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32 Running head: Muscle function during single leg landing

33 ABSTRACT

34 Anterior cruciate ligament (ACL) injuries commonly occur during single leg landing tasks 

35 and are a burdensome condition. Previous studies indicate that muscle forces play an 

36 important role in controlling ligamentous loading, yet these studies have typically used 

37 cadaveric models considering only the knee-spanning quadriceps, hamstrings and 

38 gastrocnemius muscle groups. Any muscles (including non-knee-spanning muscles) capable 

39 of opposing the anterior shear joint reaction force and the valgus joint reaction moment are 

40 thought to have the greatest potential for protecting the ACL from injury. Thus, the purpose 

41 of this study was to investigate how lower-limb muscles modulate knee joint loading during a 

42 single leg drop landing task. An electromyography-informed neuromusculoskeletal modelling 

43 approach was used to compute lower-limb muscle force contributions to the anterior shear 

44 joint reaction force and the valgus joint reaction moment at the knee during a single leg drop 

45 landing task. The average shear joint reaction force ranged from 153N of anterior shear force 

46 to 744N of posterior shear force. The muscles that generated the greatest posterior shear force 

47 were the soleus, medial hamstrings, and biceps femoris, contributing up to 393N, 359N and 

48 162N, respectively. The average frontal plane joint reaction moment ranged from a 19Nm 

49 varus moment to a 6Nm valgus moment. The valgus moment was primarily opposed by the 

50 gluteus medius, gluteus minimus and soleus, with these muscles providing contributions of 

51 up to 38Nm, 22Nm and 20Nm towards a varus moment, respectively. The findings identify 

52 key muscles that mitigate loads on the ACL. 

53

54 Key terms: anterior cruciate ligament, dynamic valgus, neuromechanics, dynamic coupling, 

55 opensim.

56

57

58 INTRODUCTION

59 Athletes that participate in sports requiring high impact landings and cutting tasks are at risk 

60 of anterior cruciate ligament (ACL) injury 1. The majority of these injuries are treated with 

61 surgical intervention 1 resulting in substantial convalescence and rehabilitation time 2 as well 

62 as associated financial costs 3. Moreover, ACL rupture is associated with potential long term 
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63 consequences, including high re-injury rates (~15%) 4 and the development of knee 

64 osteoarthritis later in life 5. Therefore, prevention of ACL injury is pertinent, and knowledge 

65 regarding the mechanical factors related to ACL injury and injury risk is needed to develop 

66 effective prophylactic strategies. 

67 ACL rupture occurs when the mechanical load experienced by the ligament exceeds 

68 the ligament’s ability to withstand that mechanical load. Rupture may be a consequence of a 

69 single catastrophic load or the consequence of repetitive cyclic loading leading to 

70 microdamage and thus fatigue failure 6. Irrespective of the circumstance, the relevant 

71 mechanical loads at the knee that are considered most likely to cause damage to the ACL are 

72 anterior shear forces, valgus moments and internal rotation moments, especially when these 

73 loads occur simultaneously 7,8. It is therefore important to understand how these mechanical 

74 loads are developed during key injurious manoeuvres, such as change of direction or single 

75 leg landing tasks 9,10. Such knowledge could be beneficial for improving ACL prevention 

76 strategies.

77 Muscles produce forces that can modulate (i.e., both accentuate and oppose) these 

78 critical mechanical loads at the knee. For example, it is known that the quadriceps tends to 

79 generate an anterior tibiofemoral shear force which is directly opposed by the ACL, whilst 

80 the hamstrings tend to do the opposite 11. However, the majority of the existing research on 

81 this topic has only considered the role of major knee-spanning muscles. Through “dynamic 

82 coupling”, any muscle in the body can potentially induce an acceleration of any segment in 

83 the body 12. Subsequently, it is possible that certain non-knee-spanning muscles can influence 

84 knee joint loads during injurious manoeuvres. For example, our previous work investigating 

85 unanticipated sidestep cutting has demonstrated the importance of the soleus for opposing the 

86 anterior shear force, and the gluteus medius for opposing the valgus moment 13. Since the 

87 way in which a muscle induces reaction forces is dependent on the kinematics of all segments 

88 in the system 12, it is likely that muscle force contributions to knee joint loading is task 

89 specific. It may not be appropriate to infer the role of specific muscles from unanticipated 

90 sidestep cutting to other key injurious manoeuvres, such as single leg landing. 

