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arm—forearm coordination in three dimensiodsNeurophysiol84: Thﬁ purpgscta of this st_udy v;/r?s to(;:_larlfy t_he rlIJI%slchat govern

2302-2316, 2000. This study addressed the question of how ﬂ? choice between various three-dimensiona (3- )a(m con-
urations for different motor tasks. The human arm is pro-

three-dimensional (3-D) control strategy for the upper arm depends . . . -
what the forearm is doing. Subjects were instructed to point a laserY!C ed with multiple degrees of freedom so that a given position

attached in line with the upper arm—toward various visual targe@f the hand in space can result from many different joint
such that two-dimensional (2-D) pointing directions of the upper arfPnfigurations (e.g., Buchanan et al. 1997). For example, one
were held constant across different tasks. For each such task, subjetiese joints—the shoulder—is free to rotate about any axis
maintained one of several static upper arm—forearm configuratioi$ 3-D space, which allows a specific pointing direction of the
i.e., each with a set elbow angle and forearm orientation. Upper afdgper arm to be obtained in different possible orientations.
forearm, and eye orientations were measured with the use of 3This poses a@egrees of freedom problewonsidered to be one
search coils. The results confirmed that Donders’ law (a behavioafl the most basic, yet hardest to unravel computational chal-
restriction of 3-D orientation vectors to a 2-D “surface”) does not holiénges encountered in the area of neural control (Bernstein
acrossall pointing tasks, i.e., for a given pointing target, upper arm967; Turvey 1990).

torsion varied widely. However, for any one static elbow configura- |n this respect the shoulder is similar to the eye, a structure
tion, torsional variance was considerably reduced and was indep@jith 3 df—one more than necessary to specify its two-dimen-
dent of previous arm position, resulting in a thin, Donders-like surfaggonal (2-D) gaze direction. It is well established that 3-D
of orientation vectors. More importantly, trehapeof this surface grientation of the eye is uniquely determined by gaze direction
(which describes upper arm torsion as a function of its 2-D pointingt |east when the head is stationary and the eye is looking far
direction) depended on both elbow angle and forearm orientation. eRK/ay), effectively reducing the number of controlled degrees

pointing with the arm fully extended or with the elbow flexed in theof freedom from three to two (Donders 1848). This general

horizontal plane, a Listing's-law-like strategy was observed, mlnlmlﬁ!inciple is now known a®onders’ law. Listing’s lawfurther

ing shoulder rotations to and from center at the cost of positio p . . . - .
dependent tilts in the forearm. In contrast, when the arm was bentstﬂ'aCIers this constraint as follows: rotation vectors, which

the vertical plane, the surface of best fit showdeick-like twist that des.c.”be eye pOSIt_IonS as a rotation refative to some ,reference
increased continuously as a function of static elbow flexion, there%?s't'on’ are confined to a flat range called L'St'ng S plane
reducing position-dependent tilts of the forearm with respect to gray-erman et al. 1987; Tweed and Vilis 1990). Considering the
ity. In each case, the torsional variance from these surfaces remaiffaet that both the eye and shoulder have three rotational de-
constant, suggesting that Donders’ law was obeyed equally well @f€es of freedom, it is perhaps not surprising that Donders’ law
each task condition. Further experiments established that these kg0 applies to straight-arm pointing movements (Hore et al.
matic rules were independent of gaze direction and eye orientatid®92; Miller et al. 1992; Straumann et al. 1991; Theeuwen et
suggesting that Donders’ law of the arm does not coordinate wigh 1993). In particular, during straight-arm pointing, the upper
Listing’s law for the eye. These results revive the idea that Donde&m obeys a rule very similar to Listing’s law, leading some to
law is an important governing principle for the control of arm movesuggest that the arm-control system might possess a Donders’
ments but also suggest that its various forms may only be limitegperator that takes in desired pointing direction and outputs a
manifestations of a more general set of context-dependent kinemai@mmand for desired 3-D arm orientation (Crawford and Vilis
rules. We propose that these rules are implemented by neural veIoc_Ligg5)_

commands arising as a function of initial arm orientation and desired|n contrast to these observations suggesting a consistent and
pointing direction, calculated such that the torsional orientation of “FSproducibIe reduction of the number of degrees of freedom
upper arm is implicitly coordinated with desired forearm posture. other authors have reported violations of Donders’ law for the’
arm (Desmurget et al. 1998; Gielen et al. 1997; Soechting et al.
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1995). For example, Soechting et al. (1995) reported that ttiéferent Donders strategies to optimize different task condi-
orientation of the upper arm for a given fingertip position itions. In particular, the present study investigates whether
space depends on the starting position of the targeting at@sk-dependencies related to coordination with fhiearm
movement. These results would seem to suggest that Dondemlld affect the manifestation of Donders’ law for thpper

law has a much more limited application for understanding tleem. But before proceeding teetHobps, let us first consider the
neural control of arm movement, particularly for bent-armmtimate kinematic linkage between upper arm orientation and
configurations. Thus at this time the importance of Donder®rearm posture and how this might be influenced by different
law for limb motor control seems tenuous, or at best, contr®onders strategies of the upper arm.

versial.

One possu?Ie clue for resolving this controversy comes froRYm kinematics and theory
recent experiments that show how 3Head orientation may
depend on the contribution of the eye versus head position tdJpper arm torsion—or rotation of the upper arm around its
a particular gaze direction (Ceylan et al. 2000; Crawford et &ng axis—is often equated with the arm’s redundant degree of
1999). During normal gaze shifts where the head acts asreedom (Hore et al. 1992). However, this is only true when the
platform for the eye, head orientations conform to a form @m is fully extended. In contrast, whenever the elbow is bent,
Donders’ law called the Fick strategy (Glenn and Vilis 1992jpper arm torsion determines forearm orientation—and thus
Medendorp et al. 1998; Radau et al. 1994; Theeuwen et ladnd position (Soechting et al. 1995). Take for example the
1993). This entails that the orientations of the head behaaen postures simulated in Fig. 1. This figure is set up to
qualitatively like those of a Fick gimbal, which has a horizontallustrate two of the main tasks used in the current study. But
axis nested within a space-fixed vertical axis. As a result, theore importantly, it shows two different ways in which upper
rotation vectors representing 3-D head orientations defineaan torsion could be used to determine forearm posture in a
twisted saddle-shaped surface with nonzero torsional compinematically redundant task, and how these different strate-
nents at the oblique facing directions. However, when the hegiés would be expressed in rotation vector space. Figuietl,
was forced to act like a gaze-pointer (imposed by pin-hond middle,shows simulated “stick figures” of the upper arm
goggles or a head-mounted laser), its twisted surface flattersad forearm, as viewed from the front of the “subject,” whereas
out to become more Listing-like (Ceylan et al. 2000; CrawforHig. 1, right, shows the surface of best fit to the corresponding
et al. 1999). Moreover, when head movements were dissogitentation vectors of the upper arm. In each case, the task is to
ated from gaze shifts, Donders’ law for the head broke down jpoint the upper arm toward one of nine targets, with the elbow
favor of a minimum-rotation strategy. Thus if one pooled thangle set at 90°.
data from all of these conditions, it would appear as thoughLet us first consider the difference between th& and
Donders’ law were not obeyed at all, whereas consideredddle columnslf we just look at the central arm position of
individually, different kinematic strategies (of which someach of the Fig. lleft (A andD), where the upper arm points
obeyed Donders’ law) were used to optimize various motat a target straight out of the page, one can see that the upper
task constraints. arm is bent upward by 90°. We called this th@0 task. In

These results further imply that Donders’ law reflects eontrast, for the same target direction and elbow angle (Fig. 1,
control principle for eye and headoordination since the B andE, middle colum})y the H90 task aligned the forearm
control strategy of the head is dependent on what the eyehmrizontally and pointing to the right (subject’s left). Thus the
doing. In an attempt to derive general principles from theupper arm has been rotating torsionally by d@tweenthe
results, Ceylan et al. (2000) suggested that Listing’s law is tM®0 and H90 taskdéft andmiddle columns)This is reminis-
optimal strategy for a system primarily concerned with pointent of some of the arm movements described by Soechting et
ing, whereas the Fick strategy was thought to be ideal forah (1995); and there is no question that Donders’ law must be
weight-bearing inverted pendulum (to minimize torques resultiolated to move the arm thus i.e., between these two config-
ing from gravity). urations.

