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THE MECHANICS OF MUSCLE LOCOMOTION*



FUNCTION



IN



J. B. MORRlSONt Department of Mechanical Engineering. M.I.T., Cambridge, Mass. 02 139. U.S.A. AbstradAn engineering analysis has been developed which enables the forces transmitted by the joints of the lower limb to be calculated from experimental data. This paper describes a further extension of the analysis to investigate the mechanics of muscle action in locomotion. The resuits describe the relation of muscle tension to length and velocity and the function of muscle in the production and absorption of energy.



of the forces occurring at the major joints Of the lower limb. To date the study of joint forces at the hip and knee have been completed and the results published (Paul. 1965, 1966, 1967 and Morrison, 1968, 1969, 1970). In the present analysis, the quantities evaluated were (a) The relationship of muscle tension to length and velocity of contraction during locomotion. (b) The power developed and dissipated by muscles during locomotion, and in the case of biarticular muscles the transfer of energy across neighbouring joints. Experimental measurements were taken from male and female subjects under conditions of level walking, walking up and down a ramp and walking ‘up and down a stairway. The anatomical structure of the lower limb and the mechanics of locomotion were simplified and defined in mathematical terms. By considering the normal limb to function according to the mechanical principles thus defined the quantities listed above were calculated from experimental data using a computer to analyse the system. The analysis as constructed allowed the action of three muscle groups to be considered-quadriceps femoris, hamstrings and gastrocnemius.



INTRODUCTION



properties of muscle have in the past been subject to extensive investigation, and, although some intricacies of muscle function are not yet wholly understood, the major properties of muscle both active and passive are now clearly defined. The great majority of research conducted in this field has concerned the study of isolated muscle or muscle fibres. The bearing which these findings have on the function of muscle in initiating and controlling normal activity and hence the degree of importance of certain biomechanical factors has not yet been studied in detail. There is, for example, little quantitative information available regarding the extent to which the passive stretch of muscle contributes to normal limb movements. The object of the present research work was to examine certain muscles and to provide information on the relationships existing between the various mechanical properties whilst acting in their most common modes. The results presented here represent part of a larger research project initiated to supply information required in the development of reconstructive surgery and prosthetic devices. The primary goal of the project was to establish the order of magnitude and the direction



THE



MECHANICAL



*Received 23 December 1969. ?Present address: RN Physiological Laboratory, Fort Road. Alverstoke, Hants. PO1 2 ZDLJ, England. 131



432 THE MECHANICAL PROPERTIES



J. B. MORRISON OF MUSCLE



In this section a summary of the mechanical properties of muscle is presented. For more detailed information the reader should consult references Roberts (1967) Huxley ( 1964). Gordon et al. (1964). Inman and Ralston (1964). Hill (1938, 1960). Wilkie (1956), Abbot er nf. (1952) and Elftman (1966, 194 I). The simplified mechanical model of a ‘muscle unit’ consists of three elements: an active or contractile element which when excited controls the level of tension in the muscle unit; an elastic element which acts in series with the contractile element; an elastic element which acts in parallel to the contractile element (Roberts, 1967). Whilst such a model is useful in providing a general picture of muscle structure it must be treated as very much idealised. An accurate model of a muscle unit would be of much more complex design incorporating non linear and time dependent functions. In a muscle fibre, which consists of a chain of ‘sarcomeres’, the tension which the contractile element may produce is dependent on fibre length at that time. This length tension relationship is governed by the relative position of the actin and myosin filaments of each sarcomere, and is described by Huxley (1964) and Gordon et al. (1964). The tension exerted by the parallel elastic element is independent of the contractile element and represents tension in the connective tissue of the muscle. This element therefore provides a passive component of tension which must be added to the active tension of the contractile element to obtain the total tension exerted by the muscle unit. The characteristic length tension diagram for skeletal muscle is shown in Fig. 1. The total tension curve represents the variation of maximum isometric tension, PO. in the muscle with length. If the muscle were stretched passively, the resulting relation would represent the tension, PE, contributed by the parallel elastic tissue only. The tension component, P,,,contributed by the active



Wurclc Length



Fig. I. Relation of muscle length to muscle tension.



