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CONCLUSIONS



I. The temporal waveform of muscle activity was related to the speed of arm movement. Speed was expressed in terms of the duration of a fixed amplitude movement or the “movement trme.” 2. Human subjects moved their arms to targets in three-dimensional space. The right arm started at a standard initial position and moved directly to the target in a single stroke. The targets were placed in various directions in a vertical plane. The arm movements consisted of shoulder and elbow rotations. 3. Subjects were required to vary the speed of their movements. In most of the experiments, trials with different movement times were randomly ordered. One of the experiments also included randomly interspersed static trials, in which the subject held the arm still at the initial posture, the final posture, or halfway between the two extremes. 4. Electromyographic (EMG) activity was recorded from several superficial elbow and/or shoulder muscles. The time base of rectified EMG records was normalized for movement time such that records from movements with various speeds were compressed to align the ending times of the movements. 5. A principal component (PC) analysis revealed that the compressed EMG waveforms could be described by a summation of PC1 and PC2 waveforms; each individual EMG waveform was approximated by a weighted sum of these two components. 6. The PC 1 weighting coefficients scaled down in a monotonic relationship with movement time such that the fastest movement corresponded to a large positive weighting coefficient and the slowest movement corresponded to a small positive weighting coefficient. The PC2 weighting coefficients exhibited a similar monotonic scaling, but the values ranged from positive to negative. Further analysis demonstrated that these two components can be mathematically transformed into a tonic waveform with a constant weighting coefficient and a phasic waveform with positive weighting coefficients that scale down with movement time. 7. The amplitude scaling of EMG records cannot be described by a single component, but instead requires a summation of two separate components. The tonic component may correspond to the force element needed to counteract gravity, because the magnitude of this element does not scale with movement speed. The phasic component may correspond to the force element that scales quadratically to produce a linear increase in velocity.



INTRODUCTION



The ease with which we move our arms belies the mechanical complexity involved (Green 1982). Roboticists and those who model human arm movement appreciate the difficulty of the so-called “inverse-dynamics problem”: the problem of transforming a movement (or kinematic) command into the appropriate forces (or dynamics) to pro-
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duce the desired movement ( Atkeson 1989; Hasan 199 1). Neurophysiologists recognize that the inverse-dynamics transformation is implemented by the use of consistent patterns for scaling and adjustment of the dynamics to meet the changing kinematic requirements. “Invariant” kinematic features of movement have been taken to represent the specific kinematic requirements that are to be transformed into dynamics, or more precisely, into the patterns of muscle activation that result in joint torques (e.g., Soechting and Lacquaniti 198 1). An example of kinematic invariance is the fact that point-to-point arm movements usually proceed along a hand path that is nearly straight, with a velocity profile that is bell shaped and nearly symmetrical (Abend et al. 1982; Atkeson and Hollerbach 1985; Georgopoulos et al. 198 1; Soechting 1984). The velocity profiles for movements of different speeds can be superimposed on each other by scaling both the time base and the amplitude, but this does not imply an equally simple scaling of joint torques or of electromyographic (EMG) levels. The scaling of joint torques with movement speed has been investigated by Hollerbach and colleagues (Atkeson and Hollerbach 1985; Hollerbach and Flash 1982). These investigators have demonstrated that joint torques for arm movement can be subdivided into two elements: one that scales in proportion to movement speed and one that does not. The element that does not scale with speed is the torque associated with counteracting the force of gravity. Investigators of EMG patterns have also reported scaling with movement speed. Gottlieb and colleagues have summarized the results of a large body of EMG studies by formulating a rule called the “speed-sensitive strategy” (Corcos et al. 1989; Gottlieb et al. 1989). According to this rule, bursts of muscle activity increase in amplitude for faster movements. From these past EMG studies, it is unclear exactly how the amplitude scales, but it is apparent that the scaling is not simple, and a discontinuity between fast and slow movements has been suggested (Lestienne 1979). It is unresolved whether or not the time base of the EMG pattern also scales (e.g., Hoffman and Strick 1990; Mustard and Lee 1987). Most of the past work on human EMG patterns has focused on a single joint (the elbow or the wrist) and has relied on the delineation of bursts of activity. In the past, investigators have avoided the gravitational component of muscle force by designing experiments in which the arm is supported in the horizontal plane and thus begins and ends in a relaxed posture. We have begun to extend the study of human EMG patterns to multi-joint arm movement in
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three-dimensional space by employing new methods for quantification of EMG waveforms. Thus far our studies have focused on the relationship between muscle activation and the direction of force (Flanders and Soechting 1990) and movement (Flanders 199 1). We began with the study of direction because this haddbeen suggested, on both theoretical (Soechting and Flanders 199 1) and neurophysiological (Georgopoulos 199 1) grounds, to be a key kinematic requirement. We found that, depending on the movement direction, waveforms of muscle activation are scaled in amplitude, shifted in time, and “inverted” (or negated to produce a reciprocal pattern). These results suggested a relatively simple recipe for the generation of motor patterns to meet directional kinematic requirements. With the use of a similar approach, we now turn our attention to a different kinematic requirement: speed or “movement time.” METHODS



Experimental



design and kinematics



The experiments were designed to control the speed of arm movement by requiring subjects to reach a target within specified time intervals. The subjects were instructed to produce movements in a given direction, with a constant initial position and a constant amplitude. Figure 1 (Zej) shows schematically the initial arm posture and the movement amplitude. Human subjects stood erect with the upper arm vertical (shoulder relaxed) and the fore-
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arm horizontal (elbow flexed), in a sagittal plane. Both the initial and the final (target) hand positions were marked by sinkers that were suspended from the ceiling with fishing line. The three target directions illustrated in Fig. 1 are forward and/or upward, in the sagittal plane. Other directions were indicated by hanging the target in different locations relative to the constant initial position, such that the hand path was either in the sagittal plane or in the frontal plane (see Fig. 2 of Flanders 199 1). The required movement amplitude was always 30 cm. Each subject held a pen-shaped ultrasonic emitter and was asked to move to the target as consistently as possible and to refrain from rotating the wrist. The “go” signal was a computer-generated tone, followed at a constant interval by a second tone. The kinematics of the hand movement were recorded with the use of an ultrasonic device (Graph Pen GP-8-3D) interfaced to a computer (Macintosh 11x). Hand position in three dimensions was recorded with a spatial resolution of 0.1 mm and a temporal resolution of 10 ms (100 Hz). Velocity profiles were obtained by differentiation of the recorded trajectories after smoothing by digital low-pass filtering (with the use of a Chebyshev filter with a cutoff frequency of 10 Hz). The beginning and end of each movement were defined as the times at which the velocity record exceeded and rejoined the amplitude of the baseline signal. These times were measured by hand for each trial with the use of a computer cursor program. Movement times were then discretely classified in 50-ms bins, e.g., 3 lo-350 ms, 360-400 ms, etc. (see RESULTS.) A typical velocity profile was shown in Fig. 1 of a previous publication (Flanders 1991). Only trials with a unimodal, bell-shapedvelocity profile were usedin subsequentanalyses.
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FIG. 1. Initial arm posture and movement amplitude (30 cm) for all movements, final hand positions are marked by sinkers for movements in 3 directions (up and/or forward). For each direction, we show 1 pair of rectified EMG records for biceps during fast (top graph) and moderate (bottom graph) movements (averages from 5 trials for subject A). Bars on the time base indicate approximate movement times; black and white halves mark the 1st and 2nd half of the movement, respectively. Movement times were -250 and 450 ms.



