
Biomechanical Characterization of Slope Walking Using 
Musculoskeletal Model Simulation

Abstract:

Purpose
Upslope and downslope walking are basic activities necessary for normal daily living in the
community, and they impose greater joint load on the lower extremities than during level walking.
Thus, the purpose of this study was to quantify the resultant and shear forces in the hip and knee
joints during slope walking.

Methods
Twelve healthy volunteers were evaluated walking under level and 10° up- and downslope
conditions; three-dimensional gait analysis was conducted using a 7-camera optoelectronic motion
analysis system combined with a force plate to measure ground reactive force. Joint forces in the hip
and knee joints were estimated using musculoskeletal model simulation.

Results
Results showed that the resultant hip force was increased significantly to 117.2% and 126.9%, and
the resultant knee force was increased to 133.5% and 144.5% in up- and downslope walking,
respectively, compared with that of level walking. Furthermore, increased shear force in the hip and
knee joints was noted during both slope walking conditions.

Conclusions
This information may be beneficial for therapists advising elderly people or patients with
osteoarthrosis on an appropriate gait pattern, gait assistive devices, or orthoses according to their
living environment.

Authors:

Masayuki Kawada Faculty of Medicine, Kagoshima University

Kazutaka Hata Graduated School of Health Science, Kagoshima University

Dr. Ryoji Kiyama Faculty of Medicine, Kagoshima University

Prof. Tetsuo Maeda Faculty of Medicine, Kagoshima University

Prof. Kazunori Yone Faculty of Medicine, Kagoshima University

Keywords:

gait analysis, slope walking, osteoarthrosis, joint force, musculoskeletal model simulation

Powered by TCPDF (www.tcpdf.org)

https://www.editorialsystem.com/abb
https://www.editorialsystem.com/


Manuscript body
Download source file (106.64 kB)

September 22, 2017 1 

Celina Pezowicz, Ph.D 2 

Editor-in-Chief 3 

ACTA OF BIOENGINEERING AND BIOMECHANICS 4 

 5 

Dear Editor: 6 

 7 

Please find our manuscript titled “Biomechanical Characterization of Slope Walking Using 8 

Musculoskeletal Model Simulation” by Masayuki Kawada enclosed, which we would like to 9 

submit for publication as a research paper in the ACTA OF BIOENGINEERING AND 10 

BIOMECHANICS. 11 

The purpose of this study was to quantify the magnitude and direction of joint force during 12 

slope walking. Excessive joint load is a known risk factor for musculoskeletal disorders, such 13 

as osteoarthrosis in both the hip and knee joints. Joint force is one of the parameters that 14 

quantifies joint loads and is often calculated using musculoskeletal model simulations. 15 

Excessive joint force under various weight-bearing conditions may be related to joint 16 

deformity in the lower limbs. These deformities are caused by longitudinal and shear forces 17 

that decrease joint stability. Joint force during walking has been reported by some researchers, 18 

but those studies did not include joint force direction. In order to accurately prescribe 19 

appropriate physical activity for patients with osteoarthrosis, we must understand the direction 20 

of the joint force, not merely its magnitude. 21 

No significant differences were observed in gait velocity or stride length among the three 22 

walking conditions tested. However, we found several differences in hip and knee joint 23 

moment and force between level and slope walking. These results indicate increased joint 24 

load in the hip and knee joints at stance phase during slope walking and kinematic differences 25 

between upslope walking and downslope walking.  26 

The results of this study are significant because they demonstrate that hip and knee joint 27 

forces are greater during slope walking than level walking. Because these forces might 28 

contribute to development of musculoskeletal disorders,  therapists are able to better provide 29 

their patients with techniques that can decrease joint force while walking.  30 

We believe that these findings will be of great interest to your readers in general and to fellow 31 

human kinetics researchers in particular. As the premier journal devoted to this field, the 32 

ACTA OF BIOENGINEERING AND BIOMECHANICS represents an ideal platform for us to 33 

share these results with the international research community. 34 

We confirm that this manuscript has not been published elsewhere and is not under 35 

consideration by another journal. All authors have approved the manuscript and agree with 36 

submission to the ACTA OF BIOENGINEERING AND BIOMECHANICS. The authors have 37 

no conflicts of interest to declare. 38 
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We did not receive any external funding for this study. So we didn't write the 40 

acknowledgements in the Autohor's Statement. Please address all correspondence to: 41 
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Introduction 71 

