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Abstract The moment dependency of the series elastic stiﬀness (SES) in the human plantar ﬂexors was investigated in vivo with the quick release method. At an ankle moment of 100 N m produced with either voluntary or electrical stimulation we found non-signiﬁcantly diﬀerent SES of 506772 and 5297125 N m rad1, respectively. It has recently been proposed that the amount of series elastic tissue involved in plantar ﬂexion changes with the moment level produced by the plantar ﬂexors (Hof, J. Biomech 31 (1998) 793). However, our results indicate that the amount of series elastic tissue involved in plantar ﬂexions remained constant with changing moment levels. We therefore propose that the series elastic component (SEC) in human plantar ﬂexors act as one structure or rather one combination of anatomical structures which is engaged at all muscle activation levels, and that the mechanical properties (i.e. the stress–strain function) are determined by the combined tissue mechanical properties. Additionally, our results demonstrated that the SES in the human plantar ﬂexors at moments levels up to about isometric maximum did not reach an asymptote where the stiﬀness is independent of moment, i.e. SEC of the plantar ﬂexors is, during many daily activities, loaded for the greatest part in the non-linear part of the stress–strain function. r 2001 Elsevier Science Ltd. All rights reserved. Keywords: Quick release; Series elastic stiﬀness; Plantar ﬂexors



1. Introduction To obtain a further understanding of the function of the muscle series elastic properties for human movement economy and motor control it is necessary to develop quantitative in vivo measurement methods. These methods should be accurate enough to reliably measure e.g. diﬀerences in the mechanical properties of the series elastic component (SEC) between individuals or to trace changes in the mechanical properties of SEC with training, immobilization and/or disease. This is a diﬃcult task and only a few groups of researchers are currently working with this problem. Ultrasonography is a methodology which recently has been applied rather intensively to study both in vivo changes in muscle architecture and tendon/aponeurosis mechanical properties both during static and dynamic conditions (Maganaris and Paul, 1999, 2000; Narici, *Corresponding author. Tel.: +45-96-35-93-17; fax: +45-98-15-1675. E-mail address: [email protected] (M.de Zee).



1999; Fukunaga et al., 1996; Fukashiro et al., 1995). This has given important new information about human muscle function in vivo. However, ultrasonography has limitations that do not allow for studies of whole muscles and muscle groups, but only of parts of muscles and superﬁcial muscle structures. Therefore, only distal tendon and aponeurosis parts of superﬁcial muscles have been investigated so far with this method. During natural movement, however, joint moment is generated by muscle synergies, i.e. more than one muscle and both proximal and distal SEC structures are involved. Therefore, to get a more functional measure of the series elastic stiﬀness (SES) in a muscle synergy controlling a joint it is necessary to include all the involved series elastic tissue in the synergy in the measurement. It is possible to achieve this in vivo with the quick release method (Hof, 1998; Pousson et al., 1990). This method is based on muscle shortening at a very high but constant speed. The shortening should be completed before the ﬁrst reﬂexes arrive at the antagonist muscles and the speed should be well above the maximum shortening speed of the muscle. By



0021-9290/01/$ -see front matter r 2001 Elsevier Science Ltd. All rights reserved. PII: S 0 0 2 1 - 9 2 9 0 ( 0 1 ) 0 0 1 3 3 - 6