elements represents the difference between P, and PE. In the human body, the length tension curves of different muscles vary greatly from the form shown in Fig. 1, depending on the relative significance of the active and passive components of each muscle. Towards the extremities, the significance of the passive component tends to increase (Inman and Ralston, 1964). Inman and Ralston (1964) experimenting with human subjects using cineplastic techniques, found that in the forearm flexors, passive tension PE was of sufficient significance to prevent a minimum point occurring in the curve of total tension PO (see Fig. 1). The right pectorahs major however exhibited a total tension curve similar in form to the active tension curve PA shown in Fig. 1, the passive tension component being negligible. Although some operations require isometric contraction of the muscles, most useful functions and all forms of movement involve variable contraction rates. As a muscle contracts the energy it produces in excess of the isometric heat consists of two components; a generation of heat ‘a’ and a work output ‘w’. For a unit change of length heat output ‘a’ is constant and work output is dependent on the value of tension.
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FUNCTION



For a given length, maximum rension, P. which a muscle can produce is dependent on the rate of contraction. U. and is defined by Hill’s ( 1938). equation to be (P+a)u



= b(Po-PI



or (P+n)(c+b)



= (P,+a)b



= const.



(1)



where b = constant defining absolute rate of energy liberation. The value of constant PO in equation (I) is dependent on the muscle length x, and may be expressed as PO =fi(x). By substituting this function for PO in equation (I 1, a more generalised relation is obtained. defining maximum tension. P, in terms of length and velocity (Wilkie. 1936). From this equation it can be seen that the rate of energy production is greatest when tension P is zero and speed of contraction has its limiting value L’= bP,,/a. all energy bring liberated as heat. Correspondingly the muscle can provide a greater work output per unit change in length as velocity u tends to zero. The load at which the maximum work rate Pv obtains lies between these two extremes and can be evaluated by differentiation to be



e/p, = ~ie,(v/‘-



1).



(2)



From experimental data, ratio PIP, has been estimated at approximately O-3& O-1, the exact value depending on the muscle constant ‘u’, (Inman and Ralston, 1964: Hill. 1938). Equation ( 1) applies only to speed of contraction. If a load greater than P, is applied to a muscle. the muscle will lengthen at a velocity related to the load P. Velocity of lengthening increases with load until ratio PIP, reaches a critical value at which slippage occurs. Experiments by Hill (1960) showed that, when active muscle is stretched. in addition to dissipating the external work as heat it
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will absorb a certain quantity of energy. The energy absorbed by the muscle cannot, however, exceed the net energy produced by the muscle during the particular cycle of contraction in which the period of stretch occurs. Hill commented on the possible importance of this finding in normal muscular action and the bearing it might have on the physiological expense of negative as opposed to positive work. The difference in these two actions was illustrated experimentally (Abbot er nl., 1932) by means of a subject pedalling a bicycle against a resistance provided by another subject back-pedalling. The subject providing the positive work output became fatigued whilst the subject doing negative work remained relatively fresh. The importance of the stretch-shorten cycle of muscle action (i.e. the muscle lengthens under tension before shortening) and the possible energy saving by absorption during the stretch phase is discussed by Elftman ( 1966) and supported by an analysis of the calf and hamstring muscles of a running subject which illustrates this mechanism. In the analysis of the hamstring muscles, Elftman ( 194 I) also showed that the use of a biarticular muscle in this particular function provided an increased efficiency compared with the use of two separate one joint muscles in which greater velocities would be required. The biarticular muscle also stretched under tension before shortening whereas Elftman claimed this cycle would not occur if the two hypothetical one joint muscles were used. Despite Hill’s suggestion that further investigation was necessary, quantitative information relating the phenomenon of energy absorption by muscle to the physiology of muscular work in human beings is limited. Whilst there have been many studies of the tension-velocity curves and work capacity of isolated muscle, there is little information available regarding the power characteristics of the muscles during normal activity. Studies of the lower limbs have normally been restricted to the moment acting across joints. The
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power transmitted at the hip, knee and ankle joints in level walking has been calculated by Bresler and Berry (195 I) for normal subjects in level walking. Although these curves indicate the net power transmitted across the joint by the several muscle groups, the actual power output of the individual muscle groups demands a more complex analysis in order to identify the contributing muscle groups and account for any biarticular function. DESCFUFTION



