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TENDON ACTION OF TWO-JOINT MUSCLES: TRANSFER OF MECHANICAL ENERGY BETWEEN JOINTS DURING JUMPING, LANDING, AND RUNNING* BORIS I. PRILUTSKY~ and VLADIMIR M. ZATSIORSKY~ Biomechanics Laboratory, Central Institute of Physical Culture, Sirenevij boulevard 4, 105483 Moscow, Russia Abstract-The amount of mechanical energy transferred by two-joint muscles between leg joints during squat vertical jumps, during landings after jumping down from a height of 0.5 m, and during jogging were evaluated experimentally. The experiments were conducted on five healthy subjects (body height, 1.68-1.86 m; and mass, 64-82 kg). The coordinates of the markers on the body and the ground reactions were recorded by optical methods and a force platform, respectively. By solving the inverse problem of dynamics for the two-dimensional, four-link model of a leg with eight muscles, the power developed by the joint (net muscular) moments and the power developed by each muscle were determined. The energy transferred by two-joint muscles from and to each joint was determined as a result of the time integration of the difference between the power developed at the joint by the joint moment, and the total power of the muscles serving a given joint. It was shown that during a squat vertical jump and in the push-off phase during running, the two-joint muscles (rectus femoris and gastrocnemius) transfer mechanical energy from the proximal joints of the leg to the distal ones. At landing and in the shock-absorbing phase during running, the two-joint muscles transfer energy from the distal to proximal joints. The maximum amount of energy transferred from the proximal joints to distal ones was equal to 178.6k45.7 J (97.1+27.2% of the work done by the joint moment at the hip joint) at the squat vertical jump. The maximum amount of energy transferred from the distal to proximal joints was equal to 18.6k4.2 3 (38.5&36.4% of work done by the joint moment at the ankle joint) at landing. The conclusion was made that the one-joint muscles of the proximal links compensate for the deficiency in work production of the distal one-joint muscles by the distribution of mechanical energy between joints through the two-joint muscles. During the push-off phase, the muscles of the proximal links help to extend the distal joints by transferring to them a part of the generated mechanical energy. During the shock-absorbing phase, the muscles of the proximal links help the distal muscles to dissipate the mechanical energy of the body.



the lower extremities occurs because of the unique action of two-joint muscles. However, Pandy et a!.



INTRODUCHON



of two-joint muscles during locomotion remain unclear. Recently, one such function, the transportation of mechanical energy between joints, has been widely discussed (Bobbert and van Ingen Schenau, 1988; Bobbert et al., 1986, 1987; van Ingen Schenau, 1989; van Ingen Schenau et al., 1985, 1990; Pandy and Zajac, 1991; Pandy et al., 1990; Wells, 1988). According to one research group (van Ingen Schenau et al., 1985, 1990; Bobbert and van Ingen Schenau, 1988), during vertical jumps the transfer of mechanical energy from proximal to distal joints of The functions



(1990), and Pandy and Zajac (1991) have shown that during a vertical jump, energy generated by muscles was directed in the opposite direction, from distal links to proximal ones. In our opinion, the different results obtained by the two research groups are a consequence of different definitions of ‘transfer of mechanical energy’. Our understanding of mechanical energy transfer by two-joint muscles can be explained using the following example (see also van Ingen Schenau et al., 1990). Assume that in one of the phases of a movement, the hip joint is extended as a result of the positive work done by the hip extensor muscles. If the two-joint rectus femoris muscle contracts isometrically, i.e. its length does not change, then additional mechanical work can be done at the knee joint because of the rectus femoris muscle, which does not do mechanical work itself. In this case, one can say that part of the energy generated by the hip extensors appears as mechanical work at the knee joint; i.e. the energy was ‘transferred’ from the hip to knee joints by the rectus femoris muscle. This action of two-joint muscles was described many years ago (Cleland, 1867; Fick, 1879; Lombard, 1903), and was called ‘tendon (tendinous, ligamentous) action’ of two-joint muscles (for review see van Ingen Schenau et al., 1990).
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Tendon action of two-joint muscles was usually studied by using indirect experimental data (Elftman, 1940; Fenn, 1938; van Ingen-Schenau et al., 1985; Morrison, 1970), mathematical simulation (Alexander, 1989; van Ingen Schenau et al., 1990; Pandy et al., 1990), or observation of a physical model of a human lower extremity during jumping (Bobbert et al., 1987). For instance, van Ingen Schenau et al. (1985) reported that the maximum power developed at the ankle joint during a squat vertical jump was 6 times higher than that developed in one-joint plantar flexion of the foot. Their conclusion was that part of the extra power came from the more proximal joints through two-joint muscles. In another study (Bobbert et al., 1987), the jump height of a physical model of the leg was shown to increase when the thigh and foot were connected by a non-stretchable thread simulating the gastrocnemius. However, at present, the question as to whether or not the tendon action of two-joint muscles occurs in human movements remains open. The aim of this study was to estimate experimentally the function of two-joint muscles in the lower extremities of humans, with respect to the transfer of mechanical energy between joints during locomotion.