1400



M. de Zee, M. Voigt / Journal of Biomechanics 34 (2001) 1399–1406



recording the decline in moment as a function of joint rotation corresponding to shortening of the active synergy the SES can be measured and expressed in N m rad1, which we consider to be a useful functional measure for evaluation of the inﬂuence of series elasticity in human movement. This measure does not require knowledge about the lengths of the tendon moment arms of the individual muscles, which is a methodological advantage because it simpliﬁes the measurement procedures. However, to translate the rotational measures of SES into linear measures of SES of the individual muscles detailed information about tendon/aponeurosis dimensions, tendon moment arms and force sharing is needed. Hof (1998) measured SES in the human plantar ﬂexors with the quick release method and to explain his ﬁndings he proposed that with increasing moment more and more collagen ﬁbres in the aponeurosis parallel to each other are engaged and consequently this should lead to a shift of the series elastic release curves towards higher SES. There is, however, evidence in the literature that the aponeurosis or rather all parts of SEC are already fully involved in the force transmission at low force (Proske and Morgan, 1984). This is further corroborated by the observations that ﬁrstly, the muscle ﬁbres/motor units active at low forces are not concentrated in one part of the muscle but are distributed over the muscle cross-sectional area (Burke et al., 1974), and secondly, there is accumulating evidence for lateral shear transmission of force within muscles (Huijing, 1999; Monti et al., 1999). The aim of the present study was to re-investigate the moment dependency of the SES in the human plantar ﬂexors proposed by Hof (1998) using a similar methodology, i.e. the quick release method. To achieve the required high angular velocities, we used a custom developed high-pressure hydraulic system, and in addition to voluntary activation of the plantar ﬂexors we applied electrical activation of m. triceps surae to create a ‘pure’ plantar ﬂexion via the Achilles tendon without the inﬂuence of co-activation of antagonists, co-activation of deeper plantar ﬂexors and activation of knee musculature.



Fig. 1. A schematic view of the foot–actuator interface and the forces and accelerations measured. The three forces Fa ; Fb and Fc were measured with linear load cells (Kistler, Slimline). These forces act on the adapter where the adapter was attached to the hydraulic actuator. The moment around the centre of rotation (COR) was calculated by multiplying Fc by the moment arm L; and Fa and Fb by H and adding them together. The accelerations Aa and Ab were measured with accelerometers (Kistler, K-SHEAR Piezotron). The angular acceleration was calculated using these two linear accelerations and the geometry. The position of the adapter was adjusted so that the anatomical axis of the ankle coincided as well as possible with the COR of the actuator.



2. Methods



with the centre of rotation of the actuator. The releases were imposed between 101 dorsi-ﬂexion and 201 plantarﬂexion with an angular velocity of about 15 rad s1. For the calculation of the ankle joint angular accelerations and joint moments the foot adapter was instrumented with linear load cells (Kistler, Slimline) to measure the force components parallel and vertical to the footplate of the foot adapter and accelerometers (Kistler, KSHEAR Piezotron) to measure the corresponding acceleration components (see Fig. 1). The position of the rotary actuator was monitored with an angular displacement transducer (Transtek DC ADT series 600). Surface electromyograms were recorded from the tibialis anterior and soleus muscles. The signals were sampled at 4000 Hz.



2.1. Equipment



2.2. Experimental procedure



A PID controlled custom designed high-pressure hydraulic actuator (MTS-systems Corporation 215.35, 230 bar) was used for the quick release experiments (Voigt et al., 1999). The foot of the subject was ﬁrmly strapped to a foot adapter with large cable ties. The position of the foot adapter was adjusted so that the anatomical axis of the ankle coincided as well as possible



The experimental protocol and procedures were approved by the local ethical committee. Three females and seven males gave their informed consent to participate in the experiments (for subject data see Table 1). They were sitting in a chair with a knee angle of approximately 201 ﬂexion and a hip angle of approximately 801 ﬂexion. After two recordings
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Table 1 Individual subject data. M0;max is the maximal measured moment just before the release. K is the stiﬀness of the series elastic component. The constants a; b and c are the parameters obtained by the non-linear regression of the average release curve like in Fig. 5C. The two values marked with * are signiﬁcantly diﬀerent ðP ¼ 0:042Þ Voluntary Subject



1 2 3 4 5 6 7 8 9 10 Mean S.D.