OF EXPERIMENT



AND ANALYSIS



Details of instrumentation, apparatus and experimental procedure, description and definition in appropriate terms of the-relevant anatomy, and the form of analysis developed in the original project -i.e. the calculation of joint force at the knee-may be found in references Morrison (1968) and Morrison (1970). In this section a brief description of the work is given only. The additional analysis employed to study the function of the muscles is described in detail. A level walkway, ramp and staircase were designed to which a force plate could be fitted as an integral part. The ramp had a gradient of I in 6. The staircase had a total of six steps each having a rise and tread of seven inches. The force plate formed the third step of the staircase. As the subject walked over the force plate, his movements were recorded by two tine cameras, one viewing from the front and the other from the side. Markers attached to bony prominences of the pelvis and lower limb allowed accurate measurement of the position of the relevant skeletal structure from the developed films. From the experimental information, ground force acting on the foot, and acceleration and gravitational forces acting on the limb segments were calculated. These forces were



then s.ummed to obtain the total external force system acting at the knee joint of the subject. The force system was determined at 042-see intervals for the complete walking cycle. The external force system acting at the knee joint was equilibrated by internal force action. For this purpose the mechanics of the joint were simplified and described in mathematical terms. The internal forces considered were direct force transmitted across the articular surfaces, tension in the four major ligaments of the joint and force generated by the three main muscle groups (quadriceps femoris, hamstrings and gastrocnemius). In defining the mechanics of the knee it was assumed that extension and flexion movements of the knee were controlled solely by the muscle groups mentioned. The composition and function of those muscle groups was as follows (a) Quadriceps femoris; included rectus femoris, vastus medialis, vastus intermedius and vastus lateralus. These muscles extended the knee. * (b) Hamstrings; included long head of biceps, short head of biceps, semimembranosus and semitendinosus. (c) Gastrocnemius; included gastrocnemius medial head, gastrocnemius lateral head and plantaris. The hamstrings and gastrocnemius groups flexed the knee.* In the case of the hamstrings and gastrocnemius muscles, the position of the muscle group relative to the skeletal structure was defined by a point origin and insertion. The point of origin and insertion was deduced from measurements of the co-ordinates of attachment of each muscle of the group defined relative to the appropriate skeletal mem-



“In calculation of force values in the hamstrings it was assumed that there was no assistance of this muscle group from the gracillis or sartorius muscles. Gracillis is mainly an adducter of the hip and its line of action affords little leverage at the knee in comparison to the hamstrings. Sartorius, also having less leverage than the hamstrings, is a relatively weak muscle. It is reasonable to assume therefore that the components of flexion moment transmitted by these two muscles are of a minor nature and the error introduced by assuming the hamstrings to be the sole flexor of the joint is small. The same argument may be applied to justify the assumption of the quadriceps femoris as the sole extensor of the knee, which neglects assistance from tensor fasiae latae.
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ber. These quantities were obtained by dissection of a limb and direct measurement and from measurements taken from a skeleton. The direction of the force vector acting in a muscle group was taken to be coincident with the line joining the assumed origin and insertion of the group. The length of the muscle group was taken to be the line joining the assumed origin and insertion. As the short head of biceps has origin on the shaft of the femur, the length and velocity of contraction of this muscle differs significantly from that of the other muscles in the group which have origin on the pelvis. Although the force vector of the muscle group was taken to represent the total force of all the muscles in the group, the length and velocity characteristics of the group as calculated represent only the muscles of the group having origin on the pelvis. As the muscles of the gastrocnemius group are deflected over the condyles of the femur their origins were not used directly in defining the line of action of the group. The line of action was taken to pass through a point posterior to the femoral condyles and whose co-ordinates were defined relative to the axes of the femur. The position of the patella, to which the quadriceps femoris is inserted, was difficult to measure from film records as skin movement in the area reduced accuracy. A different method was therefore adopted in order to obtain the length of the muscle group. The direction of the force vector required for the analysis was coincident with the patellar ligament, through which the quadriceps femoris acts on the tibia. The line of action of the ligament was established by means of an equation relating its direction to the knee angle. The equation used was derived from a series of X-ray photographs of a normal knee joint at various angular positions. As the rectus femoris has origin on the pelvis and the vasti have origin on the femur, separate length and velocity characteristics were calculated in each case. For a small change in angle at the knee joint, the change in length of the vasti was approxi-
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mated by the product of the angular displacement and the perpendicular distance from the knee joint centre to the line of action of the patellar ligament. The length of the vasti at full extension of the knee (i.e. knee angle cp= 0’) was taken as the length of the line joining the assumed point origin and the insertion on the patella. The change in length of the vasti group was then calculated for increments of 1 deg in knee angle over the range - 10 deg hyperextension to 90 deg Aexion. Hence for any angle cp= no vasti length was taken as: i=n



