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30

31 ABSTRACT

32 We sought to provide a more comprehensive understanding of how the individual leg muscles 

33 act synergistically to generate a ground force impulse and maximize the change in forward 

34 momentum of the body during accelerated sprinting. We combined musculoskeletal modelling 

35 with gait data to simulate the majority of the acceleration phase (19 foot contacts) of a maximal 

36 sprint over ground. Individual muscle contributions to the ground force impulse were found by 

37 evaluating each muscle’s contribution to the vertical and fore-aft components of the ground 

38 force (termed ‘supporter’ and ‘accelerator/brake’, respectively). The ankle plantarflexors 

39 played a major role in achieving maximal-effort accelerated sprinting. Soleus acted primarily 

40 as a supporter by generating a large fraction of the upward impulse at each step whereas 

41 gastrocnemius contributed appreciably to the propulsive and upward impulses and functioned 

42 as both accelerator and supporter. The primary role of the vasti was to deliver an upward 

43 impulse to the body (supporter), but these muscles also acted as a brake by retarding forward 

44 momentum. The hamstrings and gluteus medius functioned primarily as accelerators. Gluteus 

45 maximus was neither an accelerator nor supporter as it functioned mainly to decelerate the 

46 swinging leg in preparation for foot contact at the next step. Fundamental knowledge of lower-

47 limb muscle function during maximum acceleration sprinting is of interest to coaches 

48 endeavouring to optimize sprint performance in elite athletes as well as sports medicine 

49 clinicians aiming to improve injury prevention and rehabilitation practices.

50

51 Keywords: running, propulsion, impulse, hamstring, gluteal, plantarflexor

52

53 INTRODUCTION

54 The best sprinters run at an average speed of approximately 10 m/s and can reach maximum 

55 speeds of nearly 13 m/s during a 100 m race 1. This level of exceptional performance is 

56 achieved by maximally accelerating the body during the first half of the race and maintaining 

57 that momentum thereafter. The force generated on the ground at each foot contact creates an 

58 impulse that causes the necessary increase in forward momentum of the body’s center of mass. 

59 The lower-limb muscles together with the actions of gravity and inertia generate the required 

60 ground force impulse, but the overall contribution from the muscles is by far the greatest 2,3.

61
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62 Many investigators have performed inverse dynamics analyses to determine the net moments 

63 exerted by the lower-limb joints for sprinting at a steady-state speed 4-6. Recent studies also 

64 have estimated the forces developed by the leg muscles for running at various steady-state 

65 speeds, including sprinting 2,3,7. Soleus, gastrocnemius and vasti were found to be the major 

66 contributors to the vertical (support) and fore-aft (propulsive/braking) components of the 

67 ground reaction force (GRF) at all steady-state running speeds 2,3. 

68

69 Fewer biomechanical analyses of the acceleration phase of sprinting have been published, due 

70 largely to the challenges associated with recording body-segmental motion and GRFs for 

71 multiple steps of high-speed running. Indeed, only one or two representative steps are typically 

72 analyzed in studies of accelerated sprinting 8-10. Rabita et al. 11 measured step length, step 

73 frequency, and all three components of the GRF from seven separate sprint trials and 

74 reconstructed a single virtual 40-meter sprint (18 foot contacts). They found that step length 

75 increased linearly with running speed while step frequency remained relatively constant after 

76 block clearance. This result indicates that stance-phase mechanics dominates performance in 

77 accelerated sprinting because increases in step length, and hence running speed, are due 

78 primarily to higher ground force impulses generated during stance. Nagahara et al. 12 measured 

79 the GRF for all 28 foot contacts of a single 60-m sprint and found that performance was 

80 dependent not only on the exertion of large propulsive forces throughout the acceleration phase 

81 but also on the suppression of braking forces as runners approached their maximum speed. 

82 Schache et al. 13 computed the net moments exerted about the hip, knee and ankle joints for the 

83 majority of the acceleration phase of sprinting. They found that forward acceleration was 

84 linearly related to the impulses delivered by the hip-extensor and ankle-plantarflexor moments, 

85 and that the hip and ankle joints contributed a substantial fraction of the total positive work 

86 generated at each foot contact. 

87

88 Less is known about the functional roles of the individual lower-limb muscles during 

89 maximum acceleration sprinting. To understand the function of the hamstrings, Morin et al. 14 

90 measured hip and knee joint torques using isokinetic dynamometry along with the fore-aft GRF 

91 and EMG activity for select lower-limb muscles during short duration sprints on an 

92 instrumented motorized treadmill. A significant relationship was found between higher 

93 propulsive forces during sprinting and increased hamstring muscle activity during terminal 

94 swing as well as greater knee flexor eccentric peak torque, implying that the hamstring muscles 

95 are important for increasing speed during the first few steps of maximum acceleration sprinting 
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96 14. Other studies have drawn conclusions about the functional roles of individual muscles 

97 during sprinting based on muscle EMG recordings. For example, two such studies focused 

98 specifically on gluteus maximus and reported that this muscle acts to extend the hip and control 

99 trunk flexion during the stance phase of running and sprinting 15,16.  A recent modelling study 

100 calculated lower-limb muscle forces for the first two foot contacts after block clearance and 

101 found that the ankle plantarflexors, soleus and gastrocnemius, contributed most of the GRF 

102 impulse generated at each step 17. There are no data that describe how individual muscles work 

103 synergistically to increase the forward momentum of the body beyond the first two foot 

104 contacts of accelerated sprinting. Fundamental knowledge of muscle function during maximum 

105 acceleration sprinting is important for the design of athletic training regimens aimed at 

106 optimizing sprinting performance and for the development of more effective injury prevention 

107 and rehabilitation practices.

108

109 The overall goal of the present study was to provide a better understanding of how the lower-

110 limb muscles maximize performance during accelerated sprinting. Our primary aim was to 

111 describe and explain the contributions of individual muscles to the vertical and fore-aft GRF 

112 impulses generated for the majority of the acceleration phase (19 foot contacts) of a maximal 

113 sprint. We were interested specifically in identifying those muscles responsible for increasing 

114 the forward momentum of the body at each step. 

115

116 METHODS

117 Five sub-elite sprinters (4 males, 1 female; age, 21.8 ± 3.2 years; height, 180.0 ± 8.3 cm; body 

118 mass, 73.6 ± 7.6 kg) with no pre-existing musculoskeletal injuries gave their informed consent 

119 to participate. All participants regularly competed in sprint events between 100-400 m, with 

120 personal best times for 100 m ranging from 10.4 seconds to 12.7 seconds. Approval was 

121 obtained from the relevant institutional ethics committees prior to commencement of the study.

