3Þ

where M is the sum of all external moments acting on the

segment, I is the segment’s inertia tensor, and x and a are

the segment’s angular velocity and angular acceleration,

respectively. Equation 2 for a joint is obtained by parti-

tioning the terms in Eq. 3 written for the limb segment

distal to the joint. For planar chains, the second term in the

right-hand side of Eq. 3, called the gyroscopic torque,

vanishes, and M does not contain any term proportional to

the square of the angular velocity of the limb segment.

Consequently, the NT expression is proportional to the

angular acceleration of the limb segment distal to the joint.

Therefore, NT has been defined for planar motion as

(Dounskaia 2005; Dounskaia et al. 2002; Zatsiorsky 2002)

2 For a planar arm model, all joint torque vectors are normal to the

arm’s movement plane. Therefore, the torques in Eq. 2 appear as

scalar magnitudes in the cited studies. In contrast, NT, MT, IT, and

GT generally represent vector quantities in this paper, unless stated

otherwise.

594 Exp Brain Res (2013) 224:591–603

123



NT1: joint torque associated with the angular

acceleration at the joint.

Elsewhere, NT is more generally defined as (Schneider

and Zernicke 1990)

NT2: the sum of all the positive and negative torque

components (gravitational, interactive, and muscle)

that act at a joint.

For general 3D motion, terms proportional to the square

of a segment’s angular velocity arise from a non-trivial

gyroscopic torque and the external moments, M, in Eq. 3.

Thus, NT2 is the operative definition for net torque in this

work. Additionally, this choice respects the previously used

definition of IT (Galloway and Koshland 2002; Sainburg

et al. 1999; Zatsiorsky 2002)

IT: torque component at a joint associated with

acceleration and velocity at other joints.

This paper also adopts the previously used definitions of

GT and MT (Schneider and Zernicke 1990):

GT: a passive torque resulting from gravity acting at

the center of mass of each segment, and

MT: a ‘generalized’ torque that includes forces

arising from active muscle contractions and from

passive deformations of muscles, tendons, ligaments,

and other periarticular tissues.

Using these definitions, Euler’s equation for the forearm

can be partitioned to obtain the elbow torque components.

Any term containing only the elbow joint variable3 and/or

its derivatives is classified as NT. Any term that addi-

tionally contains the shoulder-joint variable and/or its

derivatives is classified as IT. Any term containing the

gravity vector is classified as gravity torque. These torque

components are computed using the measured movement

kinematics and anthropometric data (Dempster and

Gaughran 1967) obtained from subject’s weight and height,

and MT is computed using Eq. 2. The same partitioning

scheme is applied to Euler’s equation for the upper arm,

and shoulder torque components are obtained similarly.

Unlike horizontal-plane motion, a spatial arm motion

study must contend with gravity-induced joint torques.

Hollerbach and Flash (1982) proposed that the CNS may

compute the gravity- and motion-dependent torques sepa-

rately. The study found that gravity-independent NT pro-

files for performing reaching movements at different

speeds were scaled by the square of the ratio of the

movement times. This led to a motor control strategy

wherein the motion-dependent torques for a given

movement are obtained by scaling an existing record of

torques required for the same motion, to which gravity

torques are added separately. This argument has since been

reiterated (Atkeson and Hollerbach 1985; Soechting 1986)

and experimentally validated (Flanders and Herrmann

1992; Yadav 2010). Based on these arguments and exper-

imental evidence, Eq. 2 is modified as follows.

T
�
muscle :¼ Tmuscle þ Tgravity ¼ Tnet � Tinteraction:

Thus, the present paper removes gravity torques from

the discussion of the LJH. The focus of the ensuing

analysis is on quantifying the relations between Tnet,

Tinteraction and the portion of the muscle torque required to

generate the motion torques, T
�
muscle. In what follows, the *

is dropped from T
�
muscle, and the term ‘muscle torque (MT)’

as well as the notation Tmuscle will refer to the gravity-

separated muscle torque.