LV,=



C RiX6q+LV, i=o



where LV,, = length of vasti at knee angle Y,= no. Ri = perpendicular distance from knee joint centre to line of action of patellar ligament at knee angle Q = i”. 6~ =



increment in knee angle of 1 deg. LV,, = length of vasti at full extension of the knee, cp= 0”. For any given angle the muscle length was calculated to the closest O-1 deg. For example, at cp= 21.3” LVz5.3 = Lv~,+o~3(Lv*,-Lv,,). The length of the rectus femoris at full extension of the hip and knee (i.e. in erect posture) was taken to be the line joining the assumed origin on the pelvis, point (a), and the insertion on the patella, point (b). It was assumed that the line of the muscle passed through the co-ordinates of point (b). defined in terms of the axes of the femur, at all positions of the hip and knee. The change in length of the muscle due to change in hip angle was measured as the change in length of the line joining (a) and (b). The change in length of the muscle due to change in knee angle was measured in the same way as for the vasti. Hence
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for a hip angle 0, and a knee angle p,, the length of the rectus femoris muscle was expressed as i=n



LR=ABjf



2



RiX&



i=O



where ABj (a) and (b) at Velocities five point differentiation



is the distance between points hip angle 0,. were calculated by means of a differentiation procedure. The formula:



& = (--2X,_, -x,-1



+x,+l + 2Xnfz)/ 1Of



is derived by fitting a quadratic equation to five points x,_* . . . x,+: measured at time intervals t and calculating the corresponding velocity _i, as the slope at the central point of the five point quadratic. Muscle lengths and velocities were calculated at time intervals t = 0.02 set during the walking cycle. The power output of the active muscle group was obtained from the product of the force and velocity computed for that group at each time interval. In the case of the quadriceps femoris group two power curves were calculated, one representing all force carried by the vasti muscles and the other all force carried by the quadriceps femoris. As all muscles of the group are contributing power the true solution must lie between the two curves. The power output of the knee joint was calculated from the product of the flexion-extension moment acting at the knee, and knee angular velocity. As the vasti muscles act across the knee only, the power developed by these muscles if acting alone should be equal to the power developed at the knee joint. RESULTS



Data from six experiments were analysed. In level walking one male, subject 2, and one female, subject 9, were investigated. A second male, subject I 1, was investigated walking up and down the ramp and staircase. The



male subject used in level walking was 140 lb body weight, the female subject 127 lb, The second male subject was of body weight 155 lb. As the subjects used and speeds of walking varied for different activities, no direct comparison can be made between the activities. Each subject was instructed to assume his natural mode of walking, however, and therefore the magnitude of forces, velocities and power outputs calculated may be stated to be representative of those occurring in normal gait. Of three male subjects examined using ramp and stairs for the purpose ofjoint force investigations, it was noted that subject I1 descended stairs slowest, at 79 steps/min compared with 86 and 100 steps/ min respectively for the other two subjects, and descended the ramp at a gait speed significantly faster than the other two subjects at 5.5 ftlsec compared with 3.9 and 4.2ftlsec respectively. For a series of experiments on level walking. subject 9 had a gait speed slightly slower than the average. In order that they might be more easily interpreted muscle lengths were described relative to a reference length. The reference length used was taken as the length of the muscle as measured when the subject stood in a position of erect posture. For convenience this length will be referred to in discussion of results and represented in the diagrams as the ‘reference length’ and all muscle lengths will be measured relative to the reference length as zero. The term ‘reference length’ therefore as used in the discussion does not indicate the physiological rest length. Relative to the reference length of the muscles, the variation in length during various forms of locomotion for the vasti, rectus femoris, hamstrings and gastrocnemius was in the range -0-Z to 3.4, -1-O to 2.8, -2-7 to I-6 and -2.4 to O-5 in. respectively. In normal function therefore all four muscles showed length changes of the order of 3-4 in. Muscles were not measured as active at all lengths calculated and in general the active phase of the muscle for any cycle occurred between