Just as the head acts as a platform for eye movements, th&/hat is at issueherg is that once the baseline torsion is
upper arm acts as a platform for the forearm during normal asslected, i.e., within the V90 or H90 task, how it might further
movements. The forearm is sometimes a pointer (like the eydspend on the 2-D pointing direction of the upper arm? In other
and sometimes an inverted pendulum with the potential farords, how would upper arm torsion be selected for the other
being used as a weight-bearing pillar, so it could make senseptanting directions shown within each panel (FigAlB, D,and
incorporate elements of different Donders strategies intoExand how would this further affect the posture of the forearm?
control system that accounts for upper arm—forearm coordirizet us first suppose that the upper arm follows a Listing’s law
tion. In other words, the choice of strategy for control of uppestrategy (Fig. 1top row). If the arm orientations shown iy and
arm torsion would have to account for the way that it iB are each allowed their own reference position—that is, they are
coordinated with the forearm. each described relative to the central arm position of that panel—

Thus whereas earlier reports suggested that a simfhen the orientation vectors for the upper arm would have to align
Donders’ law is used in arm control (Hore et al. 1992), mori@ a plane, as shown in Fig.Cl (But note that if 1 common
recent studies (Nishikawa et al. 1999; Soechting et al. 199&ference position were used, these 2 panels would give 2 differ-
show that final arm postures are the result of a complext planes with a large torsional shift between them.) In contrast,
combination of kinematic and dynamic factors. The preseifiin these two tasks the upper arm followed a Fick strategy (Fig.
study pursues these ideas further, wondering whether thé&rdottom row, then its orientation vectors would formtaisted
could be a more general kinematic law that governs the rangi@face (Fig. E), i.e., in Cartesian coordinates, its torsion would
of arm positions in natural movement tasks, perhaps choositgpend on pointing direction.
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Fic. 1. lllustration of how using a Donders strategy in the upper arm—List#ag) vs. Fick O—F)—would affect forearm
posture in 2 of the arm configurations used in this study (V90 and H9@kgrtically bent-arm postures (V90) resulting from upper
arm rotation vectors in a flat plane (Listing strategy, twist score 0). The upper arm only shows those orientations that can be
obtained by rotating the upper arm from the reference position (shown in the ceAteBob,andE) about an axis in a flat plane.
Shown are those orientations that would be used to point to the 9 targets used in this experiment. Pointing directions are labeled
using the direction of the target as commanded to the subjectitseens), i.e., the 9 combinations of pointing upward (U), middle
(M), downward (D), leftward (L), center (C), and rightward (B). horizontally bent-arm postures (H90) obeying Listings’ law.
Same conventions as iA. Note a clear violation of Donders’ law betwe@&hand A. However, withinA and B, the vertical
components vs. the torsional components of the upper arm orientations fall within a flat range: Listing’<Oplddevertically
bent-arm postures resulting from upper arm rotation vectors in a twisted plane (Fick strategy, twist $fof&rresponding
positions withA refer to identical pointing directions of the upper arm but with different upper arm orientations. Here the upper
arm orientations in oblique directions differ from thoseArby having an additional torsional component, resulting in different
forearm configurationg: horizontally bent-arm postures conform the Fick stratégyvithin D andE, the upper arm orientations
fall within a twisted surface: arm postures in oblique directions (UR, UL, DR, DL) have non-zero torsion components. (C)CW,
(counter)clockwise torsion.

The important thing to note here—relating this back to the stit&xt. The main experiments (Figs-2Z, ResuLTs were performed with
figures in thetwo left columns-is that these different strategieshaive subjects. In some additional control experiments (see Fig. 8,
produce different arm configurations as a function of upper affsuLT9, three subjects, who were familiar with the general purpose
pointing direction. In particular, they would produce differen®f the experiments (but not at that time with the hypotheses or results),
forearm tilts at the oblique arm positions, in the comers of ea@f§0 participated. Their basic results were not different from those of
panel. For example, note that in the upward-oblique V90 positio}li@ other sut_)Jects. All subjt_acts signed informed ponsent to participate
the forearm tilts more inward—as projected onto the page—wffh the experiment. All subjects but one were rl_ght-handed, ar_ld_all
the Fick strategy compared with the Listing strategy. More prgy_ere free of any sensory, perceptua}l, or motor disorders. All pointing
cisely, it can be easily shown that with the Fick strategy, the plafi9vements were made using the right arm.
containing the upper arm and forearm remains fixed with respect
to the horizon for every pointing target, whereas the Listingxperimental setup
strategy causes this plane to tilt at the oblique positions. Therefore
the choice of 3-D control strategy for the upper arm—Donders’ or Three-dimensional upper arm orientations were measured using
otherwise—will have real consequences for hand-arm postuggstom-built 3-D magnetic search coils as described elsewhere (Glenn
and one should bear in mind that whenever the elbow is bent &8l Vilis 1992; Henriques et al. 1998; Tweed et al. 1990). In 12
representations of upper arm torsion showmdsuLTs also cor- f#glgﬁtesﬁtgfoi:sgf”:ﬁg'gﬁféhz On::tr?]té%nsogze-:,o?ar;n'blg ggdltls('):é

; o i i i ye w ured in six subj usi
respond precisely to filts in the forearm plane. Skalar search coils. Subjects sat and were tested with the torso rotated
45° leftward with respect to a frontally placed stimulus array (see
METHODS Stimul) (see also Hore et al. 1992) so that the central pointing target
Subjects was near the center of the armis mechanical range. The limb and eye

movements were measured using three mutually orthogonal magnetic

Experiments were performed on 19 human subjects, who wdields (frequencies, 90, 124, and 250 kHz) generated by field coils 2 m
tested in nine different task conditions as described in the followiragross. After demodulation, the three voltages from each coil were
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sampled at 100 Hz. Calibration and accuracy were as describeduring thevertically bent-arm laser tasksubjects were instructed

previously (Henriques et al. 1998; Klier and Crawford 1998). to first stretch their arm straight out, bring their thumb up, and
subsequently rotate their forearm vertically in the direction of the
Stimuli shoulder by three different angles: 45, 90, and 135°, while pointing

