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The Control of Oscillatory Movements of the Forearm G. K. Wallace Department of Psychology,Universityof Reading, Building3, Early Gate, Whiteknights,Reading RG2 2AL, United Kingdom



Abstract. The patterns of EMG activity in the biceps and triceps muscles were recorded during horizontal oscillatory movements of the forearm. Subjects showed increased frequency of oscillation as they voluntarily reduced movement amplitude. EMG burst duration was significantly correlated with wavelength of oscillation in every case. In almost half the cases burst intensity was also positively correlated with wavelength. Subjects seemed to be using one or both these methods to control amplitude. A model was developed in three stages which satisfactorily accounted for the data.



1 Introduction



The start of this investigation was the observation that if one made to-and-fro scribbling movements with a pencil using oscillatory movements of the wrist, then, as the amplitude of the movements was reduced, the frequency of the oscillations increased. Preliminary experiments (unpublished) demonstrated this with a range of subjects. The subjects were asked to make oscillatory wrist movements and gradually to reduce their amplitude. Frequency was found to increase with reducing amplitude and the relationship seemed to be nearly linear. The subjects seemed to be unaware of the frequency change. Indeed when asked consciously to reduce amplitude without speeding up the oscillation or, the converse, to reduce the frequency without altering the amplitude they found this very difficult. The strong impression was gained that whatever variable was being altered to control amplitude was automatically affecting frequency. Hollerbach (1981) has shown how oscillatory movements are basic to the production of cursive handwriting but it seemed to the present author that the ability to produce such oscillatory movements might be a basic property of the motor



control system. The present investigation therefore looks at the relation of amplitude to frequency of oscillatory movements and develops a model which explains these features in terms of control parameters as revealed in EMG patterns. Forearm movements were chosen for study rather than wrist movements in the belief that the relatively simpler anatomical arrangements of the biceps and triceps muscles would simplify the recording and interpretations of the EMG patterns. 2 Method



The apparatus consisted of a flat perspex arm pivoted to move freely in the horizontal plane. A potentiometer under the point of rotation recorded the movement. The subject sat with his forearm resting on the perspex arm which was positioned at a height midway between his shoulder and normal brench height. The subject's elbow was above the point of rotation and his wrist was strapped to the perspex arm. EMG's were recorded by means of a Grass Polygraph(model 7D). Electrodes were Ag-AgC1 1 cm diameter. Electrodes were placed on the belly of the muscles and recording was bipolar with the electrodes 5cm apart (see de Bacher 1986). A ground electrode was attached to the left forearm which rested on the bench. The amplifiers for the EMG were set at 10 Hz 1/2 amplitude for the low frequency cut-off and 75 Hz 1/2 amplitude high frequency. [See de Bacher (1986) for discussion of electrode separation and resulting frequency range.] A third channel recorded the movement at an amplification such that 1 mm represented 1~ The maximum pen deflection allowed a maximum movement of 40 ~ to be recorded. The subject was seated and his arm positioned. He was asked to make horizontal oscillatory movements symmetrically about a mid position. As the subject sat at the apparatus his upper arm made an angle of about



234 110 ~ with the line of the shoulders and the forearm, in the mid position, made an angle of 130 ~ with the upper arm. Maximum oscillatory excursions then represented elbow flexion angles of 110-150 ~ The subject was asked to set up fairly large smooth oscillatory movements and gradually to reduce their amplitude keeping them, as far as possible, symmetrical about the mid position. After one or two oscillations the subjects reported that they felt they were producing smooth oscillations and recording was started. The subjects continued their oscillations gradually reducing them until they were making oscillations of about 4-5 ~. Six subjects were used, five males and one female. Ages ranged from twenty five to fifty five. Five runs of diminishing oscillations were analysed for each subject.