EMG COMPONENTS



Four normal subjectstook part in our studiesof speed:a 5 ft 10 in, 150-lbmale(subjectA), a 5 ft 9 in, 130-lbfemale(subjeclB) , a 6 ft 0 in, 190-lbmale (subjectC), and a 5 ft 10 in, 140-lbfemale (subject0). Agesrangedfrom 23 to 47 yr. Although the number of subjectswas relatively small, we recorded data from a large number of musclesin eachsubject(seebelow). ‘Two of the subjects(subjectsA and B) performedmovements in each of 20 directions ( 10 in the sagittal plane and 10 in the frontal plane). In theseexperiments, for each direction, movementswereperformedasfast aspossiblein five consecutivetrials and at a more moderatespeedin five other consecutivetrials (see Flanders 1991 for additional detailsof this experimentaldesign). SubjectsB and C took part in the main experiment,whereonly 4 of the 20 directionswere used.Two of thesedirections were in the sagittalplane: up and 18” forward (shown in Fig. 1); down and 18Oback (not illustrated,but oppositethe former). Two were in the frontal plane: medial/up (36” up from horizontal) and lateral/down ( 36” down from horizontal, seeFig. 2 of Flanders 1991). Thesedirectionswerechosensomewhatarbitrarily, but we wishedto useoppositedirectionsto cover a wide rangeof three-dimensionalspaceand to include substantialvertical movements. Also, basedon our previous studies,movementsin thesedirections were expected to involve many of the musclesthat we recorded from, whereasin some regionsof space,several of the musclesare silent(Flanders 1991; Flandersand Soechting1990). In thesepresentexperiments,subjectswere coachedto move at various speedsby pseudo-randomlyinstructing them to move “faster” or “slower.” About five trials were obtainedwith eachof 6- 10 different movementtimes. In an additional experiment,subjectD moved in only onedirection (up and 18” forward), and wedoubledthe numberof trials at eachmovementtime. Trials with different movement timeswere randomized,and trials of static posturewerealsorandomly introduced, for a total of 135trials. In the’trials of static posture,the subjectheld her arm still either at the initial position, at the final position, or at a position halfway betweenthe initial and final positions. Like trials were grouped for averagingin subsequent analysis( seebelow).
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tive observationson setsof traces,we assumedthat the time base of the EMG pattern scaledexactly alongwith the movementtime plus 100 ms before movement onset (the earliesttime of movement relatedEMG). Wecompressed the time baseof eachtrace so that both the times 100ms beforemovement onsetsand the ending timesof the movementswerealignedfor all traces.The resulting “compressedtraces” can be thought of asbeingsqueezedinto a 30-data-point frame for movement time. In addition to the 10 data points before movement onset, we also retained 20 data points after the movement ended. Thus each compressedtrace consistedof 60 data points, with eachdata point representingbetween 10and 20 msof EMG. PC ANALYSIS. As in our previousstudy (Flanders 1991), we used a PC analysisto quantify the waveforms of muscle activation. Several other detailed accounts of this method have also been published(Osborn and Poppele 1989, Richmond and Optican 1987,Soechtingand Lacquaniti 1989). Principal component (PC) analysisis a statistical technique usefulin quantifying component contributions to electrophysiological waveforms. The analysistransforms a set of data waveforms into a set of PC waveforms, which are derived from the original data. The PC analysisplacesthe original setof data into a new coordinate system.Each PC waveform is orthogonal to the other PC waveforms,meaningthat the covariance (dot product) betweenany two PCsisequalto zero. Although the PC waveforms are not sinusoidal,PC analysisis similarto Fourier analysisin that each of the original data waveforms can be reconstructedas a weightedsumof the PC waveforms. A setof six EMG waveformstransformsinto six PC waveforms (6 isthe number of experimentalconditions). The PC waveforms were calculatedby first constructing a symmetrical matrix containing the covariancevaluesof pairsof compressedEMG traces. We then computedthe six eigenvalues(X) of this matrix and their correspondingeigenvectors(u). Eacheigenvaluecorrespondedto a PC, and we ranked the X-PCpair accordingto the magnitudeof X. The PCswerecomputed as



(0 Kzw = (l&J c %?mEMGm(~) wheren isthe rank ( l-6) of the PC, andthe summationis over the EMG data analysis productsof the lst-6th EMG waveformsand their corresponding 1st-6th elementsof the eigenvector(m index). Both the PC and ACQUISITION. We usedsmall bipolar surfaceelectrodes(2 mm the EMG waveformsare functions of time (t). diam) to record the activity of superficialarm muscles.The elecThe basicformula for reconstruction of a data waveform from trodes wereplaced ~2 cm apart over the bellies(or middle porthe PCsis tions) of eachof the following muscles:I) brachioradialis;2) biceps;3) medialheadof triceps;4) long headof triceps;5) pectoraEMGnW = c (fh4n,p~,(~) (2) lis; 6) anterior deltoid; 7) medialdeltoid; 8) posteriordeltoid; and wherethe product ( k) u,, isthe “weighting coefficient” for each 9) latissimusdorsi. PC, and the summation is over the products of the six weighting The EMG signalswere preamplified ( X 1,000)) band-passfilcoefficients and their correspondingPCs ( YIindex). Weighting tered ( lOO-5,000 Hz), and then amplified again (X 10) before coefficientsare in arbitrary EMG units. For eachanalysis,we nordigitization. The data weredigitized at 500 Hz. The data werealso malized basedon fi, so that all weighting coefficientsranged digitally high-passfiltered ( lOO-Hz cutoff) to remove low-frequency noise.After amplification, filtering, and digitization, the between+ 1.Oand - 1.O. In this paper,we focuson the contribution of a PC to the recondata wererectified. struction of an EMG trace. We will relate PC weighting coeffiWe did a separateanalysis cientsto the movement timesassociatedwith each EMG. AVERAGING AND NORMALIZATION. on the data from eachsubject,eachmuscle,and eachmovement direction. We preparedthe EMG recordsfor further analysiswith Post hoc coordinate rotation the useof the stepsdescribedbelow: As we will showunder RESULTS, the PC analysiswasvery useful 1) We aligned 3-5 or 7- 10 like records(samespeed)at the onsetof the velocity profile and averagedthem. We truncated the in showingthat the weighting coefficients of two components EMG record(originally 2 s long) to include200 msbeforevelocity (PC1 and PC2) were consistently related to movement times. However,the PC1 and PC2waveformswerenot directly relatedto onsetand 1,200ms after velocity onset. 2) We resampledthe averagedEMG records by taking the postulatedneural control mechanisms.In general,the PC coordiaverageamplitude of IO-ms-longbins.Thuseachdata point repre- nateaxesidentified by the analysisdo not necessarilyhavephysiologicalcorrelates.It is possible,however, to rotate the PC axesby sented10 ms. We will refer to theseresampled,averagedEMG recordsas“traces.” forcing one or more of the PCs to correspond to hypothetical 3) We normalized for movementtime. On the basisof qualita- physiologicalwaveforms(Glaser and Ruchkin 1976).
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After performing the standard PC analysis, we further analyzed the data by rotating the PC coordinate axes. Thus we mathematically transformed PC1 + PC2 into PC 1’ + PC2’ by forcing the PC 1’ weighting coefficient to have minimal variation with movement time and the PC2’ coefficient to be always positive. To justify this post-hoc analysis, one must first demonstrate that the original PC1 and PC2 weighting coefficients are similar functions of movement time. We explain below: Assuming that an EMG waveform can be reasonably well reconstructed as a weighted sum of the first two PCs EMG,(



t) = i&PC1



(t) + B,PC2(



t)