91 Therefore, the purpose of this study was to determine which muscles have the greatest 

92 potential to oppose (or control) the anterior shear force as well as the valgus and internal 

93 rotation moments at the knee during a single leg drop landing task. Specifically, we used an 

94 electromyography (EMG) informed neuromusculoskeletal modelling approach to predict 

95 lower-limb muscle contributions to the anteroposterior shear joint reaction force as well as 

96 the valgus/varus and internal/external rotation joint reaction moments at the knee. Based on 
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97 prior work 13,14, we hypothesized that the anterior shear force would be primarily opposed by 

98 the hamstrings and soleus, whilst the valgus moment would be primarily opposed by the 

99 gluteus medius. 

100

101 MATERIALS AND METHODS

102 Participants

103 Eight recreationally active healthy males (age: 27 ± 4 years; height: 1.77 ± 0.09m; mass: 78 ± 

104 13kg) volunteered to participate in this study, which formed part of a larger project 

105 investigating high impact dynamic tasks 13,15,16. All participants had no current or previous 

106 musculoskeletal injury likely to influence their ability to perform the required tasks. All 

107 participants provided written informed consent to participate in the study. Ethical approval 

108 was granted by the Australian Catholic University Human Research Ethics Committee 

109 (approval number: 2015-11H)

110

111 Instrumentation

112 Three-dimensional marker trajectories were collected at 200Hz using a nine-camera motion 

113 analysis system (VICON, Oxford Metrics Ltd., Oxford, United Kingdom). Ground reaction 

114 forces (GRF) were collected via a ground-embedded force plate (Advanced Mechanical 

115 Technology Inc., Watertown, MA, USA) sampling at 1000Hz. Surface EMG data were 

116 collected at 1000Hz from 10 lower-limb muscles on the dominant leg (defined as the kicking 

117 leg; right side for all participants) via two wireless EMG systems (Noraxon, Arizona, USA; 

118 Myon, Schwarzenberg, Switzerland). 

119

120 Procedures

121 All participants completed the experimental tasks barefoot, which allowed exposure of the 

122 foot for marker placement. The skin was prepared for surface EMG collection by shaving, 

123 abrasion and sterilisation. Circular bipolar pre-gelled Ag/AgCl electrodes (inter-electrode 

124 distance of 2cm) were then placed on the vastus lateralis and medialis, rectus femoris, biceps 

125 femoris, medial hamstrings, medial and lateral gastrocnemius, soleus, tibialis anterior and 

126 peroneus longus muscles in accordance with Surface Electromyography for the Non-Invasive 

127 Assessment of Muscle (SENIAM) guidelines 17. EMG time traces during forceful isometric 

128 contractions were visually examined to verify the correct placement of the electrodes and to 

129 inspect for cross-talk. Additionally, participants were required to perform at least two 

130 isometric maximum voluntary contraction trials (knee flexion and extension, ankle plantar- 
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131 and dorsi-flexion) in order to obtain an appropriate reference value to normalise the EMG 

132 data. For each of these trials, the investigator provided firm manual resistance against the 

133 participant’s contraction for the full three-second duration of the repetition (see 

134 Supplementary Fig. 1 for further details) and provided verbal encouragement to the 

135 participant throughout each repetition. Each trial was also visually inspected and repeated if 

136 deemed necessary by the investigator (e.g., if discontinuities were observed in the signal). 

137 After completion of the maximum voluntary contractions, 43 retroreflective markers (14 mm) 

138 were affixed to various anatomical locations on the whole body as previously described 13,16.

139 Each participant completed a single leg drop landing task on their right leg. Prior to 

140 performing this task, participants completed bilateral drop jump and single leg drop landing 

141 tasks in order to prepare and familiarise themselves with the experimental procedures. 

142 Participants were then required to drop off a box (height = 0.31m) and land on their right leg. 

143 The ground embedded force plate was situated immediately in front of the box. Participants 

144 were required to land with their right foot entirely within the boundaries of the force plate 

145 and, without shuffling their foot, rise from the point of peak knee flexion to standing upright 

146 (with a fully extended knee) without any other part of their body (e.g. their left foot) touching 

147 the ground at any point. Participants were informed of the criteria for a successful trial before 

148 performing the task, but no specific technique coaching was provided prior to or during 

149 testing. The first successfull trial completed by each participant was selected for subsequent 

150 analysis. 

151

152 Data processing

153 Marker trajectories and GRFs were low-pass filtered using a zero-lag, 4th order Butterworth 

154 filter with a cut-off frequency of 15Hz. EMG data were corrected for offset, high pass filtered 

155 (20Hz), full-wave rectified and low-pass filtered (6Hz) using a zero-lag, 4th order Butterworth 

156 filter to obtain a linear envelope. EMG data were normalised to the peak amplitude (i.e. 

157 single highest value) obtained across all trials (i.e., both the isometric maximum voluntary 

158 contractions and dynamic tasks). 