122

123 Gait experiments were performed on a straight 110 m indoor track at the Biomechanics 

124 Laboratory of the Australian Institute of Sport in Canberra, Australia. Participants wore 

125 standard sprint-specific shoes consisting of a rigid carbon base-plate that allows minimal 

126 flexion at the metatarsophalangeal joint. Each participant was required to accelerate as quickly 

127 as possible from a static three-point crouched position (without starting blocks) until the end of 

128 the capture volume before decelerating to rest. Full-body motion, GRF, and muscle EMG data 

129 were recorded for the first 19 foot contacts of the acceleration phase in stages by adjusting the 
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130 location of the  starting position with respect to the first force plate. For example, to obtain data 

131 corresponding to the 19th foot contact, the starting position was shifted approximately 40 m 

132 away from the first force plate. A 3D motion analysis system with 22 VICON cameras (Oxford 

133 Metrics Ltd., Oxford, UK) each sampling at 250 Hz was used to measure full-body motion 

134 while GRFs were recorded from 8 force plates (Kistler Instrument Corp., Amherst, NY, USA) 

135 each measuring 900 × 600 mm2 in size and sampling at 1500 Hz. Muscle EMG data were 

136 recorded from five muscles: medial hamstrings (i.e., combined signals from semimembranosus 

137 and semitendinosus), vastus medialis and lateralis, lateral gastrocnemius, and soleus. Surface 

138 electrodes were placed on these muscles according to SENIAM recommendations 18. EMG 

139 signals were high-pass filtered using a 4th-order Butterworth filter with a cut-off frequency of 

140 20 Hz, full-wave rectified, and then low-pass filtered using a 4th-order Butterworth filter with 

141 cut-off frequency of 8 Hz. Full details of the experimental protocol are given by Lai et al. 19.

142

143 Computer simulations of the acceleration phase of sprinting were generated based on a generic 

144 model of the body 20. The skeleton was represented as a 14-segment, 29-degree-of-freedom 

145 (dof) articulated linkage, with each hip modeled as a 3-dof ball-and-socket joint, and each knee 

146 and ankle represented as a 1-dof hinge joint. The torso articulated with the pelvis via a lumbar 

147 (back) joint. Each arm was represented by two segments, which were actuated by a 3-dof ball-

148 and-socket shoulder joint and a 2-dof universal elbow joint. The lower-limb joints were 

149 actuated by 80 muscle-tendon units while the movements of the torso and arms were controlled 

150 by 13 ideal torque actuators. Each muscle-tendon unit was represented as a Hill-type muscle in 

151 series with tendon. The peak isometric force of each muscle was increased by a factor of two to 

152 more closely represent the overall leg strength of a sprinting athlete while each muscle’s 

153 intrinsic maximum shortening velocity was assumed to be 20 optimal fiber lengths per second 

154 2. For all actuators other than the ankle plantarflexors, tendon strain was assumed to be 4.9% at 

155 the peak isometric force of the muscle 19. For the ankle plantarflexors, the strain in the Achilles 

156 tendon was assumed to be 10% at the peak isometric muscle force 19.  

157

158 Participant-specific musculoskeletal models were created by scaling the generic model to each 

159 participant’s height and body mass. Participant-specific computer simulations of the first 19 

160 foot contacts of the acceleration phase were then generated in OpenSim (v 3.3) 21; altogether, 

161 95 participant-specific simulations were generated for all 19 foot contacts across the 5 

162 participants. An inverse kinematics analysis was performed to calculate the joint angular 

163 displacements by minimizing differences between the measured marker positions and the 
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164 positions of corresponding virtual markers identified on the model. Next, the calculated joint 

165 kinematics along with the measured GRFs were filtered using a fourth-order, low-pass, 

166 Butterworth filter with a cut-off frequency of 15 Hz 19. The same cut-off frequency was used to 

167 filter both the motion and force data to avoid experimental impact artefacts in the calculation of 

168 the net joint moments 22. Finally, the filtered joint kinematics and GRFs were input to a 

169 Computed Muscle Control (CMC) algorithm 23 to generate a forward-dynamics simulation of 

170 each step of the acceleration phase of sprinting. Muscle forces were determined by minimizing 

171 the sum of the squares of all muscle activations. Muscle contributions to the net moments 

172 exerted about the hip, knee and ankle joints were found by multiplying the calculated value of 

173 each muscle force by the moment arm of that muscle at the joint of interest. 

174

175 We calculated the actual contribution as well as the potential contribution of a muscle to the 

176 GRF. These two quantities provide different information about muscle function: the actual 

177 contribution of a muscle to the GRF considers the magnitude of the force developed by the 

178 muscle at each instant of the simulated movement, whereas its potential contribution is 

179 independent of the muscle’s force and is determined solely by the position of the body and the 

180 muscle’s line-of-action at each instant. A pseudo-inverse decomposition method was used in 

181 conjunction with a ground-contact model to quantify both the actual contribution of a muscle 

182 and its potential contribution to the fore-aft and vertical components of the GRF 24. The 

183 ground-contact model assumed that the foot contacted the ground at five discrete foot-contact 

184 points. Two foot-contact points were located at the medial and lateral sides of the hindfoot, two 

185 at the medial and lateral sides of the forefoot, and one at the end of the toes segment. A 

186 muscle’s actual contribution (hereafter simply muscle contribution) was found by applying the 

187 magnitude of that muscle’s force in isolation (i.e., with all other forces set to zero in the 

188 model), and using the equations for skeletal dynamics to determine its contribution to the 

189 reaction force acting at each of the five foot-contact points. Similarly, a muscle’s potential 

190 contribution was found by applying 1 N of muscle force in isolation, and again using the 

191 equations of skeletal dynamics to determine the contribution of this unit muscle force to the 

192 GRF 25. 

193

194 Results for each foot contact were normalized by time (from ipsilateral foot-strike to ipsilateral 

195 toe-off) and then averaged across all participants. Fore-aft velocity (sprinting speed) was found 

196 by dividing the fore-aft displacement of the mass center by ground contact time and fore-aft 

197 acceleration was obtained by dividing the fore-aft GRF by body mass. Fore-aft and vertical 