0



where A and B are weighting coefficients, then this equation can be mathematically transformed into EMG,



= A’PC 1’



-t



B’,PC2’



(4)



where A’ is a constant and II; varies with movement subscript). (All waveforms are functions of time, but been omitted from Eq. 4 for clarity.) The coordinate amounts to calculating PC 1’ and PC2’ in the following PCl’



= aPC1



+ bPC2



and



PC2’ = cPC1



time (m the t has rotation form



+ dPC2



(5)



where a-d areconstants.SubstitutingEq. 5 into Eq. 4 and equating this to Eq. 3 EMG,



= &PC1



+ A’hPC2



+ B’,PCl



+ B’,dPC2 = &PC1



+ B,PC2



(6)



therefore A’a + B’,c = A, A’b + B’,d



=



and



(7)



B,



(8)



but this is true only if A, and B, are similar functions of movement time. This canbe shownby multiplying Eq. 7 and Eq. 8 by d and c, respectively,and subtractingEq. 8 from Eq. 7: A’(ad - bc) = A,d - B,c



(9)



and rearrangingsothat aA,,, + ,O= B,



W)



were CYand ,Oare constantsderived from A’ and a-d. Thus A, must differ from B, only by a scalingfactor and an offset, meaning that the original weightingcoefficientsmust both be linear or must be similar nonlinear functions of movement time. After assumingthat the original weightingcoefficientsapproximatedthe aboverequirements,wegeometricallyrotated the coordinate axesby setting PCl’



= cos (0)PCl



- sin (QPC2



and PC2’



= sin (0)PCl



+ cos (@PC2



(II)



wheresin(0) and cos(0) arethe constantsintroduced in Eq. 5 (see RESULTS for further explanation). We iteratively found the angle0 that would bestminimize the variation in A’ while keepingBA positive. RESULTS



Qualitative



observations



EMG records from faster movements had larger amplitudes. In addition, the EMGs became more phasic, with large bursts appearing as speed increased. Figure 1 compares the biceps EMG records obtained during fast (too)
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an .d moderate (bottom) movement speeds for movements in three different direct ions in the sagittal plane (as indicated by the layout). These averaged, rectified EMG records are displayed on an arbitrary amplitude scale that is uniform for the six plots. As in subsequent figures, the approximate movement time for each average is shown by the bar on the time base; the first half of the movement is the black bar and the last half of the movement is the white bar. For the faster movements, EMG bursts appeared to rise above the “threshold” of detectable neural activity. In our previous study, we focused on the EMG waveforms associated with the moderately paced movements (Flanders 199 1). We reported the relationship of these slower waveforms to movement direction. For the three directions shown in Fig. 1, biceps activity was characterized by a waveform that started with a large amplitude, followed by a decrease in amplitude (cf. Fig. 11 B of Flanders 199 1). This waveform was inverted (negated) as the direction changed from upward to forward. This same tendency is more readily apparent in the EMGs for the “fast-as-possible” movements, where the largest amount of activity changes from early for upward movements to much later for forward movements. In general, we observed that the directional characteristics previously reported for the moderately paced movements were similar and even more distinct in the records from fast movements. Another example is given in Fig. 2, where we show data from medial triceps for five movement directions. In each of the four panels, the top three records are from movements in the directions shown in Fig. 1, and the bottom two records are for movements forward and down (each successive direction is separated by 36’ ) . For this muscle, the directional tendency was that EMG waveforms associated with more downward movements began earlier in time. This tendency was similar across subjects (top vs. bottom) and somewhat clearer in the records from faster movements (left vs. right). Focusing now on velocity rather than direction, we show in Fig. 3 the smoothed EMG traces that represent anterior deltoid activation for six movement times. All movements were in the same direction: down (and 18’ back). Mechanically, the anterior deltoid is an antagonist for this movement direction, and the waveform is a very simple one: a single burst of activity provides a braking force to stop the movement. There is a large change in amplitude from faster to slower movements. However, the temporal relationship between the burst and the halfway mark on the time bar is nearly invariant. The burst occurs about halfway through the movement, regardless of the movement time. We studied similar time series for nine muscles, three subjects, and l-4 movement directions. In most cases, the time base of the EMG waveform appeared to scale equally with the movement time (as in Fig. 3). It was impossible to measure the scaling of the time base because the shape of the record changed along with movement time. Therefore, we used equal scaling as an assumption and normalized (compressed) all of the traces according to movement time before the PC analysis (see METHODS). Figure 3 also serves to list the contents of the sets of compressed traces that we used for further analysis. We used data from six movement times. ranging from 350 to 600
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FIG. 2. Medial triceps EMG waveforms show temporal shifting across 5 movement directions (5-trial averages of rectified EMG). In each panel, the top 3 records correspond to the directions shown in Fig. 1; the bottom 2 correspond to forward and downward directions (each direction is 36” apart). Amplitude scale bars indicate the greater magnification of records from slower movements. Each record is 600 ms long; movement onset was at 100 ms.



Moderate Speed



Fast as Possible



ms. This range excludes the fast-as-possible movements. We excluded these fastest movements because in some cases, the EMGs for these movements showed distinctly higher levels of coactivation (of all muscles) and prolonged activation after the end of the movement. There sometimes appeared to be a discontinuity between the fast-as-possible and slightly slower movements, perhaps because of an instructionally based difference in strategy by the subject. At the other end of the range, movement times ~600 ms were typically associated with EMG records that showed very little modulation. For movement times longer than ~700 ms, EMG records could be well approximated by the EMG levels recorded during the appropriate static postures, and we will return to this end of the range later, under Statics. PC analysis As inputs to the PC analysis, we used sets of six EMG traces like those shown in Figs. 3 and 4A but compressed to normalize the time base (as shown in Fig. 4B). In general, we will show that the PC analysis revealed that the first two components contributed to the reconstruction (or representation) of each EMG trace by an amount that depended on movement time. We will also show that although the PC1 and PC2 waveforms were orthogonal (see METHODS), the PC2 waveform usually resembled the phasic aspects of the PC1 waveform. We will show that, in reconstructing the