159

160 Neuromusculoskeletal modelling

161 The neuromusculoskeletal modelling pipeline is summarised in Fig. 1. A 31 degree-of-

162 freedom (DOF) full-body musculoskeletal model, with 80 musculotendon actuators (lower 

163 body) and 19 force/torque actuators (upper body) 18, was used to perform the musculoskeletal 

164 simulations in OpenSim 19. Each hip was modelled as a 3-DOF ball and socket. Each knee 
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165 was modelled as a 1-DOF hinge, with other rotational (valgus/varus and internal/external 

166 rotation) and translational (anteroposterior and superior-inferior) movements constrained to 

167 change as a function of the knee flexion angle 20. Two non-intersecting pin joints were used 

168 to represent the ankle (talocrural and subtalar joints). The head-trunk segment was modelled 

169 as a single rigid segment, articulating with the pelvis via a 3-DOF ball and socket joint. Each 

170 upper limb was characterised by a 3-DOF ball and socket shoulder joint and single-DOF 

171 elbow and radioulnar joints. The generic model’s segments were linearly scaled to each 

172 participant’s individual anthropometry as determined during a static trial. An inverse 

173 kinematics algorithm was used to calculate joint angles by means of a least-squares 

174 optimisation that minimised the difference between model and experimental marker positions 

175 21. Inverse dynamics was used to obtain the joint moments acting about each modelled DOF. 

176 We then computed muscle-tendon unit lengths and moment arms about the respective joints 

177 each muscle crossed. 

178 Muscle forces were obtained via an EMG informed approach 22,23. We chose this 

179 approach because muscle force estimation that was entirely driven by surface EMG would 

180 have left too many muscles unaccounted for, thereby substantially limiting the scope of our 

181 analysis. Alternatively, a static optimisation algorithm for estimating muscle forces can 

182 account for these neglected muscle groups; however, our pilot analysis showed poor 

183 agreement between predicted activations and experimental EMG for certain muscle groups 

184 (e.g. hamstrings). Subsequently, the EMG informed approach incorporated the strengths of 

185 both options. To perform these simulations, the inverse dynamics derived joint moments were 

186 combined with the computed muscle-tendon lengths, muscle moment arms, and the 

187 normalised EMG signals to calibrate muscle-tendon unit parameters in the scaled 

188 musculoskeletal model 22. This process utilised a simulated annealing algorithm to minimise 

189 the difference between experimental joint moments (from inverse dynamics) and model joint 

190 moments (product of muscle forces and their corresponding moment arms) by adjusting 

191 neuromuscular parameters (e.g., tendon slack lengths, strength coefficients) within 

192 uncertainty tolerances. After this calibration process, an EMG informed approach was used to 

193 compute muscle forces whilst adhering to the physiological force-length and force-velocity 

194 relationships of skeletal muscle 22,23. This process involved the use of a static optimisation 

195 algorithm to decompose net joint moments into individual muscle forces by minimising the 

196 sum of activations squared, whilst also limiting the deviation of the excitation patterns from 

197 experimentally recorded EMG signals (where available). This method therefore accounted for 
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198 participant-specific muscle recruitment patterns for muscles where EMG data were available 

199 and constrained the solution space for the remaining muscles.

200 The measured GRFs were decomposed into individual muscular contributions by 

201 using a universal “rolling on ground” constraint to model the interaction between the foot and 

202 the ground 24,25. Each muscle’s contribution to the joint reaction forces and moments at the 

203 knee were then computed by applying each muscle’s force and contribution to the GRF in 

204 isolation and resolving the dynamical equations of motion. The computed knee joint reaction 

205 forces and moments (expressed in a tibial reference frame, Supplementary Fig. 2) represent 

206 the forces and moments that the knee joint experiences as a consequence of all motions and 

207 forces in the model, including muscles and other actuators. 

208

209 Outcome variables

210 Outcome variables of interest were each muscle’s contribution to the anteroposterior shear 

211 joint reaction force as well as the frontal and transverse plane joint reaction moments at the 

212 knee, as these variables have been shown to be associated with higher ACL loads and/or 

213 injury 7. We restricted our analysis to the landing phase (defined as the time period from 

214 initial contact to peak knee flexion) because ACL injury typically occurs promptly after 

215 initial contact 10. Muscular contributions were grouped according to functional groups similar 

216 to prior work 13 (see Supplementary Table 1 for full details). Note that we focused our 

217 reporting on major muscle groups, and did not report on any muscle that was not found to 

218 make a meaningful contribution to any of the three key knee joint reaction forces or moments 

219 (see Rajagopal et al. 18 for all musculotendinous actuators included in the model). 

