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The pattern of muscle responses associated with catching a ball in the presence of vision was investigated by inciependently varying the height of the drop and the mass of the ball. It was found that the anticipatory EMG responses comprised early and late components. The early components were produced at a roughly constant latency (about 130 msec) from the time of ball release. Their mean amplitude decreased with increasing height of fall. Late components represented the major build-up of muscle activity preceding the impact and were accompanied by limb flexion. Their onset time was roughly constant (about 100 msec) with respect to the time of impact (except in wrist extensors). This indicates that the timing of these responses was based on an accurate estimate of the instantaneous values of the time-to-contact (time remaining before impact). The mean amplitude of the late anticipatory responses increased linearly with the expected momentum of the ball at impact. The reflex responses evoked by the impact consisted in a short-latency coactivation of flexor and extensor muscles at the elbow and wrist joints. Their mean amplitude generally increased with the intensity of the perturbation both in the stretched muscles and in the shortening muscles. We argue that both the anticipatory and the reflex coactivation are centrally preset in preparation for catching and are instrumental for stabilizing limb posture after impact. A model with linear, time-varying viscoelastic coefficients was used to assess the neural and mechanical contributions to the damping of limb oscillations induced by the impact. The model demonstrates that (1) anticipatory muscle stiffening and anticipatory flexion of the limb are synergistic in building up resistance of the hand to vertical displacement and (2) the reflex coactivation produces a further increment of hand stiffness and viscosity which tends to offset the decrement which would result from the limb extension produced by the impact.



The role of preparation in tuning motor behavior according to the sensoryinformation and the cognitive representationabout a specifictaskhaslong attractedconsiderableinterest(e.g.,Evarts et al., 1984; Kornblum and Requin, 1984; Georgopoulosand Massey,1988).In particular, reaction-timeparadigmshave been utilized to demonstratethat providing advanceinformation about the timing, amplitude, or direction of a command signal can Feb. 10, 1988; revised May 17, 1988; accepted May 23, 1988. We wish to thank Dr. Carlo Terzuolo for a critical reading of the manuscript. Correspondence should be addressed to Dr. Francesco Lacquaniti, Istituto di Fisiologia dei Centri Nervosi, CNR, Via Mario Bianco 9, 20 13 1 Milan, Italy. Copyright 0 1989 Society for Neuroscience 0270-6474/89/O 10 134-15$02.00/O Received



increasethe speedand accuracy of the response(seeGeorgopoulos et al., 1981; Gordon and Ghez, 1987). Also the reflex behavior has been shown to be set-related (Hammond et al., 1956; Melvill Jonesand Watt, 1971; Nashner, 1977); for instance,the amplitude of myotatic responseselicited by means of torque motor perturbations dependson whether or not such perturbations areexpected,aswell ason the particular task being executed (Gottlieb and Agarwal, 1980; Soechtinget al., 1981; Akazawa et al., 1983). However, most studieson preparation have concentrated on rather simple motor tasks, involving single-joint motion. The limitations inherent in suchan approachhave recently become apparent with the recognition that the organizing principles of limb coordination and the modalities of operation of limb reflexesin unconstrainedbehavior cannot be readily derived from more restricted observations(Nashner, 1977;Traub et al., 1980; Abbs and Gracco, 1984; Lacquaniti and Soechting, 1984;Cole and Abbs, 1987). Catching a moving ball is a natural paradigm for the study of motor preparation, yet it has received scant attention (Aldersonet al., 1974; Sharp and Whiting, 1975; Lee, 1980).This task involves the coordinated action of several limb muscles acting on different limb joints within rigid spatiotemporalconstraints. Successfulperformanceis, in fact, predicatedupon the ability to intercept the ball trajectory within a narrow time span. Accordingly, the sequenceof kinematic events that lead to the correct orientation of the limb in spaceprior to contact shows little time variability (Alderson et al., 1974). Not only the trajectory but alsothe complianceofthe limb needsto be accurately controlled during catching. The latter parameter, in particular, plays a crucial role in the dynamic interaction with the ball. Both the absorption of momentum and the subsequentgrasping of the ball rely on an appropriate matching of the limb compliance with the properties of the impulsive impact. For instance,if the compliance is too high, the hand will yield; if it is too low, the ball will rebound. The factors that enter into the adjustment of limb compliance before and after impact are poorly understood. One would expect that both visual information and cognitive inferencesabout the motion are used to predict impact parameters(e.g., time, force, elasticity) and to adjust complianceaccordingly. In principle, the control of compliance could be achieved by dispatching appropriate levelsof muscleactivation prior to impact (seeHumphrey and Reed, 1983) and by presetting reflex and reaction-time responsesevoked by the impact (seeHouk and Rymer, 1981). For instance,it is known that bursts of activity in limb muscles,either triggeredby sensorystimuli or centrally programmed, precedeand accompany landing from a fall or jump (Melvill Jonesand Watt, 1971; Dietz and Noth, 1978;
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McKinley and Smith, 1983). In this case, anticipatory activity serves to stiffen the limbs in preparation for the impact with the ground. In contrast, functional stretch reflexes elicited by landing are inappropriately timed to stabilize posture, due to the long neural delays involved, and can be actively suppressed. In a preliminary note (Lacquaniti and Maioli, 1987), we have begun to address the problem of how limb compliance is controlled in a task that involves catching a free-falling ball. It was found that flexor and extensor muscles of wrist and elbow joints are coactivated not only in anticipation of the impact of the ball, but also at a short latency following impact. By deceiving the subjects on the exact timing of impact, we were able to demonstrate the reflex nature of the short-latency EMG responses following the Thus, the classical principle of reciprocal innervation, traditionally deemed to apply to stretch reflexes (see Matthews, 1972), is violated by the reflex responses evoked by ball impact inasmuch as stretched and shortening muscles are both activated by the stimulus. In this paper we describe in more detail both the anticipatory and reflex behaviors associated with catching in the presence of vision. Several questions raised by the previous study will be addressed. First, the question of which parameters of ball motion the anticipatory and reflex actions are geared to is addressed by experimentally manipulating the value of the height of fall and the mass of the ball. Changes in the height of fall affect both the time and magnitude of ball impact: the higher the drop, the greater the duration of fall, velocity, and momentum at impact. On the other hand, changes in ball mass for a given height affect only the momentum at impact. Thus, the status of these spatiotemporal variables as the potential sensory-perceptual determinants of motor actions can be assessed vis-&-vis changes in the timing and amplitude ofanticipatory and reflex responses. A second question we address here is whether the observed pattern of coactivation of flexor and extensor muscles of wrist and elbow joints can result in a time-varying modulation of the compliance at the hand which is appropriate to the dynamic interaction with the falling ball. In a companion paper, we deal with the problem of the adaptation of catching behavior in the absence of visual information.