compressed EMG traces, PC2 added to PC1 for the faster movements (resulting in bigger bursts) and subtracted from PC1 for the slower movements (resulting in a more tonic waveform). Two PCs from pectoralis are shown in Fig. 4C. These were derived from the set of six compressed EMG traces representing movements in the medial / up direction (shown in Fig. 4B). Pectoralis is clearly an agonist for this movement direction. In contrast to the waveforms shown in Fig. 3 for an antagonist, the activity level begins to rise before the onset of the movement (black and white time bar). Both the PC 1 waveform (top) and the PC2 waveform (bottom) peak around the time of movement onset and then decline. The PC2 waveform declines more quickly, dips below zero amplitude about halfway through the movement, and then rises again to a relatively steady negative value. (The large number of small negative data points explains the zero covariance between PC2 and PCl: they cancel the large positive dot product from the first 20 points.) The PC1 waveform also dips about halfway through the movement, but to a lesser extent. Figure 5 shows the weighting coefficients for reconstruction of the compressed pectoralis EMG traces from PC1 and PC2. Weighting coefficients are plotted against six movement times; 1 was the fastest and 6 was the slowest. For both PCs, the relationship between weighting coefficients and movement times was monotonic and close to
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For other subjects and other movement directions, the relationships of PC1 and PC2 coefficients to movement time were similar to those described above. Figure 6 shows pectoralis data for movements directed up (and 18O forward). The different symbols represent three different subjects. As in the single-subject data for the medial/up direction (cf. Fig. 5), the relationships were monotonic. The PC1 waveform had positive coefficients, whereas the PC2 coefficients were negative for the slower movements. A similar trend was seen in most of the other muscles. Figure 7 shows these data for biceps. The plot contains a full set of biceps data from the two subjects that performed the speed series in four different directions. Data from subject B are the filled circles, and data from subject C are the open circles; each line represents a different direction. As in Fig. 6, for each subject the PC1 and PC2 coefficients were similar functions of movement time, differing only by an offset.
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500 ms



550 ms



600 ms FIG. 3. Anterior deltoid, down (and 18” back): averaged and smoothed EMG traces for 6 movement times for sutgkct C. The time base is in real ms units. The muscle acts as an antagonist: the activity burst occurs halfway through the movement regardless of movement time (time base scaling; compare with Fig. 10).



being linear. The PC1 coefficients were always positive, ranging from ~0.55 to 0.30 for fast to slow movements. The PC2 coefficients were smaller and ranged from positive to negative values. Referring back to the waveforms shown in Fig. 4C: the addition of a positive version of PC2 to PC1 would make the waveform more phasic; the addition of a negative version of PC2 (or subtraction) would decrease the peak around movement onset and produce a slightly larger steady level later in the movement. Higher-order PCs (PC3-PC6), by definition, contributed less to the reconstruction of EMG traces. The waveforms of higher-order components generally appeared to represent the random variability in the EMG records. More importantly, there was no clear relationship between the weighting coefficients of higher-order components and the movement time. For the pectoralis data illustrated in FigS. 4 and 5, the weighting coefficients for PC3 were -0.05, +0.06, +0.06, -0.02, -0.03, and -0.0 1 for movement times 1-6, respectively. The weighting coefficients for PC4, PC5, and PC6 were much closer to 0.00.



FIG. 4. Pectoralis, medial/up, subject B. A : time series; B: compressed traces; C: 1st and 2nd PC waveforms (PC 1 and PC2). In B and C, the black and white time bar indicates normalized movement time. Note that waveforms peak around movement onset and then decline, indicating that pectoralis is an agonist for this movement direction.
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and latissimus dorsi, PC 1 coefficients showed a clear trend, whereas PC2 coefficients were somewhat more variable. In some cases, a particular muscle was not active enough for particular directions to allow us to record a sufficient signal to noise ratio at all six movement times. Clear exceptions to the trend of monotonic coefficient/ movement time relationships are particularly noteworthy. They were few. The only clear example obtained in our experiments is illustrated in Figs. 10 and 11. Figure 10 shows a time series from anterior deltoid for movements in the lateral/ down direction. These traces are from the same subject as the traces shown in Fig. 3 for movements directed down. As in Fig. 3, these traces are shown before normalization of the time base. Thus these traces in Fig. 10 have not been analytically compressed: the time base is real ms units. Anterior deltoid is mechanically an antagonist for this direction; the waveform is a burst that brakes the movement. This burst did not have an invariant relationship to the halfway mark on the time bars. Instead, the burst appeared to begin at the same point in real time, regardless of movement speed. Thus, despite the obvious time base scaling shown in Fig. 3 for this same muscle, movement in a different direction was associated with a different scaling of the time base. 0.7
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-0 .3 Movement Time 5. Pectoralis, medial/up, subject B. weighting coefficients (or amplitude contributions) of PC1 and PC2 (as shown in Fig. 4) for the 6 movement times shown in Fig. 3 ( 1 = fastest; 6 = slowest). For slower movements, negative PC2 coefficients account for a decreased peak at movement onset in EMG records. FIG.



Figure 8 shows the PC waveforms associated with these coefficients. The PC1 waveforms for opposite directions were of opposite polarity (cf. Flanders 199 1) . For example, the PC 1 medial/ up waveform closely resembled an “upside-down” version of the PC 1 for the lateral/ down direction. As shown above for pectoralis, the biceps PC2 waveforms resembled the corresponding PC 1 waveforms, except that they were more phasic and were centered around a slightly negative baseline. Thus one can envision that the addition of PC1 + PC2 would produce a waveform with bigger bursts- like the bursts commonly observed in EMG records for the fast-as-possible movements (cf. Fig. 1). Most other muscles showed similar trends in their weighting coefficients and PC waveforms, although the trends were less clear for directions where muscles were less active. Another example is given in Fig. 9, where we show data from posterior deltoid in the same format we used in Fig. 7 for biceps. The weighting coefficients show a similar monotonic relationship to movement time. Long head of triceps clearly showed this trend for movements directed down, and medial deltoid showed the trend for movements directed lateral /down. In other cases, as for brachioradialis
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-0 .2 -0 .3 Movement Time FIG. 6. Pectoralis, up (and 18Oforward): weighting coefficients of PC 1 and PC2 for the 6 movement times (as in Fig. 5 ) . Filled circles: subject B; open circles: subject C; triangles: subject D.
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left). In the other subject ( l ), a third PC waveform (PC3) made a large contribution to the reconstruction of the fastest EMG trace, and hence the PC1 and PC2 coefficients for the fastest movements were relatively small.
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Movement Time 7. Biceps, 4 different directions: weighting coefficients of PC 1 and PC2 for the 6 movement times (as in Figs. 5 and 6). Each line represents 1 of the 4 directions. Filled circles: subject B; open circles: subject C. FIG.



