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Neuromuscular Control System DAV."ID J. DEWHURST Abstract-Rapid skilled movements by a human subject are executed at such a rate that conscious control can be no more than the strategic selection of a sequence of detailed tactical plans of control, which have previously been learned by the subject. By the use of transient changes in the force applied to various muscle groups, and computer analysis of the responses obtained, it has been possible to observe separately the roles of spinal reflexes, subroutines of motor impulses from the central nervous system, and conscious voluntary control. I NTRODUCTION



N THE PAST txenity years, a great deal of attentionl has been paidl to problemiis of humuani engineering, particularly in situtatiolns where a humnan operator is part of a process control loop. To formnulate any analytic treatmiient of such sittuations, whether they lie in industry or in the homne, at sea, on landl, in the air, or in space, it is necessary- to knowx in (letail how the humiiani part of the



control loop functionis. As a result of the advances in mechanical process control techniques and theory wNhich occturredl in the Secondl NVTorld War, it was natural that attempts shoul(d be made to study- the



humiiani



operator



ania-



lvticallv. These attemiipts havTe been miiade usinlg the coIncepts of botlh steady-state andcl transient-anialog analy-sis, and( of stochastic process theory, andcI as knowvledge of neurophysiologylhas been exten(lecl, they have met wvith



considerable success. The fact remiiains that a great miany quite simiiple questionis about the fine control of humiian muscular movement remiiain unanswered. The presenit wrork is ani attemiipt to clarify the relative imiiportanice of the open--loop anid closed-loop systems in the performiiance of skilled mov-emnents. To wvhat extent is feedlback used in



such actions as drivTing a car in traffic ? It is well kinownvi that miiuscle, skin, and tendlon conitain sensincg elemenits, which inicludle force, positionI, and -elocityr-sensitive components, andl that these in turn are part of feedback loops affectinig mlluscle behavior. Somiie of these feedlback loops-"reflexes" in phy-siological termiiinology include only the spinial cord, while others involve hiigher centers in the brain. Outside all these loops is the feedback resulting froml vTisual observration, andl perhaps frotmi other organs, such as those of h-earinlg, balance, or even sml-ell, which convey informiiationi to the operator regardlinig the conseqtuenices of a imiuscular movement. It is temiipting, in such a situationi, to apply the normiial steadystate analytical processes which have been



so



successful
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wxith mechanical servomechanisms, being prepared, of couirse, to invoke nonlinear theory where necessary. Howevrer, there is one outstanding dlifficulty in doing so, which



has greatly reduced the value of all attempts hitherto made. It is not generally possible to open any of the feedback loops for investigation, with the exception of those external to the body. These external loops, in fact, contribute greatly to the strategy of control, but to a minor extent only in its tactics; they involve too great a transport lag to be significant in fast detailed movements. If one turns to animiial experimentation, it is permiissible to open the various internal loops under anesthesia, and much of our current knowledge of their behavior has been obtained in this way. It is, however, for both ethical and experimental reasons very difficult to study in this fashion purposive movements arising in animals, though again much progress has been made in this field, particularly in work on the brain. It is well known that information is transmitted in the nervous sy-stem in bursts of unit impulses, whose individual size carries no information. Furthermore, the speed of transmission- of these impulses, although imore than adequate wvhen compared with the possible speed of movement produced by muscles, is relatively low; in the fastest humianlnerv,e fibers it is approximately one third that of sound in air. Accordingly, if a group of muscles is set to oppose a constant force, and if that force is suddenly changed, there wvill be a short period in which a displacement of the muscles and the attached mechanical sy-stem wvill occtur wzithoutt the operation of feedback. During this period the system is behavTing as though all the loops were open. Following this period, there will be a time when only the spinal reflexes wvill have comiie into play, but the tranisport lag to and fromii the brain has still not been overcome. Then- a response from the brain wrill occur, and lastly the subject will consciously, register that a change has takeni place, andc will perhaps observe a movement visually. This wrhole sequeence occupies about one third of a



second(l.