Materials



and Methods



The general experimental procedures have been described previously (Lacquaniti and Maioli, 1987). Briefly, subjects were asked to catch balls (9 cm in diameter) dropped by an electromagnet from various heights (0.2-1.2 m) at random times (l-4.5 set) after a warning tone (Fig. 1). They were seated with their right arm strapped to a goniometer, which measured the angle of flexion-extension at the elbow (0) and wrist (a). The elbow joint was aligned with the shaft of a low-inertia torque motor, which constantly applied a torque equal and opposite to the gravitational torque on the goniometer. The hand was fully supinated, and subjects wore a stiff glove. The horizontal position of the electromagnet was adjusted so 0.2 m for biceps, and in 35-60% for the other muscles. Late responses, however, were always present following



drops



greater than 0.2 m. They consistedin a gradualbut substantial increment of activity whoselatency increasedwith height. Thus, the onset of the late responsesin biceps, triceps, and FCR occurred around 170 msecafter ball releasein Figure 3B (h = 0.4 m), at about 300 msecin Figure 3, C, D (h = 0.8 m), and 400 msecin Figure 3, E, F (h = 1.2 m). As a result, the duration of this activity (about 100msec)varied little from caseto case.By contrast, the duration of ECR responsesincreasedappreciably with height (seebelow). None of the latenciesof the muscle responseschangedappreciably with the specificmassof the ball dropped from a given height (cf. Fig. 3, E, F). Often, the EMG responsesprecedingimpact did not increasemonotonically but tendedto subsidejust before impact time (cf. bicepsand triceps
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Qure 3. Ensemble averages from 2 experiments (2 subjects) are plotted in A-C and D-F, respectively. The mass of the ball and the height of fall are indicated in each panel. The vertical lines denote the time of impact. Traces from top to bottom correspond to elbow angle (O), wrist angle (a), rectified EMG activity of biceps, triceps, FCR, and ECR. The indicated scales apply to all panels of each experiment. The computed times of onset of the early and late anticipatory responses of biceps are indicated by the arrows.



