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4 Hur Co, Finland9 The date of reeipt and aeptane will be inserted by the editorAbstrat The aim of this study is to ompare the omputational methods10 for extrating fore/torque-veloiy data, and the results using an isokineti11 devie and a pneumati devie. We have ompared the methods using the12 average torque, the peak torque, and the torque at a prede�ned angle. Sine13 the same partiipants perform on di�erent devies it beomes possible to14 hek the onsisteny of the onstruted torque-veloity urves. The data15 for the isokineti devie and the pneumati devie did overlap to a degree16 � the maximum veloity for the isokineti devie was around 300 deg s−117 while the minimum veloity for the pneumati devie exeeded in general18 200 deg s−1. It was however di�ult to �t the isokineti and pneumati19 data to the same torque-veloity urve de�ned by the Hill-equation. This is20 apparently an e�et of the di�erent dynamial onstraints imposed by the21 devies with the result that their data annot be intepreted exatly in the22 same manner. For the pneumati devie the peak torque method seems to be23 a robust method for extrating the fore-veloity data. It is suggested that24 measuring the fration Tpp/T0 of the torque Tpp at the point of peak power25 to the MVC isometri maximum torque T0, as well as the orresponding26 angular veloity ωpp at peak power, ould provide measures for monitoring27 the fore-veloity properties of the leg extensors. This requires however that28 the fore-veloity data overs veloities above ωpp whih is around 35-40%29 of the maximum ontration veloity ω0 around 1000 deg s−1.30
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2 F Borg et al.Key words Fore-veloity relation � Leg extension � Isokineti devie �1 Pneumati resistane devie � Hill-equation2 1 Introdution3 Determining the fore-veloity, or the torque-veloity (T − V ) relationship,4 is one of the lassial problems in biomehanis. The basi mathematial5 model has been given by Hill (1938). The relationship is similar if single6 musle �bre (Edman et al, 1978; Julian and Morgan, 1979), isolated musle7 (Hill, 1938) or intat musle groups have been examined (Komi, 1973; Ti-8 hanyi et al, 1982; Wilkie, 1950). However, applying the model to onrete9 ases, suh as leg-extension might not be that straightforward. Indeed, given10 experimental data obtained by a leg-extension devie, the question arises11 about how to extrat the T −V parameters. Apparently the torque-veloity12 relationship an be onstruted in various ways depending on how one ex-13 trats the representative torque-veloity pairs from the data; for example,14 taking torque at a spei� angle (Finni et al, 2003), the peak torque (Tpt,15
ωpt), or at the point of peak power (Tpp, ωpp). One might expet that the16 optimal method for determining the torque-veloity relation depends on the17 sort of devie used.18 One important point is that leg-extension measurements with isokineti19 devies are usually restrited to veloities around 5 rad s−1 (≈ 285 deg s−1)20 or smaller, while e.g. the inertial resistane mahine (Tihanyi et al, 1982)21 is usually restrited to veloities above 5 rad s−1. Therefore torque-veloity22 data based on these devies will barely overlap. Furthermore, as pointed23 out by Ráz et al (2002), most investigators using isokineti devies have24 found their results di�ult to reonile with the Hill-urve. On the other25 hand for example Tihanyi et al (1982) �nd a quite good math with the26 Hill-urve using dynamial resistane devies. One may therefore wonder27 whether the �problem� with the isokineti devies indiates that the Hill-28 relation is invalid for low veloities (Edman, 1988, 2005), or that there is29 something wrong with the analysis or the measurement method. Thus, it is30 laimed (Ráz et al, 2002) that by using average torque in the onstrution of31 the torque-veloity urve one may reonile the isokineti data with the Hill-32 urve. One argument o�ered is that the mean torque represents a measure33 of the �working apaity� of the musle that an be related to the b(F0 −34
F ) term in the Hill-equation supposedly desribing the rate of doing work35 (power). It is not entirely lear to us how this argument an show that36 the averaging method is able to better extrat the Hill-parameters from the37 data. The mean value method however seems to make the data usually more38 �Hill-friendly� but in our ase it did not amend the data-Hill disrepanies39 that we found for a part of the tests. We tested the mean value method40 also for the pneumati devie as a omputational method. Sine for the41 pneumati devie the load is preset and the veloity varies, the mean value42 method has a di�erent meaning in this ase ompared to the ase with the43 isokineti devie.44