Pandy/Lai/Schache/Lin

This article is protected by copyright. All rights reserved

198 GRF impulses were found by integrating each component of the GRF over the duration of the 

199 stance phase, thus: 

200   (Eq.1) impulse =  ∫tTO

tFS
GRF dt

201 where tFS and tTO represent the time of ipsilateral foot-strike and ipsilateral toe-off, 

202 respectively. Similarly, individual muscle contributions to the fore-aft and vertical GRF 

203 impulses were found by integrating each muscle’s contribution to the GRF over the duration of 

204 stance. We also calculated the relative contribution of each muscle to the fore-aft and vertical 

205 GRF impulses generated at each foot contact. The relative contribution of each muscle to the 

206 fore-aft (vertical) GRF impulse was found by dividing each muscle-induced fore-aft (vertical) 

207 GRF impulse by the total muscle-induced fore-aft (vertical) GRF impulse, which was obtained 

208 by summing together all muscle-induced GRF impulses in the fore-aft (vertical) direction. This 

209 calculation was performed separately for the positive and negative contributions of each 

210 muscle to the fore-aft and vertical GRF impulses generated at each foot contact.

211

212 Each muscle’s contribution to the GRF impulse was summed over all 19 foot contacts to 

213 determine its total contribution over the acceleration phase. This summation was done for the 

214 fore-aft and vertical GRF impulses separately. Using these data, we then classified each muscle 

215 as a ‘supporter’ and/or ‘accelerator/brake’. A muscle was classified as a ‘supporter’ if its total 

216 contribution to the vertical GRF impulse was positive (i.e., overall it delivered an upward 

217 impulse to the body). A muscle was classified as an ‘accelerator’ if its total contribution to the 

218 fore-aft GRF impulse was positive (i.e., overall it generated a propulsive impulse that increased 

219 forward momentum of the body), and it was classified as a ‘brake’ if its contribution to the 

220 fore-aft GRF impulse was negative (i.e., overall it generated a backward impulse that retarded 

221 forward momentum of the body). For illustrative purposes, results are presented for the 1st, 7th, 

222 and 19th foot contacts (FC1, FC7, FC19), as these represent high-, medium- and low-

223 acceleration conditions, respectively.

224

225 RESULTS

226 The velocity of the center of mass at FC1 (3.90±0.28 m/s) was nearly doubled at FC7 

227 (7.31±0.41 m/s) and increased gradually over the next 10 foot contacts to reach a maximum of 

228 9.05±0.66 m/s at FC19 (Supplementary Fig. S1 and Table 1). Maximum acceleration occurred 

229 at FC1 (5.78±0.72 m/s2) and was nearly halved by FC7 (2.96±0.64 m/s2) before decreasing to 

230 1.41±0.14 m/s2 at FC19. The peak vertical GRF increased by 66% from FC1 to FC19 (Table 

231 1). The peak positive fore-aft GRF (i.e., propulsive force) decreased by 15% over the first 7 
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232 foot contacts and remained roughly constant thereafter, whereas the absolute magnitude of the 

233 peak negative fore-aft GRF (i.e., braking force) increased steadily with sprinting speed. 

234

235 Gluteus maximus developed peak forces during early stance whereas vasti and soleus forces 

236 peaked near midstance (Fig. 1). Gastrocnemius and rectus femoris forces peaked during the 

237 second half of stance while the force in iliopsoas increased sharply just before toe-off. The 

238 forces in gluteus medius, hamstrings and rectus femoris varied less throughout stance. The 

239 mean peak force in soleus ranged from 8.4-10.7 body weight (BW) across all foot contacts 

240 while that in vasti was less (5.3-7.8 BW) (Table 1). Mean peak forces in the hamstrings, 

241 gluteus maximus, and gluteus medius were even lower and ranged from 3.0-4.2 BW, 2.0-3.3 

242 BW, and 1.6-3.1 BW, respectively, throughout the acceleration phase.

243

244 Gluteus maximus and the hamstrings were the major contributors to the extensor moment 

245 exerted about the hip during the first half of stance while iliopsoas and rectus femoris 

246 contributed the bulk of the hip flexion moment during the second half of stance (Fig. 2). The 

247 hamstrings applied a peak hip extensor moment of 1.3±0.4 Nm/kg at FC1 compared to 1.2±0.2 

248 Nm/kg for gluteus maximus. The peak hip flexion moment applied by iliopsoas reached 

249 1.9±0.2 Nm/kg at FC19. The vasti and rectus femoris were major contributors to the extension 

250 moment developed about the knee, with the hamstrings and gastrocnemius applying relatively 

251 large knee flexion moments throughout stance. The vasti produced a peak knee extensor 

252 moment of 2.9±0.2 Nm/kg, considerably higher than the moment exerted by any other muscle 

253 at the knee (Fig. 2, FC19). Interestingly, rectus femoris and hamstrings applied nearly equal 

254 and opposite moments about the knee at all foot contacts. Soleus and gastrocnemius combined 

255 to produce most of the plantarflexion moment generated at the ankle, with the moment due to 

256 soleus being larger for most of the stance phase. At FC19, soleus applied a peak plantarflexion 

257 moment of 2.7±0.4 Nm/kg compared to 1.5±0.4 Nm/kg from gastrocnemius. The net moments 

258 exerted by the muscles crossing the hip, knee and ankle in the model were practically 

259 equivalent to the net joint moments calculated from inverse dynamics: mean RMS differences 

260 were less than 0.2 Nm/kg, 0.05 Nm/kg, and 0.04 Nm/kg for the hip, knee, and ankle, 

261 respectively (cf. dashed black lines and shaded areas in Fig. 2).

262

263 Gastrocnemius generated the highest propulsive force of any muscle at all foot contacts (Fig. 

264 3A). Gastrocnemius’ peak propulsive force was maximum at FC1 (0.58±0.08 BW) and 

265 decreased steadily to reach 0.47±0.10 BW at FC19. Soleus also generated substantial 
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266 propulsive forces during the first few steps (e.g., peak of 0.46±0.08 BW at FC1), after which 

267 this muscle induced a braking force during the first half of stance that increased in magnitude 

268 with running speed. The hamstrings generated peak propulsive forces of ~0.15 BW during the 

269 first half of stance at all foot contacts. Gluteus maximus also contributed to propulsion during 

270 the first half of stance, but only from FC1 to FC7, and its overall contribution was relatively 

271 small. Gluteus medius generated a propulsive force of ~0.06 BW throughout the stance phase 

272 at all foot contacts. The vasti, rectus femoris and iliopsoas induced braking forces during the 

273 stance phase at all foot contacts. The peak braking force applied by the vasti increased with 

274 running speed and reached 0.58±0.11 BW at FC19. The braking force induced by iliopsoas was 

275 small (not shown in Fig. 3A). The vasti acted synergistically with soleus and gastrocnemius to 

276 generate a support force throughout stance whereas the hamstrings and iliopsoas accelerated 

277 the body downward (Fig. 3B). Soleus induced a peak support force of 1.61±0.18 BW at FC19 

278 compared to 0.71±0.26 BW and 0.56±0.07 BW for gastrocnemius and the vasti, respectively.