During daily living, lower extremity joints are subjected to repeated loads when 72 

performing antigravitational activities, such as walking and standing. Excessive joint load is a 73 

known risk factor for developing musculoskeletal disorders, such as osteoarthrosis in the hip 74 

and knee joints [1]-[2]. Osteoarthrosis, which is common in elderly people, can cause joint 75 

pain and dysfunction, resulting in functional limitations. Thus, elderly patients and those with 76 

osteoarthrosis would benefit from avoiding excessive lower extremity joint load during their 77 

daily activities. 78 

Upslope and downslope walking are basic daily activities and are characterized by 79 

increased propulsive and braking forces in the ground reaction force (GRF) [3]-[4]. The 80 

difference of GRF produces changes in internal joint moment. During 8° upslope walking, hip 81 

extension and ankle plantarflexion moments at late stance increase to 150% and 118%, 82 

respectively, compared with level walking [3]. During 8° downslope walking, the knee 83 

extension moment at early stance was twice that of level walking [3]. These alterations in 84 

joint moments result in an increased activation of related muscles [5]-[7]. GRF acts on joint 85 

surfaces via the bones, and muscle contractions pull the bones toward each other, resulting in 86 

changes in joint load [8]-[9]. In particular, tensile force generated by muscle activation 87 

contributes a large part of the joint force [8]-[10]. Thus, the alteration of GRF and muscle 88 

activation during slope walking could increase joint load. However, few studies have analyzed 89 

joint load during slope walking.  90 

Joint force is one of the parameters that quantifies joint load. Joint force can be 91 

calculated using musculoskeletal model simulations [8], [10]-[13] or measured in vivo with 92 

instrumented implants [14]-[15]. The noninvasive musculoskeletal model is generally utilized 93 

in movement science and can safely measure joint force during various activities. Excessive 94 

joint force under weight-bearing conditions might be related to joint deformity in the lower 95 

limbs, including femoral head migration in hip osteoarthrosis or varus deformity in knee 96 

osteoarthrosis. These deformities are caused by longitudinal and shear forces that decrease 97 

joint stability. Joint force during walking has been reported by previous studies, but these did 98 

not include analysis of joint force direction [8], [13], [15]. The resultant and shear forces 99 

during gait are associated with joint pain and deformity; therefore, knowledge regarding these 100 

issues would be beneficial for therapists engaged in the rehabilitation of elderly people and 101 

those with osteoarthrosis. 102 

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

https://www.editorialsystem.com/pdf/download/544288/f5ce2dbdb073845197564ac6865d64b2/
https://www.editorialsystem.com/abb
https://www.editorialsystem.com/


Manuscript body
Download source file (106.64 kB)

The purpose of this study was to quantify the resultant and shear forces in the hip and 103 

knee joints during slope walking using musculoskeletal model simulation. We hypothesized 104 

that the resultant and shear forces in the hip and knee joints are increased during slope 105 

walking, especially downslope, compared with the forces that occur during level walking. To 106 

further interpret the difference in joint force due to walking conditions, changes in GRF and 107 

internal joint moments were analyzed. 108 

 109 

Materials and Methods 110 

Subjects 111 

 Twelve healthy young adults (age: 26.1 ± 5.7 years; height: 170.7 ± 5.5 cm; weight: 112 

64.9 ± 8.2 kg; average ± standard deviation) without any orthopedic or neurological disorders 113 

participated in this study. Each participant read and signed an informed consent form 114 

approved by the Ethics Committee of Kagoshima University Medical School (No. 155). 115 

 116 

Data collection 117 

 We calculated joint force using the musculoskeletal model simulation software 118 

AnyBody 6.0 (AnyBody Technology, Aalborg, DK) from motion capture and GRF data. The 119 

validity of muscle force and joint forces estimated by this musculoskeletal model simulation 120 

software has been confirmed during previous study [16]. Subjects were evaluated under three 121 

gait conditions: level walking, upslope walking, and downslope walking. The walkway 122 

consisted of a 3-m plane inclined to 10° with 3-m horizontal areas at both ends. To minimize 123 

the effect of gait velocity, subjects walked at 100 steps/min using a metronome. Five trials 124 

were measured for each gait condition [4], [9]. Prior to data collection, the subjects practiced 125 

each gait several times. 126 

 Motion capture was conducted using a 7-camera optoelectronic motion analysis 127 

system (VICON MX3, Oxford Metrics, Oxford, UK) combined with a force plate (9286A, 128 