220 Additionally, we focused our results reporting on the “typical” (i.e., mean) contributions of 

221 muscles, but due to potential clinical relevance, data describing inter-individual variability in 

222 muscle contributions are also provided in Supplementary Figs. 3-5 for the interested reader. 

223

224 Validation and verification

225 To provide confidence in our simulations, we performed various validation and verification 

226 tests according to best practice recommendations 26. Specifically, we confirmed that the 

227 model-based and experimental data were in agreement, where such data were available. 

228 These comparisons revealed close agreement between model and experimentally determined 

229 excitations (Supplementary Figs. 6 and 7), joint moments (Supplementary Fig. 8), and knee 

230 reaction forces and moments (Supplementary Fig. 9). Finally, we observed similar trends in 

231 the time-varying characteristics of our experimental joint angles (Supplementary Fig. 10) and 
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232 inverse dynamics based joint moments (Supplementary Fig. 8) when compared with prior 

233 published data of single leg drop landing tasks from similar heights 14.  

234

235 RESULTS

236 Anteroposterior shear joint reaction force

237 The net anteroposterior shear joint reaction force was characterised by an anterior shear force 

238 that peaked at 153N soon after initial contact and declined thereafter until transitioning to a 

239 posterior shear force at 14% of the landing phase (Fig. 2). The anterior shear joint reaction 

240 force was primarily produced by the quadriceps and gastrocnemius muscle groups. For these 

241 muscle groups, the peak contribution occurred within the first 20% of the landing phase, with 

242 contributions declining thereafter. The greatest peak was produced by the vasti (263N), 

243 followed by the medial gastrocnemius (249N), lateral gastrocnemius (89N) and rectus 

244 femoris (80N).  Muscles that did not span the knee made relatively limited contributions to 

245 the anterior shear joint reaction force. For example, the largest non-knee-spanning 

246 contributions came from the ankle dorsi-flexors (up to 74N), gluteus maximus (up to 72N) 

247 and adductors (up to 72N). The posterior shear joint reaction force progressively increased 

248 throughout the landing phase, peaking at 744N. The greatest contributors to the posterior 

249 shear joint reaction force were the hamstrings and soleus. The contribution of the medial 

250 hamstrings and biceps femoris tended to gradually increase for the first 50% of the landing 

251 phase, peaking at 359N and 162N, respectively. The contribution from soleus to the posterior 

252 shear joint reaction force increased immediately following initial contact reaching a peak of 

253 393N at 20% of the landing phase, before gradually declining thereafter to 241N by the end 

254 of the landing phase. At 59% of the landing phase, the vasti were found to change function 

255 and provide a small contribution to the posterior shear joint reaction force, which reached a 

256 magnitude of around 60N by the end of the landing phase. 

257

258 Frontal plane joint reaction moment (varus/valgus)

259 A varus joint reaction moment (peak of 19Nm at 34% of landing phase) was present for the 

260 first 68% of the landing phase, whereas a valgus joint reaction moment (peak of 6Nm at the 

261 end of the landing phase) was present for the remaining portion (Fig. 3). Throughout the 

262 landing phase, non-knee-spanning muscles had the greatest capacity to oppose the valgus 

263 joint reaction moment. For example, gluteus medius was the dominant contributor to the 

264 varus joint reaction moment (ranging from 10-38Nm across the landing phase). Substantial 

265 contributions were also made by the gluteus minimus (7-22Nm) and soleus (0-20Nm). The 
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266 medial hamstrings and medial gastrocnemius also contributed around 17Nm and 15Nm, 

267 respectively, to the varus joint reaction moment at the beginning of the landing phase, with 

268 both contributions declining thereafter. During the first 30% of the landing phase, the ankle 

269 plantarflexor/invertors and the biceps femoris were the primary contributors to the valgus 

270 joint reaction moment, contributing up to 21Nm and 15Nm, respectively. Whilst these 

271 contributions declined thereafter, increasing contributions to the valgus joint reaction moment 

272 were seen from the vasti (up to 26Nm) and rectus femoris (up to 7Nm).

273

274 Transverse plane joint reaction moment (internal/external rotation)

275 An external rotation joint reaction moment was present throughout the entire landing phase 

276 (Fig. 4). The external rotation moment was 4-7Nm for the first 10% of the landing phase. It 

277 progressively increased, peaking at 35Nm at 27% of the landing phase, then decreased to 

278 ~30Nm for the remainder of the landing phase. The dominant contributors towards this 

279 moment were the ankle plantarflexor/invertors (up to 27Nm), vasti (up to 24Nm), and rectus 

280 femoris (up to 15Nm). An internal rotation joint reaction moment was generated by the 

281 soleus (up to 20Nm) followed by the medial hamstrings (up to 7Nm), gluteus maximus (up to 

282 5Nm) and lateral gastrocnemius (up to 5Nm). 