Adopting the single-degree-of-freedom (DOF) revolute-

joint model for the elbow implies that the elbow torque

components are collinear. Therefore, the elbow torque

analysis is conducted without modification to the methods

in Dounskaia (2005); Dounskaia et al. (1998, 2002). The

torque about the elbow axis is provided by the elbow

musculature, and the other component is provided pas-

sively by the surrounding skeletal structure. Therefore,

scalar magnitudes are used for the elbow joint torque

analysis, and NT, IT, and MT represent scalar torque

magnitudes when referring to the elbow.

In contrast to the elbow, shoulder torque components are

non-collinear, and MT, NT, and IT represent vector

quantities. Here, MT (or IT) is called assistive when the

angle between the NT and MT (or IT) vectors is less than

90� (the dot product is positive). When the angle is greater

than 90�, MT (or IT) is called resistive. The analysis of

signs now consists of computing the portion of the move-

ment for which MT is assistive. For the torque impulse

analysis, the impulses are computed by summing the

component of MT (and IT) along NT over the duration of

motion.

The component of MT normal to NT is called the ves-

tigial component. It cancels the component of IT normal to

NT and is quantified by computing the vestigial impulse

factor, W. At time i, the components of MT are related by

the Pythagorean theorem,

jTmuscle�ij2 ¼ jTmuscleP�ij2 þ jTmuscleV�ij2;

where TmuscleP�i and TmuscleV�i are the components of

Tmuscle�i parallel and normal to NT, respectively. The

vestigial impulse factor W is

W :¼
P

i TmuscleV�i � TmuscleV�i
P

i Tmuscle�i � Tmuscle�i

; ð4Þ3 The elbow joint variable is defined as the angle between the

forearm and the upper arm.
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and is bounded: 0�W� 1. If the MT vector is mostly

aligned with the NT vector, the component of MT normal

to NT will be small, so W! 0. If the MT vector is almost

normal to the NT vector, most of MT will counter IT, and

W! 1.

Results

Classifying reaching movements

Characteristic results for one subject (JM) are provided in

Figs. 3, 4, 5.

Tasks 1, 2, and 5

Figure 3 shows that MT was assistive at the shoulder for a

longer duration than at the elbow. Furthermore, at the

shoulder, MT was assistive for close to 100 % of the

duration. Figure 4 shows that at the shoulder, the MT

impulse was larger than the IT impulse. Conversely, the IT

impulse at the elbow was almost equal to or greater than

the MT impulse. Finally, Fig. 5 shows small values for W.

Thus, at the shoulder, most of MT was involved in gen-

erating NT. Conversely, MT and IT both contributed to

generate NT at the elbow. Therefore, these movements are

classified as a shoulder-led motion for all speeds.

Task 3

The shoulder and elbow exchange roles for this task. The

analysis of torque signs shows that MT is assistive for a

longer portion of the movement at the elbow than the

shoulder. Elbow MT is assistive for close to 100 % of the

duration, and the elbow MT impulse is greater than its IT

impulse. The W values suggest that the vestigial component

of MT is small, but the shoulder IT impulse is much larger

than its MT impulse. Therefore, the shoulder acts as a

subordinate joint, and this motion is classified as elbow-led

for all speeds.

Task 4

In Fig. 3, MT is assistive at each joint for a similar, sig-

nificant duration. For slow-speed movement, Fig. 4 shows

low IT impulses at both joints, possibly due to low

movement speed (peak wrist speed 0.7 ± 0.03 m/s for slow

compared to 1.62 ± 0.01 m/s for fast movements). Fur-

thermore, W is low (0.2). Since interaction effects at both

joints are low, it is proposed that both joints function

independently and the control at each joint is decoupled.

The normal-speed movement shows a low IT impulse at

the elbow. The significant negative IT impulse at the

shoulder is being suppressed by a high positive MT

impulse, as corroborated by the low W value of 0.15.

Therefore, the normal-speed movement is classified as

elbow-led. Significant negative IT impulses at both joints

are being suppressed by high MT impulses for fast-speed

movements. Therefore, this movement cannot be classified

as shoulder- or elbow-led.

Task 6

Since all speeds of this task are similar to the normal- and

fast-speed motions for Task 4, it is classified as elbow-led

for all speeds.