The PC analysis was sensitive to our assumption of equal scaling of movement time and EMG time base. When the traces shown in Fig. 10 were scaled according to this assumption and analyzed for PCs, the PC weighting coefficients were not well related to movement time (Fig. 11). In Fig. 11, the open circles are the data derived from the traces shown in Fig. 10 (after the traces were compressed); the filled circles are the corresponding data from the other subject. The coefficient/movement time relationship was not monotonic for either PC1 or PC2. Thus the time base scaling did not align the EMG traces into superimposable waveforms, and the resulting PC data were complex. The fact that the analysis did not give simple results indicated that, in this case, our temporal scaling assumption was not valid. With regard to Fig. 11, we should also note that, despite the complex nonlinear relationship, the curves for PC 1 and PC2 were similar to each other for each subject. The shapes of the curves reflect the distinctive characteristics of the poorly superimposed compressed traces. For example, in subject C (0), the PC2 waveform (not illustrated) was a brief burst that most closely resembled the EMG trace for the fastest movement (Fig. 10, top). Hence, the PC2 coefficient for the fastest movement was relatively large (Fig. 11,



So far, we have focused on a range of speeds that ended with a movement time of -600 ms. We also recorded EMGs during movement times as long as 1000 ms. These longest movement times felt unnaturally slow, and subjects reported the impression that they were producing a series of static postures instead of a movement. In subject D, we also recorded data during three static postures: the initial position, the final position at the “up” target, and a position halfway between the initial and final positions. We averaged the EMG levels over the 2 s of data acquisition for the seven trials at each static posture. We found that for each muscle, EMG waveforms for movement times longer (slower) than 700 ms (43 cm/s) could be approximated by the EMG levels from static trials. In Fig. 12, we show a time series ranging from 400 to 700 ms, with data from the static trials superimposed on the plot for the slowest movement (bottom). The data are noncompressed traces from the anterior deltoid; they are averages from 7 to 10 trials. They show the trends that we described in previous sections: time base scaling and the addition and subtraction of a phasic component. They also show a gradual transition to the very slowly modulated waveform associated with the slowest movement. At the slowest speed, the amplitude levels were comparable to those recorded under static conditions. In Fig. 13, we show the static EMG levels for each of the muscles on a percent scale that relates these static levels to average amplitude levels during EMG bursts. To normalize the static levels for all muscles, we have expressed these levels as a percentage of the average a mplitude over a 50-ms time interval chosen to contain a large burst. For brachioradialis, biceps, pectoralis, anterior deltoid, and medial deltoid, we used the interval from 100 to 50 ms before movement onset. For long head of triceps, posterior deltoid, and latissimus dorsi, we used the interval from 75 to 25 ms before movement onset. We took these burst averages from the fast-as-possi ble movements (300-ms m ovem ent time; not illustrated). For each muscle, the levels of static muscle activation were small compared with the average amplitude of a burst in the same muscle (for this same movement direction). Static levels were only -20% of burst levels. The range was from - 10 to 30% (except in medial deltoid). Furthermore, the change in activity associated with a change in posture was very small. The change was usually - 10 percentage units compared with the 80 percentage units needed to change from a static level to the average amplitude of a large burst (except in medial deltoid). The standard error values associated with these mean static levels were small, ranging from 0.05 to 1.6 percentage units, except in medial deltoid where the standard error ranged from 0.1 to 3. 4. The exception to all three of the above observa .tions was medial deltoid. The medial deltoid waveform for the slowest movements in the up direction (approximated by the static data in Fig. 13 ) showed a very large “slow-wave” mod-



EMG COMPONENTS



MEDIAL/UP



FOR SPEED



939



UP (and forward)



-lO.O-‘,



I I



I 1’“‘I”“I



DOWN (and back)



LATERAL/DOWN



FIG. 8. Biceps: PC1 and PC2 waveforms in the 4 directions associated with the coefficients in Fig. 7. Examples on the left: subject B; examples on the right: subject C. As in previous figures, the black and white time bar represents movement time.
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ulation. This represented the largest slow-wave modulation of any of the muscles that we studied in subjects B and C (over 4 directions). This was due to the fact that this muscle changes its mechanical pulling direction during the movement and is a better agonist at the final position than at the initial position (Flanders and Soechting 1990). The pulling direction of the anterior deltoid does not change as much between the initial and final postures, and thus the anterior deltoid data (Figs. 12 and 13 ) exhibit a more representative pattern for a strong agonist. Post-hoc coordinate rotation



range of movement times (- - -), along with a set of PC2’ coefficients that scaled down with movement time (-). In the PC’ representation, all coefficients were positive. The insets to the graph in Fig. 14 show the PC’ waveforms. As stated under METHODS, we calculated these waveforms using the formulas PC1 ’ = cos( 0)PC 1 - sin( @PC2 and PC2’ = sin(B)PCl + cos(QPC2. In this case, 8 was found to be 44’ and, because the sin and cos of 44” are similar, PC1 ’ can be thought of as PC1 - PC2, whereas PC2’ can be thought of as PC 1 + PC2. Thus PC 1’ is a waveform that starts near zero and (although this version is rather “noisy”) it slowly progresses to a steady positive level by the end of the movement. The magnitude of this component does not change with movement time, and this waveform most closely resembles the EMG data for the slower movements (cf. Fig. 4 B). In contrast, PC2’ is a phasic waveform with a large burst centered around movement onset; it predominates for the faster movements. Nearly identical results were obtained by transforming the data from other muscles, although the waveforms differed depending on whether the muscle was acting as an agonist or an antagonist.



The PC analysis showed that the weighting coefficients of two components (PC 1 and PC2) scaled down with movement times; it was obvious from inspection of the EMG records that the scaling of a single waveform could not account for the data. However, the PC1 and PC2 waveforms identified by the original analysis are not necessarily related to physiological drives. Therefore, because our data met the requirement that PC1 and PC2 are similar functions of movement time (Figs. 5-7 and 9), we rotated the PC axes by forcing the PCs to correspond to postulated physiological waveforms (see METHODS). DISCUSSION The results of the post-hoc analysis are shown in Fig. 14, In this paper, we have quantified the waveforms of muswith the use of data from pectoralis. We used the set of data illustrated in Figs. 4 and 5. We transformed PC 1 + PC2 into cle activity associated with arm (elbow and shoulder) movespace. In most cases, EMG a mathematically equivalent sum: PC 1’ + PC2’. To do this, ments in three-dimensional speeds we used a coordinate rotation that can be envisioned as waveforms associated with different movement rotation of a 0’ PC 1 axis to a -44’ PC 1’ axis and a rotation could be brought into register by scaling the time base of the of the 90’ PC2 axis to a 46O PC2’ axis. As shown in Fig. 14, EMG records. After the time base scaling, a PC analysis this reanalysis of the pectoralis data produced a set of PC 1’ revealed two separate, additive waveforms. A post-hoc rotaweighting coefficients that was reasonably constant over the tion of these components produced a phasic waveform that
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ble that more fixed timing patterns can be found by studying more movement directions, it seems reasonable to conclude that for arm movement in three-dimensional space, it is the exception and not the rule. However, rather than dismissing this as a rarity, it is interesting to note that this one muscle exemplifies a controversy that is already present in the literature on single-joint movements (see Corcos et al. 1989, footnote 4, page 366). As an example of this controversy, Mustard and Lee ( 1987) describe a time base scaling for wrist muscles similar to the scaling we report for elbow and shoulder muscles, in most cases. Hoffman and Strick ( 1990), however, report a fixed EMG time base for wrist movements of various speeds. They reconcile their results with others by showing that when force requirements are more substantial, the fixed EMG time base deteriorates (Hoffman et al. 1990). For shoulder muscles acting to move the arm in three-dimensional space, force requirements are usually substantial.
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9. Posterior deltoid, 4 different directions: weighting coefficients of PC 1 and PC2 for the 6 movement times, presented in the same format as in Fig. 7. FIG.



amplitude-scaled that did not.
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with velocity and a more tonic waveform