with the upper arm laser toward the central target. In this way, the
Experiments were either done in normal lighting conditions or witfitial arm configuration was set with the upper and forearm contained
the background in complete darkness. The targets, either 1-cm-digimertical plane, without providing the subject with any explicit
white dots (for experiments in the light) or green light-emitting diodegerbal instructions about 3-D arm orientation that might influence
(LEDs; 0.17°; 2.0 cd/rh for dark experiments), were mounted on &neijr subsequent behavior. We will refer to these task conditions as:
vertical screen oriented in parallel to the horizontal-vertical magnetige 45 task, the V90 tagfas in Fig. 1,left), and the V135 task
fields at a distance of 1.1 m before the subject’s eyes. The target afj@ypectively. Subsequently, subjects were instructed to point the laser
contained a total of nine targets arranged in a square grid. The fegleach LED in the dark and to maintain their initial elbow angle, but
cardinal targets were at 40° right, left, above, and below; the foyp further specific instructions were given regarding the orientation of
oblique targets were 48° from the center of the right shoulder. Supe forearm in space.
jects pointed toward these targets either with the arm fully extended inye also performed some additional control experiments. First, we
the normal way (Henriques et al. 1998) or with the use of a las@isted whether the configuration, in which the forearm was bent, either
pointer with the elbow at various configurations described in the ngxbrizontally or vertically (as in the preceding text), has implications
section. The laser pointer was atta(_:h_ed to the distal part of the uppgfthe pointing strategy. We examined this by the horizontally bent-
arm, about 5 cm from the elbow joint above the tendon from thgm |aser taskthe H90 task During this task, the subjects were
triceps muscle, and secured in parallel to the upper arm. The cenfrakrycted to first stretch their arm, point with their thumb to the left,
target was placed so that the upper arm was parallel to the frordaly subsequently rotate their forearm horizontally toward their body
magnetic field (orthogonal to the target screen) on pointing at it. gyer an angle of 90°, meanwhile pointing with the upper arm to the
Before the experiment began, the subject was familiarized with thgntral target (see Fig. Iniddle. Thereafter, subjects pointed the
positions of the targets on the screen. At the start of each task, fA€er to the various targets while preserving the elbow joint angle at
subject pointed the upper arm toward and visually fixated the centgye
target fo 3 s todefine a reference position for the arm and right eye, The next control was designed to see how well subjects would
respectively. Thereafter the subject was required to point toward eggflow a Fick rule when explicitly instructed to maintain the forearm
of the stimuli in the nine-target array at 2.5-s intervals. In the light, thgartically at all times. During this task, the subject initially took the
stimulus order was determined by verbal commands to the subjegfme elbow configuration as during the V90 task but now was
e.g., up-left, down-right, middle-center (see Ceylan et al. 2000) (sggplicitly told to keep the forearm vertical with respect to gravity for
also Fig. 1), whereas in the dark, subjects pointed toward the LEDS#@pointing directions (as demonstrated by the experimenter). To see
they came on (each for 2.5 s with no gap interval in between). In eithQg forearm in this task, the subject pointed in dim background
case, the nine stimuli were repetitively “presented” in a randofyhtning to the target array. By definition, this task did not involve a
sequence of nine so that subjects pointed toward each target the sagfgBie elbow angle, but because on average the elbow varied about
number of times from various initial positions. Experiments in thgge depending on target elevation, we callethié V90v task
dark were used to control for potentially distracting visual feedback Considering our hypothesis that the upper arm might use a Fick
from the forearm, but the results revealed no significant differencegateqgy to reduce torsional gravitational torques on the forearm, we
for pointing with or without background lighting (se&suLTs. Ses- 3150 wondered whether loading the hand (and thereby increasing these
sions were divided into 50-s blocks, each block including two pointingotential torques) would further alter this strategy. Thereforéhin
movements to each o_f the nine targets. Each task con_sisted of thi@®w task the subject carried a hand-held 1-kg weight (which was
blocks unless otherwise stated. A brief rest was provided betwegpapped across the hand with the weight nestled in the palm) starting
blocks. in a 90° vertically rotated forearm position while pointing the laser
toward the nine targets. This also acted as a control for inertial effects.
Experimental protocols The final control experiment was inspired by the fact that head
movements only obey Donders’ law when they are part of a gaze shift
The main hypothesis tested in this study is that the control strate@yeylan et al. 2000). By usinthe gaze-fixation task, GF13%ye
of the upper arm is dependent on the orientation of the foreaf@ksted whether there is a similar gaze dependency for arm movements.
relative to the upper arm. To this end, we introduced several tagkring the GF135 task, subjects were instructed to keep their head
conditions in which we varied the orientation of the forearm relativgill and their eyes on the center target while pointing the laser to
to the upper arm. The arm-mounted laser paradigm was used to engai#@ets in the periphery using the same elbow configuration as in the
that the upper arm used the same 2-D pointing direction for eagh3s task (this angle was used because the subjects found it to be the
target across tasks, without determining the third degree of freedqehst fatiguing). Subjects reported that gaze-fixation tasks were easy to
Our basic hypothesis was that with straight arm pointing, the Uppgérform. By measuring movements of the right eye, we checked
arm would use a more Listing-like Donders strategy, whereas with tAgether subjects indeed fixated the center target throughout the task.
elbow bent and held with the arm in a vertical plane, the upper aaxcept for the gaze fixation task, all experiments took place under
would use the Fick strategy to minimize extraneous torsional torquesad-free conditions. As a variation on this concept and to test the
on the arm resulting from gravity. To test this hypothesis, we used thgpotheses of Straumann et al. (1991) concerning 3-D eye-arm coor-
following tasks. dination (discussed later), we also tested four subjects in the C and

During the control task, Csubjects made pointing movementsy135 task with the head fixed (with the use of a bite bar) as opposed
(without laser) to the nine targets with the fully extended arm. During moving freely (as in the other experiments).

the control laser task, Clthe subject again adopted an outstretched

arm but now pointed the laser to the target array. In some subjects,

there was a slight dissociation of about a few degrees of the pointiData analysis

direction of the laser and the natural pointing direction of the straight

arm. However, by comparing both control tasks we were able to showFrom the 3-D coil signals, we computed rotation vectors that
that the laser pointer did not affect the control strategy of the uppepresent any instantaneous arm or eye position as the result of a
arm (SeeresuLTY. virtual rotation from a fixed reference position to the current position.
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In the space-fixed right-handed coordinate system, the rotation ve®®g SULTS

Is defined by Task-dependent manifestations of 3-D constraints

F=tan(6/2)-1 () To test the hypothesis that the control strategy of the upper

where i represents the direction of the rotation axis and t@@)( arm can be manipulated by changes in arm kinematics, six
denotes the amount of rotation by an angbout that axis (Haustein subjects performed the following pointing tasks: C (control),
1989). Thex component of the rotation vector describes the torsiongj_ (straight arm laser), and the three vertically bent-arm laser
orientation (clockwise/counterclockwise) of the arm or eye. fhad  {5gks V45, V90, and V135 (seeTHops). The question to be
zcomponents specify the vertical (up/down) and horizontal (right/lefyyressed is whether these various kinematics of the arm affect
orientation, respectively (see Fig. 1). For example, a rotation vecW{e way in which the control system of the upper arm deals

pointing in the positivez direction represents a position obtained by .- . - .
rotating the arm leftward from the reference position. Yith its three rotational degrees of freedom. To this end, we

The rotation vector describing the orientation of the forearm witRnalyzed the upper arm data by using rotation vectors, which
respect to the upper arif,,,, was computed from the rotation vectord€present any instantaneous arm position as the result of a
characterizing the orientation of both the upper arm and forearmViftual rotation from the reference position to the current po-
spacefs andf.g, respectively, usinge, = frs O Tys In this way, sition. We will start by describing the results within a general
we were able to check the ability of subjects maintaining a consteframework before presenting each of the various findings in
elbow angle, according to the instruction, when pointing for thgore detail.
different bent-arm configurations. Note that our experimental proto- Figyre 2 presents the data sfibject HHfor each of the
cols and hypotheses were not dependent on a high degree of precigipn s Figure 2left, shows the horizontal and vertical compo-
in maintaining the elbow angle, but we wished to check that subjegts o ¢ the rotation vectors for the upper arm in magnetic field

did not show any systematic drift in this angle. In all subjects, we . X
found some trial-to-trial variation for all elbow angles with Iarges?oord'nates' During the laser tasks (CL, V45, V90, and V135),

variation for the V45 task (about 10° SD). The standard deviations 1€ 2-D arm trajectories were generally more curved than those
the elbow angle for the C, CL, V45, V90, V135, and H90 task wer the control task (C), but the end points where the arm is
3.3, 4.3, 10.1, 7.2, 3.1, and 7.4°, respectively (averaged across gu@inting at the targets—the subject of this study—remained
jects), which we deemed sufficiently small for the purpose of th@bout the same. These end points are shown as squaries (
present experiments. the “side view” and the “top view” panelsniddleandright),

The important analysis in this study concerned the 3-D orientatigyhich show their torsional components as a function of their
of the upper arm. Note that we did not analyze the trajectories of thgrizontal and vertical components, respectively. These plots

ongoing movements but rather the range of orientations used durlljgn\y that. for all tasks. the subject keeps the torsional com-
fixations, as in the previous study by Ceylan et al. (2000). Therefo Snents Ii}nited to a reétricted range for all movement direc-
onset and offset of each arm movement between targets were degte

mined on the basis of an angular velocity criterion (velocity thresho Pns. . . .