Similar analysis was conducted for all nine subjects. The

classification of all tasks for all subjects is provided in

Table 2. Similar to prior planar studies, most motions are

classified as shoulder-led, with relatively few classified as

elbow-led. Additionally, very few movements (4 out of 162

and all in Tasks 4 and 6) are consistent with an ‘indepen-

dent-joint-control’ strategy, while a few others (14 out of

162 and all in Tasks 1, 3, and 4) could not be classified in

any of the three categories because large IT impulses were

observed at both joints simultaneously.

Motions at two joints can be mechanically independent,

as when joints move in orthogonal planes (Dounskaia

2005). A condition for almost mechanically independent

joint motions is demonstrated here in the small interaction

effects resulting from slow movement speeds. For serial

chains with more than two joints, all joints with mechan-

ically independent motions could be classified as leading

joints (Dounskaia 2005). In the present case, since the
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Fig. 3 Mean ± SD of duration of total movement for which MT is

assistive. Subject JM

596 Exp Brain Res (2013) 224:591–603

123



chain has only two joints, mechanical independence of

their motions makes independent joint control plausible.

Figure 6 shows the mean ± SD of the peak wrist speed

and joint excursions for all tasks for subjects who exhibited

the independent-joint-control strategy. The elbow excur-

sion is the Euler-angle displacement along the Z axis of the

anatomical frame attached to the upper arm. The Z-axis of

the upper arm frame is oriented along the elbow joint

rotation axis. The shoulder excursion is the angle obtained

from the axis-angle parametrization (Spong 2006) relating

the initial and final orientations of the upper arm coordinate

frame for a movement. The joint excursions are averaged

across all repetitions and speeds. For all three subjects, the

slow-speed movement for Task 4 is classified as using

independent joint control. For subject CR, the slow- and

normal-speed movements for Task 6 are classified simi-

larly. Figure 6 shows that the shoulder excursions for these

movements are low. Thus, the low elbow IT impulse is the

result of small shoulder velocity and acceleration.
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Table 2 Classification of all movements

Subject Task 1 Task 2 Task 3 Task 4 Task 5 Task 6

JM SSS SSS EEE IEN SSS EEE

AL NNN SSS SSS SSS SSS SSS

DE SSS SSS NNN ISS SSS SSS

FR SSS SSS SSS SSS SSS SSS

RR SSS SSS EEN SSS SSS EEE

CR NNN SSS SSS ISS SSS IIS

KB NNN SSS SSS EEE SSS SSS

JR SSS SSS SSS SSS SSS SSS

AS SSS SSS SSS SSS SSS SSS

S shoulder-led, E elbow-led, I independent joint control for all speeds

ordered slow, medium, fast for each subject, N indicates that the

motion could not be classified
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Furthermore, some component of elbow IT will be

orthogonal to the elbow joint axis, further reducing the IT

impulse along the axis. Conversely, the elbow excursion is

substantial for these motions, so the low shoulder IT

impulse is attributed to the smaller inertia of the forearm.

Still, the low shoulder IT impulse must also depend on the

motion geometry. Compare subject CR’s slow-speed

movements of Tasks 3 and 4 for which the joint excursions

are similar. Although Task 3 was performed more slowly

than Task 4 (see Fig. 6), it is classified as shoulder-led,

while Task 4 is classified as independent-joint-control

motion. The geometry of the task must be influencing the

shoulder IT.

Elbow-led movements and joint kinematics

A correlation between the leading joint and joint kine-

matics for cyclical tracing of shapes (Dounskaia 2005;

Levin et al. 2001) as well as discrete arm movements

(Galloway and Koshland 2002) has been identified in

planar studies. Most movements are shoulder-led, with

elbow-led motions typically observed when shoulder dis-

placement is low and elbow displacement is high.

Figure 7 shows the mean joint excursions for the

shoulder and elbow for all tasks for subjects who executed

some elbow-led motions as marked by an asterisk. The

number on top of each bar is the ratio of mean shoulder

excursion to mean elbow excursion. Elbow-led motions

typically have small excursion ratios (& 0.3 - 0.4) and

small absolute shoulder excursions (\40�). However, some

other motions with similar joint kinematics, such as Task 5

for subject RR and Task 6 for subject KB, are classified as

shoulder-led. Additionally, subject DE (not shown in

Fig. 7) shows similar joint kinematics with a mean shoul-

der excursion of 36� and an excursion ratio of 0.34 for Task

3, which is unclassifiable (see Table 2). Apart from three

cases, the relation between the joint kinematics and leading

joint observed for planar motion is strongly reproduced for

spatial motion.