EQUIPAIENT M;ost of the measuremiienits undertaken by us ha-ve been on the various flexor muscles of the arm, xhich cause the elbow to bend. The txvo mnost important of these are the biceps, lying in the upper armii, andl the brachioradialis, lying in the forearm. The subject lies comfortably on his back on a couch, with his elbow bent at right angles, and the applied force is transmitted to his wrist through a



plaster of Paris cuff made to fit him. Hung within easy vision is a meter or oscilloscope which records any displacement of his arm. This is provided *vith an index
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mark to give himnvisual position feedback. One or more sets of recording electrodes are inserted into the muscles



to be studied. These electrodes consist of number 23 hypodermic needles, 2 inches long, through which a pair of silk and enamel-insulated nichrome wires, of 36 gauge B and S, has been drawn. The needle is then filled with hotsetting Araldite, and cured as reconmm-iended by the manufacturers. When the Araldite is thoroughly hardened, the excess wire at the tip is cut off, andl the nieedle resharpened to a conventional profile on a fine revolving stone. The bev,eled ends of the two wires serve as the actual electrodes, as shown in Fig. 1. No difficulty has arisen through the use of irreversible electrodes. From the electrocheimical viewpoint, silver would be better, but it cannot be ground off on the stonie without flowing and prodlucing short circuits. The use of these "bipolar" needlles, in conjunction with a (lifferential ampifier with a high rejection ratio, results in recordIinig electrical activity in the muscle within a range of about 2 immn-i froml the tip. This simplifies the analysis of the records considerably. The needle diameter of 0.6 mim is considerably greater thani that of incdividual muscle fibers (typically 0.1 mmi), so there is nlo questioIn of the needle actually enterinig a single fiber. On insertion of a, properly sharpelned needle, a slight prick is felt as the tip passes through the skini. No further sensation arises as it enters the imiuscle, andl no preliminaryT local anesthesia is required. The skin surface and the needle are of course thoroughly sterilized before ani insertioni is imiade. The subject is usually placedl in a shielded roomii, to avoid interference from neighboring broadcasting equipment. The force generator consists of a large imiovinig coil electromiiagnet of similar contfigurationi to a loudspeaker. The magnetic circuit is of miiild steel and produces a flux of 0.35 weber per square miieter in the annular air gap, which is 1 cim in wi(ith and 5 cim high. The moving coil, wlhich is 15 cm high, is wound with 23 B and(- S enameled aluminulll wire. It travels on Teflon ruinners and has a total weight of 1.1 klg, a resistanice of 100 ohmns, and an in(luctaince of 3 heniries in situt. It produces a force of 1 kgmil for- a currenit of 58 miilliamiiperes (Fig. 2). The coil positionI is sensed bv a linear potentiomneter let inlto the cenitral pole piece and the force (leveloped by an unbondledl strain gauge which responds to the dieflection of the transverse steel bar at the top of the coil assembly. The general arrangement of the control and recording circuits is showni in Fig. 3. The output of the dlisplacemiient tranisducer is added to that of a timiie marker generator and (lisplayed onI1 onie beamll of a four-beamii oscilloscope; it cani also be fedI directly into the comiiptuter. The other beairis of the oscilloscope are usedl to recordl electrical activity in the miiuscles being investigated. The output of the force tranisdlucer may be display-ed oIn ani oscilloscope trace if (lesired. It is also comparedl wvith a reference signal and the difference feel to the miioving coil driver amplifier. The effect of this is to give force feedback. Irrespective of acceleration in the mnioving coil system, the