5°/s) (see Medendorp et al. 1999). All onset/offset markings were 10 quantify and visualize the shape of the 2-D surface

visually checked and corrected if necessary. The 3-D pattern of upg&fined by these arm orientations, we fittgl 2to the data for

arm orientations at the offset positions were then computed by fittiige movement end pointsl). In Fig. 2, the side view and top

a second-order surface to the rotation vector data (Hore et al. 1992w of the fitted 2-D surfaces (represented as vertical-hori-

Miller et al. 1992; Straumann et al. 1991; Theeuwen et al. 1993) aental grids) are superimposed on the data. At first glance,

follows these surfaces seem to fit the data. We will provide more

detailed quantitative analysis to check the actual adherence of

the data to these surfaces in subsequent sections (see Figs. 4

in whichr,, r,, andr, represent the torsional, vertical, and horizontaand 5, and Table 1). But for the time being, we will focus on

components of the rotation vectors relative to the reference positithe shape of these surfaces.

as defined in the preceding text. Parametddenoted as the twist  These surface plots immediately revealed several notewor-

score) allows the surface to twist, whereas parametersdf yield a  thy differences between the straight-arm pointing tasks (C and

parabolic curvature in the, andr, direction, respectively. CL) and the bent-arm laser tasks. For pointing with the fully
If parametersl, e,andf are zero, the surface is planar, which meang, ;onded arm (C and CL), the surface of rotation vectors was

that Listing’s law holds perfectly. A negative twist score (parame)terr atively flat (i.e., Listing-like, see Fig.Q), meaning that

indicates that orientations of the arm are similar to those produced . e : i v th ind
a Fick gimbal system, which has a horizontal rotation axis nesttpPer arm “torsion” remains approximately the same, indepen-

within a vertical rotation axis. A perfect Fick gimbal has a twist scorde€nt of the target/pointing direction. However, in the bent-arm
of —1. In contrast, for a system that behaves like a perfect Helmhol@ser tasks (V45, V90, V135), the surfaces of best fit were more

gimbal system, for which the order of nesting in the rotation axes tigisted (as in Fig. ), meaning that now arm torsion depended
reversed compared with the Fick-system, the twist score wouldbe on pointing direction. Specifically, for upward-leftward and
(Theeuwen et al. 1993). But in practice, each of these parameters davnward-rightward pointing directions, the upper arm now
fall anywhere in the continuum from Fick, to Listing, to Helmholtz{ook on a clockwise torsion (in space-fixed coordinates),
and beyond (Ceylan et al. 2000). %hereas the opposite corners took on a counterclockwise tor-

r,=a+ br,+cr,+drl +ernr, + fr 2)

The scatter of the data relative to the fitted surface (commo on. In other words, thdirection of this twist was consistent

denoted as the thickness of the surface) is defined by the stan - : .
deviation of the distances of all samples in théirection to the fitted Ith the twist observed with the Fick strategy (Hore et al.
4992; Medendorp et al. 1998).

surface (in degrees). The smaller the thickness, the closer the rota 8 y )
vectors stay to their surface, and therefore the better Donders’ law is! N€ observation that the fitted surface becomes more twisted
obeyed. Unless otherwise specified, an ANOVA was used to detgitiring vertically bent-arm laser pointing was a general finding
mine whether differences in the results between various task conigi-all Six subjects tested with this experimental protocol. In Fig.
tions were statistically significanP(< 0.05). 3 we have depicted the side views of the fitted surfaces for each
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FRONTAL VIEW SIDE VIEW TOP VIEW was a systematic relationship between the upper-arm twist
Vertical-Horizontal ~ Torsional-Horizontal Torsional-Vertical score and elbow ang|e (see FiQB)A-

Although the average twist scores for all tasks were inter-
mediate between the ideal Listing value (0) and the ideal Fick
value (—1), the degree of elbow flexion changed the value of
the score along this continuum. On average the 2-D surface of
the upper arm was rather flat (small twist score) for both the
standard control task (C) and the laser control task (CL),
whereas it became progressively more twisted (more negative
twist score) in the Fick direction for pointing with larger elbow
angles (V tasks). A pair-wise comparison among the different
laser tasks revealed the following statistical analyses: CL-V45
significant F(1,5) = 11.3,P = 0.02]; V45-V90, significant
[F(1,5) = 7.12,P = 0.04]; V90-V135 significantf(1,5) =
7.60,P = 0.04]. Moreover, an ANOVA revealed significant
interactions between elbow angle and twist scér@t20) =
31.0; P << 0.001], suggesting that the elbow configuration is
an important constraint on the control strategy of the upper arm
across the vertical-arm laser tasks.

Figure 4C shows the average+SE) torsional thicknesses
(SD) of the orientation ranges relative to their fitted surfaces,
which quantifies the goodness of fit of our surfaces. In all tasks,
the average (across subjects) thickness of the fitted planes was
close to 4°, and the differences in thickness for different task
conditions were not significan¥[4,20) = 0.47,P = 0.76].

This suggests that, despite the changes in the shape of the fitted
surfaces for different elbow angles, adherence of the arm
orientations to the fitted planes was equally as good in each of
our vertical-arm laser tasks as the controls.

50"

Dependence of arm orientation on previous movement
history

So far the results indicate that a 2-D surface can describe the
50° o 50 50 0 50 50" o e upper arm orientations adopted during each task reasonably
. . . ) ) . well. The torsional thickness of the fitted surfaces was about

FIG. 2. Three-dimensional arm trajectories during movement with a fully, . . . . .
extended arm (C and CL) or a vertically bent-arm configuration (V45, V90; * which is small considering the, la_rge 'gorsmnal range of
and V135) fromsubject HH.C, control task; CL, control laser task; V45, 45°Shoulder movements. However, this is still large compared
vertically bent-arm task; V90, 90° vertically bent-arm task; V135, 135° vewith the thickness of Listing’s plane of the eye 1°) (Strau-
oo i oo Fonal s v s v e aann et al 199L; Tweed and Vils 1990) and comparable to
projection of the rotation vecgtors of all mover’nenri’s performed for each tasQ'?‘her ranges that were saidtot obey Donders’ law (Ceylan
Axes are calibrated in degrees. Two-dimensional surfaces were fitted to fle@l- 2000; Soechting et al. 1995). So where do we draw the
movement end points (speetb°/s, see)) and superimposed on the data in thdine between a system that obeys Donders’ law and one that
side and top view panels. Note that the 2-dimensional (2-D) surfaces of §ees not?
data in bent-arm conditions (V45, V90, and V135) are more twisted compar i ; i i
with those in the extended ;rm c’ondifions (Cc anzj CL). Predone possible way is to rely not qn.torsmn.al_ t.hICkneSS per S,e

but rather on another part of the original definition of Donders
subject during the course of the experiment. As can be seen, ltng—that eye orientation is independent of the previous sac-
surface was fairly flat across most subjects during the contazlde path (Donders 1848). This is not always true for certain
tasks (C and CL). However, all subjects showed a consistenovements of the eyes (Crawford and Vilis 1991), head (Cey-
magnitude and direction of twist during the bent-arm laséan et al. 2000), and arm (Soechting et al. 1995). But if it held
tasks (V45, V90, and V135), always in the Fick-like patterrirue here, we could claim that these movements still obeyed a
Moreover, there appeared to be a tendency for the surfacegoion of Donders’ law, just not as precisely as the oculomotor
become progressively more twisted for larger elbow anglessystem.

To substantiate this observation, we averaged the quantitaTo test this, we calculated for each final position the tor-
tive results of all subjects, and summarized them in Fig. dional distance to the fitted surface when starting in one of the
Graphic depictions of the average surface fits (i.e., based orefight other positions. When this distance does not significantly
parameters averaged across subjects) are shownvihereas deviate from zero, there is no dependence on starting position.
B plots the average#SE) twist score for each task. TheFigure 5, showing the results for both the control task and the
difference between CL and C was not statistically significam90 task, indicates that the torsional distance to the surface is
[F(1,5) = 3.1, P = 0.14], indicating that laser pointing doesnot significantly different from zero with only a few minor
not affect the control strategy of the upper arm. However, theegceptions tttest,P > 0.05 forO andP < 0.05 for®). This
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TABLE 1. Mean coefficients of the fitted 2-D surfaces for the various task conditions