MUSCLE FUNCTION



mean and maximum calculated length. The greatest active length changes were of the order of 2 in. and of time duration of maximum 0.8 sec. In each experiment the greatest values of force exerted by a muscle normally occurred close to the maximum calculated length for the cycle. This is illustrated in Fig. 2 which shows the length tension relationship calculated for the three muscle groups in the case of subject 2. level walking. The only significant exception was in descending stairs where the quadriceps maintained a high force value over a considerable length change (Fig. 3). It should be noted. however. that this occurred under conditions of muscle lengthening and consequently dissipating energy. Under these conditions, for a given length, a muscle can exert forces considerably greater then when contracting (Roberts, 1967). In addition there is evidence that the energy which the muscle must produce is considerably less than is required to maintain the same tension in the contracting or isometric states (Hill, 1960 and Abbot et al.. 1952). In contrast, as the quadriceps contract in ascending stairs (Fig. 4) there was a marked decrease in force level with muscle shortening. In this case, force increased rapidly under conditions of slow contraction of the vasti and slow lengthening of the rectus femoris. Contraction then continued at a higher rate in both muscles and the force generated fell. With the exception of the action of the quadriceps in ascending stairs all active muscle contractions were preceded by a period of lengthening under force. Force values increased as the muscle lengthened reaching a maximum immediately before or after contraction commenced. As contraction proceeded the force exerted by the muscle gradually decreased. This form of action is best illustrated in Fig. 5. The work of Hill (1960) suggests that muscle action of this form saves some energy, and from the present results it would appear significant in locomotion. The only other normal activity in which this mechanism has been previously
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demonstrated quantitatively is in the action of the hamstring and calf muscles in running (Elftman, 1966). The velocities of lengthening and shortening of the muscle groups under load ranged from + 1.5 to - 15 in./sec respectively. These figures represent the velocity of the whole muscle and not individual muscle fibres. The velocity of the muscle fibres must, however. relate directly to those velocities. being equal or slightly greater in magnitude depending on their inclination to the muscle force vector. During parts of the walking cycle where the muscles were inactive, slightly higher velocities were recorded. In Fig. 6 the relationship of muscle force to velocity for the walking up ramp experiment is shown. The stretch-shorten form of muscle action is clearly demonstrated in this figure. The force in the muscle increases as the muscle is stretching and the velocity of the muscle tends to zero. Contraction commences and the force in the muscle decreases to zero as the rate of shortening of the muscle increases. Although there is no clear relation between the rate of contraction and muscle force, the results of the six experiments show that in walking maximum muscle forces tend to occur at slow contraction rates and at higher rates of contraction forces are small. The maximum musde force of 540 lb was recorded in the quadriceps whilst lengthening. Forces of up to 400 lb were recorded at a rate of contraction of up to 6 in./sec in the quadriceps and hamstrings, and at a rate of lengthening of approximately 9 in./sec in the quadriceps. At rates of contraction greater than 8 in./sec maximum calculated muscle force decreased from 200 lb to zero loading at 1S in./sec contraction rate. In the unloaded muscle velocities of up to 220 in./sec were calculated. When shortening under these conditions the muscle will generate the force required to overcome internal friction. At lengths greater than the ‘true rest length’ whole or part of this force will be provided by the tension of the elastic elements in the muscle. When lengthening
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Fig. 2. Relation of muscle force* and length. Subject: 2, activity: level walking.



under conditions of zero load the energy which the muscle dissipates as friction together with any potential energy stored in its elastic elements must be supplied by the



antagonists and therefore represents an increased load on the active muscle group. The forces and velocities calculated in these experiments were submaximal values and