METHODOLOGY The transfer of mechanical energy by two-joint muscles between joints of the lower extremities was estimated during vertical jumping from a deep squatting position, landing after jumping down from a height of 0.5 m, and during jogging.



Experiment The experiments involved a total of five male subjects (ranging from 1.68 to 1.86 m in body height, and from 64 to 82 kg in body mass). They performed all of the tasks on a special track fitted with a built-in force platform (PD 3-A, VISTI, former U.S.S.R.). The platform was used for recording the longitudinal and vertical projections of the resultant vector of the ground reaction forces, and the coordinates of its application. Reflective markers were attached to five joints (metatarsophalangeal, ankle, knee, hip, and shoulder joints), and were illuminated during the experiments by pulse stroboscopes at frequencies of 50 Hz (for vertical jump and landing) and 100 Hz (for jogging). The markers were filmed on photoplates (size 13 x 18 cm) of photogrammetric cameras (UMK-10, Carl Zeiss Jena, former G.D.R.); the filming was synchronized with the ground reaction recordings. The marker coordinates on the photoplates were digitized with a precision of 1 m by the semiautomatic stereocomparator ‘Stekometer’ (Carl Zeiss Jena, former G.D.R.). Some of the experiments were conducted using the optoelectronic motion registration system ‘Selspot’ (Selcom, Sweden). The LEDs of this system were attached to the same joints. The LEDs coordinates were recorded at a frequency of 104 Hz.



Vertical jumps were performed by three subjects instructed to jump as high as possible from the maximally deep squatting position (heels did not touch the ground) without arm swing. Jumps down were performed by three subjects from a height of 0.5 m. The subjects were instructed to hold their hands behind their backs and land ‘softly’ by bending their legs, and to ‘fix’ the final landing posture of the body. During jogging, the subjects (two persons) were instructed to land on the toe first. Mathematical model For the computations, we used a two-dimensional mathematical musculoskeletal model of a leg consisting of four links (foot, shank, thigh, and pelvis) and eight muscles (tibialis anterior, soleus, gastrocnemius, hamstrings, vastus femoris, rectus femoris, iliacus, and gluteus maximus). The motions were analysed in the sagittal plane. It was assumed that the angular motion of the pelvis corresponded to the motion of the trunk. From known motion (coordinates of the joints and ground reactions), the model makes it possible to determine the net moments at the joints, and to estimate the force developed by each muscle (for more details see Zatsiorskii and Prilutskii, 1989). Each of the aforementioned eight muscles was an ‘equivalent’ muscle simulating the action of all the muscles with similar functions. For instance, the moment developed by the tibialis anterior at the ankle joint for foot dorsal flexion corresponds to the total moment of all the foot dorsal flexors. The algorithm for determining the muscular forces was based on the ‘principle of superposition’ of two motor programs: reciprocal activation of the muscles and co-activation of the muscle antagonists (Feldman, 1979). To eliminate redundancy in the musculoskeletal model, the following assumptions were made (Zatsiorskii and Prilutskii, 1989): (1) The net moments at the joints are known. (2) For each (ith) degree of freedom, the values of the coefficient Rl(t) [Oo
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