Sex



f f f m m m m m m m



Age



Mass



Height



M0;max



K at 100 N m



(yr)



(kg)



(cm)



(N m)



(N m/rad)



29 31 43 25 27 30 33 34 35 44



60 87 53 73 63 70 60 102 88 86



174 169 162 198 166 181 167 173 180 187



55 107 116 99 93 94 68 147 179 123



469 514 468 443 470 465 475 603 668 481



33 6



74 16



176 11



*108 36



506 72



Stimulation Parameters non- linear regression a b c (103) (103) (102) 1.97 1.52 1.92 2.05 1.80 1.85 1.68 1.10 0.90 1.81



necessary for correction (see below), two sets of 20 releases were performed. In the ﬁrst set of 20 releases the subject produced a steady level of voluntary plantar ﬂexion moment before each release. The subject could see the produced moment level on an oscilloscope. The initial moment level was varied between approximately 10 N m and maximum eﬀort, which was presented as a mark on the oscilloscope. In the second set of 20 releases the moment was produced by electrical stimulation of the triceps surae at diﬀerent levels (Stimulator: Isolator 11, Axon Instruments). Electric activation of the triceps surae muscles was produced by percutaneous stimulation of 1 s at a frequency of 100 Hz using pulses with a duration of 100 ms. Electrodes (PALS neurostimulation electrodes) were used, one was placed proximally across the two heads of the gastrocnemius and the other was placed distally over the soleus. The current was varied between the motor threshold and the point where the subject could tolerate no higher current. 2.3. Correction for inertia and passive stiﬀness The moment signals had to be corrected for the inertial transients and passive stiﬀness. To ﬁlter out the noise, i.e. passive moment and inertial moment we applied the following procedures: For each subject the following recordings were made: 1. A slow movement (0.1 rad s1) with the muscles passive (Sample frequency: 40 Hz) 2. A fast movement (15 rad s1) with the muscles passive (Sample frequency: 4000 Hz) 3. The two sets of releases (15 rad s1) with active muscles (Sample frequency: 4000 Hz)



16.65 0.04 10.39 1.12 1.25 0.00 8.78 0.05 0.03 8.37



2.48 7.51 2.51 5.18 8.46 4.70 19.39 3.01 0.82 3.06



M0;max



K at 100 N m



(N m)



(N m/rad)



104 137 134 88 137 114 138 142 178 116



598 527 419 390 512 448 441 543 824 585



*129 25



529 125



Parameters non-linear regression a b c (103) (103) (102) 1.12 1.44 2.28 2.61 1.48 2.00 2.00 1.36 0.59 1.16



0.02 0.00 0.00 1.42 4.73 0.00 5.89 0.00 0.35 1.00



23.34 21.89 9.95 23.81 25.75 17.70 15.91 20.26 18.28 19.83



Inertia and passive stiﬀness correction: 1. Recording 1 gave the passive moment-angle curve. This curve was ﬁtted by a cubic polynomial function which gives the moment Mp as function of the angle f: Mp ðfÞ: 2. All the parameters from the recordings 2 and 3 were ﬁltered with a fourth-order low-pass Butterworth ﬁlter with a cut-oﬀ frequency of 300 Hz. 3. The passive moment Mp was subtracted from the measured moment of recording 2, Mm;passive to obtain M1 : M1 ¼ Mm;passive  Mp 4. A transfer function H was created in the frequency . . domain: HðsÞ ¼ FðsÞ=m 1 ðsÞ; where FðsÞ is the Fourier . of recording transform of the angular acceleration f 2 and m1 ðsÞ is the Fourier transform of M1 : . m of recording 3 was 5. The angular acceleration f . Fourier transformed to Fm ðsÞ: With this parameter and the transfer function H; the inertia component m2 ðsÞ was estimated in the frequency domain: . m ðsÞ=HðsÞ: m2 ðsÞ ¼ F 6. m2 ðsÞ was back-transformed to the time domain as M2 ðtÞ; which reﬂects the inertia component during recording 3. 7. Finally, the corrected moment Mcor was calculated as follows: Mcor ¼ Mm;active  M2  Mp ; where Mm;active is the measured moment of recording 3 with active muscles. Fig. 2 gives an impression of the correction procedure applied. 2.4. Correction for CC shortening If the force decreases below the initial isometric moment, the contractile component (CC) starts to
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Fig. 2. Moment as a function of ankle angle: (a) the raw moment-angle curve, (b) the moment-angle curve after correction for inertia and passive stiﬀness, (c) moment-angle curve (b), but now also with correction for the shortening of the contractile component. Zero radian corresponds to the angle where the ankle is in neutral position.