279

280 The gluteals, hamstrings, and ankle plantarflexors displayed potential to generate a propulsive 

281 impulse and increase forward momentum of the body at all foot contacts (Fig. 4A). 

282 Gastrocnemius and the hamstrings had the highest potential to generate a propulsive impulse, 

283 followed by gluteus medius and soleus. The vasti, rectus femoris and iliopsoas had potential to 

284 induce braking impulses and retard forward momentum at all foot contacts. All the major 

285 muscles of the lower limb, except the hamstrings and iliopsoas, showed potential to generate 

286 an upward (support) impulse during the acceleration phase (Fig. 4B). The vasti and 

287 gastrocnemius displayed the highest potential to generate a support impulse, followed by 

288 soleus. The gluteals displayed less potential to generate a support impulse than the vasti and 

289 the ankle plantarflexors. The hamstrings and iliopsoas each had potential to induce a negative 

290 vertical impulse, reflecting their ability to accelerate the mass center downward.

291

292 The net vertical impulse was approximately 2.5 times greater than the net fore-aft impulse at 

293 FC1 and up to 15 times greater at FC19 (Fig. 5, GRF). The net fore-aft impulse remained 

294 positive (i.e., the propulsive impulse was greater than the braking impulse) across all 19 foot 

295 contacts. It decreased by 65% over the first 7 foot contacts and fell more gradually thereafter. 

296 The net vertical impulse was also positive (support) across all 19 foot contacts, but it remained 

297 relatively constant because an increase in the magnitude of the vertical GRF was offset by a 

298 decrease in ground contact time (see Table 1). 

299
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300 Gastrocnemius, soleus, hamstrings, and the gluteal muscles functioned as accelerators while 

301 the vasti and rectus femoris acted as brakes (Fig. 5A, bottom panel). Gastrocnemius and soleus 

302 were the major accelerators, as these muscles contributed substantially to the propulsive 

303 impulse generated over all 19 foot contacts (Fig. 5A, top). The hamstrings and gluteals 

304 generated much smaller propulsive impulses than the ankle plantarflexors during the first 10 

305 steps (FC1 to FC10), but their contributions to forward propulsion were more consistent in 

306 magnitude over all 19 steps. Gastrocnemius, soleus and the hamstrings contributed 37%, 23% 

307 and 15%, respectively, of the total propulsive impulse generated by all the muscles over all 19 

308 foot contacts, whereas the contributions from gluteus medius and gluteus maximus were only 

309 7% and 2%, respectively (Fig. 5A, bottom). The vasti and rectus femoris induced braking 

310 impulses that retarded forward momentum at all foot contacts, with vasti’s contribution being 

311 much greater (53% for VAS and 15% for RF). 

312

313 Soleus, gastrocnemius, vasti, rectus femoris and the gluteal muscles acted as supporters (Fig. 

314 5B). Soleus was the major supporter, contributing 44% of the total upward (support) impulse 

315 generated by all the muscles over all 19 foot contacts (Fig. 5B, bottom). The gastrocnemius 

316 and vasti also contributed substantially to the support impulse, with these muscles generating 

317 21% and 17%, respectively. Rectus femoris, gluteus maximus and gluteus medius contributed 

318 less to the support impulse than either of the ankle plantarflexors and vasti. The hamstrings and 

319 iliopsoas induced negative vertical impulses, consistent with their tendency to accelerate the 

320 body downward (see Fig. 4). Iliopsoas was the only muscle to accelerate the body backward 

321 and downward at all foot contacts, but its overall contribution to the GRF impulse was 

322 negligible (not shown). The hamstrings and rectus femoris generated GRF impulses that were 

323 diametrically opposed: the hamstrings induced fore-aft and vertical impulses that were directed 

324 forward and downward, respectively, whereas those from rectus femoris were directed 

325 backward and upward (cf. HAMS and RF in Fig. 5). 

326

327 The ankle plantarflexors, soleus and gastrocnemius, dominated the net fore-aft (propulsive) 

328 impulse for the entire acceleration phase, with their contributions being ~0.2 Ns/kg greater than 

329 the total propulsive impulse generated over all 19 foot contacts except at FC1 (Fig. 6A). The 

330 hamstrings and gluteals also contributed substantially to the net fore-aft impulse. The 

331 combined effect of the vasti and rectus femoris was a braking impulse induced at all foot 

332 contacts. Soleus, gastrocnemius, vasti and rectus femoris generated practically all the net 

333 vertical (support) impulse at each step (Fig. 6B).
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334

335 DISCUSSION

336 We quantified the contributions of individual lower-limb muscles to the vertical and fore-aft 

337 GRF impulses generated for the majority of the acceleration phase (19 foot contacts) of a 

338 maximal sprint. The ankle plantarflexors played a major role in generating the support and 

339 increase in forward momentum needed to progress sprinting speed toward upper limits (Figs 3 

340 and 5). Soleus acted primarily as a supporter and provided a substantial fraction of the upward 

341 impulse at each foot contact. Gastrocnemius generated most of the propulsive impulse but also 

342 contributed to the upward impulse and therefore functioned as both an accelerator and 

343 supporter. The hamstrings and gluteus medius developed extensor moments about the hip and 

344 functioned primarily as accelerators by contributing appreciably to the increase in forward 

345 momentum of the body; however, the hamstrings also accelerated the body downward and 

346 detracted from support. The vasti and rectus femoris functioned primarily as supporters, but 

347 these muscles also retarded forward momentum at each foot contact and acted as brakes. 

348 Gluteus maximus contributed relatively little to either the propulsive or support impulse. 

349 Overall, the ankle plantarflexors and hip extensors/abductors functioned as accelerators 

350 whereas the knee extensors acted as a brake (Fig. 6). The ankle plantarflexors and knee 

351 extensors generated nearly all of the support impulse at each foot contact.