in Fig. 3, A, E, F, and FCR in Fig. 3, C, E). On average, the maximum anticipatory activity occurred at 28 & 9 msecbefore impact in biceps, 42 + 16 msec in triceps, 22 f 11 msecin FCR, and 23 + 12 msecin ECR. Data reduction in the format of Figure 4 allows a general assessment of the relationship betweenthe time courseof EMG anticipatory responses and height of fall. The tracesin eachpanel correspondto the grand averages(f 1SD) of the resultsobtained in all experiments at the indicated heights. For averaging purposes,individual EMG responseshave beenscaledto the maximum reachedprior to impact (after subtraction of the baseline) and alignedrelative to impact time. Eachsampleis characterized by a limited variability in the time course of EMG activities. The grand averagesof wrist musclesactivities exhibit a single anticipatory response.(The time coursesof FCU and ECU were very similar to those of their synergists,FCR and ECR, respectively.) By contrast, distinct early and late componentsare apparent in the averageanticipatory responsesof elbow muscles to drops greater than 0.4 m (except for triceps at h = 1.2 m),



but they tend to mergeduring lower drops. While early componentswere roughly time-locked to the releaseof the ball, late componentswere roughly time-locked to the impact. The latency of the early componentswascomputed in individual ensembleaverages(see Materials and Methods). The meanvalues over 2 1 experimental seriesinvolving drops from 0.2 m were as follows: 124 -t 14 msec for biceps, 129 * 48 msecfor triceps, 136 f 49 msecfor FCR, 125 + 41 msecfor ECR. In biceps,the meanlatency was 125 + 4 1 msecfor drops from 0.4 m, 132 + 21 msecfrom 0.8 m, and 137 ? 3 1 msec from 1.2 m. The time of onsetof the late responses wascomputedrelative to the time of impact. The mean values (and SD) over all experimentsand subjectsare reported in Table 2. The increaseof the mean values with height, although statistically significant [F(3,9) = 8.3, p < 0.0 1, in a 2-way analysisof variance, 4 EMG x 4 heights], was limited. Moreover, most of the variance is accountedfor by (1) the transition betweenh = 0.2 m and h = 0.4 m, and (2) the behavior of ECR. In ECR, in fact, the duration
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Figure 4. General time course of EMG anticipatory responses. The traces in each panel correspond to the grand averages (k 1 SD) of the results obtained in all experiments at the indicated heights (n = 21, 33, 33, 12 for h = 0.2, 0.4, 0.8, 1.2 m, respectively). For averaging purposes, individual EMG responses have been scaled to the maximum reached prior to impact (after subtraction of the baseline) and aligned relative to impact time (t = 0).



of the anticipatory activity increases with height to a larger extent than in biceps, triceps, and FCR. (The increment in duration of ECR responses amounted to 33% of the increment in duration of fall from h = 0.2 m to h = 1.2 m, while the corresponding increment for biceps, triceps, and FCR amounted to about 17%.9 * One can compute the distance away from the hand when late responsesbegin. From the valuesof onset time averagedacrossbiceps, triceps, and FCR in Table 2, one gets0.08, 0.20,0.32, and 0.40 m for the heights of fall of0.2, 0.4,0.8, and I .2 m, respectively.



Amplitude of the anticipatory responses The mean amplitude of early EMG responses in biceps was computed over the 130-l 60 msec interval following ball release. In all experiments, this value decreased significantly with increasing height of fall. [F(2,24) = 4.8, p -C 0.05, in a 3-way analysis of variance, 3 heights x 3 ball masses x 7 experiments A; F(2,12) = 11.6, p < 0.005, in 4 experiments B. The F test for the effect of ball mass was not significant.] The mean amplitude of late anticipatory responses (computed
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Time courseof the reflex responses The temporal relationship between the changesin kinematic and dynamic variablesfollowing the impact and the corresponding changesin the EMG activities is illustrated in Figure 6 (representativeensembleaveragesfrom 2 subjects).At impact, the impulse of force on the hand, correspondingto the change in ball momentum, resultedin wrist and elbow torques in the
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over the 50 msecinterval precedingball impact) also varied in an orderly mannerwith experimental condition in every muscle. Specifically, it increasedsignificantly (p < 0.05) with increasing height of fall or massof the ball (seeFig. 3). The analysis of variance also revealed significant first-order interactions between these 2 factors. However, a more parsimonious model can alsoaccount for the scalingin amplitude of late responses. Figure 5 demonstratesthe existenceof a strong linear relation betweenthe meanamplitude of late responsesin bicepsand the theoretical momentum of the ball at impact time. Data points were obtained by averagingthe results(after normalization) of all 4 experiments performed according to protocol B of Table 1. Similar relationsalsoapply to the other musclesinvestigated. On average,a simplelinear regressionof meanEMG amplitudes on momentumexplains 71 + 19%of the variance of the former in individual experiments (11 experiments and 4 muscles,n = 44). This proportion of explainedvariance wasnot significantly increasedby including either height (or fall duration) or ball massalongwith momentumin a multiple linear-regressionanalysis. A further test of the adequacy of a simple model linear in momentum to predict changesin the amplitude of late EMG responsesis provided by the experimental protocol A of Table 1. According to such a protocol, similar values of momentum at impact result from different combinations of height of fall and ball mass(reported in the diagonalsof the matrix in Table 1).For instance,a 0.8 kg ball falling from 0.2 m hasa momentum at impact closeto that of a 0.6 kg ball falling from 0.4 m, and is identical to that of a 0.4 kg ball from 0.8 m. If momentum is the determinant of responseamplitude, one should expect similar values of responsein all such cases,irrespective of the specificcombinations of height and mass.This prediction was indeed fulfilled, as indicated by the data of Table 3, which reports the averagevalues(2 1 SD) of late responsesobtained by pooling the normalized resultsfor biceps,triceps,FCR, and ECR in all experiments. Clearly, the average values do not differ substantially along the diagonalsof the matrix.
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34 44 39 53 (29) (12) (12) (20) (17) 50 0.4 33 284 104 64 80 (22) (13) (55) (30) (30) 128 0.8 33 402 96 76 96 (52) (43) (37) (7) (27) 139 1.2 12 497 94 82 106 (66) (27) (19) (38) (17) The time of onset was computed relative to the time of impact. Values are means (? I SD) over all experiments. The results of drops from 0.2 m have also been included since early and late components coincide in such cases.
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Figure 5. Linear relation between the mean amplitude of late anticipatory responses (computed over the 50 msec interval preceding ball impact) in biceps and the theoretical momentum of the ball at impact time. Data points correspond to the mean values (+ 1 SD) of the (normalized) results of all 4 experiments performed according to protocol B of Table 1.