Leg extension torque-veloity relationship ... 3A further general ompliation arises from the fat that not only do the1 results depend on the omputational methods but also on the measurement2 protools, suh as using the release method, normal voluntary ontrol, or3 stimulated leg-extension (James et al, 1994). In the paper we inlude some4 estimates how gravity and the time of velotiy development may a�et the5 results too. Also some theoretial issues regarding the Hill-equation are6 disussed; e.g., how is the isometri MVC fore related to the equation?7 2 Methods and materials8 2.1 Data olletion9 Sixteen healthy subjets (8 male, 8 female) volunteered for this study. The10 subjets signed informed onsent after the measurement protools were ex-11 plained. The female subjets were 25.1 ± 2.4 years (mean ± SD), 64.0 ±12 10.3 kg and 170.5 ± 6.9 m and male subjets 25.6 ± 1.9 years, 83.5 ±13 8.6 kg and 180.6 ± 4.1 m, respetively. Subjets were informed to avoid14 heavy physial ativity two days before measurements. The subjets per-15 formed the tests with the two devies (isokineti and pneumati devie) on16 separate days. On both devies the subjets performed 2-3 maximal iso-17 metri knee extensions at a knee angle of 120 degrees and the best result18 was onsidered to be the e�etive maximum voluntary ontration (MVC).19 After measuring the MVC, the subjets performed several dynami knee20 extensions. With the pneumati devie maximum dynami extensions were21 made with seven di�erent loads, starting with a resistane of 2 bars and22 �nishing at 8 bars resistane with 1 bar inrements (the load varying from23 a 60 to 120 Nm). With the isokineti devie the subjets performed 1-224 maximal dynami extensions with 3 di�erent veloities (73 deg s−1, 18325 deg s−1, 293 deg s−1). The order of veloities was randomly seleted. The26 isokineti devie employs a manual release mehanism whih sets the lever27 arm into motion only when the fore reahes a predetermined fration of28 the MVC, and then aelerating with 5730 deg s−2 (= 100 rad s−2) till the29 nominal veloity is reahed. In addition the partiipants performed MVC30 knee extensions on a weight stak devie (David 200) for seven di�erent31 loads in the range 20 � 80 kg. The data was very di�ult to analyze for T-V32 purposes, undersoring the e�et of devie dynamis on the performane,33 and will be only brie�y presented.34 The resistane in the pneumati devie (Hur Co, Kokkola, Finland) is35 produed by a pneumati ylinder attahed to a lever arm. During the range36 of movement the lever arm rotates and the hanging geometry produes a37 urvlinear resistane urve with the peak at a knee angle of approximately38 130 degrees. Beause there is no weight stak the inertial e�ets are deter-39 mined by the lever arm system and the leg alone. The moment of inertia I40 = 0.4 kg m2 of the lever arm (plus the foot support) is about the same as41 that of the shank plus the foot for a typial adult. Maximum aeleration42



4 F Borg et al.at the beginning of the movement may be of the order of 100 rad s−2 imply-1 ing an inertial resistane around 40 Nm. The inertial e�et falls o� rapidly2 when the veloity reahes a ��at region� (within a 50 ms). The isokineti3 devie (Komi et al, 2000) is driven by a powerful servomotor that allows4 high aeleration. In both devies the fore is measured with a strain gauge5 transduer in the lever arm to whih the the subjet's leg is strapped.6 Torque and joint angle were sampled with the rate of 1000 S/s for the7 isokineti devie, whereafter a 5-point average was applied resulting �nally8 in 200 samples per seond. The pneumati devie uses a sampling rate of9 2000 S/s and a 10-point averaging resulting also in a �nal e�etive sampling10 rate of 200 S/s. Representative joint angular veloity ω and knee extension11 torque T were obtained from the data aording to the following four meth-12 ods:13 1. as the torque T120 and the veloity ω120 at the 120◦ knee joint angle14 2. as the peak torque Tpt and the orresponding veloity ωpt (for the isoki-15 neti devie we alulated the peak torque after dropping the initial 12516 ms setion of the data)17 3. as the torque Tpp and the orresponding veloity ωpp at the peak power18 (power given by P = T · ω)19 4. �nally as the mean torque Tm and the mean veloity ωm in the 90◦-170◦20 range.21 The T − V relationships were then onstruted based on the alulated22 results. Note that methods 2 and 3 in general produe idential results23 for the isokineti devie sine the maximum power will orrespond to the24 maximum torque when the veloity is onstant.25 2.2 Theory26 2.2.1 Hill-relations Empirial fore-veloity relations are obtained by plot-27 ting fore vs veloity. It seems that a natural onsequene of physiology and28 biomehanis is that the MVC fore F has to be a dereasing funtion of29 the ontration veloity V . Aording to the standard rossbridge model30 (Huxley, 1957) the fore derease is aused by a form of slipping. As the31 thik and thin �laments are sliding past eah other (in onentri motion)32 the springlike fore on the thin �lament dereases. For a given musle length33 the empirial Hill-relation states that,34
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Leg extension torque-veloity relationship ... 5(it is related to the standard Hill-parameters a and b by c = F0/a = V0/b).1 Note that, sine we use saled variables F/F0 and V/V0 we an interhange-2 ably use saled torque T/T0 and angular veloity ω/ω0 beause these ratios3 are equivalent as the moment arm drops out when omputing the ratios.4 This is based on the further assumption that the moment arm does not vary5 too muh with fore. (The variation of the moment arm with joint angle is6 not so serious sine the torque and the veloity are used in a somewhat7 narrow joint angle range around 120◦-130◦. Typially the moment arm at8 the patella is about 3.3 m.) We may also note that Edman (1988, 2005)9 has proposed a �double-hyperboli� fore-veloity relation, with the normal10 Hill-hyperbola overing the range of 0%-80% MVC, and another hyperbola-11 like segment overing the range 80%-100% MVC. Edman �tted his (single12 �ber) data using an equation of the form13
V = b
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ek1(F−k2F0) + 1
, (3)where the �rst fator orresponds to the Hill-equation, and the seond14 fator is a �orretion� term that will ontribute to a notieable deviation15 from the Hill-equation for F > 0.8 · F0 when k2 is around 0.85. Edman16 interprets F0 as the measured MVC isometri fore, whereas the value F ⋆