Task a b c d e f o, deg n
C 0.00* 0.04 0.10=+ 0.06* —0.04% 0.07 —0.19=+ 0.12* —0.20=* 0.19* -0.01+0.15 3.4+ 0.6 12
CL 0.03* 0.07 0.14+ 0.10* —0.05*+0.12 —0.30* 0.22* —0.19* 0.17* —0.05*+ 0.20 3.8+ 1.1 18
V45 0.01+ 0.01 0.05+ 0.06 —0.03* 0.04 —0.27+ 0.19* —0.41=* 0.12* -0.10*+ 0.10 35+1.1 6
Voo —0.01+0.03 0.06x 0.06* 0.00=* 0.05 —0.27* 0.20* —0.46* 0.13* -0.12+0.12 3.6= 0.6 12
V90v 0.01+ 0.04 0.07+ 0.05* —0.08+ 0.02* —0.27+ 0.14* —0.49=+ 0.10* —0.04+0.15 2.6 0.7 6
Voow —0.01*+ 0.04 0.05* 0.08 0.00x 0.04 -0.24+0.31 —0.44* 0.11* -0.11+0.16 3.8+ 1.2 6
V135 0.01+ 0.05 -0.01+0.10 0.02+ 0.07 —0.16+ 0.22* —0.57* 0.11* 0.01+0.14 43+1.2 12
GF135 0.07+= 0.09 -0.01+0.12 0.14x 0.14 -0.17+0.43 —0.53* 0.11* 0.08* 0.22 48+ 1.8 6
H90 0.03+ 0.03 0.24=+ 0.09* 0.02=+ 0.05 -0.20*+ 0.16 -0.12+0.22 -0.03+0.13 4.0+ 0.7 6
P 0.12 <0.0001 <0.001 0.38 <<0.0001 0.59 0.08

Values are means SD. Rotation vector data of the upper arm were fitted using the equatiera + br, + cr, + drZ + err, + frZ. The SD of the distance
of the rotation vectors in the, direction to the fitted surface is given lay(in degrees). The number of subjects who participated in each task is giverAoy
ANOVA [ F(8,75)] tested whether there are differences in the values of the coefficients among tasks, as givéhuaubén the lower row. The fact that the
coefficientsh andc, characterizing the orientation of the plane, are near zero indicates that the plane is nearly alignedyjlatieof our coordinate system.
Further, from the coefficient} e, andf, describing the curvature of the surface, only the twist score (paragetaried significantly among taskB &< 0.0001).
C, control; CL, control laser task; V45, V90, and V135, 45, 90, and 135° vertically bent-arm tasks, respectively; V90v, 90° keeping forearnaskrtical t
V90w, 90° vertically bent-arm with load task; GF135, gaze-fixed task; H90, 90° horizontally bent-arm task. * Significantly deviate fromiemdrB &
0.05).

indicates that there are no systematic trends, producing starting E 2 S Z Q:J gﬁ
Cc CL V45

position dependencies in the scatter of the surfaces. Similar
results were found for the CL, V45, and the V135 task, sug-
gesting that— by the definition outlined in the preceding text—
Donders’ law was obeyed within each of the tasks, albeit with
a considerable amount of random scatter.

Voo
HH gg';Left

Does Donders’ law hold globally

Up until now our analysis revealed that Donders’ law for the
upper arm holds in good approximation for any particular
elbow configuration. The question to be faced now is whether
it is also obeyedhcrossdifferent tasks. Soechting et al. (1995)
emphasized that Donders’ law for the arm does not hold for
movements under more general testing conditions. Is there a
discrepancy with their results and the results of the present
experiment?

To explore this issue, we recomputed the arm orientations for
each elbow configuration by taking one common reference posi-
tion, which is the particular position when the subject is pointing
to the center target in the control task (C). (Note that the previous
section focused on the shape of the best-fit surface with a separate
reference position in each task, so that torsional shifts between
tasks would not be evident). The resultssabject HHare shown
in Fig. 6A, where each panel illustrates the torsional range of
upper arm orientations across all tasks (gray patch) together with
the specific set of arm rotation vectors for the indicated task (black
subspace). As the figure demonstrates, each specific elbow con-
figuration introduced a mean torsional shift (in addition to the
twist effect described in the preceding text), and this shift was
different for different elbow angles.

Accordingly, the corresponding arm orientations cover a
sub-range of the overall range of rotation vectors. The torsional
thickness for each particular task condition, ranging from 2.1
and 5.4° in this subject, was much smaller than the thickness of
a 2-D surface fitted to all movement endpoints, which was
12.5°. Across all subjects tested, the average scatter of the totak. 3. Side views of the fitted planes in 6 subjects during the various
set of rotation vectors was 119 3.4° (mean* SD), ranging paradigms: the standard control task (C), the control laser task (CL), and the

o o ; . . tically bent-arm tasks (V45, V90, and V135). CW, clockwise torsion. For
from 6.5°t0 16.1°. This suggests that upper arm orientations subjects, the rotation surface is rather flat during the straight-arm pointing

not obey Donder_s’ law globally. _ tasks but twisted when pointing with a bent-arm configuratip the small
As shown by Fig. B, each sub-range of rotation vectors cafeons provide a side view of the initial arm configuration.
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FIG. 4. Mean results from all 6 subjects by charac-
terizing the arm rotation vectors during fixation of the 9
targets for each of the task-constrained pointing para-
digms. A: side view of the mean surfaces for each par-
adigm. The surfaces become more twisted for larger
elbow anglesB: twist scores of the fitted surfaceg:
torsional thickness values of the arm orientations relative
B C to the fitted 2-D surface. In botB and C, each bar

represents the average value across all 6 subjects with
~0.8 6 error bars representing mean standard error for each
paradigm.Top the small icons provide a side view of the
initial arm configuration.

twist score

&
H
torsional thickness (%)

C CL V45 V90 V135 c CL V45 VOO V135
tasks tasks

be characterized by a different surface with a different torsionartical direction, which led to the adoption of a Fick-like
offset within the overall range. For further clarification, Figstrategy. This strategy ensures that vertical movements will
6B, bottom,shows the mean shape and shift (relative to thsccur via the shortest path, which would, as argued by Hore et
common reference point) of the surfaces of all subjects. Thig (1992), constitute the most energy-efficient strategy for the
shows that the 2-D surfaces for each different elbow angle cg@rk against gravity. However, since such work woule-
be characterized by a specific twist and torsional offset.  ¢reaseas the elbow flexed (moving the center of mass toward
the body and thus reducing torque on the shoulder joint), this
argument does not account for the monotanicreaseof the

So far in all our bent-arm experiments, subjects adopted~i&k-like twist that we observed with increasing elbow flexion.
certain initial elbow configuration by bending their arm irAnother consequence of Fick behavior is that a particular

Why a Fick strategy during vertically bent-arm pointing

control task V90 task
UR & — —§—§—-—§—§——§——§—§— —f—8—0—7—F— —2— -
MR T— —%— ——%—§—§—§—§— o - —§—§—c—ﬁ—§—$—
bR §—3— _§——§”‘§_§—§_§_ o—20— —§”n_§_§_§_§_ Fic. 5. Absence of starting position de-
pendence. The effect of starting position on
- s _% ____________ the final orientation of the upper arm when
o bC 2 o—% «— g % § e ¢—¢ 2 pointing to each of the 9 targets by showing
-*5; the torsional distance (meah SD) to the
8. DL §_§_§_§_ —5—e—8—pg— §_ 5% _§_§_%_§_ fitted surface. Results, pooled from 6 sub-
= jects, are shown for 2 tasks (control and
g V90). Data are not shown in cases with less
© ML §—§—§—§~§~ —3— — - U—%—§—§—~“— ~—9—3—2%—  than 4 data points available, a significant

deviation from 0 {-test,P < 0.05), implying
a - 5 % 5 o an effect of starting-position dependence;
u o— —§— *§‘°* TETTET —°_§— —9—8— — —a~  these are very rare. Target directions as indi-
cated by Fig. 1.

uc §~§—$—§—§—§—§— —3- . §_§_§_§_Q_§_§_ 5
T e
UR MR DR DC DL ML UL UG MC UR MR DR DC DL ML UL UC MC

starting position
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A
%D c%c v%/ \%) V135

T et T T T

FIG. 6. All arm rotation vectors for various task-con-
: strained pointing paradigms relative to 1 common reference
500 o 50 50 O 50 -850 0O 50 50 O position. The reference position was taken when the subject
torsional pointed to the center target in the beginning of the control task
(C). A: each panel illustrates the range of arm orientations
B across all tasks (gray patch) together with the specific set of
arm rotation vectors for the indicated task (black subspace).
HH o0’z Leit Subject:HH. B: the fitted 2-D surface is shifted in torsional
direction for larger elbow angles f@ubject HH(top). The
average 2-D surfaces across all subjects are depicted in the
7 lower panel. C= control task. CL= control laser task. V45,
V90, and V135= 45° 90°, and 135° vertically bent-arm
tasks.

horizontal
o
T
!