extensor direction. The plotted net torques (T, and T, of equations 1 and 2; seeMaterials and Methods) include the contributions of both this external force and the restoring forces of musclesand connective tissue.Net torquespeakedin extension at 6-8 msecafter impact, and subsequentlyovershot their baseline towards flexion (due to the restoring forces)at lo-20 msec. Thesetorques resultedin changesin wrist angularvelocity that were initially towards extension (with a minimum around 10 msec)and subsequentlytowardsflexion (with a maximum around 50 msec).The changesin elbow angular velocity were in the direction roughly opposite that of wrist velocity. A small initial flexion, due to the dynamic coupling with wrist angularmotion, was followed by a much more pronouncedextension. Mechanical oscillationsat the elbow and wrist joints were damped out within about 300 msecafter impact. According to the classicalnotions about stretch reflexes,one would expect that the perturbation-evoked EMG responsesorganizedreciprocally over flexor and extensor muscles,the muscles that are stretched by the perturbation being reflexly activated and the shortening musclesbeing relaxed (seeMatthews, 1972).Instead, in agreementwith our preliminary findings(IXquaniti and Maioli, 1987), both flexor and extensor musclesat the elbow and wrist joints were consistentlyactivated at a short latency following impact. Thus, in Figures 3 and 6, it can be



Table 3. Amplitude of late anticipatory responses in experiment A EMG amplitude at indicated h (m)



m (kg)



0.2



0.4



0.8



0.8



0.284 (0.257) 0.129 (0.226) 0.104 (0.190)



0.573 (0.317) 0.338 (0.272) 0.159 (0.164)



0.925 (0.159) 0.599 (0.253) 0.255 (0.168)



0.6 0.4



Normalized values for biceps, triceps, FCR, and ECR have been averagedover all experiments (n = 7). Thus, eachcell hasmean values(+ 1SD) over 28 replicates.
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Figure 6. Time courseof the reflex responses. Ensemble averages from 2 experiments (2 subjects): a 0.4 kg ball wasdroppedfrom 0.8 m in A



andfrom 1.2m in B. Time of impactis indicatedby theverticalline(t = 0). Tracesfrom top to bottomcorrespond to angularposition(0) velocity (6) andtorque(r,) at theelbow,rectifiedEMG activity of bicepsandtriceps,angularposition(Q),velocity (&),andtorque at the wrist,EMG activity of FCR, ECR(A), FCU, ECR,andECU (B). Scalesareindicatedseparately for eachpanel.