017 to be used in the Hill-equation was found to be approximately 1.4 × F0.18 (In Eq.(3) V is not mathematially zero for F = F0; thus, �zero� veloity is19 somewhat arbitrarily de�ned as a small number V (F = F0) whose smallness20 is guaranteed by the exponential fator in Eq.(3) if k1 is large enough �21 Edman has used k1 ≈ 24F−1
0 .) If this result were generalized to marosopi22 musles it would mean that one should use the value 1.4 × F0 in the Hill-23 equation instead of F0. In ase of marosopi musles there seems to be no24 established value for suh a orretion fator to be used in the Hill-equation25 whene we have simply normalized the torque in the present study with the26 isometri MVC torque without suh a fator. A bigger onern seems to be27 to ensure that one really obtains valid MVC results in the measurements.28 If we restrit ourselves to the range where the F −V relation (1) may be29 assumed to be valid, then it predits that the a maximum power (P = F ·V )30 will be attained when31
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. (4)A typial result is that F/F0 = V/V0 ≈ 0.35, orresponding to c = 2.5,32 at the point of of maximum power (Herzog, 1994). In a previous leg exten-33 sion study (Borg and Herrala, 2002) (n = 25, semipro hokey players) the34 average value of F/F0 was indeed found to be 0.35 ± 0.06. The orrespond-35 ing average veloity was 410 deg s−1 implying a maximum veloity of the36 order 410/0.35 deg s−1 ≈ 1170 deg s−1. This �nding indiates that in leg37 extension tests one must reah quite high veloities, above a 400 deg s−1,38 in order to over the point of maximum power. If the test method stays39