force delivered is nearly- conlstanit. Effectively, inertia and friction in the coil system are redluced by- 1/(1-,A) inl the usual fashion. In. practice an ovTerall open-loop gain of 50 is used. This gives adequate force feedlback. Careful design of the amplifiers is needed to miiaintaiin a satisfactoryi margin of stabilityr. The design of the coil d-river amplifier presents some interesting problems. A rate of rise of force of 0.5 kgmii per miillisecond is desirable, since transport delays in the nerv\ous system many be as short as 10 ml-illiseconds. This implies a maximiium back EME of 90 volts across the inductance of the coil. In addition to this, a generator EMFIF will arise if the coil is mioving in the field. At a velocity of 1 mneter per second, which is about the maximnumn required, this amounts to 120 volts, wlhich may add to or subtract from the back EMF. The ohmic (Irop at the maximiium desired force of 10 kgm will be a further 50 volts. Accordingly, at least transiently the driver stage must be able to supply +260 v\olts, at a maximum current of 50 milliamperes and at frequencies clown to zero. Some consideration was given to pulse-modulated amplifiers, but it became clear that the most satisfactory system would be a vacuum-tube direct-coupled "single-ended push-pull" amplifier. Two heavy-duty twin triode regulator tubes 6336A (RCA), which have exceptionally low plate resistance, seemiied to be the most suitable choice (Fig. 4). A good deal of power is unavoidably dissipatedl in the cathode resistors required to force load sharing between the two halves of each tube, but this also improves linearity. Overall current feedback is also applied over the whole driver amplifier. The power supply for the output stage andl magnet exciting coil consists of a three-phase full-wavYe rectifier using semiiicond(luctor (liodles, with capacitive filtering only. When a preset incremiienit or (lecremiien-t of force is required, it may be produced by pressing a key or unider comiiputer colntrol. In many experimnenits it is desirable that successive trials take place at randomn timie intervals, and these are best generated by a comiiputer programii. Howev,er, it is also desirable that the time marks on the displacemiient trace be synchronous, and a synchronizer circuit is provided, so that the actual incremiient is always coincident with the niext large time miiark (100 inilliseconds) followiig the key pulse. The samiie circuit triggers the oscilloscope sweep and l the cotmiputer (lata storage sweep 90 miiilliseconds before the increment, so the same section of base lilne is always recorded. The cotmiputer in use for this work is a Digital Equipmiient Corporation PDP-8, with anialog-to-digital converter, oscilloscope display, programii-controlled crystal clock, and X-Y recorder. The programiis milost commiillonly usedl for mnuscle recordings are a randomii stimulus generator, a pseudo-isometric display of a function of two variables, and an avreraging programn. This last has three data storage fields, D0, D1, and D, each containing 1024 addresses of 12-bit
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Fig. 3. Block diagram of muscle-loading apparatus.



Fig. 1. A needle electrode.
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Fig. 4. Driver output stage. Fig. 2. The force generator.



RESULTS combined with those of D1, which holds a running average of all the sweeps taken since the beginning of the experiment. If D1 represents the contents of Do after the (n + 1)th sweep has just been taken, then D1, the new contents of D1, will be
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result, the display in D, can never overflow and does not drift up or down. Both these faults occur in most commercial transient averaging equipment. As the experiment proceeds, the scale of the trace in D1 does not alter, but the noise on it appears to shrink. Field D2 is used to keep a record of the variance of the incoming data, so that any departure from a stationary time series during the experiment may be readily observed. As



a



If a constant load representing, say, 5 per cent of the force a muscle is capable of exerting, is applied to it, and its electrical activity is recorded by means of a needle electrode such as described above, the tracing consists of a small number of regularly repeating pulses, as will be seen on the left of Fig. 5. Each of these pulses is about 100 microvolts high, and has a duration of about 4 milliseconds and a repetition rate of about 8 a second (the time marker in Fig. 5 consists of 10 and 100 millisecond pulses). The fine structure of a single pulse is constant in a normal subject. Each of these pulses represents the more or less synchronous discharge of a number of muscle fibers in the vicinity of the needle. The discharge is synchronous because this group of fibers is supplied by branches of a single nerve fiber. Such a group is called a motor unit. Adjacent muscle fibers usually belong to different motor units, and the fibers of one motor unit may be quite widely scat-
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Fig. 7. Results of not trying to correct. A-Displacement and time marker (10 and 100 ms), B-right biceps EMG, C-right brachioradialis EMG. Load: 1 kligm + 1 kgm.
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Fig. 5. Biceps motor unit potentials, displacement, markers (10 and 100 ms).
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Fig. 8. Decrement in load. A-Displacement and time marker (10 anid 100 ms), B-right biceps EMG, C-right brachioradialis EMG. Load 2 kgm -1 kgm.



1J Sn t:



s



TIME



1



division



:



100



miiliseconds



Fig. 6. Motor unit density histogram.



Fig. 9. Computed density- histogram.