orientation of the forearm will remain constant with respect tsom the control taskf(1,16) = 0.6,P = 0.90]. Thus the arm
both the horizon and the line of the pointing arm, like anonfigurations observed in the H90 task resembled the Listing
earth-fixed telescope (Hore et al. 1992). configurations shown in Fig.BlLrather than the Fick configu-
Based on this argument, for vertically bent-arm pointingations shown in Fig. E.
where the forearm is an inverted pendulum, it might be advan-In contrast, for vertically bent-arm pointing tasks (V90,
tageous to use a Fick-like strategy because it minimizes torq¥0v, and V90w), the twist score became more negative,
in torsional direction due to gravity. Note that Nishikawa et af¢aching a value of about0.46 (average) as it did in the
(1999) showed that the plane of the arm didt remain Previous experiments. In comparison Wlth th_e control task (C),
invariant with respect to gravity during a reaching task. Howh€ increase in twist score was highly significaktd,32) =
ever, with the static elbow angles used in the current study, ¢if» P < 0.001]. However, the load task (V90w) did not have
subjects could have been tapping intpasturalcontrol strat- any further effect on the shape of the surface and .nellther did
egy where minimization of torsional torques with respect ¢ V90v task. An ANOVA indeed revealed no significant
gravity might be expected to be more important. If so, thgn differences between the twist scores for all three V90 task
one might expect an even stronger Fick strategy when carryig@ditions F(2,21) = 0.31,P = 0.52]. So, both the specific
a load during vertically bent-arm pointing, where@g by ~ instruction task (V90v) and the loading task (V_90W) failed to
contrast, one might expect the advantages of Listing’s law ¢9ange the shape of the surface compared with natural bent-
prevail for horizontal bent-arm pointing, where joint torquesa™ pointing (V90). To summarize]l of the vertical bent-arm
due to gravity are unavoidable, and thus there is less incentf@gks produced a more twisted surface than the H90 and
to optimize movement kinematics according to the Fick strad{raight-arm controls, and each by the same amount, tending to
egy. show the more Fick-like configurations illustrated in Figd 1
We tested these hypotheses on the basis of the following tA&fher than the Listing configurations shown in Fig. 1
conditions: control task (C), 90° horizontally bent-arm laser Finally, in all tasks except the V90v task, thet_hlckness of the
pointing (H90), the standard 90° vertically bent-arm lasdited planes was about 4°, as can be seen in Fg.The
pointing (V90), and 90° vertically bent-arm laser pointing biifferences in thickness values across the C, H90, V90, and
carrying a hand-held 1 kg weight (V90w). For comparison, i{90W task conditions were not significarf(B,32) = 0.86,
a fifth task (V90v), we explicitly instructed subjects to mainP = 0.94]. However, statistical analysis suggested that
tain their forearm vertical with respect to gravity during pointPonders’ law was much better obeyed in the V90v task com-
ing to see if this would produce an even more extreme FicRared with the normal V90 task(1,16) = 9.3, P = 0.02].
like constraint. The mean results of all subjects are given i{1us although the shape of the best-fit surface remained fairly
Fig. 7. Figure A illustrates the average shape of the fitte@onstant in this task (see preceding text), the accuracy of how
surface for the various task conditions in the same format B@nders’ law was obeyed could be manipulated by instruction
Fig. 4. The corresponding twist scores and thickness valuestd voluntary intent.
the fitted surfaces (averaged over all subjects) are given in Fig.

7, B andC, respectively. _ _ . Gaze dependency of arm orientations
As hypothesized, the plane remained flat during horizontally
bent-arm pointing (H90). The twist score, at a value-@f.12, Ceylan et al. (2000) showed that head movements violated

was even less negative, although not significantly differeBonders’ law when they were dissociated from gaze shifts. We
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FIG. 7. Mean results of 6 subjects performing various
task-constrained pointing paradigmds.side view of the
average 2-D surfaces during the experiment. Note that
each task has its own reference position, as in Figs. 2—4.
B: average twist scores of the fitted planes with the
standard erroiC: average torsional variability with stan-

dard error. V90v, 90° keeping forearm vertical task;
B C V90w, 90° vertically bent-arm with load task. The H90

06 s icon provides a top view of the initial H90 arm config-

' uration. The other icons provide a side view of the initial
arm configuration.

twist score

torsional thickness (°)

(o] H90 V90 VOOV  VoOw c H90 V90 V9OV  VIOow
tasks tasks

wanted to test whether there is a similar gaze dependency iftftuenced by Donders’ law of the eye. Straumann et al. (1991)
arm movements, which are also strongly linked to gaze durisgggested that the function of Donders’ laws of the eye, head,
pointing tasks (e.g., Henriques et al. 1998). To check this idemd arm is to create a synergy between these segments for
we applied the gaze fixation task (GF135), in which subject®ordinated action in any part of their workspace. If such a
were instructed to make bent-arm pointing movements (elbdinkage exists, then one might expect that a change in eye
135°) to targets while keeping their gaze fixed on the centerientation might affect the way that the arm is oriented. It is
target. Six subjects were tested doing the following five taskeell known that the eye in space obeys Listing’s law when the
in the light: C, V135, GF135, CL, C (in this order). head is fixed, whereas it obeys the Fick strategy when the head

In general the fixation task caused no trouble for the suls- free to move (Glenn and Vilis 1992; Radau et al. 1994;
jects. The standard deviations (averaged across subjects)wked et al. 1990). Therefore we repeated the C and V135 task
horizontal and vertical direction of the eye in space (gaze) faith both the head-fixed and -free conditions in four subjects
the entire duration of the task were only 1.6 and 1.4°, respdof comparison. The results are shown in FigC8andD. As
tively, indicating that during this task arm movements werghown in Fig. &, this variable had no effect on the data: the
effectively dissociated from gaze shifts. However, an examipper arm best-fit surface continued to be consistently flat with
nation of the 2-D upper arm trajectories in this task showed ththe arm straight and consistently twisted with the arm bent
subjects were still able to point toward the targets with reasovertically, independent of gaze kinematics.
able accuracy.

The effect of gaze fixation on the 3-D orientations of thg:gefficients of the fitted surfaces
upper arm is summarized in Fig. 8,andB, which shows the
twist score (Fig. 8) and the thickness scores (Fid3)&or the Up to this point, we have quantified the range of arm
various tasks. Although the gaze fixation task tends to slighttyientations on the basis of the twist score (parameterEq.
increase the scatter of the fitted 2-D surfaces relative to cont®lof the fitted surface and the torsional shift (paramefer
V135 data (see Fig. B, the differences for the thicknesscompared with a common reference position (Fig. 6), thereby
between the various task conditions were not statistically sigmnoring the values of the other coefficients characterizing the
nificant [F(4,20) = 2.74,P = 0.06]. So in the case of the arm fits. Potentially, these other parameters could be important in
the accuracy of how well Donders’ law is obeyed did naleveloping a kinematic rule for arm control. To obtain insight
depend on gaze direction. Neither was sh@peof the best-fit in these parameters, Table 1 lists all six parameters for each of
surface affected by the gaze fixation task (see F. 8tatis- the various task conditions (C, CL, V45, V90, V90v, V90w,
tical analysis revealed no significant differencé41]5) = V135, GF135, and H90) averaged across the number of sub-
0.04, P = 0.85] between the twist scores in the gaze-frgects f) who performed the task in head-free conditions (ex-
bent-arm task (V135) and the gaze-fixed bent-arm conditioept GF135). By using an ANOVA, we determined whether
(GF135). Thus the implementation of Donders’ law for théhere are differences in the parameter values across tasks. The
upper arm appears to be independent of gaze direction.  significance levelP, is given in thebottom rowof Table 1. The

A related question is whether Donders’ law of the arm iaverage torsional thickness is given by which ranged be-
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FIXED FREE

06 -0.6 FIG. 8. A and B: gaze-dependency of 3-dimensional

(3-D) upper arm movements. Average twist scores with

. standard errorA) and mean thickness scores with stan-
T dard error B) of the fitted 2-D surfaces. No significant
T T o2 differences were found for both the thickness and the
T

|
o
o
]
o
ey

shape of the 2-D planes between the gaze-free (V135) and
the gaze-fixed task (GF135}.andD: effect of 3-D gaze
kinematics on 3-D upper arm orientations. Four subjects
were tested in a straight-arm or vertical-arm laser-pointing
paradigm in both head-fixed and -free conditions. Each
task consisted of 2 50-s pointing blocks. The 1st 3 bars
B Q G cL D represent the head-fixed condition of the experiment,
6 V135 6 while the 2 bars on theight show the results in the
T % GF135 head-free condition. With regard to the twist scaZg the
T differences between the head-fixed and -free condition are
not significant, neither for the control task(fL,3) = 1.47,
P = 0.31] nor for the bent-arm laser tagk([L,3) = 3.45,