*In the case of the rectus femoris and vasti muscles, muscle force represents the total force acting in the quadriceps femoris and is therefore the limiting value of force depending on activity of either the vasti or the rectus femoris. (Figs. 2-6).
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Fig. 5. Relation of muscle force and length. Subject: I I, activity: walking up ramp.



therefore the muscle constants cannot be derived from the results. For a given muscle length however, the corresponding force and velocity values calculated (i.e. any point on the curves of Fig. 6) must he within the limits of a maximal force-velocity curve of the form defined by Hill‘s (1938) equation. The energy generated and dissipated in walking by the three muscle groups was caiculated for the six experiments. The energy



required by the knee joint was also calculated and a quantitative comparison made. For each experiment the variation of these quantities with time during the walking cycle is shown, Figs. 7-12. The power output of the quadriceps femoris group is shown as that generated if the vasti were acting alone. As stated in the previous section the vasti act across the knee only and therefore the value of power output calculated for these
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muscles acting alone was the same as the power developed at the knee within the limits of experimental error. In Figs. 7-12 the curves of muscle power output and power developed at the knee are therefore coincident where the quadriceps are active. The equivalent power output of the quadriceps femoris group if represented by the rectus femoris muscle alone (i.e. using its velocities of shortening in energy calculations) is shown by a chain line. As all muscles of the group generate power the correct solution must lie between the two curves, but normally much closer to the curve of the vasti due to their greater cross sectional area. From the figures showing power generated and dissipated by the muscles, it is noticeable that in level walking the power magnitudes tend to be smaller and active periods shorter and more evenly distributed among the muscle groups. As level walking is the ieast tiring of the modes of locomotion examined, this result was to be expected. In walking down ramp and up and down stairs, most of the energy was generated or dissipated by one muscle group, the quadriceps femoris, which was active over long periods of time. The differences between the energy curve of the knee joint and the energy curve of the muscles represent the power being supplied or dissipated at the other joints across which the muscles act. The comparison of the two curves may be interpreted as fohows: Where the work output by the muscle exceeds the work output at the knee then the difference represents positive work output by the muscle at the other joint across which it acts. Where the work dissipated by the muscle exceeds the work dissipated at the knee, the difference represents work dissipated by the muscle at the other joint. (In both these cases there is no increase in efficiency through power saving, although efficiency may in fact be improved by having one muscle group perform both functions and hence reduce the muscle bulk required. This assumes that both joints will not simultan-
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eously require maximum power from the muscle.) Where the work output of the muscle is less than the work output at the knee then the difference represents energy transferred to the knee from the neighbouring joint across which the muscle acts. Where the work dissipated by the muscle is less than that dissipated at the knee then the difference represents energy transferred from the knee to the neighbouring joint across which the muscle acts. (Under these conditions the biarticular muscle function produces a positive work saving and hence increases the efficiency of locomotion.) In walking up and down stairs (Figs. 11 and I?) the action of the rectus femoris muscle tends to improve the efficiency of the quadriceps. The advantage of the rectus femoris muscle was particularly apparent in walking up stairs where at foot contact the quadriceps must supply a high level of positive work output immediately following a period of inactivity. Under these conditions the rectus femoris muscle is capable of transferring energy from the hip joint, therefore reducing the work output required from the muscle group. It is notable that this was the only occasion recorded on which a muscle (the vasti) contracted under load following inactivity (see Fig. 4). The action of the rectus femoris in level and ramp walking reduces the positive work requirement of the quadriceps and hence increases efficiency, but may also cause dissipation of energy at higher rates (Figs. 7-10). It should be noted that any increase in efficiency by the biarticular function of a muscle assumes that energy dissipation or transfer across the neighbouring joint at that time is desirable. The energy curves of the hamstring muscle group show a small transfer of energy from the knee to the hip prior to heel strike during level and ramp walking (Figs. 7-10). The curve calculated for the female subject walking on the level indicates no significant energy trans-
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fer. but at heel strike the hamstrings generate a substantial work output at the hip. The only experiment which suggested that a substantial saving of power may occur due to the biarticular function of the hamstrings was walking up ramp, Fig. 9, where prior to heel strike the hamstrings both transfer energy to the hip joint from the knee and generate power at the hip by contracting. The small magnitude of energy transfer between the hip and knee joint by the hamstrings implies low angular velocities at the hip during these periods of the walking cycle and hence smaller power requirements. In level walking there is a considerable moment acting at the hip at heel strike which must be equilibrated by the hamstrings or gluteal muscles Paul (1966). The greatest benefit of the biarticular hamstrings in level and inclined walking may therefore be a saving of chemical energy by exerting a force at both joints simultaneously, increase in efficiency due to energy conservation being a secondary function. The action of the gastrocnemius in walking up ramp, Fig. 9, provides a saving of power by transferring energy dissipated at the knee to the ankle joint. This energy would otherwise have to be provided at the ankle by a greater force generated in the contracting soleus muscle. In level walking, Figs. 7 and 8, the muscle provides power at both joints simultaneously towards the end of the stance phase and there is little evidence of energy transfer. In the six experiments analysed the maximum power output by the muscles was calculated to be 190 ft-lb/see. This value occurred in the hamstrings during walking down ramp and represented a sharp peak of activity at heel strike. Sustained power outputs by muscle groups reached a maximum value of 150 ft-lb/set and most active cycles did not exceed 100 ft-lb/set. The rate at which energy was dissipated by the muscles reached a maximum value of the order of 300ft-lb/see in the quadriceps during walking down ramp. It should be noted that this value relates to a subject of 6 ft in height and 155 lb weight