283

284 DISCUSSION

285 This study has revealed that both knee-spanning and non-knee-spanning muscles contribute 

286 to the knee joint reaction forces and moments during a single leg drop landing task. Notably, 

287 we found the hamstrings and the soleus muscles to have the greatest potential to oppose the 

288 anterior shear joint reaction force, whilst the non-knee-spanning gluteus medius, gluteus 

289 minimus and soleus muscles had the greatest potential to oppose the valgus joint reaction 

290 moment. To the authors’ knowledge, no previous studies have calculated the contributions of 

291 both knee-spanning and non-knee-spanning muscles to these critical mechanical loads at the 

292 knee during a single leg drop landing task.  

293

294 Anteroposterior shear joint reaction force

295 The anterior shear force at the knee has consistently been associated with ACL loading 7,8,27. 

296 Studies that have investigated how muscles contribute to anteroposterior shear forces have 

297 typically focused on the quadriceps and hamstring muscle groups 11. Findings from the 

298 current study (Figs. 2A and C) are consistent with prior research regarding the importance of 

299 these two muscles for modulating anteroposterior shear forces. Furthermore, our findings 
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300 revealed that other muscles (including those that do not span the knee) also have the potential 

301 to modulate anteroposterior shear forces. For example, we found that during a single leg drop 

302 landing task, the soleus provided the largest contribution to the posterior shear joint reaction 

303 force of any single muscle (Fig. 2D). This result is consistent with our previous observations 

304 for unanticipated sidestep cutting 13 and what has been previously reported by Mokhtarzadeh 

305 and colleagues 14 for a single leg drop landing task (albeit using an alternative modelling 

306 approach). In contrast to the function of soleus, it seems that the biarticular gastrocnemius is 

307 an ACL antagonist during a single leg drop landing task, a finding that we observed (Fig. 2B) 

308 along with Mokhtarzadeh et al. 14. Such a conclusion is substantiated by in-vivo work 

309 showing that electrical stimulation of the gastrocnemius resulted in increased ACL strain 28. 

310 Thus, it would appear that the primary ankle plantar flexors have a similar role to the 

311 quadriceps and hamstrings with regards to the modulation of anteroposterior shear forces. 

312 With the exception of the soleus, our data suggests that non-knee-spanning muscles 

313 made relatively small contributions to anteroposterior shear forces compared to knee-

314 spanning muscles like the quadriceps, hamstrings and gastrocnemius (Fig. 2). However, this 

315 result is not entirely consistent with prior literature. For example, a previous study 29 

316 investigating a lunge movement suggested that the gluteus maximus can induce a posterior 

317 shear force at the knee, whilst our data suggests that the gluteus maximus mainly contributes 

318 to an anterior shear force (Fig. 2E). This discrepancy is most likely explained by the fact that 

319 our study did not model the iliotibial band. As a consequence of this simplification, our 

320 analysis did not account for direct transmission of gluteus maximus force to the tibia via its 

321 attachment to the iliotibial band. Whilst the exclusion of the iliotibial band from our model 

322 was unlikely to have influenced the majority of our results, the role of the gluteus maximus 

323 may need to be interpreted with the aforementioned limitation kept in mind. 

324

325 Frontal and transverse plane joint reaction moments

326 Like prior work in sidestep cutting 13 and walking 30, this study has demonstrated that the 

327 gluteus medius has the greatest capacity to oppose the valgus joint reaction moment at the 

328 knee during a single leg drop landing task. Other muscles also contributed to the frontal plane 

329 joint reaction moment at the knee (e.g. hamstrings, soleus, ankle plantarflexor/invertors) and 

330 rather interestingly there seemed to be a temporal variation in the primary muscular strategy 

331 modulating this moment. Immediately following initial contact, the frontal plane joint 

332 reaction moment was primarily modulated by opposing contributions from the medial and 

333 lateral hamstrings. These contributions rapidly declined by 25% of the landing phase, 
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334 coinciding with increased contributions from the soleus and the ankle plantarflexor/invertors 

335 producing varus and valgus moments, respectively. These contributions peaked at ~25% of 

336 the landing phase. During the second half of the landing phase, the gluteus medius and 

337 minimus began providing the largest contributions to the varus joint reaction moment, 

338 whereas the quadriceps provided the largest contribution to the valgus joint reaction moment 

339 at this time. This time-dependent variation in the modulation of frontal plane knee joint 

340 loading is, to our knowledge, previously unreported.  