seenthat the amplitude of the EMG activity of all indicated musclesincreasedbriskly starting from about 15-20 msec.The incrementofactivity above the baselinewasgenerallyquite large (e.g., in all musclesin Fig. 6); in a few cases,it was significant but of smallamplitude (triceps in Fig. 3, D, E, and ECR in Fig. 30). The mean latencies of the reflex responsesover all experiments(n = 99) were: 18 -t 5 msecfor biceps, 23 f 8 msecfor triceps, 17 +- 4 msecfor FCR, 18 + 2 msecfor FCU, 22 ? 8 msecfor ECR, and 26 + 12 msecfor ECU. Theseshort-latency responses were generallyfractionated in multiple peaksat about 30-40 msecand returned towards baselinewithin the first 4060 msecafter impact in both flexor and extensor muscles.Subsequentdistinct incrementsof activity were only inconsistently observed in these experiments (performed in the presenceof vision). For instance,a medium-latency activation developing over the 40-80 msecinterval can be noted in the ECR in Figure 6, A, B, and in the FCR and biceps in Figure 6B. In contrast, medium-latency responseswere most prominent in the experimentsperformedin the absenceofvision (Lacquanitiand Maioli, 1989). In order to extract the statistically significant featuresof the waveform of the EMG responsesover the entire population of data, the following analysiswasperformed. The time bins over which the EMG activity remained outside the 95% confidence limits of the baselinewerecomputed for eachensembleaverage. The histogramsof Figure 7 were then constructed using the resultsfrom all experimental series(n = 99) since the specific value of the height of fall or ball massaffected only the amplitude, not the waveform, of the responses.The envelopeof these



histogramsis very similar in all musclesinvestigated(including FCU and ECU, which are not shown).In fact, the EMG activity of all musclesremainedsignificantly above baselinefrom about 20 to 40 msecafter impact in more than 50%of the cases.Note alsothe small percentageof cases(< 10%)that showeda statistically significant depressionin activity within the first 40 msec. To estimatethe overall direction and amplitude of the shortlatency reflex responses,we computed their mean amplitude over the 15-40 msecinterval and subtracted the baseline(see Materials and Methods). In 94% of the cases,this value was positive; on average it amounted to 13 times the baselineamplitude. In the remaining 6%, it was slightly negative (-0.19). On average, the ratio between the meanvalues of amplitude in pairsof antagonistmuscleswas82 -t 67%. Thus, it is evident that the describedEMG responsescannot be accounted for by cross-talk, such as that due to volume conduction of electrical activity originating in the stretchedmusclesand propagatingto the antagonist muscles.In fact, at the end of the experimental sessions,we also tested tendon taps on biceps and FCR with the limb in the sameposition as during the other trials; these stimuli elicited EMG responsesin the extensor muscleswhose amplitude was lessthan 10% of that recorded in the tapped muscle.(Similar valuesof cross-talkhave beenreported between tibialis anterior and soleus;seeGottlieb et al., 1982.) Amplitude scaling of the reflex responses The mean amplitude of the short-latency responsesevoked by the impact generallyincreasedwith increasingintensitiesof the perturbation. For instance,in Figure 3, A-C, the amplitudesof FCR responseswere 93, 126, and 143 pV, those of ECR re-
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Table 4. Correlation between reflex amplitude and peak torque Experiment 1 2 3 4 5 6 7 8 9 10 11 Mean



Biceps



Triceps



FCR



ECR



0.906a



0.8140



0.9.52a



0.83Y



0.382 0.7430



0.358 0.539



0.568 0.847a



0.198 0.417



0.508 0.689Q 0.532 0.728a 0.707Q 0.563 0.9950



0.9010 0.70@



0.5950 0.078



-0.154 0.217



0.537 0.964a -0.373 0.042 0.964 0.9970



0.6660 0.468 0.607a 0.567 0.432 0.998a



0.82@ -0.474 0.68W 0.423 0.843a 0.824"



0.77P



0.737a



0.487n



0.945Q 0.781”



The correlation coefficients (r) are reported for all experiments. The mean correlation coefficients have been computed using their Z-transformed values: Z = (Kendall and Stuart, 1969). ” Statistically different from 0 (p < 0.05). [Note that the variance for the mean correlation coefficients is I1 (number of experiments) times smaller than the variance for individual experiments.]