352

353 We combined computational modeling of the human musculoskeletal system and experimental 

354 data to determine the forces developed by the individual muscles of the lower limb and their 

355 contributions to the GRF impulse during the stance phase of maximum acceleration sprinting. 

356 This approach has been used previously to quantify muscle function in other activities; for 

357 example, to determine muscle contributions to the acceleration of the body’s center of mass 

358 during walking 26 and running 3, as well as the contributions of individual muscles to the 

359 contact forces transmitted by the hip and knee during gait 27,28. In these studies, EMG 

360 measurements of muscle activity were compared to model-predicted muscle forces to verify the 

361 model calculations, although more direct methods are also available for monitoring muscle-

362 tendon forces in vivo 29,30. The results of these studies lend confidence to the belief that 

363 computational modelling offers a valid and practical approach for better understanding muscle 

364 function during movement.

365

366 Our results are consistent with those reported previously by others. The mean forward 

367 acceleration of the mass center was 5.78 m/s2 at FC1 compared to 1.41 m/s2 at FC19, while the 
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368 corresponding forward velocities were 3.90 m/s and 9.05 m/s, respectively (Table 1 and 

369 Supplementary Fig. S1). This spectrum of speed and acceleration is comparable to that 

370 measured for well-trained sprinters 2,31,32. Our estimates of muscle function for sprinting at a 

371 speed of approximately 9.0 m/s in the present study are also comparable to results obtained by 

372 Dorn et al. 2 for a similar cohort of highly trained athletes sprinting at a speed of 9.5 m/s. For 

373 example, these authors found that soleus, gastrocnemius and the vasti contributed the bulk of 

374 the support force generated by the lower-limb muscles during steady-state sprinting, consistent 

375 with our findings here.

376

377 Soleus contributed more substantially to support than gastrocnemius, but our analyses indicate 

378 that gastrocnemius was more important for increasing forward momentum of the body at all 

379 foot contacts. The reason soleus delivered a larger upward impulse than gastrocnemius even 

380 though gastrocnemius had greater potential for generating support (Figs 4B and 5B) is because 

381 the force developed by soleus was considerably higher for most of the stance phase (Fig. 1). 

382 Importantly, soleus induced a relatively large braking force during the first half of stance from 

383 FC7 onward whereas gastrocnemius accelerated the center of mass forward for almost the 

384 entire stance phase at all foot contacts (Fig. 3A, compare GAS and SOL at FC1, FC7 and FC9). 

385 This behavior was critical to maximizing the increase in forward momentum of the body, and it 

386 explains why the propulsive impulse generated by gastrocnemius remained larger than that due 

387 to soleus throughout the acceleration phase (Fig. 5A). We conclude that the two major 

388 plantarflexors, soleus and gastrocnemius, have distinct roles in optimizing performance during 

389 maximum acceleration sprinting: soleus accounted for a large fraction of the upward impulse 

390 generated at each foot contact and acted primarily as a supporter, whereas gastrocnemius 

391 contributed markedly to the propulsive and upward impulses and functioned as both accelerator 

392 and supporter.

393

394 Whilst the ankle plantarflexors (and especially gastrocnemius) were the major contributors to 

395 the propulsive impulse generated across all foot contacts (Fig. 5A), our calculations suggest 

396 that the hamstrings are also important for increasing speed when commencing a sprint from a 

397 stationary position. The hamstrings contributed substantially to the propulsive impulse because 

398 these muscles displayed a high potential to accelerate the body forward at all foot contacts (Fig. 

399 4A) and because they applied relatively high forces (mean magnitudes ~1-3 BW) throughout 

400 the stance phase (Fig. 1). These results are consistent with those of Debaere et al. 17 who found 
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401 that the hamstrings (specifically biceps femoris long head) assisted in accelerating the body 

402 forward during the first foot contact after block clearance. 

403

404 Morin et al. 33 noted that the net fore-aft (propulsive) GRF impulse was greater during the first 

405 few steps in world-class sprinters than in high-level sprinters, implying that sprinting 

406 performance depends on the magnitude of the propulsive impulse generated at the beginning of 

407 the acceleration phase. In a related study, these same investigators found that higher propulsive 

408 forces generated during the first 10 foot contacts of a maximal sprint on an instrumented 

409 treadmill correlated with increased biceps femoris muscle activity during terminal swing, hence 

410 they concluded that the hamstrings play a major role in increasing forward momentum of the 

411 body during the first few foot contacts of accelerated sprinting 14. Our calculations show that 

412 the propulsive impulse is high during the first few foot contacts of the acceleration phase 

413 because of the contributions of gastrocnemius and soleus more so than hamstrings. 

414 Gastrocnemius and soleus both delivered relatively large propulsive impulses over the first 3-4 

415 foot contacts whereas hamstrings’ contribution was more uniform throughout the acceleration 

416 phase (Fig. 5A). We conclude that the ankle plantarflexors play a major role in accelerating the 

417 body forward during the first few foot contacts and that hamstrings’ contribution becomes 

418 relatively more important as sprinting speed progresses toward upper limits.

419

420 Descriptions of gluteus maximus function during running and sprinting are somewhat 

421 inconsistent in the literature. EMG measurements indicate that gluteus maximus has little or no 

422 activity in upright standing and walking, and that this muscle is primarily active during running 

423 and in other tasks that require the trunk to be stabilized against flexion 34. Lieberman et al. 16 

424 found a strong correlation between peak EMG activity of gluteus maximus on the stance side 

425 and peak amplitude of trunk pitch velocity at relatively low running speeds (2.0 to 4.0 m/s). 

426 They concluded that a major role of gluteus maximus is to extend the hip on the stance side to 

427 control trunk flexion during running. Bartlett et al. 15 found that gluteus maximus’ activity 

428 during running at 5.3 m/s was much greater than at 3.0 m/s, but that only the inferior portion of 

429 this muscle responded to changes in trunk pitch velocity. These authors concluded that gluteus 

430 maximus has a limited role in controlling trunk flexion during running. Our calculations 

431 indicate that gluteus maximus’ contribution to the propulsive impulse was minimal throughout 

432 the acceleration phase (Fig. 5A, GMAX). Gluteus maximus developed a mean peak force 

433 ranging from 1.9 to 3.5 BW (Fig. 1 and Table 1), contributed considerably to the net extension 

434 moment exerted about the hip (Fig. 2), and accelerated the hip into extension with much vigor 
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435 at all foot contacts (see Supplementary Fig. S2). Gluteus maximus’ contribution to the 

436 propulsive impulse was small because it displayed a relatively low potential to generate a 

437 propulsive GRF impulse at all foot contacts (Fig. 4A, GMAX). The hamstrings also applied a 

438 large extensor moment about the hip and accelerated the hip into extension at all foot contacts 

439 (Supplementary Fig. S2). In contrast to gluteus maximus, however, the hamstrings contributed 

440 significantly to the propulsive impulse and increase in forward momentum of the body (Fig. 