P = 0.16]. The differences in thicknesB) for different
task conditions, varying between 2.7 and 3.6°, were not
significant F(4,12) = 1.42,P = 0.29]. V135, 135° ver-
tically bent-arm task (gaze-free); GF135, gaze-fixed 135°
vertically bent-arm task. The small icons indicate the

initial arm configuration.
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tween 2.6 and 4.8° and is not significantly different amonigtest,P < 0.05). From the second-order terms, it turned out
tasks P = 0.08). that only the twist score varied highly significantly among
Note that each task had its own reference position in thizssks P << 0.0001). This suggests that most of the change in
analysis. Therefore parametgrwhich quantifies the torsional curvature in the fitted surfaces is captured by just one param-
deviation relative to the reference position, was rather smaler €), expressing the twist of the surface along a continuum,
and never significantly different from zerbtést,P < 0.05). from Listing to Fick.
Coefficientsb and c characterize the orientation of the plane.
Th_e value of para_meteb, which sp_ecifies the I_inear_relation-D ISCUSSION
ship between torsion and the vertical arm orientation, ranged
from —0.01 to 0.24 and was only significantly different from This study has concentrated on the question of whether the
zero for positive valuestfest, P < 0.05). This reflects the control strategy of the upper arm is dependent on its peripheral
arm’s tendency to roll clockwise when pointing downward anlihkage to the forearm. When our data are pooled across
counterclockwise when pointing upward. Thecores, quan- experiments and different elbow configurations, the results
tifying the relationship between torsion and the horizontal arghow (see Fig. 6) that the upper arm violates Donders’ law (or
orientation, differed only significantly from zero in the V90wat least does not obey a single Donders’ law) corroborating the
task. Although an ANOVA revealed that parametbrandc findings of Soechting et al. (1995). But strikingly, when one
are significantly different among tasks (d@ealue inbottom considers upper arm orientation when pointing with a specific
row of Table 1), each specific value remains close to zer@rearm posture, Donders’ law is consistently obeyed (see Fig.
which indicates that the plane is nearly aligned with ytze 5). Moreover, it turned out that the manifestation of this
plane of our coordinate system. Donders strategy is different for different forearm postures. In
Parametersl, e,andf describe the curvature of the surface¢ases where the forearm is fully extended or when it is hori-
Parameted specifies the curvature along the torsional ax&ontally bent, a Listing-type of strategy is used (see Fig8 1,
with the vertical arm orientation and is in some tasks signifandC, and 7), whereas in cases where the forearm acts as an
cantly different from zerotftest,P < 0.05). A negative score inverted pendulum, the upper arm uses a Fick-like strategy to
means that the arm rolls counterclockwise when pointing upesition the forearm (see Figs. D, andF, and 2—-4). These
ward or downward. An ANOVA showed no significant differ-results suggest that the various forms of Donders’ law observed
ences of thed score among task$(= 0.38), indicating that in arm movements may provide glimpses into a more general
parameterd remains constant for all task conditions. Similaget of kinematic rules. Since the control strategy of the upper
results were found for parametgmwhich ranged from-0.12 arm was dependent on the forearm orientation, these kinematic
to 0.08. This coefficient, which describes the curvature alomigles can be interpreted as a coordination strategy. Further-
the torsional axis with horizontal arm orientation, was nanore, we were able to show that Donders’ law for the upper
significantly different from zero for any of the taskg¢st,P < arm does not coordinate with Donders’ law of the eye and that
0.05). Also here, an ANOVA revealed that this coefficients implementation is independent on gaze direction (Fig. 8).
remains fairly constant among the various task conditiéns (
0.59). . Purpose of Donders’ law for the arm
To conclude, as can be seen in Table 1, paranetele-
scribing the twist of the surface, was always negative andThe kinematic redundancy of the arm has its basis in the
significantly different from zero in all tasks but one (H90npumber of joints as well as in the large number of muscles
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acting across these joints. Because of the multiple degreesetiéct on the work done to maintain forearm posture against
freedom, the position of the hand in space can be reacheddgvity. In this under-constrained condition, the upper arm thus
many joint configurations. Therefore one of the major prolused the best strategy to preserve Donders’ law and still take
lems in motor control is how the upper arm control systethe shortest route between any of two arm positions: Listing’s
deals with this redundancy problem when controlling the foréaw (Ceylan et al. 2000). However, when the elbow is bent,
arm (Buchanan et al. 1997; Turvey 1990). Donders’ law is ompper arm torsion determines the orientation of the forearm
possible solution to the kinematic redundancy problem, refleetith respect to gravity (Fig. 1), possibly providing a new
ing a coordination strategy for specific upper arm—forearoonstraint on arm posture. Thus in the case where the forearm
interactions. was aligned vertically like an inverted pendulum, the upper
However, in cases where the kinematic redundancy is @m adopted a Fick-like strategy. From a purely phenomeno-
duced, one could expect a break-down of Donders’ law. Flmgical viewpoint—without getting into cause and effect—this
example, for the eye it has been shown that it violates Listingi¢early reduced torques on the forearm due to gravity.
law during the vestibuloocular reflex (Crawford and Vilis To understand this point, note that gravity will produce no
1991). Also for the arm, it is clear that one can voluntarilyorsional torques on an inverted pendulum that is held to be
rotate the arm about any axis in 3-D space, resulting in violperfectly vertical, as in the Fick constraint (Figd)l. but will
tions of Donders’ law. exert growing torques for increasing off-Fick tilts, like those
The present study examined several kinematically reduseen in the Listing strategy (FigAL These torques may seem
dant pointing behaviors of the upper arm, and found that faegligible compared with the overall work-load of the arm, but
a limited set of conditions (e.g., any fixed elbow anglejver time, and particularly when bearing a heavy load, they
Donders’ law held at least as well as for straight-arm poinbecome energy costly and even mechanically dangerous. Now,
ing but took on different forms. Could this be a mechanicdl is another matter to speculate that the system is actually
effect? Since we have not measured electromyograpliesignedo account for these factors, but one way to test this
(EMG) characteristics and other factors related to musdlea would be to perform our experiment with the subjects’
forces and biomechanics, it cannot be ruled out that thelsedies tilted on their sides to see whether the kinematic strat-
have had an effect (Kamper and Rymer 1999). On the othegies for the V90 and H90 conditions reverse.
hand, since we can freely rotate our arms torsionally, theln critique of these ideas, the question arises why subjects
arm is obviously not mechanically constrained to Donderdid not implement a more pronounced Fick strategy (more
law. Two mechanical parameters were altered in our pansegative twist score) when pointing with the 1-kg weight
digms: the baseline level of torsional twist in the shoulddlv90w-task), where the potential gravitational torques are even
socket (potentially affecting muscle pulling directions) antarger. Furthermore why did the Fick-like twist not decrease
the geometry of the arm’s inertia. However, any torsion&lom the V90 condition to V135 task, where gravity would
lag on the upper arm arising from forearm inertia would bleave less effect? One has to bear in mind that the advantages
expected to produce a one-dimensional curvature in tbéListing’s law do not go away for the bent arm—this just
fitted surface—in opposite directions for the H90 and V90Brings in potential disadvantages. One possibility is that in our
tasks—rather than the flat or twisted surfaces (respective(gpmewhat unnatural) tasks there was an internal competition
that were actually found. Moreover, the progressive increasetween the factors that weigh the system toward the Listing
in the twist score observed in the V45-V90-V135 seriegersus Fick strategies with elbow angle tending to tip the scales
(where shoulder torsion did not change) is incompatibteward the latter. However, once again this is all just specula-
with either mechanical explanation. This suggests that it tisn—the important point, addressed in the next section, is that
the neural system that is choosing different forms ofan upper-arm control strategy resembling Donders’ law was
Donders’ law. Clearly, the neural system cannot ignombeyed in these tasks and that this strategy was systematically
muscle force and dynamic aspects of joint torques (Nishiodified as a function of arm configuration.
ikawa et al. 1999). To the contrary, it must account in an