The results are summarized as follows.

Spatial arm movements are typically shoulder-led.

Elbow-led movements occur when the shoulder

excursion is low.

For some movements, low interaction effects are

observed at both joints due to slow movement speed

and motion geometry. In such cases, the joint motion

is (almost) mechanically independent, so the CNS

may employ an independent-joint-control strategy.

Discussion

An alternative to the torque-partitioning scheme presented

here was developed by Hirashima et al. (2007). Their

‘non-orthogonal torque decomposition’ method decom-

poses a joint torque along three non-orthogonal, pose-

dependent, effective axes. These axes are determined such
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that a torque about each effective axis produces a joint

rotation only about one of the joint coordinate axes. The

method explains the cause–effect mechanism whereby

three angular accelerations at the shoulder, for example,

are produced by the resultant joint torque, gravity torque,

and IT. The approach is particularly useful to reveal the

mechanical cause of a joint rotation about each joint

coordinate axis of a multi-DOF joint. However, the seg-

ment angular velocity-dependent gyroscopic terms in

Euler’s equation are classified as IT, which is, therefore,

no longer torque resulting solely from motion at other

joints.

Dounskaia (2005) proposed an elegant, hybrid control

scheme that exploits the simplified dynamics of the LJH for

planar arm motion. This scheme simplifies shoulder-joint

control for shoulder-led motions. The required shoulder

torque for a movement is obtained using a lookup table

organized as a simple association between a gross

description of the required movement—for example, initial

and final joint position, movement time, and expected

inertial resistance of the limb—and torque. This control

strategy for the (proximal) leading joint replaces complex

inverse kinematics and dynamic computations with simpler

memory recalls. The control at the subordinate joint

employs structured algorithms that compute MT from joint

kinematics using constant inertial parameters. These algo-

rithms account for the interaction effects created by the

leading joint motion and produce task-specific arm

motions.

Equations 5 and 8 show that NT for spatial motion is a

linear function of the joint angular acceleration and a

nonlinear function of the joint angular velocity. The latter

complicates shoulder-joint control for spatial motion, but

the hybrid control algorithm of Dounskaia (2005) still

applies. The shoulder torque for a movement may yet be

obtained via a lookup table using an association between a

comparatively more complex gross description of the

required movement and torque. The motion characteristics

used to construct this mapping will be similar to those in

the planar case. Note that ignoring the interaction terms

(Eqs. 6, 9) in the leading joint torque expression is a sig-

nificant simplification of the EOM for the leading joint.

There is no change in the strategy for the subordinate-joint

control. Thus, the LJH and the associated control scheme

are both plausible explanations for spatial arm motion

control.

While low interaction effects at the most proximal joint

in a serial multi-joint chain appear to be a general phe-

nomenon, exceptions do exist. Leading and subordinate

joints switch roles for movements that require low proxi-

mal-joint excursion and high distal-joint excursion. Also,

low interaction effects at both joints appear for slow

movements and movements with decoupled joint motions

(Dounskaia 2005). Now, control of the proximal joint in a

serial chain is the more complex problem, and simplifica-

tion of overall control is achieved by simplifying the

dynamics of that joint. So, for elbow-led movements, the

advantage of simplified dynamics does not seem to transfer
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to joint control for movements that require muscular reg-

ulation of the shoulder-joint IT. Conversely, for move-

ments with mechanically independent joint motions, the

joint-level control is presumably simpler than that for

shoulder-led movements.

Certain arm movements are unlikely to be observed in

natural human behavior. The experimental protocol may

have elicited some such behavior in the present study. Arm

geometry dictates that wrist-movement directions that

require muscular suppression of subordinate-joint IT are

less common than directions in which the subordinate-joint

IT assists the generation of the desired wrist movement

(Dounskaia 2005). Furthermore, Goble et al. (2007) show

that movements requiring muscular regulation of the sub-

ordinate-joint interaction effects are less preferred com-

pared to movements wherein the subordinate joint moves

passively in the influence of IT. Both results were dem-

onstrated for planar movement, but they likely extend to

unconstrained spatial movements as well. Some unclassi-

fiable movements (Task 3 for subject DE and the fast-speed

movement for Task 4 for subject JM) may be unpreferred

movements as described by Goble et al. (2007), because

MT and IT impulses are simultaneously large at both

joints. Some elbow-led movements (Task 6 for subjects JM

and RR, and Task 4 for subject KB) show significant

shoulder-joint MT and, therefore, may also be unpreferred

movements.