Fig. 3. Shift of a submaximal release curve to the right so that the curve coincides with the M0;max curve: (a) M0;max curve, (b) submaximal release curve before shift, (c) submaximal release curve after shift. Zero radian corresponds to the angle where the ankle is in neutral position.



(Prilutsky et al., 1996): f ¼ ðaM þ bÞ0:5 þ c;



shorten with a certain speed. The speed of shortening, expressed in rad s1, can be calculated from the Hill’s force velocity relation (Bressler and Clinch, 1974; Hof, 1998): ’ cc ¼ b M0  Mcc ; f ð1Þ Mcc þ nM0 ’ cc is the CC shortening speed, Mcc the measured where f moment after correction and M0 the initial isometric moment just before the release. The values for the parameters have been adopted from Hof and Van den Berg (1981), where b ¼ 1:2 and n ¼ 0:12: The calculated shortening speed was integrated to obtain the angular change corresponding to the CC shortening, and this was subtracted from the measured ankle angle (see also Fig. 2). 2.5. Shift of release curves and curve ﬁtting Since the individual releases start at diﬀerent initial moment levels, but at the same joint angle, the moment and angle are shifted between the measurements. Therefore the corrected, submaximal release curves were angle shifted, so the initial moment level corresponded to the moment level on the trial with the highest ðM0;max Þ initial moment (see Fig. 3). However, this shift of the curves to the right is only justiﬁed if the amount of elastic tissue involved in the muscle action is the same for the diﬀerent levels of initial moments. To verify this we ﬁtted the lower parts of the corrected curves up to 30 N m with the following equation



ð2Þ



where f is the angle and M the moment. The values of the constants a; b and c were obtained by a non-linear regression using the Marquardt–Levenberg algorithm. If the amount of elastic tissue involved is independent of the plantar ﬂexion moment, no clear relationship between the estimated parameters a and b and the initial moment level M0 should be present. 2.6. Statistics A paired t-test was used to compare between the voluntary muscle activation and electrical stimulation. A value of Po0:05 was considered signiﬁcant. Average values are presented as means7S.D.



3. Results The maximum measured moment M0;max just before the release was 108736 N m with the voluntary isometric muscle activation and 129725 N m with electrical stimulation ðP ¼ 0:042Þ: For individual values see Table 1. Fig. 4 gives an example of an EMG recording during a voluntary contraction. It shows that the stretch reﬂex of tibialis anterior is too late to inﬂuence the stiﬀness calculation. Fig. 5A presents 20 release curves obtained during electrical muscle activation from one subject. The signals are corrected for inertia, passive stiﬀness and CC shortening. The relationship between the estimated parameters a and b of the individual curves below 30 N m in Fig. 5A and the initial moment M0 was weak
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Fig. 4. (A) The position of the rotary actuator during a quick release recorded with the angular displacement transducer. (B) The EMG of the soleus during a quick release with a voluntary contraction of the plantar ﬂexors. (C) The EMG of the tibialis anterior. Note the stretch reﬂex in tibialis anterior around 65 ms, which occurred after the end of the quick release. Hence, the stretch reﬂex will not inﬂuence the stiﬀness measurement.