Scaling We showed one example where the timing of the “antagonist burst” clearly scaled with movement time (Fig. 3). This example was taken from the anterior deltoid for downward movements. We also showed an example where the timing of anterior deltoid’s agonist waveform scaled to movement time for upward movements (Fig. 12). This same muscle, however, showed a different tendency for movements directed lateral/down (Fig. 10). The antagonist burst for this latter direction appeared to have a fixed temporal relationship to the onset of the movement, regardless of movement speed. In our study, the pattern exhibited by anterior deltoid for lateral/down movements was rare. Out of nine muscles and one to four directions in two to three subjects, this was the only clear example of a fixed timing pattern. Figures 3-9 can be taken as evidence that other muscles did not show this fixed timing pattern, because this would result in more complex PCs (cf. Fig. 11). Although it is quite possi-
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600 ms 10. Anterior deltoid, lateral /down: averaged EMG traces for the 6 movement times. The time base is in real ms units. Note that the activity burst occurs at the same point in real time regardless of movement speed (a fixed EMG time base), in contrast to the equal scaling of EMG and movement time bases shown in Fig. 3. Records are from the same subject and same muscle as in Fig. 3, but the range of the amplitude scale has been doubled ( the EMG amplitudes were larger for the lateral/down direction). FIG.
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previous study (Flanders 199 1 ), we reported a similar discontinuity in an agonist. Based on a qualitative comparison between fast-as-possible and moderately paced movements, we concluded that, for slower movements, bursts disappear below threshold. We concluded that a simple scaling of time base and amplitude would not be sufficient to superimpose the EMG traces associated with faster and slower movements. We now report that the differential scaling of two separate, additive components accounts for this apparent threshold nonlinearity in amplitude scaling. In our previous paper (Flanders 199 1 ), we also reported a simple recipe for producing movements in different directions. The recipe consisted of cosine tuning, inversions, and temporal shifts of a single EMG waveform for each muscle. This description was based on records from a single movement time. Given the nonlinearity of velocity-related amplitude scaling, it was unclear whether the directional pattern should apply to all speeds. In this present paper, we show qualitatively that the directional pattern appears to be similar and even more apparent in the records for faster movement (cf. Fig. 2). One can speculate that at any given
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Movement Time Anterior deltoid, lateral /down: weighting coefficients of PC 1 and PC2 for the 6 movement times for 2 subjects. Coefficients exhibited a complex pattern. This is because our temporal scaling assumption was not valid for this muscle and this direction. FIG.



11.



We should emphasize that, in this study, we did not attempt to measure the scaling of the time base systematically. We adopted time base scaling as an assumption before further analysis, but the further analysis was sensitive to cases where the assumption was not valid (Fig. 11). We should also note that time base scaling is different from the temporal shifts associated with different movement directions (Fig. 2). The temporal shift phenomenon (reported more fully in Flanders 199 1) is at odds with the fixed time base reported by Hoffman and Strick ( 1986) for wrist movements in different directions, and it is quite possible that proximal and distal joints are different in this respect. Investigators of single-joint movements have invariably reported that faster movements are produced by bigger EMG bursts (the so-called speed-sensitive strategy; Gottlieb et al. 1989). However, investigators have also noted a discontinuity between the patterns for fast and slow movement or force production (Gordon and Ghez 1984, Lestienne 1979). The original reports of this discontinuity were based on observations of a disappearance of the antagonist burst as movement or force production slowed and passive forces were sufficient to provide braking. In our



500 ms



550 ms



600 ms



650 ms



initial -



I 700 ms



FIG. 12. Anterior deltoid, up (and 18” forward): averaged EMG traces for 7 moderate-to-slow movement times. Averaged EMG activity levels for static trials at the initial, halfway, and final positions are superimposed on the trace of the slowest movement to show that the waveform for this slowest movement time could be approximated by static EMG levels.
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(Fig. 11). It was necessary to demonstrate this before performing the coordinate rotation. The post-hoc coordinate rotation then revealed that our original results were mathematically equivalent to a phasic (burst-like) component with weighting coefficients that scaled with speed and a second, more tonic (slow-wave) component with a constant weighting coefficient (Fig. 14). This result is in consonance with the predictions of Hollerbach and Flash ( 1982). On the basis of their analysis of arm movement dynamics, Atkeson and Hollerbach ( 1985 ) subdivided the active joint torques that produce arm movements in three-dimensional space. One element was the torque needed to counteract the force of gravity (the “gravity torque”) ; the other element was in the appropriate direction and of the appropriate magnitude to produce the desired movement (the “drive torque”). Hollerbach and colleagues explained that the magnitude of the gravity torque , was unaffected by changes in movement speed. The drive torque, however, had to increase quadratically to produce a MT LOT Pet AD MD PD Lab linear increase in velocity. Muscle n, ,a vs. aynamcs xams
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13. Statics: averaged EMG amplitude of each muscle in the initial, half-way, and final positions of the UP (and 18O forward) movement, graphed as a percentage of the average EMG amplitude of bursts during the fastest movements. Each bar is an average from 7 trials. The EMG levels in the static trials were comparably low, and changes in position were associated with only small changes in EMG amplitude. The exceptionally high level at the final position for Medial Deltoid is due to the fact that the muscle changes its pulling direction during the UP movement and is a better agonist at the final than at the initial position. Brachioradialis, BR; biceps, BI; medial head of triceps, MT; long head of triceps, LOT; pectoralis, Pet; anterior deltoid, AD; medial deltoid, MD; posterior deltoid, PD; latissimus dorsi, LaD. FIG.



movement speed, the phasic component of the EMG waveform shows a similar temporal shift pattern. The tonic component is unchanged by speed and should show cosine tuning and inversions related to direction only.



On the basis of the predictions of Hollerbach and colleagues (Atkeson and Hollerbach 1985; Hollerbach and Flash 1982) we had originally hypothesized that the PC analysis would reveal a slow-wave component related to static posture (or gravity torque) and a phasic component related to velocity (or drive torque). We expected the slowwave component to be substantial based on theoretical predictions that arm movement can be understood as a quasistatic series of equilibrium postures (Bizzi et al. 1984; Feldman 1966). Although the EMG traces from very slow movements could be approximated by static EMG levels 0.5 T 8.0