2.1 Quantification of EMG As will be discussed later, in order to evaluate the models proposed in this paper two features of the E M G had to be quantified. These were burst duration and the amount of activity within a burst. The problem of establishing burst duration is that in the inter-burst interval the muscle is not completely silent. In the case of large amplitude bursts there is no difficulty in locating the start and finish of the burst. However, when the burst is of small amplitude, a criterion amplitude must be used. For this purpose the E M G records for a particular run of large to small oscillations was inspected and a criterion amplitude chosen. The point at which the E M G amplitude exceeded this value was taken as the start of the burst. This technique is similar in principle to the method used by Hannaford et al. (1984) and Shapiro and Walter (1986). [ F o r a discussion see Walter (1984).] There is a problem with intermittent short bursts so a further criterion was used, namely that if there was a gap of more than 50 ms between successive waves of the E M G then these were taken as belonging to separate bursts. The activity within the burst was quantified by adding the amplitudes of individual waves irrespective of sign. This value was then divided by the burst duration to give a measure called the average power of the burst. For the biceps this is referred to as AvBP. It is more c o m m o n to quantify the E M G by subjecting it to full-wave rectification and computing the integral to give the integrated EMG. In the present case the integration facility was not available but the method used closely approximates to this. In any case it was not intended to arrive at values for the absolute force exerted by the muscle but only relative values for successive oscillations. Again, because of differences in electrode placement and subsequent variations in the strength of the E M G signal, no direct comparison can be made between subjects or, within one subject,



between biceps and triceps activity. In most cases the biceps E M G was a larger signal than the triceps E M G and the analysis therefore concentrates on the biceps activity.



2.2 Relation of EMG to Muscle Force Much work has been devoted to the relationship between integrated E M G and muscle force. The general consensus is that, for isometric contractions within a limited range of forces, there is approximately a linear relation between integrated E M G and force generated in the muscle. The situation for isotonic contractions is not so clear but there are indications that over limited ranges this too is linear (Bouisset 1973). In this paper therefore it is assumed in calculations that there is a linear relationship between AvBP as calculated above and force generated in the muscle.



3 Results The movement traces of all subjects showed an increasing frequency with reducing amplitude of oscillation and all subjects' E M G records showed clear alternation of biceps and triceps bursts (Fig. l a). Detailed presentation of the results is most clearly done in the context of a model which was developed. The model was developed in three stages hand-in-hand with analysis of the data. At each stage the minimum assumptions were made.



3.1 Model: Stage 1 In the simplest form of the model (Fig. l b and c) the E M G burst is regarded as a square pulse - constant amplitude for a certain duration. The amplitude of this pulse is taken as a measure of the force applied to the arm. Constant force gives constant acceleration so that the oscillation is seen as being produced by a constant acceleration in one direction (e.g. flexion produced by biceps) followed by a constant acceleration in the opposite direction which brings the flexor excursion to an end and initiates the extension movement. In terms of single control variables the amplitude of the oscillation can be reduced in this model either by reducing pulse duration keeping amplitude constant or reducing the amplitude of the pulse but keeping duration constant. Only the first has the property of producing, pari-passu with reduced amplitude of oscillation, an increased frequency. A programme was written embodying the classical Newtonian equations of motion which allowed one to enter values for applied force for every 10 ms. Flexor forces were entered as positive values and extensor forces as negative values. Changing duration of force



235 alone, a series of values for amplitude was computed for different durations 9 (In the model burst duration equals half-wavelength and the graphs therefore plot amplitude against half-wavelength.) The values used for force were purely arbitrary consequently the computed amplitudes are also arbitrary. The subjects had been asked to control amplitude. The changes in wavelength were a consequence of this and the results are therefore discussed and plotted in these terms9 The simplest results are those in which there is a considerable change of wavelength with changing amplitude. These fit the simple stage 1 model where amplitude is only controlled by burst duration 9 Examples are shown in Fig. 2. In these graphs the predicted curve was arrived at by taking a representative value of the highest amplitude wave. The half-wavelength for this amplitude was then used to consult the table of computed values for the corresponding amplitude 9 Dividing the actual m a x i m u m amplitude value by this theoretical value gave a scale factor which was then used to scale up the other amplitudes computed for different wavelengths.
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3.2 Model: Stage 2 As more results were analysed it became clear that there were a considerable n u m b e r of cases which did not fit the simple model. Two examples are shown in Fig. 3. In every case the misfit had the same character; the experimental curve of 2/2 against amplitude was flatter than the theoretical curve. W h a t this means is that the subject is reducing the amplitude of the oscillation but with less change in wavelength than is predicted from the simple model. Now, as shown previously, a reduction in amplitude without a change of wavelength can be achieved by altering not the pulse duration but the pulse height - indeed in the limit there need be no change in wavelength at all. The theoretical curves calculated from the simple model assumed that the 400
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Fig, 1. a Part of experimental record showing clear alternation of biceps and triceps bursts. B - biceps EMG. T - triceps EMG. MT movement trace (flexion movement is upwards), b Theoretical model used in the present paper. Note that the actual EMG bursts are phase shifted with respect to those of the model. This simply reflects a latency between the burst onset and the start of the movement, c shows how amplitude of oscillation can be reduced either by shortening the EMG bursts or reducing their amplitude (dotted lines) 400
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Fig. 2. Graphs showing the relationship of half-wavelength of oscillation (2/2) to amplitude. Results from 3 different subjects showing how the data are fitted quite well by the simplest model ($1). The curves produced by the model stages 2 and 3 ($2, $3) are shown for completeness