sponseswere 11, 13, and 55 PV, and the correspondingvalues of ball momentum were 1.58, 2.24, and 3.17 kg m/set, respectively. Theseresultsmight have beenexpected for the responsesof musclesthat are stretched by the perturbation, but not necessarily for thoseof shorteningmuscles.(Had stretch reflexesbeen operative, the amplitude of the responsein shortening muscles should presumably have decreasedwith increasing perturbations.) Figure 8 demonstratesthe positive linear correlations obtained over the 9 ensembleaveragesof one experiment. The meanamplitudesof the short-latency EMG responses have been plotted asa function of the peak extensor torques at the elbow and wrist joints. (Such peaktorquesare strongly correlated with the value of ball momentum at impact.) Note that the reflex responsesscaleover the entire range of variation of the peak torques. Table 4 reports the list of the correlation coefficients (r) obtained in all experiments.Despite the variability of the results, the overall trend wasin the direction describedabove. In fact, in 93% of the casesr was positive (although it was not statistically different from 0 in about half of them). Furthermore, the mean values of the correlation coefficients computed over all experimentswere significantly positive for all muscles. Mechanical behavior of the arm Ball impact resultsin mechanicaloscillationsat the elbow and wrist joints whoseamplitude and time coursevary asa function of the applied perturbation (seeFigs. 3 and 6). One question raisedby the reported observationsconcernsthe modality and extent to which neural and mechanical factors contribute to damp such oscillations. First, the perturbation is resistedby restoringforcesthat result from the intrinsic viscoelastic properties of muscles.On this subject,it is known that the static and dynamic componentsof musclestiffnessincreasewith the mean muscular tension (see Houk and Rymer, 1981). One might therefore supposethat anticipatory activation presetsmuscle viscoelastic parameters to a value that is an increasingfunction of the momentum at impact (seeFig. 5). On the other hand, the reflex responsesevoked by the per-
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Figure 7. Time histograms of the EMG responses evoked by the impact which were significantly different from the baseline. The time bins (2 msec) in which the EMG activity of the indicated muscles was significantly (p < 0.05) above (black) or below (white) the prereflex baseline are plotted for all ensemble averages (n = 99). t = 0 corresponds to the time ofimpact. Note that the envelope ofthese histograms is very similar in all muscles.



turbation might alsocontribute to the overall limb stiffnessand viscosity. However, while feedbackcontributions due to stretch reflexesorganized according to the classicalprinciple of reciprocal innervation have been extensively studied (seeAgarwal and Gottlieb, 1984),the potential contributions from the reflex coactivation observed in the present experimentsmust be investigated. The exact assessment of the neural and mechanicalcontributions to limb stiffnesswould require direct measurementof the changesin length and tension of individual muscles,along with their patterns of neural activation. Clearly, these measurementswere not feasiblein the presentexperiments.Never-
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8. Amplitude scaling of the reflex responses. Linear correlations between the meanamplitudes of the shortlatency EMG responses (over the 1540 msec interval after impact) and the peak extensor torques at the elbow and wrist joints. Data points correspond to the results obtained in the 9 ensemble averages of one experiment (filled circlesfor bicepsandFCR,open circles for tricepsandECR).
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theless,a roughestimateof the contributions dueto the observed patternsof muscleactivation can be obtained by meansof simulation studies based on some simplifying assumptions.The first assumptionis that the extensor musclesof the elbow and wrist joints are coactivated with the correspondingflexor musclessoasto produce equaland oppositejoint torques.If so, the antagonist muscleswould cooperate to augmentjoint angular stiffnessand viscosity. The time courseof suchchangesin stiffnessand viscosity is dictated by the filtering properties of muscles and can be estimated by convolving the changesin EMG activity with the known muscle twitch profile. Scaling factors for the changesin stiffnessand viscosity are found by fitting simulatedkinematicsto the experimental data (seeAppendix 1 for details). Representativeresultsof this analysisare shown in Figure 9. The EMG tracesassignedto elbow and wrist “equivalent” musclesare those experimentally recorded in bicepsand FCR, respectively. (Although this choice is arbitrary, recall that the envelopeof the EMG responsesdid not differ markedly among the musclesinvestigated.) Stiffness(and viscosity) at the elbow and wrist changewith the illustrated time course.Note that the model predicts a significant modulation of joint stiffnessand viscosity and, in particular, a largeincrement due to reflex coactivation. Thus, the peak values of joint stiffnesseswere reached about 80-100 msecafter impact. On average, suchpeak values
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were 2.6 and 6.7 times larger than the correspondingvaluesat impact for the elbow and wrist joints, respectively. The resulting kinematics (thick curves) is plotted superimposedon the experimental data (thin curves). Clearly, the modeladequatelyfits the data. On the average, the mean absolute deviation from experimental angular velocity computed over 200 msecafter impact was6 + 2% of the peak angular velocity over all setsof data (n = 99). However, the high-frequency oscillationsthat are presentin the data are not reproducedby the model. Such oscillations might, in fact, be extraneousto true limb kinematics, being related instead to the mechanicalresonanceof the goniometer. However, the possibility that they result from patterns of muscleactivities other than simple coactivation cannot be discounted. As mentionedabove, the fitting procedureyields estimatesof the peak values of stiffnessand viscosity coefficients(reached 80-100 msecafter impact). The values obtained in all experiments involving 0.8 m drops of a 0.4 kg ball are listed in Table 5. Table 6 showsthe average values (+ 1 SD) of the stiffness coefficients KM computed over all experimentsA. Despite the samplevariability, such values exhibit the sametrend as previously found for the amplitudesof anticipatory and reflex EMG responses:The coefficientsK,, increaselinearly with the momentum of the ball at impact (p = 0.93). Similar trends exist for the other stiffnesscoefficients(Koo and K,,). Hand st$ness