Components We report that the weighting coefficients, or amplitude contributions, of PC1 and PC2 scale down with movement time. The amplitude contribution of PC1 ranges from higher to lower values for faster to slower speeds. The amplitude contribution of PC2 ranges into negative values for slower speeds, indicating that PC2 is subtracted from PC 1. This subtraction of a separate waveform for slower speeds is necessary to account for the observed disappearance of bursts during slower movements (Flanders 199 1; Lestienne 1979). A simple amplitude scaling of a single component could not account for the EMGs. If the EMGs had consisted of a set of amplitude scaled versions of a single waveform, the PC analysis would have resulted in a single important component (PC 1 ), with the second component (PC2) having no consistent temporal waveform and no consistent distribution of weighting coefficients. The weighting coefficients of PC 1 and of PC2 both scaled down with movement time according to a similar monotonic function (Figs. 5-7 and 9). Even in the case where the time base scaling assumption was invalid and the coefficient / movement time relationship was not monotonic, the PC1 curve was similar to the PC2 curve for each subject
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FIG. 14. A post-hoc analysis transformed PC 1 + PC2 into PC1 ’ + PC2’. PC1 ’ was a relatively tonic waveform with a constant weighting coefficient. PC2’ was a phasic burst that was very large for fast movements and nearly absent for slower movements (p indicates the PC2’ weighting coefficients). Taken from the pectoralis data shown in Figs. 4 and 5.
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(Fig. 12), the amplitude modulation of these slow waveforms was usually very small ( Fig. 13 ). The equilibrium point theory was based on sta tics but was later modified to encompass the phasic joi nt torques and EMG bursts that drive arm movements at natural speeds: the equilibrium -positi .on command signal was hypathesized to act as if driving the arm on a virtual trajectory to physically unrealizable positions ( Berkinblit et al. 1986 ). Thus, according to the theory, EMG bursts would represent the output of a command to assume an extreme postu re. The neural basis for the equilibrium-point corn mand s1gnal has not been found. Instead the most prominent mot& command that has been identified is a signal representing the desired movement direction. This signal has been recorded in motor cortical areas (reviewed by Georgopoulos 199 1). Recent work indicates that this kinematic directional signal is distinct from the directions of the force vectors that produce the movement (Taira et al. 199 1; see also Alexander and Crutcher 1990a,b; Crutcher and Alexander 1990). To produce an arm movement in a desired direction at a desired velocity this single, kinematic signal would have to be transformed into two components: the amplitude of the “gravity” vector would remain constant, whereas the amplitude of the “drive” vector would scale quadratically with the desired velocity. Translation of these force vectors into the appropriate levels of muscle activation would have to take into account the nonlinear force-velocity properties of muscle: a disproportionate amount of EMG activity is needed to increase the velocity of muscle contraction (Hill 1938). Thus increases in velocity are accomplished by larger and larger increases in force and in EMG. Therefore it is not surprising that the phasic drive vector dominates the amplitude of the EMG signal and has dominated the results of most EMG studies. We thank Dr. John F. Soechting for invaluable discussions and for assistance with the post-hoc analysis. We also thank two anonymous reviewers for helpful suggestions. This work was supported by National Institute of Neurological Disorders and Stroke Grant ROI NS-27484. Address for reprint requests: M. Flanders, Dept. of Physiology, 6-255 Millard Hall, Univ. of Minnesota, Minneapolis, MN 55455. Received



23 August



199 1; accepted



in final form



4 December



199 1.



REFERENCES W., BIZZI, E., AND MORASSO, P. Human arm trajectory formation. Brain 105: 33 l-348, 1982. ALEXANDER, G. E. AND CRUTCHER, M. D. Preparation for movement: neural representations of intended direction in three motor areas of the monkey. J. Nczrroph~~sid. 64: 133- 150, 1990a. ALEXANDER, G. E. AND CRUTCHER, M. D. Neural representations of the target (goal) of visually guided arm movements in three motor areas of the monkey. J. Ncurophysiol. 64: 164- 178, 1990b. ATKESON, C. G. Learning arm kinematics and dynamics. Anrm RCY. Ncwrosci. 12: 157- 183, 1989. ATKESON, C. G. AND HOLLERBACH, J. M. Kinematic features of unrestrained vertical arm movements. J. Nmrosci. 5: 23 18-2330, 1985. BERKINBLIT, M. B., FELDMAN, A.G., AND FUKSON, 0. I. Adaptability of innate motor patterns and motor control mechanisms. Bdm. Bruin Sci. 9: 585-638, 1986. BIZZI, E., ACCORNERO, N., CHAPPEL, W., AND HOGAN, N. Posture control and trajectory formation during arm movement. .J. Nmrosci. 4: 27382744, 1984. CORCOS, D. M., GOTTLIEB, G. L., AND AGARWAL, G. C. Organizing princiABEND,



FOR



SPEED



943



plcs for single-joint movements II. A speed-sensitive strategy. ,I. NCWOphysid. 6b.3. 358-367, 1989. CRIJTVHER. M. D. AND ALEXANDER. G. E. Movement-related neuronal activity selectively coding either direction or muscle pattern in three motor areas of the monkey. .J. Nc~zrrc)~~~~?~.sio/. 64: 15 I- 163, 1990. FELDMAN, A. G. Functional tuning of’the nervous system during control of movement or maintenance of a steady posture. III. Mechanographic analysis of the execution by man of the simplest motor tasks. Bi($ziku 10: 766-775, 1966. FLANDERS. M. Temporal patterns of muscle activation for arm movements in three-dimensional space. ,J. Nczrrc~sc~i. 1 1: 2680-2693. 199 1. FLANDERS. M. AND SOE~HTING. J. F. Arm muscle activation for static forces in three-dimensional space. .J. Nczr1”o])/1!:Ci(,l. 64: 18 1% 1837. 1990. GEORGOPOIJLOS, A. P. Higher order motor control. Armr. Rm. ,%‘cwcux~i. 14: 361-377, 1991. GEORGOPOULOS. A. P., KALASKA. J. F.. AND MASSEY. J. T. Spatial trajectories and reaction times of aimed movements: effects of practice. uncertainty, and change in target location. J. /~c~zrror~~l!~.riol. 46: 725-743. 1981. GLASEK. E. M. AND RU~HKIN, D. S. Evoked potentials: principal component and varimax analysis. In: PrWiplc)s c,f’,2’c~l,~.c~hiol(~~~i~*~iJ’i,q~d.~l ndysis. New York: Academic. 1976. p. 233-290. GORDON, J. AND GHEZ. C. EMG patterns in antagonistic muscles during isometric contraction in man: relations to response dynamics. /::y!j. Bruiirl RIY. 55: 167- 17 1. 1984. GOTTLIEH, G. I-., CORCOS. D. M., AND AGARWAL. G. C. Strategies for the control of voluntary movements with one mechanical degree of freedom. Bdm~. Bruin. ki. 12: 189-250, 1989. GREEN. P. H. Why is it easy to control your arms? J. Mot. &hcr~ 14: 260-286, 1982. HASAN, 2. Moving a human or robot arm with many degrees of freedom: Issues and ideas. In: I c)YO I~octzwcs irl C ‘on~pk.~ ~S~*.stcm.s, SFJ St dies in the Scicvcx~s c?J’(‘or7~~~1~~.~it~‘, edited by I-. Nadel and D. Stein. Redwood City. CA: Addison-Wesley. 1991, vol. 3, p. 225-25 1. HILL, A. V. The heat of shortening and the dynamic constants of muscle. Proc. R. Sk. Lord. Ser. 13 Bid. Sci. 126: 136- 195. 1938. HOFFMAN. D. S.. STILES. M. R.. .~ND STRIC‘K. P. I.,. Force requirements determine the pattern of agonist modulation. SK. kwwsc~i. A&r. 16: 1089, 1990. HOFFMAN. D. S. AND STRI~K, P. L. Activity of wrist muscles during steptracking movements in different directions. Brain Rcs. 367: 287-29 I. 1986. HOFFMAN, D. S. AND STRIC’K. P. L. Step-tracking movements of the wrist in humans. II. EMG analysis. .J. Ncwosci. 10: 142- 152. 1990. HOLLERBAC’H, J. M. AND FLASH. T. Dynamic interactions between limb segments during planar arm movement. Bid. ~‘~fw-n. 44: 67-77. 1982. LESTIENNE. F. Effects of inertial load and velocity on the braking process of voluntary limb movements. i~~\-l~. Jlruin ROT. 35: 407-4 18, 1979. MUSTARD, B. E. AND LEE, R. G. Relationship between EMG patterns and kinematic properties for flexion movements at the human wrist. /‘-:\-I). Bruin Rev. 66: 247-256, 1987. OSBORN, C. E. AND P~PPELE, R. E. Components of’ the responses of a population of DSCT neurons determined from single unit recordings. ./. Ni~zrrt~~,k!:sic,l. 6 1: 447-455. 1989. RICHMOND. B. J. AND OPTIC’AN. L,. M. Temporal encoding of two-dimensional patterns by single units in the primate inferior temporal cortex. II. Quantification of response waveform. ,J. hl~~l(~‘o~7/1!:sioI. 57: 147- 16 1 , 1987. SOE~HTING, J. F. Effect of target size on spatial and temporal characteristics of a pointing movement in man. /::Y/K Jlruin Rcs. 54: 12 1- 132. 1984. SOE~HTING, J. F. AND FLANDERS, M. Deducing central algorithms of arm movement control from kinematics. In: Motor C‘ontrd: Corwpts md J.s.s~~~~.s, edited by D. R. Humphrey and H.-J. Freund. New York: Wile!.. 199 1, p. 293-306. SOEWTING, J. F. AND LA~QIJANITI. F. Invariant characteristics of’s pointing movement in man. ,J. Nwrosci. 1 : 7 1O-720. 198 1. SOE~HTING. J. F. AND LACQIIANITI. F. An assessment of the existence of‘ muscle synergies during load perturbations and intentional movements of the human arm. kkp. Jlurin. J&T. 74: 535-548, 1989. TAIRA, M.. ASHE, J., SMYRNIS, N., AND GEORGOPOULOS. A. P. Motor cortical cell activity in a visually guided isometric force pulse task. SOC’. Noiwosci. A hstr. 17: 308, 199 1.



