441 5A, cf. HAMS and GMAX). These results suggest that gluteus maximus plays a limited role in 

442 accelerating the body towards peak sprinting speed.

443

444 If gluteus maximus contributes little to the GRF impulse during accelerated sprinting, why is 

445 this muscle group so well developed in elite sprinters? Miller et al. 35 used magnetic resonance 

446 imaging to measure lower-limb muscle volumes in 5 elite sprinters, 26 sub-elite sprinters, and 

447 11 untrained controls. They found the relative volume of gluteus maximus (normalized by 

448 body mass) for elite sprinters to be 25% and 67% larger than that for sub-elite sprinters and 

449 untrained controls, respectively. Further, the relative volume of gluteus maximus alone 

450 explained 33.6% of the variance in performance among sprinters 35, indicating that this muscle 

451 group is important for maximizing sprinting performance. To further examine the role of 

452 gluteus maximus in accelerated sprinting, we calculated the force developed by this muscle 

453 group and its contribution to hip-joint acceleration during the swing phase of the sprinting 

454 cycle at each of the 19 foot contacts (Supplementary Fig. S3). The hamstrings and gluteus 

455 maximus developed relatively high peak forces during the terminal swing phase 

456 (Supplementary Fig. S3A; at FC19, HAMS force peaked at ~8 BW whereas GMAX force 

457 peaked at ~4.5 BW). These muscles contributed significantly to accelerating the hip into 

458 extension throughout the swing phase and especially during terminal swing (Supplementary 

459 Fig. S3B). Thus, while gluteus maximus contributed relatively little to the GRF impulse, this 

460 muscle, with assistance from the hamstrings, was responsible for extending the hip and 

461 decelerating the swinging leg in preparation for foot contact at the next step. These results are 

462 consistent with those reported for steady-speed sprinting, where gluteus maximus and the 

463 hamstrings were found to play a major role in increasing stride frequency by accelerating the 

464 hip into extension during terminal swing 2,3. Therefore, larger gluteus maximus muscle 

465 volumes in elite sprinters may not be a consequence of stance phase force production; instead, 

466 we suggest this morphological feature could be explained by the need to maintain a high stride 

467 frequency during the swing phase of each step 11. 

468



Pandy/Lai/Schache/Lin

This article is protected by copyright. All rights reserved

469 Relatively little is known about the role of gluteus medius in running and sprinting. Bartlett et 

470 al. 15 found that EMG activity of gluteus medius is significantly greater for running at a 

471 constant speed of 5.3 m/s compared to 3.0 m/s. Simulation studies have shown that gluteus 

472 medius contributes moderately to support and propulsive forces generated while running at 

473 different steady-state speeds 2,3. Our analysis suggests that gluteus medius functions primarily 

474 as an accelerator in high-speed sprinting. This muscle contributed noticeably to the propulsive 

475 impulse generated across all 19 foot contacts but relatively little to the support impulse (Fig. 5, 

476 GMED). Similar to the actions of the hamstrings and gluteus maximus, gluteus medius exerted 

477 an extensor moment about the hip and accelerated the hip into extension, albeit to a lesser 

478 extent for most of the stance phase (Fig. 2 and Supplementary Fig. S2). Gluteus medius’ 

479 contribution to the propulsive impulse was lower than that from the hamstrings at all foot 

480 contacts, but its contribution to the propulsive impulse generated over all 19 steps was 

481 nonetheless important (Fig. 5A, GMED). Gluteus medius contributed substantially to an 

482 increase in forward momentum mainly because its potential to generate a propulsive GRF 

483 impulse remained relatively high at all foot contacts (Fig. 4A). 

484

485 The vasti functioned as a supporter and brake at each foot contact of the acceleration phase 

486 (Fig. 5). The vasti acted synergistically with soleus and gastronemius to accelerate the body 

487 upward and simultaneously induced a large braking force that retarded forward momentum of 

488 the body. However, these muscles displayed another important function in controlling motion 

489 of the center of mass in the mediolateral direction. As sprinting speed progressed toward upper 

490 limits, the vasti not only generated higher support and braking forces (Fig. 3), this muscle 

491 group also transmitted medially-directed forces to the ground (see Supplementary Fig. S4). 

492 These medial ground forces helped to stabilize the mediolateral motion of the body by counter-

493 balancing the large lateral forces transmitted to the ground by soleus and gastrocnemius. These 

494 results may be contrasted with those found for walking, where the vasti act in concert with the 

495 ankle plantarflexors (soleus and gastrocnemius) to accelerate the body laterally while gluteus 

496 medius actively controls balance by accelerating the body medially 26. In accelerated sprinting, 

497 the vasti act synergistically with gluteus medius and rectus femoris to stabilize mediolateral 

498 motion of the center of mass (Supplementary Fig. S4). Thus, whilst the primary role of the 

499 vasti as a supporter was to accelerate the body upward during stance, this muscle group also 

500 retarded running speed (i.e., functioned as a brake) and, along with gluteus medius and rectus 

501 femoris, controlled mediolateral balance.

502
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503 In their analyses of muscle mechanical power during explosive movements such as jumping 

504 and sprinting, Jacobs et al. 36 found that rectus femoris transferred power from the hip to the 

505 knee whereas the hamstrings transferred power in the opposite direction, from the knee to the 

506 hip. The outcome was a net transfer of power from the hip to the knee joint, which enhanced 

507 performance. This result parallels our finding here of opposing actions of these two biarticular 

508 muscles in relation to the forces transmitted to the ground. Rectus femoris and the hamstrings 

509 acted antagonistically at each foot contact throughout accelerated sprinting, with the former 

510 contributing to support and the latter accelerating the body downward (Figs 3B and 5B). In the 

511 fore-aft direction, the hamstrings contributed considerably to forward propulsion, especially 

512 during early stance, whereas rectus femoris induced a braking force throughout stance; and in 

513 the mediolateral direction, the hamstrings accelerated the body laterally whereas rectus femoris 

514 induced a medial acceleration (Supplementary Fig. S4). Future work should aim to reconcile 

515 these findings by accounting for muscle-induced accelerations in analyses of mechanical power 

516 generation and transfer during sprinting.