Table 5. Joint stiffness and viscosity coefficients



Experiment 2 m/rad) 1 39.6 2 3 4 5 6 7



8 9 10 11



Mean



30.1 83.3 37.3 49.2 49.8 36.3 35.8 87.2 105.3 44.7 54.4



$ m/rad)



gm/rad)



kec)



9.7 8.1 31.4 10.3 11.5 20.0 19.7 8.6 41.9 41.7 20.8 20.3



33.3 40.3 39.4 30.0 63.2 20.5 22.0 33.2 61.2 49.2 26.4 38.1



0.028 0.044



0.055 0.045 0.016 0.105 0.038 0.051 0.050 0.086 0.039 0.051



Stiffness and viscosity coefficients at the elbow and wrist joints from all experiments involving falls of 0.4 kg ball from 0.8 m.



Stabilization of elbow and wrist angularpositionsduring catching is but one of the factors influencing stable prehension.In fact, the dynamic interaction of the limb with the ball is affected by the resistanceopposedby the hand to a linear displacement Table 6. Stiffness coefficients K,, (N



&t 0.8 0.6 0.4



K,,



in experiment A



m/rad)at indicatedh (m)



0.2



0.4



0.8



46.7 (27.5) 27.8 (13.2) 25.9 (21.5)



54.5 (33.6) 40.2



61.9 (36.2) 50.0 (39.4) 39.5 (14.0)



Mean values (? I SD) computed



(10.1) 39.4 (15.7) over all experiments



A (n = 7).
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Figure 9. Simulations of the mechanical behavior of the limb. The results obtained in 2 experiments (A and B, and C, respectively) were modeled using a system with linear, time-varying viscoelastic coefficients. A 0.2 kg ball was dropped from 0.4 m in A, a 0.4 kg ball from 1.2 m in B, and a 0.8 kg ball from 0.8 m in C. The EMG traces assigned to elbow and wrist “equivalent” muscles are those experimentally recorded in biceps and FCR, respectively. Stiffness (and viscosity) at the elbow and wrist change with the illustrated time course. Note that the model predicts a significant modulation of ioint stiffness and viscosity, and in particular a large increment due to reflex coactivation. The resulting kinematics (thick curves) is plotted superimposed on the experimental data (thin curves).



along the direction of fall. We must then addressthe question of whether and how hand stiffnesschangesduring catching. We have seenthat anticipatory and reflex muscle coactivations result in a time-varying modulation of the angular stiffness and viscosity at the elbow and wrist joints that can account for the observed kinematics following impact. The value of hand stiffness,however, dependsnot only on the joint angular stiffnessesbut also on the geometrical configuration that the limb takesin spaceat any instant (Hogan, 1985;Mussa-Ivaldi et al., 1985).Since limb movement occurs both before and after impact (seeFig. 3), changesin hand stiffnessneed not parallel a priori the changesin joint stiffnesses.Thus, we computed the (time-varying) matrix of hand stiffnesscoefficientsstarting from the joint stiffnessmatrix previously found and the measured limb trajectory (seeAppendix 2). The resistanceopposedby the hand to a virtual vertical displacementcorrespondsthen to the componentsR, R, of suchhand stiffnessmatrix (equation 14). The stick diagramsof Figure 1OAdepict the limb trajectory over the 200 msecinterval centered on impact time in a representative case.For clarity, these diagrams have been offset alongthe oblique axis proportionally to elapsedtime. Limb end point correspondsto the third metacarpophalangeal joint, where impact occurs.The arrowsdeparting from this point denote the vectors [R,RyJ3 It can be seenthat the hand is raised towards the incomingball asa result of elbow and wrist flexion occurring during the last 100 msecbefore impact. After impact, the hand is rapidly deflecteddownwards. Throughout the duration of limb movement, hand stiffness undergoessubstantialchangesin magnitude, asindicated by the variation in the lengthof the arrows (the modulusof the stiffness These vectors can be interpreted as the force F at the end point for a unit virtual displacement along the vertical (6x = 0, 6~ = 1 in equation 6).