6 F Borg et al.below this then it means that it will in general over less than 35% of the1 (onentri) fore-veloity urve.2 Tihanyi et al (1982) reported that the fore-veloity test di�erentiated3 a group A whose members had predominantly fast twith (FT) �bers and4 a group B with predominantly slow twith (ST) �bers. Expressed in terms5 of the shape parameter c they got for the averaged Hill-urves c ≈ 3.2 and6
ω0 ≈ 1000 deg s−1 for the A-group, and c ≈ 2.4 and ω0 ≈ 800 deg s−17 for the B-group. Mathematial models of the musle based on the ross-8 bridge theory, suh as by Hoppensteadt and Peskin (2002), predit that the9 shape parameter c is independent of the the rate of rossbridge detahe-10 ment whih is supposed to haraterize fast and slow musles. Thaller and11 Wagner (2004) present some evidene that power athletes, who may be as-12 sumed to have a high perentage of FT �bers, have smaller c-parameters13 than endurane athletes. In a mixed musle model (MaIntosh and Holash,14 2000) the c-parameter was �arbitrarily� set to 2.50 for ST �bers and 2.2215 for FT �bers. The main di�erene between ST and FT was attributed to16 the maximum ontration veloities Vmax, assumed to be in the interval17 20% - 33% for ST �bers, and in the interval 60% - 100% for FT �bers,18 in terms of the absolute maximum ontration veloity V0. Interestingly19 this seems to ontradit the onlusion by Thaller and Wagner (2004) that20 FT �bers are not orrelated with higher maximum ontration veloities.21 Anyway one may onstrut suh lumped models based on model musles22 satisfying the Hill-equation with di�erent parameters. At least in the types23 of models onsidered by MaIntosh and Holash (2000) one may thus obtain24 results whih deviate signi�antly from the simple Hill-urve. Indeed, if the25 model onsists, as above, of a FT part and a ST part with vastly di�erent26 veloity regimes, then this may produe a bend in the fore-veloity rela-27 tion around the transistion from the ST veloity regime to the FT veloity28 regime. Trying to �t a Hill-urve to suh a set may fore an exessive high29
c-parameter to aommodate the bend. In pratie it seems more reason-30 able in suh ases to try to �nd the point (ωpp, Tpp) orresponding to the31 maximum power. In the models this depends in quite a robust way on the32 ST-FT proportion; the higher proportion of ST the smaller is ωpp.33 In the following we will however use the Hill-equation, with the para-34 meters c = 2.5 and ω0 = 1000 deg s−1, as a referene urve. Fore-veloity35 data whih are too widely o� this �guideline� in the interval 20% - 60% of36 isometri MVC may be suspeted to ontain some systemati error.37 2.2.2 Time of veloity development The simple model (1) assumes max-38 imum ontration (ativity a = 1), and neglets the time fator (the fat39 that fore development takes time). The last fator an be avoided if there40 is enough time for the fore development during the movement. Ensuring41 MVC is more triky. Assuming we have MVC, then, how rapidly is it pos-42 sible reah the maximum veloity? The general equation of motion for the43 leg extension an be written as,44



Leg extension torque-veloity relationship ... 7
Iφ̈(t) = T (a, t, φ(t), φ̇(t)) + mgRc cosφ(t) − M(φ(t)). (5)Here we make the simpli�ation that the joint angle φ is 90◦ when shank1 is aligned with the vertial line. I denotes the moment of inertia of the lower2 leg (shank plus foot), and mgRc cosφ is the gravitational moment of the3 leg. The musular torque T is written as funtion of ativity a, angle φ and4 angular veloity φ̇ (= ω); for a basi model see Nigg and van den Bogert5 (1994) whih however neglets the ativity fator a whih is apparently6 assumed to be 1 throughout. (Conerning musle ativation it is estimated7 that all motor units are ativated when the fore reahes about 60% of8 isometri MVC; the fore inrease in the interval 60% - 100% is ahieved by9 an inreased �ring rate of the ative motor units (Herzog, 2000).) Finally M10 denotes the resistane of the devie whih is measured by the transduer.11 We onsider the very simplest ase where we assume a onstant resistane12

M , whose fration in terms of the isometri maximum is denoted µ = M/T0.13 Furthermore we neglet the gravity and the time of fore development. The14 time t for reahing a ertain fration q of the maximum veloity ahievable15 for that resistane (aording to the Hill-relation (2)) will then depend on16 the harateristi time17
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. (8)For typial values T0 = 200 Nm, I = 0.5 kg m2, and ω0 = 17 rad s−120 we obtain τ ≈ 43 ms. Aording to this, reahing 80% of the theoretially21 attainable veloity would require from 154 ms for zero load to 52 ms for22 35% load (see Table 1) assuming a shape parameter c = 2.5. This may be23 a onservative estimate sine we have e.g. negleted the rate of fore devel-24 opment (whih in ase of the release method an be negleted though) and25 musle-tendon viso-elastiity. The table also shows the angle φ(t) overed26 in time t alulated by integrating Eq.(8) numerially. For the orrespond-27 ing veloity to be ahieved during a leg extension in the interval 90◦ - 130◦28 the angle overed should not exeed 40◦. From the table we may get an29 impression how, by reduing the resistane, it gets harder to reah the at-30 tainable veloity. We see that it for zero load (µ = 0) would be hard to31 reah more than 60-70% of the maximum veloity before we are out of the32 optimal movement range. Our data shows data µ typially ranged in the33 interval 0.2 - 0.6 for the pneumati devie; for a 20% load one may perhaps34