(a versus M0 ; R2 ¼ 0:26; b versus M0 ; R2 ¼ 0:06). This was also the case for the rest of the subjects (see Table 2). Therefore, we believe that the release curves measured at diﬀerent initial moment levels in essence originate from the same moment-angle curve but shifted to the left (Fig. 5A) as a consequence of the constant initial ankle angle. Therefore, we ﬁnd it justiﬁed to shift the curves to the right (Fig. 5B) in such a way that they overlap each other and to calculate an average of all the curves in order to obtain one series elastic release curve for the SEC of the plantar ﬂexors (Fig. 5C). The average curves as in Fig. 5C were ﬁtted using again Eq. (2), but now the whole curve was ﬁtted. For all subjects good ﬁts were obtained (voluntary muscle activation, R2 ¼ 0:9970:014; electrical stimulation, R2 ¼ 0:9970:011). The parameters of every subject are presented in Table 1. By diﬀerentiating the ﬁtted curves we calculated the stiﬀness K at 100 N m for every single subject both for the voluntary contraction and electrical stimulation. The stiﬀness was not signiﬁcantly diﬀerent between the trials with voluntary muscle activation and electrical stimulation (voluntary muscle activation, K ¼ 506772 N m rad1; electrical stimulation, K ¼ 5297125 N m rad1; P ¼ 0:393).



Fig. 5. (A) Twenty release curves of subject 1 with diﬀerent initial moments produced with electrical stimulation. (B) The release curves in (A) are shifted to the right in such a way that they coincide with the release curve with the highest initial moment. (C) An average of the curves in (B). Zero radian corresponds to the angle where the ankle is in neutral position.



Table 2 The average R2 of the relationship between the variables a and b (obtained from the ﬁt of the curves below 30 N m) and M0



Voluntary activation Electrical stimulation



a versus M0



b versus M0



0.3170.23 0.2970.17



0.2370.15 0.2070.11



Fig. 6 shows families of plantar ﬂexor SES versus. moment curves (0–100 N m) from all the subjects during voluntary (Fig. 6A) and electrical (Fig. 6B) activation, respectively, obtained by diﬀerentiation of the ﬁtted series elastic release curves. It is clearly seen that the SES between 0 and 100 N m never reaches an asymptote, i.e. a constant stiﬀness.



4. Discussion 4.1. Comparing voluntary muscle activation with electrical stimulation From the literature it is known that it is possible to reach higher moments with electrical stimulation than
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Fig. 6. The stiﬀness of series elastic component versus moment from all the subjects obtained by diﬀerentiation of the ﬁtted series elastic release curves (A) voluntary and (B) electrical activation.



with voluntary contraction (Ikai and Fukunaga, 1970), especially with untrained people. It is likely that during electrical stimulation only the triceps surae was activated. Since the stiﬀness values were not signiﬁcantly diﬀerent between the voluntary muscle activation and electrical stimulation it seems that during the voluntary activation of the plantar ﬂexors the contribution from the deeper plantar ﬂexors to SES was small and that coactivation of antagonist muscle activation during voluntary activation most likely also was small and variable. In other words the measured SES should correspond to the SES of m. triceps surae alone. Fig. 6A presents the SES as a function of moment by diﬀerentiation of the ﬁtted series elastic release curve for the voluntary situation. For some subjects the stiﬀness is non-zero or even negative for a zero moment. This is due to a less successful ﬁt in the lower part of these curves, probably due to some noise in the signal of the lower moments. One way to improve this might be to use a weighted non-linear regression, so that low values of the moment are given less weight. When using electrical stimulation (Fig. 6B), however, the curves look better for lower moments compared to voluntary activation, suggesting that using electrical stimulation indeed decreased noise in the moment signal by avoiding cocontraction. 4.2. Series elastic stiﬀness of human plantar ﬂexors The stiﬀness values at 100 N m we found in the present study are signiﬁcantly higher ðPo0:001Þ than the values reported by Hof (1998) (see his Table 2, K1 at 100 N m: 306739 N m rad1, n ¼ 12). The quick release method was used in both studies, but several diﬀerences in methodology could explain the diﬀerent magnitudes



