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(With 4 figures in the text) The maximum stresses to which a wide range of mammalian limb tendons could be subjected in life were estimated by considering the relative cross-sectional areas of each tendon and of the fibres of its muscle. These cross-sectionalareas were derived from mass and length measurements on tendons and muscles assuming published values for the respective densities. The majority of the stresses are low. The distribution has a broad peak with maximum frequency at a stress of about 13 MPa, whereas the fracture stress for tendon in tension is about I00 MPa. Thus, the majority of tendons are far thicker than is necessary for adequate strength. Much higher stresses are found among those tendons which act as springs to store energy during locomotion. The acceptability of low safety factors in these tendons has been explained previously (Alexander, 1981). A new theory explains the thickness of the majority of tendons. The muscle with its tendon is considered as a combined system which delivers mechanical energy: the thickness of the tendon is optimized by minimizing the combined mass. A thinner tendon would stretch more. To take up this stretch, the muscle would require longer muscle fibres, which would increase the combined mass. The predicted maximum stress in a tendon of optimum thickness is about 10 MPa, which is within the main peak of the observed stress distribution. Individual variations from this value are to be expected and can be understood in terms of the functions of the various muscles.
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total cross-sectional area of the fibres of a muscle overall length of a muscle and its tendon tangent modulus of tendon force developed by a muscle length of the fibres of a muscle fibre length factor: the ratio of the length of a muscle's fibres to the extension of its tendon (p. 322). M mass of a muscle range of lengths over which a muscle fibre operates R strain & e angle of pennation (Fig. 1) density P stress 0 subscripts: m refers to muscle t refers to tendon s 1, & in, are the length and mass, respectively, of a se-xted portion of tendon i Li,Mi and Ri are values which would apply to a muscle if its tendon were inextensible opt refers to optimum values (Theory): i.e. those giving minimum mass 0 c0 is the intercept on a strain axis (Fig. 3). A D E F L



r:



Introduction



Some of the tendons of mammals have low safety factors (Alexander, 1981): i.e. the stresses in strenuous activities may be only a little less than the fracture stress. Table I lists values of stresses or strains in life for a selection of leg tendons. The fracture stress of tendon is about 100 MPa (Bennett, Ker, Dimery & Alexander, 1986) and the corresponding strain is about 8%. Certain tendons may well be somewhat stronger; none the less, some of the values in Table I are clearly high. The tendons of Table I are a biased sample for they all function as springs to save energy in locomotion (Alexander, 1984).A pre-requisite for this function is that the tendon is under tension when the foot is on the ground: this is also a pre-requisite for the method of estimating stresses used by the authors referred to in Table I. For functionally less specialized tendons, the tensions achieved in life have been assessed in very few cases. Our purpose is to enquire as to whether low safety factors are typical of mammalian limb tendons in general. One of these few cases for which data is available from direct measurement of load is the human flexor pollicis longus. Rack & Ross (1984) give a tendon stress of 15 MPa for a strenuous activity for the flexor pollicis longus muscle. The loading conditions of Rack & Ross' experiment can be imitated by hanging a weight of about 70 N from near the tip of the thumb (palmer surface of the thumb upwards) with the interphalangeal joint at about 150".Although Rack & Ross were not aiming at an absolutely maximal load, imitating the load in this way makes it seem most unlikely that the stress in the tendon could be increased by a factor of 3 or 4 times, as would be implied if the safety factor were low. The tendon is too thick and the muscle too weak for a high tendon stress to be reached. Tendons are in series with muscles. The peak tension in a tendon is limited by the maximum load its muscle can develop. Figure 1 is a diagrammatic view of a muscle-tendon combination. The arrangement shown is unipennate, but the same principles apply to other muscle geometries. The
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THICKNESS O F TENDONS TABLEI Strains or stresses in lower limb tendons measured in vivo Activity



Tendon



Strain



10% 4-9 Yo



Horse galloping, moderate speed Forefoot toe flexor Toe flexors Horse galloping Ankle extensors Wallaby hopping, 2.4 m s-' Dog jumping, 1.3 m scale jump Camel pacing, 6.2 m s-' Deer galloping, fast Donkey trotting Human running, 4.5 m s-'



Stress (MPa)



15-41



Ankle extensors Ankle extensors Toe and wrist flexors and ankle extensors Forefoot toe flexors Hind foot toe flexors Achilles



84 18 28-74 33-44 28-37 53



Reference Herrick et al. (1978) Dimery, Alexander & Ker (1986) Alexander & Vernon (1975)* Ker, Dimery &Alexander (1 986) Alexander (1974)* Alexander et al. (1982) Dimery, Ker &Alexander (1986) Alexander & Dimery (1985) Dimery & Alexander (1985) Ker et al. (1987)



* The values from these papers have been adjusted to allow for a different assumed value of tendon density (see Ker, Dimery & Alexander, 1986).