The muscle torques T
�
muscle used in the analysis represent

the muscular effort required to produce motion. To these

‘motion torques’ are added torque estimates that compen-

sate for gravity, so the final torque command consists of a

motion-dependent component plus a position-dependent

gravity component, likely produced by different neural

mechanisms. Thus, the spatial extension of the LJH herein

proposes a method for estimating the gravity-separated

component of muscle torques. For a reaching motion in

which the arm-segment elevation decreases, the muscle

torque would likely be reduced in magnitude early in the

movement (only needed when the speed of movement is

greater than what gravity would produce on its own) and

likely opposite in sign near the end of the movement to

hold the arm up against gravity. In such cases, the control

strategy may be to allow gravity torques to dominate and to

simply modulate muscle torques to yield the desired

motion, again perhaps largely ignoring interaction effects,

at least at one joint. Also, for preferred movements (Goble

et al. 2007), the subordinate joint may move passively

under the influence of interaction and gravity effects.

Comparing the gravity impulse with the impulse of Tmuscle

due to total muscular effort might help to identify such

movements and determine whether the joints were ‘gravity

driven’ or ‘muscle driven’.

For planar arm motion, NT at both joints is propor-

tional to the joint acceleration. Pronounced reciprocal

bursts of activity in the EMG profiles of anterior and

posterior deltoids whose timing is tightly coupled with the

timing of peak shoulder acceleration and deceleration are

presented as validating evidence for the LJH (Dounskaia

2005; Dounskaia et al. 2002; Levin et al. 2001). In con-

trast, Vandenberghe et al. (2010) recently observed EMG

activity of the elbow and shoulder muscles during spatial

reaching movement that was significantly different from

the burst pattern reported during planar studies. Muscle

activity was affected by target location and gravity, and

activity of the shoulder muscles was found to increase

before elbow muscles, inducing shoulder elevation prior

to elbow extension. The role of the shoulder as the

movement initiator for spatial reaching movements was

validated.

Note that MT does not depend on the definitions of NT

and IT. However, the analysis of joint control depends on

NT and IT. Furthermore, the definitions of NT and IT

adopted in this study attribute a definite, consistent role to

the shoulder musculature in motion production. In Eq. 8,

inertial and position characteristics of the forearm are

included in the expression for shoulder-joint NT. This

implies that the shoulder musculature controls this single,

three-DOF, spherical joint, considering the inertia of the

entire arm rather than just the upper arm.

Conclusions

A set of consistent definitions for the net torque and the

interaction torque for spatial, multi-joint mechanisms was

selected from the literature, and a torque impulse analysis

for spatial movement was developed. Most movements in

this study were classified as shoulder-led movements. A

small number, typically associated with small shoulder

excursions and large elbow excursions, were classified as

elbow-led. Additionally, a few movements showed small

interaction torque impulse at both joints due to slow

movement speed and motion geometry. Such joint motion

is mechanically independent, and the CNS may employ

an independent-joint-control strategy in these cases. The

LJH is a valid inverse dynamics algorithm for spatial arm

reaching. The advantages of simplified movement

dynamics were shown to transfer to simplified joint-level

control. The scheme outlined by Dounskaia (2005) is,

therefore, a potential control algorithm for spatial arm

movement.
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Appendix

The analytical expressions for the net, interaction, and

muscle torques for the shoulder and elbow joints devel-

oped in Ambike (2011) are provided here. The thorax is

assumed to be stationary. The elbow is modeled as a

single-DOF revolute joint with the rotation axis along the

Z axis of the coordinate frame fixed in the upper arm, as

recommended by the ISB protocol (Wua et al. 2005). The

shoulder is modeled as a ball-and-socket joint allowing

three degrees of rotational freedom for the humerus. The

glenohumeral center was assumed as the joint center. The

wrist joint is ignored. The hand is incorporated as a point

mass at the end of the forearm, as seen in Fig. 8. The

mass and center of mass of the combined ‘forearm-hand’

are computed and used in the torque calculations. In

Ambike (2011), the development in Feltner and Dapena

(1989), Gagnon and Gagnon (1992), Winter (2005) is

modified by introducing movement of the forearm relative

to the upper arm.