Kistler, Jonsered, SE). The force plate was secured in the middle of the inclined plane to 129 

obtain the GRF. Sampling frequencies of the infrared camera and the force plate were 100 Hz 130 

and 1000 Hz, respectively. 131 

 Each subject wore 25 retro-reflective markers on bony landmarks of the head, thorax, 132 

pelvis, and right lower extremities, based on a plug-in-gait marker set.  133 

 134 
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Data analysis 135 

 Marker trajectories and GRF data were filtered using a Butterworth low-pass filter at 136 

5 Hz and 12 Hz cut-off frequencies, respectively. GRF was analyzed according to the force 137 

plate reference frame [6]. In this study, we focused on hip and knee joint forces. Internal joint 138 

moments and joint forces were calculated using the MocapModel in AMMR 1.6.4, which is 139 

the standard model available in AnyBody. The musculoskeletal model includes 170 muscles, 140 

6 segments (head, trunk, pelvis, right thigh, right shank, and right foot), and has 10 degrees o f 141 

freedom. The model was scaled to subjects according to their segment length and body mass. 142 

We used a simple muscle configuration without force- length-velocity relationships in that 143 

musculoskeletal mode, according to a previous study which reported that 144 

force- length-velocity relationships have little effect on prediction of muscle forces and joint 145 

forces while walking [17]. Marker trajectories and GRF data were put into the 146 

musculoskeletal model to calculate the hip and knee joint forces. Joint moments and joint 147 

forces were estimated by inverse dynamic analysis and optimization. In the optimization 148 

process, muscle forces were calculated to minimize the sum of the cubes of muscle stress, 149 

described by the ratio of muscle force to maximum muscle force in each muscle [18]. Hip and 150 

knee joint forces were calculated from the net joint force and tensile force of the muscles 151 

crossing those joints, and resolved into three components based on the reference frame of the 152 

child segment. We also obtained resultant force in the hip and knee joints. The glenoid fossa 153 

of the knee joint lies perpendicular to the longitudinal direction of the tibia, thus 154 

anteroposterior and mediolateral joint forces relative to the shank create a shear force. 155 

Meanwhile, the acetabulum is not perpendicular to the longitudinal direction of the thigh due 156 

to the neck shaft angle in the frontal plane. It is therefore difficult to estimate the shear force 157 

of the hip joint in the frontal plane from components of joint forces relative to the thigh 158 

coordinate system. Thus, we calculated the direction of hip joint force vectors for the femoral 159 

long axis on the frontal plane at resultant force peak, to define the shear force on the hip joint 160 

(Figure 1) [19]. GRF, joint moments, and joint force data were normalized to each subject’s 161 

body weight, and time was normalized to percentage of gait cycle. Gait velocity and stride 162 

length were calculated from the trajectory of the heel marker.  163 

 We analyzed gait velocity, stride length, GRF, joint moments, joint forces, and 164 

direction of hip joint force for all walking conditions. We analyzed peak value during the 165 

early stance as the first peak and late stance phases as the second peak for kinematic and 166 
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kinetic data from 5 trials for each walking condition. Results are shown as the mean ± 167 

standard deviation and their percentage to the value of level walking. Normality of 168 

distribution was tested using the Shapiro-Wilk test. If normality of distribution could be 169 

assumed, data were analyzed by one-way repeated measures ANOVA with Schaffer’s post hoc 170 

test to define the effect of gait condition on joint load. If the normality of distribution could 171 

not be assumed, data were analyzed by the Friedman test with Wilcoxon signed rank test 172 

adjusted using the Holm method as a post hoc test. All statistical tests were performed using R 173 

2.8.1. For all analyses, the level of significance was set at alpha < 0.05. 174 

 175 

Results 176 

No significant differences were observed in gait velocity and stride length between the 177 

three walking conditions (Table 1). Vertical GRF was significantly increased at late stance of 178 

upslope walking (P = 0.002) and at early stance of downslope walking (P < 0.001), compared 179 

to level walking (Table 2). Braking and medial GRFs during down slope walking were larger 180 

than other two conditions (P < 0.001). Meanwhile, propulsion GRF during upslope walking 181 

was larger than other two conditions (P < 0.001). Increased hip extension moments at early 182 

stance were observed during upslope walking compared to the other walking conditions 183 