exquisite fashion for these factors to optimize some vaiiyq,y general is Donders’ law as a control principle for the

able. , upper arm?
Contrary to the observation of Straumann et al. (1991) an

compatible with the conclusion of Theeuwen et al. (1993), theln the case of the eye, where Donders’ law has long been
2-D surfaces for the arm that we obtained do not coordinateudied, we have seen a progression of accepting Donders’ law,
with Listing’s plane of the eye. The fitted surfaces of the uppeejecting it and then revising it into more complex forms. For
arm were flat when pointing with the arm straight and twisteeikample, Donders assumed that his law applied to all eye
with the arm bent vertically, irrespective of 3-D eye orientanovements. Then it was thought that Listing’s law for the eye
tion. This indicates that Donders’ law does not serve asdaes not hold for near vision. Later work, however, has shown
synergistic control principle for eye and arm. that the Listing plane of each eye rotates as vergence increases
Nor was elbow angle alone the sole determinant of the 2{®inken and Van Gisbergen 1996; Mok et al. 1992). Now we
surface for the upper arm because different forms of Dondeksiow that a higher form of Donders’ law called L2, which
law were observed for the same 90° elbow angle dependingionorporates both eye “joints,” captures the behavior more
forearm orientation. Instead the important factor appears to t@mpletely (Tweed 1997). Could the same general principle
theinteractionbetween elbow angle and torsional arm posturalso apply to arm movements?
In particular Donders’ law of the upper arm appears to belf so, then one might explain an apparent discrepancy be-
influenced by forearm posture agaigsavity. Note that when tween results in the literature: some authors found that
the arm is fully extended, upper arm torsion has little or nbonders’ law is obeyed during straight-arm pointing move-
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ments (Hore et al. 1992; Miller et al. 1992; Straumann et dince it is undeniably true that the mechanical plant must have
1991; Theeuwen et al. 1993), whereas others found violatioseme equilibrium point at any one time—that will not equal
of Donders’ law under less restricted conditions (Desmurgeta@itrrent position during motion—it is difficult to argue against
al. 1998; Gielen et al. 1997; Soechting et al. 1995). Even wh#his theory on the basis of behavior alone, but as a control
we consider only our limited set of tasks, it is clear thadtrategy, it poses certain problems (Gottlieb 1998). For exam-
Donders’ law does not hold up in general. However, for eaglte, in the oculomotor system, it is clear that movements are
specific task, one finds a certain range of arm orientationst generated by equilibrium-point commands but rather by
emerging, dependent on the limited conditions that were seglocity commands that are sent directly to the plant and to a
like elbow angle and forearm orientation. neural integrator that computes a tonic 3-D eye orientation

Taking these ideas one step further, if one considers an ewgnal (Crawford et al. 1991; Robinson 1975). In a sense, the
wider set of orientations than those in the current study, itatter provides an equilibrium point command to the ocular
cluding all upper arm and forearm orientations, elbow anglmotoneurons, but this only specifiegrrenteye position and is
effects of dynamic and static forces, and their cross-correlaamputed in somewhat passive fashion in response to move-
tions, they may all be optimized according to certain learned mrent commands. Likewise, we suggest that Donders’ law of
preprogrammed rules. These context-dependent rules cathld arm is implemented through similar kinematic commands
form a lawful set of equations within linematic hyperspag¢e (SE€eNONHOLONOMICS AND VELOCITY CONTROL).

where they could optimize for both kinematic and dynamig: jectory minMIZATION.  As explained by Ceylan et al.
factors (Kelso et al. 1991; Soechting et al. 1995; Turvey 1990»000), Listing’s law is optimal for pointing in the sense that it
Viewed this way, if one looks at all possible k'”emat'ca!lr%%grantees the shortest route between any of two arm positions
redundant hand paths (at least where paths are not constrai er the constraint of Donders’ law. But it does not provide
there are arrangements—such as those explored in the curtgatapsolute shortest path between joint positions, for to do so
study—for which Donders’ law can be preserved at least fepngistently for all paths and positions predicts systematic
the movement end points (Crawford et al. 1999). But there afg)|ations of Donders’ law (Ceylan et al. 2000; Crawford et al.
also situations that are not kinematically redundant (like tUriggg: Tweed and Vilis 1990). Therefore the finding that arm
ing & door-knob) or where dynamic factors override kinemafgrsion does not depend on starting position (see Fig. 5) is
ics, requiring a violation of Donders’ law. For example, Sopcompatible with “minimum-rotation” principles or at least a
echting et al. (1995) demonstrated situations where larg@ict interpretation of them that would hold across all situa-
torsional rotations in the upper arm provide a clear advantags,g (Rosenbaum et al. 1999; Soechting et al. 1995; Uno et al.
in minimizing kinetic energy. Thus our various Donders sufrggg) The Fick strategy does provide the shortest path rotation
faces could be viewed as various slices cut along iso-Dondggs ertical movements, but only at the cost of lengthening the

surfaces through the .kinematic hyperspaqe, wheregs the for most horizontal movements (Hore et al. 1992).
employed by Soechting et al. (1995) might be viewed as i in th
cutting tangentially (or orthogonally) to these slices. TRAJECTORY MINIMIZATION AGAINST GRAVITY. ~Again, in the

As shown in our study, the fitted 2-D surfaces resembleP4esent study, a tendency to minimize rotation of the upper arm

kinematic strategy for the upper arm related to how the foreaMf#S Only observed for a subset of movements (vertical) at a
ubset of elbow configurations (bent-vertical). Does this mean

is held. Thus the idea of a kinematic hyperspace must 5 s\ : S
incorporated into the idea @ordination(although the latter &at the Fick strategy was primarily being used to minimize
also includes temporal dynamics which were not address%@gtljlgrbarm dlsptlatienzggtzs ,IOLrJ VIYE”I( zi)gamst gr:ri]wty, d‘"’.‘s TUQ'
here) (Buchanan et al. 1997; Turvey 1990). In this respect, (ﬂﬁsf b y orele al. (t' I) ¢ nll eyF_ ekcau(sje esr—lz__ 't?’p ace-
results provide a good analogy with the head-movement stufi" Isb ecan;e SSZ optimal (i.e., tﬁss ICk Iand more ;S |ng)tas
of Ceylan et al. (2000), where similar task-dependencies gj € elbow exiended—increasing the work load against gravity,
ern the manifestation of Donders’ law for the head wh Iaadlng us back to the postural arguments t.hat we began .W'th'
controlling the eye. oreover, it would appear that the F|c_k-l|ke behavior first

reported by Hore et al. (1992) may pertain more closely to the
hand (which is what they measured) and so relate to factors
other than those that we are considering.

In the past, many different types of models have beqpoLonomics anD VELOCITY conTROL. Based on our dis-
proposed to describe the kinematics of human arm movemerigssion so far, one is left with the idea that arm movements for
Usually, the validity of these models was tested by comparisgRinting to (distant) targets are planned in unconstrained, ki-
of predicted and measured postures of the arm or movemeidsy atically redundant coordinates that must then be converted
trajectories of the h_and. Howeve_r, hardly any studies hay§g the appropriate points in a kinematic hyperspace. The
discussed these various models in the context of degrees,Qfious theories of trajectory minimization—in their strictest
freedom of movement control. sense—are not compatible with our data but can be incorpo-
EQUILIBRIUM-POINT HYPOTHESES. One of the best-known mod- rated together with various Donders’ strategies into the rules
els for movement control is the so-called equilibrium-poirfor a kinematic hyperspace, as discussed in the preceding text.
hypothesis (Feldman et al. 1998; Polit and Bizzi 1978). In ttf&o how then would the brain implement these rules? One
context of Donders’ law, the final equilibrium point for antagpossibility is that the brain could have a little box for each little
onistic muscle forces need incorporate not only the pointirsgb-rule by learning and maintaining internal models to deter-
direction of the arm but also its orientation. The question imine the motor commands required to perform specific tasks
does the brain determine this final orientation by explicitiKawato 1999; Kawato and Wolpert 1998). But there may be
computing the corresponding muscular equilibrium points?more parsimonious alternative.

Relation to other models of the control system
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