Figure 8 shows the global coordinate frame, frames

attached to the forearm (F) and upper arm (U), and the

free body diagrams of the arm segments. All variables

are defined in Table 3. For a vector quantity, the leading

superscript indicates the coordinate frame in which the

vector is expressed, but the superscript is omitted for the

global frame. The Newton–Euler approach (Winter 2005)

for developing the equations of motions is more suitable

The human arm

Upper arm (FBD)

Forearm + hand (FBD)

CF

mf g

P

E
TE

RE

Frame F

CU

mu g

-TE

-RE

E

S
TS

RS

Frame U

mh g

W (wrist)

Global 
Frame 

E (elbow)

S (shoulder)

Fig. 8 Free body diagrams of upper arm and forearm. Hand is

modeled as point mass rigidly attached to forearm

Table 3 Symbols for the reaction forces and joint torque expressions

Symbol Description

ARB Rotation matrix expressing the orientation of frame B in frame A

mf Mass of forearm

mu Mass of upper arm

Mfh Combined mass of forearm and hand

IU Inertia matrix of upper arm

IF Inertia matrix of forearm
�xu Absolute angular velocity of upper arm expressed in frame ‘*’
�au Absolute angular acceleration of upper arm expressed in frame ‘*’
�xfu Angular velocity of the forearm relative to the upper arm measured in frame U and expressed in frame ‘*’

�afu Angular acceleration of the forearm relative to the upper arm measured in frame U and expressed in frame ‘*’

P Center of gravity of the forearm and hand

apf Contribution of forearm movement in linear acceleration of P

apu Contribution of upper arm movement in linear acceleration of P

apint Interaction term in linear acceleration of P

au Linear acceleration of CU
ArB=C Position vector from point C to point B expressed in frame A
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than the Lagrangian approach (Greenwood 1988) for

implementing the partitioning scheme outlined in ‘‘Data

recording and analysis’’. Newton’s second law applied to

each segment yields the joint reaction forces, RE and RF ,

at the elbow and the shoulder, respectively. The parti-

tioning scheme is first applied to the reaction forces to

obtain reaction components that can be attributed to

motions of only the elbow (REF;RSF), only the shoulder

(REU ;RSU), both joints (REint;RSint), and gravity

(REg;RSg).

RE ¼ REF þ REU þ REint þ REg;

where

REF ¼ Mfhapf ; REU ¼ Mfhapu;

REint ¼ Mfhapint; REg ¼ �Mfhg:

Similarly, for the shoulder joint,

RS ¼ RSU þ RSF þ RSint þ RSg;

where

RSU ¼ muau þ REU ; RSF ¼ REF;

RSint ¼ REint; RSg ¼ �ðMfh þ muÞg:

Two applications of Euler’s equation yield the net,

interaction, and gravity torques at the elbow,

FTEnet ¼IF �F afu þF xfu � IF �F xfu

�F rE=CF �F REF;
ð5Þ

FTEint ¼ IF � ðFau þF xu �F xfuÞ
þF xfu � IF �F xu

þF xu � IF � ðFxu þF xfuÞ
�F rE=CF � ðFREU þF REintÞ;

ð6Þ

FTEg ¼ �FrE=CF �F REg �F rW=CF � mF
h g; ð7Þ

and at the shoulder,

UTSnet ¼ IU �U au þU xu � IU �U xu

�U rS=CU �U RSU þU rE=CU �U REU

þU RF IF �F au þF xu � IF �F xu

�

�FrE=CF �F REU

�
;

ð8Þ

UTSint ¼ U RF
FTEnet þ IF � ðFxu �F xfuÞ
�

þFxu � IF �F xfu þF xfu � IF �F xu

�FrE=CF �F REint

�

�U rS=CU � ðURSF þU RSintÞ
þU rE=CU � ðUREF þU REintÞ;

ð9Þ

UTSg ¼ �URF
FTEg �U rS=CU �U RSg: ð10Þ
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