(180.8%; P < 0.001; Figure 2A; Table 2). Meanwhile, hip abduction moment during 184 

downslope walking was increased at early stance and late stance, and was larger than other 185 

two conditions (Figure 2B, Table 2; P < 0.001). Level and upslope walking showed similar 186 

knee extension moment patterns during the stance phase (Figure 2C). Conversely, during 187 

downslope walking, knee muscles generated an extension moment throughout the stance 188 

phase. The knee extension moment increased during upslope and downslope walking 189 

compared to level walking, the latter difference being particularly significant (P < 0.002). An 190 

increased knee flexion moment at late stance was increase during upslope walking compared 191 

to level walking (P = 0.002). 192 

 Hip joint forces, except for the anterior-posterior force, showed two peaks during the 193 

stance phase and these were directed to the medial superior during the three walking 194 

conditions in the frontal plane (Figure 3). In comparison to level walking, resultant hip joint 195 

forces at early stance increased to 117.2% during upslope walking, and to 126.9% during 196 

downslope walking, indicating significant differences among the three walking conditions 197 

(Figure 3A; P < 0.031). Vertical hip joint force showed a similar tendency of resultant force 198 
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(Figure 3B). Anterior-posterior hip joint force showed a similar pattern during level and 199 

upslope walking (Figure 3C). Conversely, during downslope walking, posterior hip joint force 200 

was observed throughout the stance phase. Posterior hip joint force during early stance was 201 

significantly greater during upslope (200.0%) and downslope walking (199.7%) than for level 202 

walking (Figure 3B). Increased anterior hip joint force (120.0%) was observed at late stance 203 

during upslope walking compared with level walking. Medial hip joint force at early stance 204 

was increased significantly to 122.1% (P = 0.013) and 114.2% (P = 0.029) during up- and 205 

downslope walking, respectively, compared with level walking. The hip joint force vector was 206 

acute to the femoral long axis at early (P = 0.005) and late stances (P = 0.004) during 207 

downslope walking compared to level and upslope walking (Table 4). 208 

 In a similar manner to hip joint force, and with the exception of anterior-posterior 209 

force, knee joint force showed two peaks during the stance phase and was directed to the 210 

medial superior during all walking conditions in the frontal plane (Figure 4). In comparison to 211 

level walking, resultant knee joint forces increased to 133.5% at early stance during upslope 212 

walking, and to 144.5% at early stance and to 124.9% at late stance during downslope 213 

walking, indicating significant differences among the three walking conditions (Figure 3A; P 214 

< 0.025). Vertical knee joint forces had a similar tendency of resultant force (Figure 3B). The 215 

knee joint vector was directed backward in early stance and forward in late stance during the 216 

three walking conditions (Figure 4C). Posterior knee joint force during early stance was 217 

significantly greater in upslope (441.7%) and downslope (233.3%) walking, especially the 218 

former (P < 0.002). Medial knee joint force at early stance was increased significantly to 219 

130.0% (P < 0.001) during upslope gait and to 150.0% (P < 0.001) during downslope walking 220 

compared with level walking. 221 

 222 

Discussion 223 

We investigated the load of hip and knee joints during sloped walking through joint 224 

moment and joint force as calculated using a musculoskeletal model simulation. We found 225 

several significant differences in the hip and knee joint moments: i.e. that resultant forces of 226 

the hip and knee joints were increased during slope walking compared with those of level 227 

walking, especially during downslope walking. In addition, the present study showed the 228 

largest shear force during downslope walking, this included: upward directed vector of 229 

resultant force in the hip joint and increased medial- lateral force in the knee joint. These 230 
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results are consistent with our hypothesis, with the exception of anterior force in the hip joint 231 

and posterior force in the knee joint. 232 

Peak resultant hip and knee joint forces during level walking were measured at 3.42 233 

BW and 4.41 BW, respectively, and were similar to previous studies based on musculoskeletal 234 

simulation [8], [11]-[12]. Meanwhile, increases of resultant joint force, GRF and joint 235 

moment results during slope walking agree with a previous studies [3]-[4], [20]. The increases 236 

in joint force have a close relationship with the alteration of GRF and joint moment, and 237 

previous study report that approximately 80% of joint force is derived from muscle force in 238 

the hip and knee joint force [9].  239 

During upslope walking, the resultant force and posterior shear force at early stance 240 

and anterior shear force at late stance in the hip joint were greater than those during level 241 

walking. In early stance, the hip extension moment was increased in upslope walking. 242 