8 F Borg et al.ahieve 85% of the attainable veloity aording to the model so we do not1 yet expet a major e�et. Besides the time of fore development one has to2 reognize another possible time-e�et; namely, the e�et of the time history3 on the ontratile state (Herzog, 2000).4 The previous analysis applies to the pneumati devie and also to iner-5 tial devies. (In the later ase µ is set to zero in Eq.(7) and I is replaed by6
I + kIdisk where Idisk is the moment of inertia of the rotating disk used as7 the inertial resistane. The fator k is the �gear� ratio between the angular8 veloity of the disk and the veloity of the leg.) The isokineti devie has9 a di�erent dynamis sine the veloity ω(t) and the angle φ(t) are preset10 as funtions of time. Furthermore, for the isokineti devie the movement11 started with maximum preativation whih was not the ase for the pneu-12 mati devie. A entral issue is then whether the partiipant is able to keep13 up MVC during the movement.14 2.2.3 Gravity e�et In onnetion with Eq.(5) we already referred to the15 gravitational torque -mgRc cosφ. A typial value mgRc for a model person16 (mass = 80 kg, length = 180 m) is 13 Nm aording to the anthropometri17 models used by Winter (2005). At the angle φ = 130◦ its magnitude redues18 to |mgRc cosφ| ≈ 8 Nm. If the isometri maximum is around 200 Nm then19 this gravitational omponent amounts to 4%. The e�et is ampli�ed for20 small relative loads. As an example, if µ̃ is the true (gravity orreted)21 normalized torque and µ the one based on unorreted torque values, then22

µ̃ =
20µ + 1

21
≈ 0.95µ + 0.05, (9)in the ase of T0 = 200 Nm, and with a gravitational torque 10 Nm (at23 a �xed angle). In this (typial) ase the true ratio µ̃ is underestimated by24 10% at µ = 0.3, and by a 20% at µ = 0.2.25 In the present ase, neither isokineti nor pneumati devie data have26 been �gravity orreted� if not stated otherwise. This does not a�et the27 omparison between the devies. The e�et on �tting the Hill-urve is also28 quite slight (in omparison with many other fators), sine for our data29 the normalized µ-values are regularily larger than 0.2 and typially in the30 interval 0.25 � 0.6. However, one must be aware of the possibility of having31 a number of �small e�ets� that may add up onstrutively resulting in a32 signifant sum total e�et.33 3 Results and disussion34 Figures 1 (small resistane, 2 bars) and 2 (heavy resistane, 8 bars) show35 typial variations of fore and joint angle during a MVC leg extension using36 the pneumati devie. Figure 3 shows an example with the isokineti devie.37 The large fore peak in Fig. 1 is aused by the stopper at the end of the38 range of motion and does not in�uene the results. We an see that there is39



Leg extension torque-veloity relationship ... 9a rapid inrease in the fore at around t = 600 ms till the preset resistane1 level is reahed. In the heavy load ase (Fig. 2) the stopper peak is very2 muh redued. The fore reahes the resistane level at t = 250 ms, and3 starts to drop after t = 500 ms till the stopper auses a boune (around t =4 650 ms). The dynamis of the isokineti devie is somewhat di�erent (Fig.5 3; 293 deg s−1 ase). We have a high initial fore (preativation) beause of6 the release method. When the lever arms starts to move, the fore rapidly7 abates until the time about t = 150 ms. The fore bounes bak reahing8 a seond peak at around t = 230 ms whereafter it plummets. This ase is9 interesting sine the fore is almost symmetrial around the middle point10 with a fore inrease again at the end due to the breaking phase.11 From these Figures 1 - 3 it is evident that it is far from trivial to ex-12 trat the fore (or torque) and veloity data that an be ompared with the13 Hill equation. For the pneumati devie the torque does reah a sort of a14 plateau after the initial aeleration. The question is of ourse whether this15 orresponds to the maximal attainable fore at that veloity, or whether it16 is a�eted by neuro-musular safety limitations. In the isokineti ase (Fig.17 3) the veloity value is given, but how to pik the representative torque18 value? For a omparison of the methods disussed in setion (setion 2.1)19 we have drawn Fig. 4 whih shows some of the T −V urves for a single par-20 tiipant based on the aforementioned methods. The dotted line represents21 the theoretial Hill-urve (1) with the parameters c = 2.5 and (maximal22 angular veloity) ω0 = 1000 deg s−1. In this instane the methods 1-3 seem23 to plae the pneumati devie data quite lose to the theoretial urve. It24 demonstrates the general rule that for the pneumati devie we have ωpp >25
ωpt > ω120 for a given resistane level.26 In the same Fig. 4 we have also drawn the results using the weight stak27 mahine (ross-symbols). The (Tpp, ωpp)-data (peak power method, 3) is not28 too far o� the other results while the (Tm, ωm)-data (mean value method,29 4) is signi�antly below the other urves. Generally the weight stak devie30 data was di�ult to analyse from the fore-veloity point of view. This is31 likely to be an e�et of the peuliar inertial dynamis of the devie.32 The onave-type urves produed by the isokineti data was seen in33 most of our data and is related to the �plateau� that has been in found in34 many other investigations. Clearly it is impossible to ombine the hyperboli35 Hill-equation with a �at plateau. This raises the question whether it is36 an indiation of the limitation of the Hill-equation (to be replaed by a37 �double-hyperboli� relation or a lumped model) or whether it is due to38 some systemati measurement e�et. The mean value method proposed by39 Ráz et al (2002) does not a�et the plateau issue very muh. Fig. 5 shows40 all torque-veloity pairs for the male group. Open symbols orrespond the41 peak torque method, and �lled symbols to the mean value method. Diamond42 stands for the isokineti devie data, and the irle stands for the pneumati43 devie data. The dotted line represents a Hill-urve inluded as a referene44 (c = 2.5, ω0 = 1000 deg s−1). The data for the female group (Fig. 6) show45 a perhaps a slightly less pronouned �plateau�-phenomenon and apparently46