des documents recommandant













Muscle Activation Patterns for Reaching 

experiment subjects were asked to move at their preferred speed. .... The first part of the experiment was designed to examine the ... age at this stage is depicted in Fig. 1) . .... Pectoralis phasic components show a clear gradation of ..... the EM










 








Muscle activation Database - Nicolas PRONOST 

Jan 6, 2012 - the marker data of the motion capturing best (see [9]). Solving of this .... functions are necessary that are able to create these files automatically.










 








Stiffness of Cat Soleus Muscle and Tendon During Activation of 

contracting muscle fibers grows, there would be progressive engagement of more tendon strands so that tendon stiffness would increase ... section beryllium.










 








Muscle Activation Strategies in Multiple Muscle Systems - Research 

The relevance of these factors to muscle activation strategy in multiple muscle systems is ... nective tissues, tendon, and adjacent joints to simple motor.










 








Movement-Related Phasic Muscle Activation I 

stretch-reflex-dependent damping mechanism that acts to reduce unwanted .... Each point represents data from an individual flexion movement. axis of the ...










 








A muscle activation model of variable stimulation ... - Springer Link 

Feb 7, 2000 - Abstract. Muscle fiber response to a train of variable- frequency pulses includes the potentiation and catch-like effect. For better understanding ...










 








Direct cortical control of muscle activation in voluntary arm 

inferred from the literature (details in Methods and Fig. 2). Throughout the paper they are ..... sixth, direction and target position signals seem to be temporal- ly multiplexed. At first glance .... where the ith element of vector b(x . ) is bi whe










 








Voluntary activation level and muscle fiber recruitment of human 

Apr 9, 2004 - and MyHC expression in pure and hybrid fibre types. J Muscle Res Cell ... Westing SH, Cresswell AG, and Thorstensson A. Muscle activation.










 








Task Dependent Patterns of Muscle Activation at the Shoulder 

dencies based on the force requirements of the task. 3. ... Six normal male human volunteers performed unrestrained .... To perform these calculations, the iner-.










 








Timing of Muscle Activation in a Hand Movement Sequence 

manual alphabet to spell a list of words. We sought to ...... did not test for time shifts and could not address the issue of timescaling. .... Email: [email protected].










 








Dual stable point model of muscle activation and ... - Springer Link 

both free Ca 2+ concentration in the SR and depolariza- tion of T-tubule (V'). A charge deposited on the. T-tubular membrane by a received action potential.










 








Two-Threshold Model for Scaling Laws of ... - Jerome Faillettaz 

Nov 10, 2004 - These simulations proceed as follows: a ''load'' variable is ... mechanics of snow slab failures, we introduced a second failure mode which is ...










 








The scaling of motor noise with muscle strength ... - Antonia Hamilton 

Mar 11, 2004 - strategy in human motor control (Task Optimisation in the. Presence of Signal .... different amounts of noise, the motor system should choose to ...... Basmajian JV, Latif A (1957) Integrated actions and functions of the chief flexors 










 








Muscle activation patterns in point-to-point and reversal ... - Research 

Feb 26, 2004 - no difference between the groups in sex or in age (p=0.43). All subjects were right handed. Protocol. All subjects participated in motor control ...










 








Fatigue induced changes in phasic muscle activation ... - Research 

Nov 20, 2001 - changes in unfatigued muscle, does not preserve move- ment time and ..... the antagonist burst (beginning approximately 160 ms after the ...










 








an activation-recruitment scheme for use in muscle ... - Research 

man, 1983; Caldwell and Chapman, 1989). Despite ..... male volunteers between the ages of 22 and 41 (mean ..... composition in male and female track athletes.










 








activation 












 








Hikosaka (1996) Activation of human 

across different experiments in single subjects, was identified on only one side in ... The data were analyzed by pixel-to-pixel Student's paired t-test such that the ...










 








Coordination and Inhomogeneous Activation of 

1. In this study we have recorded the activ- ity of motor units of the important ... flexor muscles under varying conditions ( 1,7, ...... Basel, Karger, 198 1, vol. 9, p.










 








Coordination and Inhomogeneous Activation of 

T. S., ALMDALE,. D. P.J., LEWIS,. J. L.,. AND RYMER,. W. Z. Characteristics of synergistic re- lations during isometric contractions of human el- bow muscles.










 








Neurobiology of muscle fatigue 

nisms that can produce fatigue involve all elements of the motor system, from a failure of the .... test, but that 10 of 17 male and 4 of 11 female subjects could not ...










 








Cryptanalysis of Luffa v2 Components 

We use a differential distinguisher which sends a certain number of queries to ... property P of a quadruple we need on average 2(1 +p) queries to the black-box,.










 








C&K Components - RS Components 

K01 10 mm square snap-on. K02 Ã¸8 mm round snap-on. K03 8,5 x 3,8 mm single floating. K04 18,5 x 3,8 mm double floating. K05 5 mm square. Button Color.










 








Scaling of angiosperm xylem structure with safety 

Mar 1, 2006 - crease in xylem/vessel area ratio with cavitation resistance. Ring-porous species ..... Acer negundo and C. crassifolius curves; A. negundo data.










 














×
Report Two Components of Muscle Activation: Scaling





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