of SES: (1) Diﬀerent regression models were used in the calculation of the stiﬀness value at 100 N m (we obtained better ﬁts with Eq. (2) than with the function proposed by Hof (1998)), (2) the subjects in our study were sitting with ﬂexed knees and hips, while in Hof’s study the subjects were standing with straight knees, (3) the procedures for inertia correction were diﬀerent and (4) the foot was strapped with cable ties in our study, while in Hof’s study the foot was enclosed in a block of hard polyurethane foam. Therefore, most likely, the diﬀerences in SES are caused by diﬀerences in the set-ups and/or in signal processing procedures, since the two populations of subjects included in the studies do not seem to be signiﬁcantly diﬀerent. Additionally, Hof (1998) assumed a linear SES in the non-linear region of the SEC moment-angle curve and this assumption tends to underestimate SES. Although we cannot pinpoint the exact cause of the diﬀerent results, we feel conﬁdent with the magnitude of SES found in this study as explained in the following. Hof (1998) found a stretch of the series elastic component corresponding to about 0.52 rad at a moment of 114 N m, which is equivalent to a strain of 8% assuming a moment arm of 50 mm and a total length of tendon and aponeurosis of 350 mm. We found a stretch of about 0.3 rad Fig. (5) at a moment of 104 N m, which is equivalent to a strain of 4.3% using the same assumptions. A value of 8% seems to be too high having in mind that the average value of the maximal tolerable strain for isolated free human tendon parts lies about 6% (Voigt et al., 1995). Our strain value of 4.3% at about maximum isometric force seems to be reasonable giving tolerance for the higher forces that may act during dynamic movements. Assuming that the SES is uniformly distributed along the length of the free tendon parts and the aponeuroses in a muscle–tendon unit, then the considerations above about the SES magnitude should be correct since the values of maximal tolerable strain of human tendon tissue given in the literature is obtained from free tendon parts. However, in a recent study (Maganaris and Paul, 2000) it has been proposed that the SES stiﬀness of the human tibialis anterior muscle is unevenly distributed along the length of the muscle tendon unit, with a decreasing SES along the length of the aponeurosis. If this is true for the human triceps surae as well we should expect to ﬁnd a lower SES of the total muscle–tendon unit compared to the free tendon parts alone. However, our results from triceps surae do not point in this direction in spite of the fact that the aponeuroses extends along 80% or more of the length of the triceps surae muscle–tendon unit. 4.3. Increasing stiﬀness with moment Our data indicate that the SEC of the human triceps surae acts as one structure with non-linear mechanical
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properties comparable to the non-linear mechanical properties of tendons. Let us assume an Achilles tendon/ aponeurosis cross-sectional area of 65 mm2 (Voigt, 1994), and a moment arm of 50 mm. In this idealised situation a moment of 100 N m would give a stress of 31 MPa in the tendon. From literature on various mammalian isolated tendons we know that tendons approach asymptotic Young’s moduli at stresses above 30 MPa (Bennet et al., 1986; Shadwick, 1990). This is in line with our data (see Fig. 6), which demonstrates that SES of the human triceps surae never reaches an asymptote at forces lower than 100 N m corresponding to about 80% of maximal isometric plantar ﬂexion. This also means that during most daily low-level activities the triceps surae muscles acts for the greatest part within the non-linear part of the stress– strain relationship. During running or hopping, however, much higher moments than 100 N m are acting. It is likely that in these situations the SEC stiﬀness reaches an asymptote. Hof (1998) divided every release curve into a linear and a non-linear part where the demarcation point ðMb Þ on average was 0:51M0 (see Table 2 (Hof, 1998)). However, since the SEC moment-angle curve, as we have demonstrated, is characterised by a non-linear shape up to about 100 N m, the procedure applied by Hof (1998) must give an increasing ‘linear’ stiﬀness with increasing M0 ; which most likely led to his proposal concerning a moment dependent linear stiﬀness. Finally, it should be noted that this non-linearity of SES most likely has an important implication for muscle–tendon function and it should therefore be taken into consideration in the muscle modelling, where it is recommended to approximate SEC/tendon behaviour as a linear function (Zajac, 1989).



5. Conclusion To understand the functional role of SES in vivo in humans, a prerequisite is reliable quantitative information about this parameter. We believe that from a functional point of view the quick release method to obtain SES is superior in comparison to other methods since it takes into account the SEC of whole muscle– tendon units and/or functional muscle groups. However, the quick release methodology still needs reﬁnement and intensive veriﬁcation.
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