236 Table 1. Pearson product-moment coefficients for correlations between average biceps power (AvBP) and half wave-length of oscillation (2/2) and between half-wavelength and duration of
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pulse height was constant. It was apparent from the E M G recordings that in m a n y cases this was not true; there were changes in E M G amplitude. Now, amplitude of oscillation can be altered by altering pulse height alone, but in this case there should be no change of wavelength i.e. the curve of 2,/2 against amplitude should be horizontal. This is clearly not the case; even where the simple model does not fit there is nevertheless a change in 2/2. The subjects therefore appear to be changing b o t h pulse duration and pulse height. In order to apply a correction for pulse height to the
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Fig. 3. Examples of data from 2 subjects where the data are not fitted by the simple model. Note that in both cases the discrepancies between data and the S 1 curves are in the same direction and that curves S2 and $3 are better fits



theoretical curves it was necessary to establish statistically that there was a significant change in pulse height over any particular experimental run and to determine its extent. Since, for any one E M G pulse duration, pulse height is reflected in the measure AvBP, this measure was correlated with 2/2 and the slope of the regression line calculated. There would be no justification for applying the correction for pulse height changes to some curves and not to others unless the following explicit predictions were tested. The model attributes changes in 2/2 to changes in pulse duration. There should therefore be a significant correlation between E M G burst duration and 2/2 in all cases. Where the subject is only changing pulse duration there should be no change in pulse amplitude i.e. no significant correlation of A v B P with 2/2. Where the subject is changing both pulse duration and height there should be significant correlations between E M G duration and 2/2 and between AvBP and 2/2. Table 1 presents the results of these anaylses. The data can be divided into two categories. In the top part of the table are the results for the type of experimental run shown in Fig. 2 where the theoretical curves only assume alteration in burst duration. F o r



237



these cases there is a significant correlation of 2/2 with burst duration. Biceps power (AvBP) is not correlated with 2/2 or is negatively correlated with it. (The theoretical significance of this is discussed later.) For the cases in the lower part of the table 2/2 is again significantly correlated with burst duration but AvBP is correlated with 2/2; in other words the subjects are reducing EMG power as well as burst duration. The slope of AvBP with 2/2 was used to calculate new theoretical curves as follows. Running the simulation programme for constant durations but varying burst height showed that for any particular duration, and therefore wavelength, amplitude of oscillation reduced linearly with pulse height. Taking the representative value of largest amplitude oscillation, it was assumed that the biceps EMG burst for this oscillation represented an AvBP value of 1 and the relative powers of the bursts for different wavelengths were scaled to this from the slope of the particular regression line for that run of oscillations. Figure 3 shows that in cases where there is a significant reduction in EMG power, applying the correction for this to the theoretical curves markedly improves the fit to the data. 3.3 Model:State 3



The statistical analyses had clearly shown that in many cases there was a significant reduction in biceps power and that this factor had to be taken into account in the calculation of the theoretical curve of 2/2 against amplitude. Nevertheless even with the inclusion of this factor the calculated curves still tended to deviate from the data particularly for half-wavelengths below 200-250 ms (2-2.5 Hz). In this region the calculated amplitude always tends to be larger than the observed. In fact this tends to be true even where no power reduction was involved as can be seen in Fig. 2. Out of the 30 data runs analysed 24 showed this same discrepancy (p 
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