341 We note that the functional role of the majority of the aforementioned muscles are 

342 generally consistent with prior work for sidestep cutting and walking 13,30; however, there is 

343 some inconsistency in the reported role of soleus with respect to the frontal plane joint 

344 reaction moment at the knee. This inconsistency in the reported function of the soleus could 

345 be due to task-based differences between our work and prior work. It could also be 

346 attributable to the foot-ground contact model because prior research has shown predictions of 

347 muscle function for certain muscles to be sensitive to the particular foot-ground contact 

348 model 25. Specifically, estimates of how the soleus contributes to the mediolateral GRF can 

349 be opposing when comparing the “rolling on ground” constraint used in the present work 

350 versus the multipoint constraint used in our previous work 13 and that of Sritharan and 

351 colleagues 30. The multipoint constraint was not implemented in the present study as our pilot 

352 analysis showed poor performance (e.g. large superposition errors) in our single leg drop 

353 landing trials. This outcome may have been because the multipoint constraint set was 

354 specifically developed to estimate muscle function during relatively planar locomotion tasks 

355 such as walking and running 31. The “rolling on ground” constraint was justified for the 

356 present study since it adequately described movement of the foot relative to the ground in the 

357 chosen task, showed low superposition errors, and has been applied in prior published work 

358 24,32. Nevertheless, based on the apparent sensitivity of the predicted function for soleus to the 

359 chosen foot-ground model, we recommend keeping this point in mind when interpreting 

360 results regarding the contribution of soleus to the frontal and transverse plane joint reaction 

361 moments. 

362

363 Clinical implications

364 Prior work suggests that ACL loads are greatest when the knee joint is exposed to an anterior 

365 shear force together with a valgus and an internal rotation moment 7,8. This specific loading 

366 combination was not observed to occur simultaneously in our data (Figs. 2-4); however, 
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367 identifying the function of a specific muscle still requires consideration of its mechanical 

368 effect across multiple planes. 

369 Based on the findings from this study, we suggest that injury prevention strategies 

370 should focus on optimising the function of the hamstrings and soleus as well as gluteus 

371 medius and minimus. Collectively, the hamstrings and soleus were found to be the dominant 

372 contributors to the posterior shear joint reaction force during the single leg drop landing task. 

373 The relative importance of non-sagittal knee joint moments with respect to ACL loading is 

374 not universally accepted 33, whereas anterior and posterior shear forces have been 

375 consistently shown to load and unload the ACL, respectively 7,8,27. Since ACL injury occurs 

376 promptly after initial contact 10, the soleus may be particularly important for reducing the 

377 likelihood of ACL injury, as it makes a more substantial contribution to the posterior shear 

378 joint reaction force during the first 25% of the landing phase. However, although our findings 

379 suggest that the hamstrings are less effective at producing a posterior shear joint reaction 

380 force during the early stage of the landing phase, they do appear to be effective at modulating 

381 both frontal (Fig. 3C) and transverse plane (Fig. 4C) joint reaction moments following initial 

382 contact. Additionally, from a practical perspective, the function of the soleus may be difficult 

383 to isolate from the gastrocnemius (a muscle which we found to be a primary contributor to 

384 the anterior shear joint reaction force at the knee). 

385 The gluteus medius and minimus muscles were the dominant contributors to the varus 

386 joint reaction moment, and thus probably have best potential to modulate the magnitude of 

387 the valgus joint reaction moment (Fig. 3E). Importantly, this finding holds true across studies 

388 that have used different modelling techniques and have investigated different tasks 13,30. 

389 When these results are interpreted together with results from prospective studies showing that 

390 higher knee valgus loading 34 and lower hip abduction strength 35 are associated with ACL 

391 injury, it appears that the gluteus medius and minimus may be especially important muscles 

392 to consider in injury prevention programs. 

393

394 Limitations

395 Whilst our study has revealed some novel insights, we acknowledge that there are some 

396 limitations to this work. One limitation is that the present study only involved a cohort of 

397 eight healthy recreationally active males performing a laboratory-controlled drop-landing 

398 task. It is unclear if our findings would hold true if the demands of sport-specific injurious 

399 scenarios were more closely replicated (e.g., unplanned landings). For example, whilst the net 

400 joint reaction forces and moments in this study compare well to previous work employing 
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401 similar methodology (e.g., 13), the net frontal and transverse moments observed were 

402 substantially less than the >200Nm moments directly measured during in-vitro simulation of 

403 ACL rupture 36. In such “high risk” scenarios, it is possible that muscle induced reaction 

404 forces and moments may have limited capacity to protect the ACL from rupture. Practical 

405 and ethical constraints make studying “high risk” scenarios very difficult under in-vivo 

406 conditions, thus future research might aim to develop techniques (e.g., in-vitro or in-silico) to 

407 investigate muscle induced reaction forces and moments under these scenarios. Additionally, 

408 such research should also consider the influence of different populations such as females, 

409 specific athletic subgroups, and pathological populations. 