10 F Borg et al.a smaller dispersion when ompared with the male group data (Fig. 5).1 It is apparent from these �gures that for many points it is more or less2 impossible to �t a meaningful Hill-urve. The urves that are too �high� up3 may indiiate that the isometri MVC torque T0 has been underestimated4 and thus lead to an exaggeration of the ratio µ = T/T0, or that T0 should be5 replaed by kT0 in the Hill-equation with a orretion fator k > 1. Indeed,6 say a 20% error in the estimate of the isometri MVC may have a signifant7 e�et on the �tting of the Hill-urve as shown by Fig. 7. The dashed line8 is �tted (c = 1.5, ω0 = 1000 deg s−1) to the measured pneumati data,9 whereas the solid line is �tted (c = 3.0, ω0 = 1050 deg s−1) to the same10 data with the T/T0 redued by a fator of 0.8. This fator would be the11 needed orretion if the MVC value T0 were underestimated by 20%.12 Three of the partiipants in the female group had MVC torque T0 in13 the range of 141 - 153 Nm (measured with the pneumati devie; 136 -14 163 Nm measured with the isokineti devie) and their results show some15 interesting features exempli�ed by Fig. 8. Here the pneumati data has a16 sort of a plateau. In two of three of the ases the isokineti data (aording17 to maximum torque and �xed angle method) lies a bit above our standard18 Hill-urve as in Fig. 8. The low veloity/heavy load part of the pneumati19 data may be a�eted by submaximal e�orts (e.g. fatigue may be involved)20 as there is a onsiderable gap to the isokineti data at ω ≈ 73 deg s−1. In21 this ase we an also observe that the mean value method puts the isokineti22 data too low down.23 Of the alulational methods the maximum power method seems most24 robust in ase for the pneumati devie although the results do not di�er25 muh from those by the �xed angle and maximum torque method. The26 maximum power method is quite lose to taking the point of maximum27 veloity sine the resistane does not vary muh during the ritial part28 of the leg extensions. Fig. 8 shows typial power-angle relations for leg-29 extensions at inreasing loads for the pneumati devie. From it we an30 see that the power-urve does not have a sharp maximum, but still the31 maximum regularily lies around the joint angle of 130◦ as an be seen from32 Tab. 2. In this table we have also alulated the average normalized torque33
Tpp/T0 at the point of maximum power based on the data from he pneumati34 devie. For the male group we inluded only the �best� four of the tests sine35 there obvious errors with the other four tests (as an be inferred from Fig.36 5).37 4 Conlusions38 Based on the data presented in this study it still seems be di�ult to ob-39 tain a �orret� way to onstrut a proper torque-veloity relationship. The40 data depends on a number of fators suh as the dynamis of the devie,41 the measurement protool, the level of training of the partiipant, how the42 partiipant was strapped to the devie, fatigue, and whether the perfor-43 mane was a suessful one or not (e.g. submaximal). Furthermore there is44