tered through a muscle. Following activation by this electrical discharge, a muscle fiber commences to contract: a contraction lasts about 150 milliseconds. As the load increases on a muscle, two events occur: prevailing motor units increase in repetition rate, up to a maximum of about 25 pulses per second, and new motor units appear. These two mechanisms account for the increase in developed force. By observing motor unit potentials, the incoming information to the muscle maay be studied. A typical record of displacement and the corresponding muscle activity is shown in Fig. 5, in which an initial load of 1 kgm was abruptly increased to 2 kgm. If the arm wNere behaving solely as a mass, it would be moved downward on an inverted parabolic curve of displacement. In fact, its movement is initially parabolic, but soon slows, stops, and reverses. A careful examination of the electrical record from the muscle shows that two events have happened. First, the repetition rate of the motor unit potentials originally present has risen; secondly, a large burst of new



units has occurred. This patterni is typical of those obtained in hundreds of records. How are these events initiated ? To study the increase in repetition rate, it is clearly necessary to sum the results of repeated trials, and to produce a motor unit "density histogram." This will, of course, not distinguish betwTeen increased firing rate of old units and introduction of new ones, but this information can be obtained from the original tracings. Figure 6 shows such a histogram, prepared manually by measurement of photographic records. It shows that at about 25 milliseconds after the increase in load, there is a marked increase in unit density; the original records indicate that this is due to increased firing rate. Such a delay is consistent with the time required for information from the muscle to reach the spinial cord, and will be reflected in increased rate at the muscle. Occasionally, new motor units appear in the first 50 milliseconds, but this is not usual. To check on the origin of the large burst of new units
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between 50 and 100 milliseconds after the incremiient in load in Fig. 5, a nunmber of trials were made in which the subject was instructed not to try to correct when an increment occurred. This process of not trying is more difficult for some subjects than others, but the results of a successful trial are shown in Fig. 7. The arm extends at an approximately constant rate until the nmoving coil reaches the bottom of its travel: the motor unit firing rate in the biceps rises, and a few units appear in the brachioradialis. No large burst of units occurs at 50 milliseconds. This result is again typical of -ery many. The conclusion to be drawn is that the large burst originates in the brain, and is subject to voluntary control; the delay is again consistent with this view. On the other hand, it is not initiated by any feedback pathway external to the subject, since blindfolding or removal of any possible external clue does not affect it. A progratm of training a subject at a particular increment produces better and better correction of the arm position, and the size of the burst becomes modified accordingly. If now a different increment is introduced without warning, the usual response obtained is the one appropriate to the previous situation. It therefore appears that these bursts of impulses represent "subroutines" which are prepared or modified by training, and which are thrown into action as a whole when called on by the appropriate information from the sensors in muscle, tendon, and perhaps skin. An additional burst or bursts may occur at about 300
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milliseconds. These are largely eliminated by blindfolding and clearly represent second-order corrections of the position of the arm. It is remarkable how accurately the first burst completely achieves the correction, following a little training. Tests on the opposing muscles, which produce extension instead of flexion of the elbow, show that these are involved only if the initial correction produces an overshoot, or if the subject is responding to a strict instruction to maintain the arm in a constant position. In this case both flexor and extensor muscles are active, but fatigue rapidly sets in. If a decrement of load is substituted for an increment, the result is invariably a complete cessation of motor unit activity in the flexor muscles, with a delay consistent with a spinal reflex loop. Figure 8 shows a typical record. The preparation of motor unit density histograms for a period of several hundred milliseconds following a change in load would be impossibly tedious, manually. If, however, the incoming unit potentials are rectified, and then the results of successive experiments are averaged by means of the computer, an automatic record is obtained. Figure 9 shows a typical recording. These have proved to be of particular interest, since it is found that each individual subject has a highly characteristic pattern, which can be modified to some extent by training, but which differs markedlyr from an apparently equally efficient pattern produced by a different subject.
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Equations for Fluid Flow in Distensible Tubes
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Abstract-The solution by Womersley of the Navier-Stokes equations for fluid flow in distensible tubes has been most useful to students of hemodynamics. However, this solution requires linearization, and, because results are obtained after transformation into the frequency domain, nonlinear or time-varying effects are not easily added. Analog, hybrid, or digital computer simulation require that difference-differential equations be obtained. This proves to be readily possible by returning to the Navier-Stokes and continuity equations, and using ordinary difference techniques in the space
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The equations obtained may readily be set up on analog computers. The equivalent electrical circuit for the linearized case of lowest order is simple and yields a number of approximate but useful expressions for such quantities as characteristic impedance, delay, and cutoff frequency. Advantages of this approach are, in addition to the ready inclusion of nonlinearities, that the amount of detail in the representation can be built up to the extent that computer equipment (in the analog case) or computer time (in the digital case) is available.
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I. INTRODUCTION



DYNAMWICS of unsteady fluid flow in distensible tubes is not of sufficient importance in engineering or physics to have warranted much attention bv research workers in these fields. However, TlVHE
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