410 Another limitation is that we did not compute ACL forces directly. Whilst including 

411 knee ligaments into the musculoskeletal model would have allowed us to predict ligament (or 

412 ACL) forces directly, this complexity would come at the cost of introducing additional 

413 uncertainties related to in-vivo ligament properties 37. Due to the sensitivity of estimated ACL 

414 forces to these ligament properties (e.g., reference strains and ligament stiffness) 37, we opted 

415 to exclude ligaments from the model. Nevertheless, based on the findings from previous 

416 studies 7,8,38, we are confident that the primary outcome measures used in the present 

417 represent appropriate surrogate indicators of ACL loading.

418 The decision to exclude ligaments from the model meant that translations and non-

419 sagittal rotations at the knee needed to be constrained as a function of the knee flexion angle 

420 20, similar to prior studies 14, in order to ensure our predicted muscle forces were as valid as 

421 possible. Another advantage of adopting such constraints is minimising the impact of soft 

422 tissue artefact. Prior research has shown that non-sagittal plane knee rotations are particularly 

423 sensitive to soft tissue artefact when using skin-mounted marker systems 39, especially for 

424 high-impact tasks. Whilst soft tissue artefact can influence all joint angles, we used a global 

425 optimisation inverse kinematics algorithm to obtain our joint angles, which has previously 

426 been shown to be capable of minimising the influence of soft tissue artefact 21. 

427 Muscle forces estimated in the present work cannot be directly validated, as in-vivo 

428 muscle forces are not practically feasible to measure 40. However, the EMG informed 

429 approach utilised has been shown to be capable of yielding reasonable predictions of in-vivo 

430 joint contact forces 41, which serves as an indirect validation of muscle forces due to the high 

431 dependency of joint contact forces on muscle forces 40. Furthermore, the EMG informed 

432 approach was found to be successful in its aim of generating a set of muscle excitations that 

433 matched experimentally recorded EMG signals (Supplementary Fig. 6), whilst also producing 

434 joint moments that matched inverse-dynamics derived joint moments (Supplementary Fig. 8), 
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435 and thus helped to ensure that time-varying trends in our predicted muscle forces were 

436 physiologically plausible and participant specific (see Supplementary Figs. 3-5 for 

437 participant-specific data). Where EMG data were not collected for certain muscles in the 

438 present study, but reported by other studies investigating similar tasks, we found favourable 

439 comparisons to the predicted excitation patterns in our work (Supplementary Fig. 7). 

440 Nevertheless, we acknowledge that EMG data were not available for all muscles, hence the 

441 excitations for all investigated muscle groups could not be validated. 

442

443 Conclusion

444 In conclusion, this study demonstrated that knee-spanning as well as non-knee-spanning 

445 muscles contribute substantially to anteroposterior shear joint reaction forces as well as 

446 frontal and transverse plane joint reaction moments at the knee during a single leg drop 

447 landing task. Specifically, the quadriceps and gastrocnemius muscles were found to be the 

448 major contributors to the anterior shear joint reaction force, whilst the hamstrings and the 

449 soleus were the major contributors to the posterior shear joint reaction force. The valgus joint 

450 reaction moment was primarily produced by both knee-spanning (vasti) and non-knee-

451 spanning (ankle plantarflexor/invertors) muscles. This moment was opposed by the non-

452 knee-spanning gluteus medius, gluteus minimus and soleus. The external rotation joint 

453 reaction moment throughout the landing phase was primarily generated by the ankle 

454 plantarflexor/invertors and the vasti. Based on our consideration of multiple loading states, 

455 we conclude that the hamstrings (biceps femoris and medial hamstrings), soleus, as well as 

456 gluteus medius and minimus to have the greatest potential to offset ACL loading during a 

457 single leg drop landing task. Optimising the function of these muscles should therefore be of 

458 high priority in injury prevention programs.

459

460 PERSPECTIVE

461 Based on prior work (e.g. 11,28), researchers and clinicians may be tempted to focus on knee-

462 spanning muscles in order to modulate knee joint forces in ACL injury prevention programs. 