- Muscle showing direction of fibres



- Aponeurosis



over muscle belly



-
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-



- External tendon



FIG. I . A muscle-tendon combination. The effective length of the tendon is ( D - L ) , where D is the overall length from origin to insertion and L is the length of the muscle fibres. This assumes cos 0 to be near unity, where 0 is the angle of pennation.



angle of pennation, 0, is the angle between the muscle fibres and the aponeurosis. If F is the total tension developed by the muscle fibres andfis the tension in tendon,f=Fcos 8. For mammalian muscle, 0 < 30" and often 0 < 20" (see Alexander, 1974, for dogs and Alexander & Vernon, 1975,
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for wallabies): cos 30" = 0.87. For the precision required here, the factor c o d may be omitted. Then the maximum tension in the tendon is o,A, where omis the maximum stress developed by the muscle fibres and A is their cross-sectional area. The maximum stress in the tendon, ot, is therefore:



where a is the cross-sectional area of the tendon. All mammalian muscles seem to be able to develop about the same maximum stress, in which case the maximum stress in the tendon is proportional to the area ratio, r = A / a . The maximum isometric stress in muscle fibres (Wells, 1965;Jayes &Alexander, 1982)is about 0.3 MPa. This is the value we will use. However, when an active muscle is being rapidly stretched, higher stresses can be developed, up to about 0.6 MPa (Flitney & Hirst, 1978; Cavagna, Citterio & Jacini, 1981), which should be borne in mind when considering some of the results to be given below. The values of cross-sectional areas required for equation (1) were measured during dissections. The same method has previously been used by Alexander, Dimery & Ker (1985) to estimate the maximum likely stresses on an aponeurosis of the back of a deer and a dog. (The estimates were 25 and 17 MPa, respectively.) A similar method was used by Elliott & Crawford (1965) with seven muscles from the hind legs of rabbits. They express cross-sectional areas in terms of indices based on dry mass, so water contents and densities of wet materials have to be estimated to convert their values to tendon stresses in MPa. On this basis, their results indicate tendon stresses ranging from 15 to 26 MPa when the muscles are exerting maximum isometric tetanic tension. Materials and methods We examined the muscles and tendons of the lower leg of the following mammals using fore- and/or hind limbs. Opossum (Didelphis virginiana, body mass 3.5 kg) Possum (Trichosurus vulpecula, 5 kg) Macaque monkey (Macaca nemestrina 2 specimens, (a) 15 kg and (b) 11 kg) Vervet monkey (Cercopithecus aethiops, 7 kg) Human (Homo sapiens, mass unknown) Dalmatian dog (Canisfamiliaris, 21 kg) Badger (Meles meles, 10 kg) Cow (Bos taurus, mass unknown) Horse (Equus caballus, 570 kg) The human leg had been amputated because of irreparable vascular disease. For the other specimens, carcasses were made available to us after the mammal had been killed for reasons unconnected with this research. The badger and the possum were victims of road accidents. All specimens were stored at -20 "C until required. This selection of mammals provides a wide range regarding the degree of specialization of the limbs for running. The cross-sectional areas, A and a, required for equation (I), were found gravimetrically. Using fresh (i.e. unfixed) material, the foliowing measurements were made during dissections: the overall length, D , from origin to insertion; the mass, m,, of a uniform sample of tendon of length ls;the mass, M , of the muscle belly; the length, L, of the muscle fibres. To measure L, a cut was required through the muscle in the plane of the muscle fibres. The muscle fibres may become distorted and therefore the muscle fibre lengths were also measured on the other limb, when this was available, which had been injected with fixative prior to dissection. Despite this precaution, the value of L has an uncertainty of up to perhaps 25% due to the range of lengths over which muscle fibres operate. This uncertainty could have been overcome by measuring
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sarcomere lengths to establishwhere each muscle fibre was within its range of operation (Elliott& Crawford, 1965). However, as will be seen below, an uncertainty of 25% is not critical to our conclusions. The effective length of the tendon (see Fig. 1) is given by:



I = ( D- L )



(2)



The cross-sectionalarea of muscle fibres is given by: A=- M 1060L



(3)



using S.I. units. This assumes the density of muscle to be 1060 kg m-3 (Mendez & Keys, 1960). For most muscles, the fibre length was nearly constant throughout any one muscle head. The humeral head of the deep digital flexor of the forelimb of the cow and of the horse has 2 parts, the fibre length in one part being 10 times those in the other. In these cases, we cut between the 2 parts and weighed them separately to obtain a proper value for the total cross-sectionalarea. The cross-sectionalarea of tendon is given by:



using S.I. units. This assumes the density of tendon to be 1120 kg m-3 (Ker, 1981). Results and comments