Previous studies report that magnitude and duration of activity of the gluteus maximus and 243 

hamstring are increased at the stance phase during upslope walking compared with level 244 

walking [5]-[7]. Increased hip extensor muscles pull the thigh upward and backward, resulting 245 

in increased upward and backward shear forces [8]. Meanwhile, increased propulsion force 246 

contributed to the increased anterior shear force in the hip joint at late stance. 247 

Similar to the hip joint, the resultant and shear forces in the posterior and medial 248 

direction at early stance and posterior share force in the knee joint were increased in upslope 249 

walking when compared to level walking. Knee extension moment at early stance was 250 

increased in upslope walking compared with level walking, and required the activation of the 251 

quadriceps femoris. These results are consistent with previous studies which analyze slope 252 

walking using electromyography [5]-[7]. Resultant knee joint force during upslope walking 253 

increased due to greater activation of the quadriceps femoris and hamstring muscles [10]. 254 

Posterior knee joint force may be increased by greater activation of the hamstrings following 255 

the hip extension moment. Because the hamstrings run posterior to the hip and knee joints, 256 

they generate a hip extension moment and a posterior force on the tibia. Meanwhile, increased 257 

propulsion force contributed to increased anterior shear force in the knee joint at late stance. 258 

 In downslope walking, resultant and backward shear in the hip joint at early stance 259 

during downslope walking were greater than during level walking. In addition, the vector of 260 

resultant force of the hip was directed upward relative to the longitudinal axis of the femur, 261 

compared to the other gait conditions. At early stance, hip abduction moment was increased 262 
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compared to the other two gait conditions due to an increase in the vertical and medial GRF. 263 

Thus, an increase in gluteus medius activity following the hip abduction moment and 264 

increased breaking GRF contributed to a hip joint force greater than that of level walking.  265 

Meanwhile, increased vertical GRF and upward and lateral force generated by the gluteus 266 

medius altered the direction of the vector of the resultant force during downslope walking. 267 

The resultant and medial shear forces in knee joint force during downslope walking 268 

were greater than those measured during level and upslope walking, especially at the late 269 

stance. During downslope walking, the knee extension moment was generated through the 270 

stance phase, and those were the largest of the three gait conditions. Previous studies also 271 

report that activation of the rectus femoris increases during downslope walking compared 272 

with level and upslope walking at similar levels of inclination [5]-[6]. The increase in vertical 273 

knee joint force was dependent on the activity of the quadriceps femoris following the knee 274 

extension moment. Increased posterior and medial forces in the knee joint were caused by 275 

increased posterior and medial GRF. 276 

  Joint forces act directly on joints and are understood to be related to mechanical 277 

stress and progression of bone and joint disease. A previous study reported that mechanical 278 

stress on the joint is the main contributor to osteoarthrosis progression [1]. Abnormal and 279 

excessive hip joint forces cause anterior hip joint pain and instability and can lead to 280 

pathology of the acetabular labrum [2]. Another study reported femoral head migration that 281 

showed either an anterior and superior pattern or a posterior and medial pattern [21]. 282 

Increased vertical, anterior, and posterior hip joint forces during slope walking are considered 283 

to be related to this phenomenon. In addition, the resultant hip joint force acute to the femoral 284 

longitudinal axis during downslope walking would relative to the high risk of femoral head 285 

migration. In a previous study, extreme medial shear forces have been observed in patients 286 

with medial compartment knee osteoarthrosis during the stance phase, resulting in progression 287 

of osteoarthritis [22]. Previous studies reported decreased walking velocity, decreased step 288 

length, and use of a cane can help reduce joint forces [11]-[12]. Thus, therapists should advise 289 

elderly people with joint pain or osteoarthrosis on an appropriate gait pattern, a gait assistive 290 

device, or orthoses, according to their living environment [23]-[24].  291 

 This study has several limitations. Although the results of the present study agree 292 

with previous studies reporting joint reaction force during walking using a musculoskeletal 293 

model [8], [11]-[12], our results showed greater joint forces than those estimated by 294 
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instrumented prostheses [14]-[15]. As a result, use of a musculoskeletal model might 295 

overestimate joint reaction forces. These results should be interpreted while considering 296 

differences in calculation methods. In addition, we did not analyze the distribution of knee 297 

joint forces to the medial and lateral knee joint components. A previous study report that the 298 

walking load on the medial knee joint is greater than on the lateral knee joint [25]. Further 299 

study is needed to fully describe the relationship between joint forces and osteoarthrosis. 300 