463 However, this study shows that non-knee-spanning muscles play a substantial role in 

464 modulating knee joint reaction forces and moments during a single leg drop landing task. For 

465 example, the gluteus medius induced knee varus loading (thus opposing knee valgus loading) 

466 of up to 38Nm, which is more than 2-fold higher than any knee-spanning muscle. Similarly, 

467 the non-knee-spanning soleus induced a posterior shear force of a substantial magnitude (up 

468 to 393N), which exceeded that from either the medial or lateral hamstrings. The findings 
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469 from the present study can therefore be used to inform interventions aiming to reduce ACL 

470 injury risk. 
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602 Figure 1. Musculoskeletal modelling pipeline used to generate simulations of single leg drop 

603 landing task from a 0.31m height. The top panel identifies the experimental data, which 

604 include three-dimensional marker trajectories, three-dimensional ground reaction forces 

605 (GRF), and surface electromyography (EMG). The bottom panel illustrates the flow of 

606 modelling steps and their outputs. Note that the EMG-assisted optimisation step also involves 

607 a calibration of neuromusculoskeletal parameters, described in full detail elsewhere 22. Note 

608 that induced GRFs are much smaller in magnitude than induced joint loads, and are 

609 subsequently not illustrated on the same scale for perceptibility reasons. 

610 Figure 2. Mean contributions of muscles to knee anteroposterior shear joint reaction force for 

611 the landing phase (initial contact to peak knee flexion) of a single leg drop landing task from 

612 a 0.31m height. Positive values indicate anterior shear force. Note that the shaded grey 

613 represents the experimental value (net value accounting for all forces) for each reaction load. 

614 RECFEM, rectus femoris; VASTI, vasti (vastus intermedius, lateralis and medialis); 

615 GASLAT, gastrocnemius lateralis; GASMED, gastrocnemius medialis; BFEM, biceps 

616 femoris (biceps femoris long head and short head), SEMI, medial hamstrings (semitendinosus 

617 and semimembranosus); SOLEUS, soleus; PFINV, plantar-flexor-invertors (tibialis posterior, 

618 flexor digitorum longus and flexor hallucis longus); PER, peroneus (peroneus brevis and 

619 longus); GMAX, gluteus maximus; GMED, gluteus medius; GMIN, gluteus minimus; 

620 ILPSO, iliopsoas (iliacus and psoas major); ADD, adductors (adductor brevis, longus and 

621 magnus); DORSI, dorsiflexors (tibialis anterior, extensor digitorum and hallucis longus).

622 Figure 3. Mean contributions of muscles to knee valgus/varus reaction moment for the 

623 landing phase (initial contact to peak knee flexion) of a single leg drop landing task from a 

624 0.31m height. Positive values indicate varus moment. Note that the shaded grey represents 

625 the experimental value (net value accounting for all forces) for each reaction load. RECFEM, 

626 rectus femoris; VASTI, vasti (vastus intermedius, lateralis and medialis); GASLAT, 

627 gastrocnemius lateralis; GASMED, gastrocnemius medialis; BFEM, biceps femoris (biceps 

628 femoris long head and short head), SEMI, medial hamstrings (semitendinosus and 

629 semimembranosus); SOLEUS, soleus; PFINV, plantar-flexor-invertors (tibialis posterior, 

630 flexor digitorum longus and flexor hallucis longus); PER, peroneus (peroneus brevis and 

631 longus); GMAX, gluteus maximus; GMED, gluteus medius; GMIN, gluteus minimus; 

632 ILPSO, iliopsoas (iliacus and psoas major); ADD, adductors (adductor brevis, longus and 

633 magnus); DORSI, dorsiflexors (tibialis anterior, extensor digitorum and hallucis longus).
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634 Figure 4. Mean contributions of muscles to knee internal/external rotation reaction moment 

635 for the landing phase (initial contact to peak knee flexion) of a single leg drop landing task 

636 from a 0.31m height. Positive values indicate internal rotation moment. Note that the shaded 

637 grey represents the experimental value (net value accounting for all forces) for each reaction 

638 load. RECFEM, rectus femoris; VASTI, vasti (vastus intermedius, lateralis and medialis); 

639 GASLAT, gastrocnemius lateralis; GASMED, gastrocnemius medialis; BFEM, biceps 

640 femoris (biceps femoris long head and short head), SEMI, medial hamstrings (semitendinosus 

641 and semimembranosus); SOLEUS, soleus; PFINV, plantar-flexor-invertors (tibialis posterior, 

642 flexor digitorum longus and flexor hallucis longus); PER, peroneus (peroneus brevis and 

643 longus); GMAX, gluteus maximus; GMED, gluteus medius; GMIN, gluteus minimus; 

644 ILPSO, iliopsoas (iliacus and psoas major); ADD, adductors (adductor brevis, longus and 

645 magnus); DORSI, dorsiflexors (tibialis anterior, extensor digitorum and hallucis longus).
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