Leg extension torque-veloity relationship ... 11the open issue whether one should use a �orreted� MVC-value kT0 in the1 Hill-equation, and what would be the value of k, and might it vary from2 person to person. The good �t of the data to Hill-urves reported by Ráz3 et al (2002) may to a degree be due to data �pruning�; for every ondition4 10 performanes were made of whih the best �ve were seleted and their5 average being taken as the �nal result. A further interesting point is that6 Ráz et al got best results not using the isokineti setup but using a onstant7 aeleration instead.8 One explanation for the big variation seen in our data (Fig. 5) may be9 due to the lak of a similar �pruning�. Thus from the male group about 4 of10 8 results obtained from the pneumati devie seem to be ompatible with11 the Hill-equation. The mean value method does not a�et this matter to12 any great extent for the pneumati data as an be seen from Fig. 5; for the13 isokineti data the hange is though somewhat more pronouned but it does14 not always entail a better �t to the Hill-equation. The e�et of the mean15 value method ould in some ases be due to some sort of an error ompen-16 sation whih e.g. orrets for an underestimated MVC isometri torque T0.17 Still the biggest issue seems to be how to deterimine test onditions and18 methods whih will provide maximally �robust� data for the onstrution of19 the torque-veloity relation. For instane, when employing the pneumati20 devie one might use fewer resistane levels (based on the isometri MVC)21 ompensating with an inreasing number of repetitions. Also it would be of22 interest in the future to investigate whether the torque-veloity relations es-23 tablished with the penumati devie an distinguish between athletes with24 predominantly fast and slow �bers along the lines of the results by Tihanyi25 et al (1982). In suh a ase the devie would provide a onvenient tool for26 monitoring musle omposition and the e�ets of exerise. Thus, if we want27 to follow up how a training sheme a�ets the veloity properties of the28 musle one ould determine how the angular veloity ωpp and the normal-29 ized torque Tpp/T0 at the maximum power hanges over the ourse of a30 training period. It remains to be studied whether suh a physiologial ef-31 fet an be separated from other training e�ets, suh as a devie related32 learning e�et.33 Aknowledgements Part of the results in this paper has been presented at the34 4th International Conferene of Strength Training, Serres, Greee, Nov 3-7, 200435 (Manderbaka et al, Torque-veloity relationship: e�et of measuring devie and36 method of alulation).37 Referenes38 Borg F, Herrala M (2002) The fore-veloity relation studied with a pneu-39 mati leg extension/url devie. In: Proeedings of IV World Congress of40 Biomehanis, Calgary41 Edman KPA (1988) Double-hyperboli fore-veloity relation in frog musle42 �bers. J Physiol 404:301�32143
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Leg extension torque-veloity relationship ... 1348:331�3431 Wilkie DR (1950) The relation between fore and veloity in human musle.2 J Physiol 110:249�2803 Winter DA (2005) Biomehanis and motor ontrol of human movement,4 3rd edn. John Wiley & Sons5 5 Figure aptions6 FIG1 Typial graphs of fore and joint angle (dotted urve) vs time, pneu-7 mati devie, and one MVC leg extension. Resistane set to 2 bars (light-8 est load used in the tests). The fore peak marks the point where the9 lever arm hits the stopper.10 FIG2 Typial graphs of fore and joint angle (dotted urve) vs time, pneu-11 mati devie, and one MVC leg extension. Resistane set to 8 bars (heav-12 iest load used in the tests).13 FIG3 Typial graphs of fore and joint angle (dotted urve) vs time, isoki-14 neti devie, and one MVC leg extension. Veloity preset to 293 deg s−1,15 the fastest run used in the tests.16 FIG4 Torque-veloity urves for one partiipant determined using di�erent17 alulational methods (numbered 1, 2, 3, 4) and devies (irle symbol18 for the pneumati devie; triangle symbol for the isokineti devie; �plus�19 symbol for the weight stak mahine). For the weight stak mahine20 methods 1 and 2 did not extrat any meaningful urve from the data. The21 dotted urve represents the theoretial Hill-urve (1) with parameters c22 = 2.5 and ω0 = 1000 deg s−1.23 FIG5 Torque (saled)-veloity values for a group (men, n = 8), individual24 data shown. Cirle for data obtained using the pneumati devie, dia-25 mond for isokineti data. Torque and veloity omputed for peak torque26 (open symbol) and as mean value(s) (�lled symbol). The dotted line27 represents the Hill-urve for parameters c = 2.5 and ω0 = 1000 deg s−1.28 FIG6 Torque (saled)-veloity values for a group (women, n = 8), individual29 data shown. Symbols the same as in Fig. 5. The pneumati data does not30 inlude the 8 and 7 bar resistane extenssion sine some of the women31 ould not perform at these heavy loads.32 FIG7 Example of how an error in the value of MVC maximum torque T033 a�ets the Hill-urve �tting. Data from one of the test of the female34 group (who was able to perform also for the heaviest loads). Open irle35 orresponds to values measured with the pneumati devie, losed irles36 orrespond to the same data but where where T0 has been multiplied37 with a fator 1.25. Dotted line is the Hill-urve for c = 1.5 and ω0 = 100038 deg s−1, while the solid line represents the Hill-urve for c = 3.0 and39
ω0 = 1050 deg s−1. We have also inluded the isokineti data (triangle40 symbols).41 FIG8 Torque-veloity relations for a female partiipant with MVC T0 =42 151 Nm (pneumati devie; 163 Nm with the isokineti devie). Cirle43