517

518 In a recent study, Schache et al. 13 investigated the stance-phase mechanical function of 

519 sagittal-plane hip, knee, and ankle moments during maximum acceleration sprinting. They 

520 analysed three distinct phases based on the magnitude of the average forward acceleration of 

521 the body’s centre of mass: high acceleration phase of 5.30 ± 0.64 m/s2 (FC1 and FC2); medium 

522 acceleration phase of 2.93 ± 0.14m/s2 (FC5 to FC9); and low acceleration phase of 1.32 ± 0.11 

523 m/s2 (FC17 to FC22). They found that the impulse of the ankle plantarflexor moment was 

524 greatest during the high acceleration phase, and that the ankle and hip joints were two key 

525 sources of positive work across all three acceleration phases. Our results are in good agreement 

526 with these findings, but here we also reveal the important roles of the hamstrings and gluteus 

527 medius in accelerating the body forward during sprinting (Fig. 5A).  The contributions of 

528 soleus and gastrocnemius to the propulsive impulse were maximal during the high acceleration 

529 phase and they gradually reduced as forward acceleration decreased (or speed increased). In 

530 contrast, the contribution of hamstrings and gluteus medius remained relatively constant across 

531 all three acceleration phases. Such findings suggest that the ankle plantarflexors together with 

532 the hip extensors and abductors play a critical role in optimizing a sprinter’s performance when 

533 accelerating rapidly from a stationary position (Fig. 6).

534

535 There are several limitations associated with our analyses. First, experimental data for the 

536 acceleration phase of sprinting were recorded in stages, with six different starting locations 
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537 used for each participant. Ideally, data for all 19 foot contacts would have been recorded 

538 continuously within a single trial, but we did not have access to the instrumentation needed to 

539 calibrate a measurement space of this size. Second, data from five participants were used in the 

540 analysis presented here. Although a total of eight sub-elite sprinters participated in this study, 

541 data from all 19 foot-contacts were recorded from only five participants. Data from the 

542 remaining 3 participants could not be analyzed over the entire acceleration phase because the 

543 foot contacted two force plates simultaneously at some foot falls. Third, a single representative 

544 trial from each participant was used to analyze each of the 19 foot contacts. A larger number of 

545 trials, whilst more desirable, would also have increased fatigue of our participants. Fourth, 

546 muscle forces were determined by solving an optimization problem that minimized the sum of 

547 muscle activations squared at each time instant during the stance phase of accelerated sprinting. 

548 This cost function has been used in musculoskeletal modeling studies to estimate lower-limb 

549 muscle forces during walking 26, running 3 and steady-speed sprinting 2,19. In addition, Lai et al. 

550 19 and Debaere et al. 17 used CMC with a squared muscle activation minimization criterion to 

551 study lower-limb muscle function during accelerated sprinting. Whilst a minimum-muscle-

552 activation criterion may not be the most appropriate cost function for simulating explosive 

553 movements such as accelerated sprinting, our computed muscle activations were consistent 

554 with the sequence and timing of measured EMG signals (Supplementary Fig. S5), and the 

555 model-predicted muscle forces also accurately reproduced the required net joint moments 

556 generated at all foot contacts (Fig. 2). Fifth, participant-specific models of our sprinters were 

557 created by scaling a generic model of a healthy adult to each participant’s body anthropometry. 

558 To account for differences in lower-limb muscle strength between the generic model and 

559 sprinters, all muscles in the participant-specific models were assigned a two-fold increase in 

560 the nominal peak isometric force. Miller et al. 35 reported non-uniform differences in lower-

561 limb muscle volumes between elite sprinters and untrained controls. In particular, muscle 

562 volumes measured for the hip extensors (gluteus maximus and the hamstrings) and knee 

563 extensors (vasti) were significantly larger for elite sprinters compared to untrained controls 35. 

564 The volumes measured for the medial and lateral gastrocnemius were also larger for elite 

565 sprinters compared to untrained controls, but these differences were not significant. These 

566 results suggest that the more proximal hip and knee extensors are significantly stronger in elite 

567 sprinters than untrained controls, but the difference in ankle plantarflexor strength appears to 

568 be less. An unintended consequence of uniformly increasing muscle strength (i.e., peak 

569 isometric muscle force) in the model is that the relative contributions of the lower-limb 

570 muscles to the GRF impulse may have been skewed. Specifically, it is likely that the strengths 
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571 of the ankle plantarflexors were overestimated by doubling the values of peak isometric muscle 

572 force specified in the generic model. Thus, our estimates of the contributions of the ankle 

573 plantarflexors to the vertical and fore-aft GRF impulses may have been overestimated and 

574 those of the hip extensors (gluteus maximus and hamstrings) underestimated. Although our 

575 calculations of potential muscle contributions describe the functional roles of individual 

576 muscles independent of muscle strength (Fig. 4), these results are influenced by differences in 

577 musculoskeletal geometry (i.e., moment arms) that may exist even after the generic model is 

578 scaled to each participant’s body anthropometry. Future studies should attempt to incorporate 

579 muscle morphological data obtained from elite sprinters in participant-specific models to more 

580 accurately simulate the biomechanics of maximum-effort sprinting. Finally, modelling the foot 

581 as a single rigid segment may have affected our estimates of the forces developed by the ankle 

582 plantarflexors (soleus and gastrocnemius). A portion of the load attributed to the plantarflexors 

583 in a one-segment model of the foot would likely be attributed to the intrinsic and extrinsic 

584 muscles of the foot in a two-segment model that includes the metatarsophalangeal joint 37. We 

585 do not expect a more detailed model of the foot to alter the role of the ankle plantarflexors 

586 found here for accelerated sprinting, however the percentage contributions of the soleus and 

587 gastrocnemius to the propulsive and support impulses relative to other muscles will likely 

588 differ. Whilst a two-segment model would provide a more accurate anatomical representation 

589 of the foot, tracking the motions of these separate segments is particularly challenging when 

590 participants are sprinting close to their top speed. 