Table I1 gives maximum tendon stresses calculated from the measured area ratios using equation (1) with om = 0.3 MPa. The variability of the stresses is obvious and is emphasized by including two macaque hind limbs which differ markedly. However, the majority of the stresses are very much less than the few higher values. The distribution of values is shown by the histogram (Fig. 2) which includes all the measurements on which Table I1 is based, except for the macaque hind limbs where average values for the two specimens have been used rather than individual values for both. (This avoids bias towards macaque hind limbs in the distribution.) The most common tendon stress in the sample is about 13 MPa, whereas the more extreme stresses are four to eight times greater. For any tendon, the peak stress in life would be lower if the relevant muscle was never fully used. Such partial use of muscles could result in a more even distribution of stresses in life than appears in Fig. 2. However, Table I, which gives measured stresses, indicates that this is unlikely; high tendon stresses ( > 50 MPa) occur in the horse, the dog, the deer and the human-and, no doubt, also in other mammals. The majority of tendons have a safety factor of about 8. (Even allowing for om to reach 0.6 MPa during the rapid stretching of an active muscle, the safety factor remains about 4.) Such a safety factor is not necessary because, as the muscle is in series with the tendon, an untoward tension cannot be applied: the muscle will give way before the tendon breaks. A tendon can have a lower safety factor than most structural components (Alexander, 1981), as is demonstrated by the existence of such tendons. Perhaps tendons which are never subject to high stresses are weaker than the others. To investigate this possibility, we carried out a tensile test on a ‘low stress’ tendon, the common digital extensor tendon from an adult cow (ot= 12 MPa), using the methods of Bennett, Ker, Dimery & Alexander (1986). The tendon broke at 80 MPa. This value is typical of the results obtained in strength tests on tendon: higher values are consistently obtained only when special precautions are
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R. F . KER, R. McN. ALEXANDER A N D M. B . BENNETT TABLEI1 Maximum stresses in mammalian limb tendons, assuming the maximum stress from a muscle to be 0.3 MPa. The muscles investigated act on the wrist or ankle and include the extrinsic digital muscles. Most of the data are gathered into ‘muscle assemblies’. For example, the assembly of ‘Wristflexors’ covers the palmaris longus. the flexor carpi radialis, the flexor carpi ulnaris and, for some mammals, ulnaris lateralis. (In others, the latter is a wrist extensor.) Additionafstress vaiues are available when a muscle and its tendon can be divided into separate heads:for example, the flexor carpi ulnaris of the dog. However, stress values are not available for those muscles which lack a uniform portion of tendon external to the muscle belly:for example, theflexor carpi ulnaris and the ulnaris lateralis of several mammals and the soleus of all except the human. Furthermore. in certain mammals, some of the muscles are lacking. In this table. whenever more than two values are available, only the range of the values is given. For example, the stresses among the wrist flexors of the macaque are 12,21 and 22 MPa, respectively; this is given as the range 12-22 MPa Maximum stresses, ut, in forelimb tendons in MPa



Mammal Opossum Possum Dog Badger Sheep Horse cow Macaque, A



Superficial digital flexor



Deep digital flexors



9 20 24 33 4 1-74 15 69 14-20



22 11 21 9 12-35 37,39 15-46



19,20



Digital extensors



Wrist flexors



8-14 3-8 16 8-1 1 15-22 15, 36 8-1 1 6-18



5-14 9-51 27-49 17 11,22 21 8



21,22



Other wrist muscles 7-18 8-15 6, 9 10, 17 12, 14 17,49 6, I I 12-22



Maximum stress, utrin hind limb tendons in MPa



Mammal Horse Sheep Macaque, A Macaque, B Vervet Human*



Plantaris 41 11 12 8



36



Deep digital flexors 105 29 14, 18 6,s 8,9 16,23



Digital extensors



Gastrocnemius*



Other ankle muscles



36 12-16 12, 14



47 49 30 20 22 61



25 16,20 13-26 11-17 4-22 14-25



8, 8



2 11, 13



For the human, the value under ‘Gastrocnemius’refers to the Achilles tendon, which is the common tendon of the gastrocnemius and soleus muscles.



taken to avoid the effects of stress concentrations in the clamps. The result is to be considered as a lower limit for the strength, but even this is many times greater than the maximum stress applied in life. A healthy cow digital extensor tendon cannot break in tension in life, because its muscle cannot exert anywhere near sufficient stress. This conclusion is likely to apply to all the tendons with low stress values in Table 11, say crt < 50 MPa. The more highly stressed exceptions include the digital flexors of ungulates and dogs and the human Achilles tendon. Allowing for the possibility of values of om > 0.3 MPa, a few tendons appear to be at risk. However, these high muscle stresses may not always be achievable because of the need to accommodate the extension of the tendon.
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FIG.2. Distribution of maximum tendon stresses among limb tendons of mammals. aaptis the theoretical optimum stress. The results from tendons whose muscles have relatively very short fibres (i< 2) are shown diagnonally hatched (a); those with relatively slightly longer fibres (2 C i 
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