vector, [R*, + R2Jh). Also their inclination over the horizontal (the argument of the stiffnessvector, [R,/R,]) changes somewhat.In particular, both the modulus and the argument increasethroughout the anticipatory movement. The changesin magnitude can be best appreciatedin Figure 1OB. In eachset of data, the modulus of the stiffnessvector was computedover the 600msecinterval centeredon impact. Grand averages(f 1 SD) were then constructedusing the resultsof all experiments(n = 99) scaledto their maximum. The time course of the averagechangesin hand stiffnessis multiphasic. Stiffness risessharply above baselineabout 50 msecbefore impact and reachesa first maximum at impact. A second,broader peak at 130 msecafter impact is separatedfrom the first by a trough at 20 msec. We may now seekto dissectthe contribution dueto the changes in neural activity from that due to the changesin limb geometry related to the movement. To this end, we calculate the theoretical time courseof the changesin hand stiffnesswhich would be observed in caseof a constant level of muscleactivity. The continuous curve in Figure 1OCcorrespondsto this hand stiffnessdue solely to geometric factors. It has beencalculated assumingthat muscleactivity is kept at the baselinelevel throughout. (However, a similar time course is obtained by choosing other valuesof constant muscleactivity.) The dashedcurve has been obtained by subtracting the former curve from the net hand stiffnessof Figure 10B. Therefore, it correspondsto an estimateof the additional contribution to net hand stiffnessdue to time-varying modulation of muscle activity. Remarkably, both “geometrical” and “muscle” stiffnesscurves exhibit a peak at the time of impact, indicating a synergismbetween anticipatory movement of the limb and muscle stiffening. The deflection of the hand produced by the impact results in a substantial drop of “geometrical” stiffnessthat recoversonly slowly.
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time (ms) 10. Time course of hand stiffness. A, Stick diagrams plotting the limb trajectory over the 200 msec interval centered on impact time in a representative ensemble average. These diagrams have been offset along the oblique axis proportionally to elapsed time (time resolution is 6 msec). Limb end point corresponds to the third metacarpophalangeal joint, where impact occurs. The arrow departing from this point denote the vectors corresponding to the resistance opposed by the hand to a virtual vertical displacement (equation 14). The components R, of such vectors are plotted along the x-axis, while the components R,, are plotted along the y-axis. B, The overall changes in magnitude of the vectors. In each set, the modulus of the stiffness vector ([W, + R2,]“) was computed over the 600 msec interval centered on impact. Grand averages (+ 1 SD) were then constructed using the results of all experiments (n = 99) scaled to their maximum. C, The continuous curve corresponds to the hand stiffness due solely to geometric factors. It has been calculated assuming that muscle activity is kept at the baseline level throughout. The dashed curve has been obtained by subtracting the former curve from the net hand stiffness of B and therefore corresponds to an estimate of the additional contribution to net hand stiffness due to time-varying modulation of muscle activity. Figure



On the contrary, the drop in “muscle” stiffness recovers much more rapidly (due to reflex coactivation) and the subsequent large increment offsets the decrement in “geometrical” stiffness completely.



Discussion We set out to addressthe following questions.(1) Which parametersof ball and limb motion are the muscleresponsesrelated to? (2) What rolesdo sensoryinformation and central set play in tuning the responses? (3) What is the functional significanceof the responsesin stabilizing limb postureduring catching?We shall take up theseissuesfor both the anticipatory and reflex responses. Anticipatory responses Early and late componentscould be identified in the EMG anticipatory responses. Early responses were producedat a roughly constant latency (about 130 msec)from the releaseof the ball, correspondingto a visual reaction time for a highly compatible stimulus-responserelation (Georgopouloset al., 1981; Soechting and Lacquaniti, 1983). Their amplitude was inversely proportional to the height of fall. Thus, they presumablyrepresent an alertnessreaction that already incorporates an estimate of the duration of fall (6): The shorter the time available for the preparation to the impact, the larger the size of the population of a-motoneuronsrecruited within the reaction time. Sincethis recruitment lasts only 30-50 msec, it bears no direct motor consequences on catchingexcept for the smallestdrops.It might,



instead, be consideredgermaneto covert cognitive processes related to motor preparation. Late EMG responses comprisedthe major build-up ofactivity prior to impact. Their onset and duration with respect to the time of impact varied little from caseto case(except for ECR responses,whoseduration increasedappreciably with the size of the drop). This fact and the occurrenceof the peakof activity just prior to impact indicate that this motor output is precisely timed on d. The latter parameter might be estimateda priori (usingsolely information about the height of fall), and the time courseof the responses might beentirely preset.If so, onewould expect to find similar responses when the time of ball releaseis signaledto the subject but visual feedback of the motion is prevented (seeMcKinley and Smith, 1983). Data presentedin the companion paper (Lacquaniti and Maioli, 1989)contradict this expectation by demonstrating that the very existence of anticipatory responses is contingent upon the presenceof vision. From this we concludethat the time courseof the late responses is probably controlled on line basedon an estimateof instantaneous time-to-contact [t,(t), time remaining before impact]. Thus, the nature of the dynamic visual information that might afford the estimate of t,(t) must be considered. Optical flow field (i.e., the field of the instantaneouspositional velocities of the image on the retina) is the primary sourceof visual information from which to compute t F,, =-R,,,, Sy.



(14)
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