walking downhill at a pace of almost 4 m.p.h. In other experiments energy dissipated by the muscle groups did not exceed 150 ft-lb/see. For a given cycle of muscle activity. at the instant of maximum power output for that cycle, the muscle velocity calculated was generally in the range 2.5-7 in.isec. The corresponding muscle force calculated was normally greater than half the maximum force value for that cycle and in certain cases the maximum force and maximum power output were coincident in time. The curves of power output at the knee joint obtained for level walking experiments are of approximately the same order and form as those produced from similar experiments by Bresler and Berry (19.5 1). No other work is available with which to compare the results of ramp and stair walking. Although most work on the mechanics of locomotion is confined to level walking, knowledge of the function of the limb and its energy requirements in ramp and stair walking is also of relevance in the design of orthotic and prosthetic appliances. In the study of energy exchange in the leg during locomotion it is of importance that the energy output of the muscles is measured in addition to the power transmitted at the joints. The values of these two energy levels as shown in Figs. 7-l 2 give an indication of the differences in energy generated and dissipated in a normal limb and the energy which wouId be required to power an artificial limb or assist a limb where certain muscles were deficient. The analysis developed here to study muscle function at the knee joint may also be applied to the musculature of the hip and ankle joints. At the hip the analysis becomes more complex due to the increased number of muscle groups. In order to calculate the components of power generated by hamstrings and gluteal muscles, for example, a knowledge of the power requirement of the hamstrings at the knee would be necessary. Further, by analysing the muscle function of both the hip and knee simultaneously, it may be possible to identify
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and quantify periods at which antagonistic muscle action is required in the walking cycle.



CONCLUSIONS



(1) In normal walking the mechanism of muscle function normally consists of a period of muscle lengthening as force increases, followed by a period of contraction under a diminishing load. (2) These results provide further evidence in support of the theory that Hill’s findings, regarding the capacity of muscle to absorb energy whilst lengthening, may play an important role in the mechanical principles governing normal muscular action. (3) The muscles examined have a normal operating range of 3-4 in. Most forces are generated between the mean and maximum operating length, the muscle normally being inactive at its shorter lengths. (4) Maximum muscle velocities calculated were of the order of -t-30 in./sec. For the loaded muscle the maximum velocities were +l 5 in./sec. At periods of maximum force action velocities of contraction were much lower, being less than 6 in.lsec. (5) Maximum power generated by the muscle groups was of the order of 200 ft-lb/set and dissipation of energy took place up to a rate of 300 ft-lblsec. (6) There was some evidence of energy conservation and hence efficiency increase by the biarticular function of the hamstrings, gastrocnemius and rectus femoris. In the case of the hamstrings, where a considerable power output was required at the knee joint there was a low power requirement at the hip joint, and much of the energy saving in the biarticular function may be chemical rather than mechanical.
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