591

592 This study combined musculoskeletal modeling and gait data to better understand how 

593 individual lower-limb muscles support and accelerate the body forward during maximum 

594 acceleration sprinting. We found that soleus contributed 44% of the muscle-induced upward 

595 impulse required to support the body against gravity whereas gastrocnemius generated 37% of 

596 the muscle-induced propulsive impulse needed to increase forward momentum at each foot 

597 contact. The hamstrings contributed considerably to sprint performance (15% of the muscle-

598 induced propulsive impulse) by accelerating the body forward throughout the stance phase at 

599 all foot contacts. Gluteus maximus and hamstrings extended the hip and decelerated the 

600 swinging leg in preparation for foot contact at the next step. 

601

602 PERSPECTIVE

603 Previous studies have analyzed function of the individual lower-limb muscles at various 

604 steady-state running speeds, including sprinting 2,3. Similar analyses have not been undertaken 
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605 for the acceleration phase of maximum-effort sprinting beyond the first two steps. This is an 

606 important knowledge gap as top sprinters in a 100 m race attain their maximum speeds after a 

607 30 to 50 m acceleration phase 38. We found that the ankle plantarflexors (soleus and 

608 gastrocnemius) and hip extensors (hamstrings and gluteals) propel the body forward from a 

609 stationary position. Our findings will be of interest to coaches striving to optimize sprint 

610 performance in elite athletes. Given the high mechanical demands placed on the calf and 

611 hamstring muscles during maximum acceleration sprinting, performing this explosive task 

612 repetitively in training may deliver a potent functional strengthening stimulus for these 

613 muscles, which may be useful for injury prevention practices in sports that involve repetitive 

614 short-burst sprints.
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721

722 FIGURE CAPTIONS

723 Table 1: Mean (SD) values of velocity and acceleration of the center of mass of the whole 

724 body, peak ground reaction force (GRF), and peak muscle forces for the first 19 foot 

725 contacts of the acceleration phase of sprinting. Peak GRF is represented by the peak 

726 vertical, propulsive, and braking components. Peak GRF and muscle forces for each 

727 participant were normalized by body weight and the results then averaged across all 

728 participants. FC, foot contact; BW, body weight. Muscle symbols are as follows: 

729 ILIOPSOAS, iliacus and psoas combined; GMAX, superior, middle, inferior portions 

730 of gluteus maximus combined; GMED, anterior, middle and posterior portions of 

731 gluteus medius combined; HAMS, semimembranosus, semitendinosus, biceps 

732 femoris-long head, biceps femoris-short head combined; RF, rectus femoris; VAS, 

733 vastus medialis, intermedius, and lateralis combined; GAS, medial and lateral 

734 compartments of gastrocnemius combined; SOL, soleus.
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735 Fig. 1: Time histories of the forces calculated for representative muscles at the 1st, 7th and 19th 

736 foot contacts (FC1, FC7 and FC19) of the acceleration phase of sprinting. The solid 

737 lines represent mean muscle forces for all participants and the shaded areas represent +1 

738 standard deviation from the mean. Muscle symbols are: ILIOPSOAS, iliacus and psoas 

739 combined; GMAX, superior, middle, inferior portions of gluteus maximus combined; 

740 GMED, anterior and posterior portions of gluteus medius/minimus combined; HAMS, 

741 semimembranosus, semitendinosus, and biceps femoris long head and short head 

742 combined; RF, rectus femoris; VAS, vastus medialis, intermedius, and lateralis 

743 combined; SOL, soleus; GAS, medial and lateral gastrocnemius combined. Results 

744 shown are for the ipsilateral limb.

745 Fig. 2: Contributions of individual muscles to the net joint moments exerted about the hip, 

746 knee, and ankle for the 1st, 7th and 19th foot contacts (FC1, FC7 and FC19). Moments 

747 were normalized by each participant’s body mass and averaged across all participants. 

748 The shaded regions represent the net joint moments calculated from the experimental 

749 gait data using inverse dynamics while the dashed lines are the model-predicted 

750 moments obtained by taking the product of muscle force and moment arm and summing 

751 across all the muscles spanning each joint. Hip extension, knee extension and ankle 

752 plantarflexion moments are positive. Muscle symbols are defined in Fig. 1.

753 Fig. 3: Contributions of individual muscles to the fore-aft (A, top two rows) and vertical (B, 

754 bottom two rows) components of the GRF for the 1st, 7th and 19th foot contacts (FC1, 

755 FC7 and FC19). GRFs were normalized by each participant’s body weight (BW) and 

756 averaged across all participants. The shaded regions represent the force plate 

757 measurements obtained at each foot contact. Muscle symbols are defined in Fig. 1.

758 Fig. 4: Potential muscle contributions to the fore-aft (A) and vertical (B) GRF impulses for the 

759 first 19 foot contacts of the acceleration phase of sprinting. The potential contribution 

760 of a muscle to the GRF impulse represents the effect of a unit of force (1.0 N) applied 

761 by that muscle in isolation, with all other muscle forces assumed to be zero at that 

762 instant. Potential muscle contributions to the GRF impulse were normalized by body 

763 mass and averaged across all participants. Muscle symbols are defined in Fig. 1.

764 Fig. 5: Actual muscle contributions to the net fore-aft (A) and vertical (B) GRF impulses for 

765 the first 19 foot contacts of the acceleration phase of sprinting. The actual contribution 

766 of a muscle considers the magnitude of force developed by that muscle at each instant 

767 of the simulated sprint. The top two rows show the muscle contributions to net fore-aft 

768 (propulsive) and vertical (support) GRF impulses generated at each foot contact. The 
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769 bottom row shows the percentage contributions of individual muscles to the total 

770 propulsive and support GRF impulses generated by all the muscles across all 19 foot 

771 contacts. Muscle contributions to the GRF impulse were normalized by body mass and 

772 averaged across all participants. Muscle symbols are defined in Fig. 1.

773 Fig. 6: Contributions of the hamstrings, gluteus maximus and gluteus medius combined 

774 (HAMS+GMAX+GMED), vasti and rectus femoris combined (VAS+RF), and soleus 

775 and gastrocnemius combined (SOL+GAS) to the fore-aft GRF impulse (A) and the 

776 vertical GRF impulse (B) across all 19 foot contacts of the acceleration phase. GRF 

777 represents the net impulse delivered to the ground in the vertical and fore-aft directions; 

778 specifically, net fore-aft impulse = propulsive impulse – braking impulse, and net 

779 vertical impulse = upward impulse – downward impulse. Muscle symbols are defined in 

780 Fig. 1. 
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