14 F Borg et al.stands for pneumati devie data and triangle for isokineti devie data.1 The dotted line represents the Hill-urve with c = 2.5 and ω0 = 10002 deg s−1.3 FIG9 Typial power-angle graph for the pneumati devie for a series of4 leg-extensions with inreasing loads. The �wavy� �utations of the urve5 is due to noise whih is beomes ampli�ed in di�erentiating the angular6 data when alulating the angular veloity ω = dφ/dt in the expression7 for power P = T · ω. The angular veloity (and power) is positive for8 extension.9 6 Table aptions10 TAB1 Time for reahing the fration q of maximum veloity for onstant11 load µ (µ = 1 orresponds to isometri maximum) and the orresponding12 angle overed in that time. Case c = 2.5 and τ = 43 ms. q is the fration of13 the maximum veloity (1−µ)/(1+cµ) attainable at the load µ aording14 to the Hill-relation (2). The angles are based on the assumption that15 maximal veloity at zero load is given by 410 deg s−1/0.35 = 1171 deg16 s−1. Of ourse, angles over 90◦ are unrealisti, but they are inluded17 beause the table an be used for other values of τ and ω0 by saling.18 TAB2 Averages and standard deviations of Tpp/T0, ωpp and φpp for (nor-19 malized) torque and the angular veloity at the point (φpp) of maximum20 power as omputed from the pneumati devie data. For the male group21 we have seleted only four of the �best� results of eight in the group. If22 we also take into aount the gravity e�et (see setion 2.2.3) this would23 add about 10% to the ratio Tpp/T0.554
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Figure 1 Typial graphs of fore and joint angle (dotted urve) vs time, pneu-mati devie, and one MVC leg extension. Resistane set to 2 bars (lightest loadused in the tests). The fore peak marks the point where the lever arm hits thestopper.
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Figure 2 Typial graphs of fore and joint angle (dotted urve) vs time, pneu-mati devie, and one MVC leg extension. Resistane set to 8 bars (heaviest loadused in the tests).
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Figure 3 Typial graphs of fore and joint angle (dotted urve) vs time, isokinetidevie, and one MVC leg extension. Veloity preset to 293 deg s−1, the fastestrun used in the isokineti tests.
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Figure 5 Torque (saled)-veloity values for a group (men, n = 8). Cirle for dataobtained using the pneumati devie, diamond symbol for the isokineti deviedata.
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Figure 6 Torque (saled)-veloity values for a group (women, n = 8). Cirle fordata obtained using the pneumati devie, triangle for data obtained with theisokineti devie.
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Figure 9 Typial power-angle graph for the pneumati devie for a series ofleg-extensions with inreasing loads.
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q (%) t (ms) and φ(t)

µ = 0 µ = 0.1 µ = 0.2 µ = 0.35 µ = 0.550 50 35 27 20 1518◦ 9◦ 5◦ 2◦ 1◦60 73 51 38 27 2133◦ 16◦ 9◦ 4◦ 2◦70 105 72 53 37 2857◦ 28◦ 15◦ 7◦ 3◦80 154 104 76 52 39101◦ 48◦ 26◦ 11◦ 5◦90 247 164 118 80 58193◦ 91◦ 48◦ 21◦ 10◦95 345 227 162 108 78301◦ 140◦ 73◦ 31◦ 14◦Table 1 Time t for reahing the fration q of maximum veloity for onstant load
µ (µ = 1 orresponds to isometri maximum) and the orresponding angle φ(t)overed in that time t. Case c = 2.5 and τ = 43 ms.

Tpp/T0 ωpp (deg s−1) φpp (deg)Women 0.38 ± 0.04 397 ± 42 128 ± 3Men 0.37 ± 0.07 420 ± 57 132 ± 6Table 2 Averages of Tpp/T0, ωpp and φpp for (normalized) torque and the angularveloity at the point (φpp) of maximum power as omputed from the data. For themale group we have seleted only four of the �best� results of eight in the group.