 The present study measured the biomechanical characteristics of upslope and 301 

downslope walking using magnitude, and direction of joint force. In slope walking, the 302 

resultant and shear hip and knee joint forces were greater than when measured during level 303 

walking, especially during downslope walking. These forces may lead to musculoskeletal 304 

disorders. Therefore, therapists should advise patients on methods that decrease joint force 305 

during slope walking to limit development of these disorders.  306 

 307 

Acknowledgements 308 

 We did not receive any external funding for this study. None of the authors have any 309 

conflict of interests associated with this study. 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 

 322 

 323 

 324 

 325 

 326 

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

https://www.editorialsystem.com/pdf/download/544288/f5ce2dbdb073845197564ac6865d64b2/
https://www.editorialsystem.com/abb
https://www.editorialsystem.com/


Manuscript body
Download source file (106.64 kB)

                                References 327 

[1] Lafeber F.P., Intema F., Van Roermund P.M., Marijnissen AC. Unloading joints to treat 328 

osteoarthritis, including joint distraction, Curr Opin Rheumatol, 2006, 18(5):519-525. 329 

[2] Shindle M.K., Ranawat A.S., Kelly B.T., Diagnosis and management of traumatic and 330 

atraumatic hip instability in the athletic patient, Clin Sports Med, 2006, 25(2), 309-326. 331 

[3] Lay A.N., Hass C.J., Gregor R.J., The effects of sloped surfaces on locomotion: a 332 

kinematic and kinetic analysis, J Biomech, 2006, 39(9), 1621-1628.  333 

[4] McIntosh A.S., Beatty K.T., Dwan L.N., Vickers D.R., Gait dynamics on an inclined 334 

walkway, J Biomech, 2006, 39(13), 2491-2502. 335 

[5] Lay A.N., Hass C.J., Gregor R.J., The effects of sloped surfaces on locomotion: an 336 

electromyographic analysis, J Biomech, 2007, 40(6), 1276-1285. 337 

[6] Franz J.R., Lyddon N.E., Kram R., Mechanical work performed by the individual legs 338 

during uphill and downhill walking, J Biomech. 2012, 45(2), 257-262. 339 

[7] Chumanov E., Heiderscheit B., Electromyography activity across gait and incline: The 340 

impact of muscular activity on human morphology, Am J Phys Anthropol, 2010, 143(4), 341 

601-611. 342 

[8] Correa T.A., Crossley K.M., Kim H.J., Pandy M.G., Contributions of individual muscles 343 

to hip joint contact force in normal walking, J Biomech, 2010, 43(8), 1618-1622. 344 

[9] Lewis C.L., Sahrmann S.A., Moran D.W., Effect of hip angle on anterior hip joint force 345 

during gait, Gait Posture, 2010, 32(4), 603-607. 346 

[10] Sasaki K, Neptune R.R., Individual muscle contributions to the axial knee joint contact 347 

force during normal walking, J Biomech, 2010, 43(14), 2780-2784. 348 

[11] Richards C, Higginson J.S., Knee contact force in subjects with symmetrical OA grades: 349 

Differences between OA severities, J Biomech, 2010, 43(13), 2595-2600. 350 

[12] Meireles S., De Groote F., Reeves N.D., et al., Knee contact forces are not altered in 351 

early knee osteoarthritis, Gait Posture, 2016, 45, 115-120. 352 

[13] Solomonow-Avnon D., Wolf A., Herman A, Rozen N, Haim A. Reduction of 353 

frontal-plane hip joint reaction force via medio- lateral foot center of pressure manipulation: A 354 

pilot study, J Orthop Res. 2015;33(2):261-269. 355 

[14] Trepczynski A., Kutzner I., Kornaropoulos E., et al., Patellofemoral joint contact forces 356 

during activities with high knee flexion, J Orthop Res, 2012, 30(3), 408-415. 357 

[15] Stansfield B.W., Nicol A.C., Paul J.P., Kelly I.G., Graichen F., Bergmann G., Direct 358 

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

https://www.editorialsystem.com/pdf/download/544288/f5ce2dbdb073845197564ac6865d64b2/
https://www.editorialsystem.com/abb
https://www.editorialsystem.com/


Manuscript body
Download source file (106.64 kB)

comparison of calculated hip joint contact forces with those measured using instrumented 359 

implants. An evaluation of a three-dimensional mathematical model of the lower limb, J 360 

Biomech. 2003, 36(7), 929-936. 361 

[16] Wibawa A.D., Verdonschot N., Halbertsma J.P.K., Burgerhof J.G.M., Diercks RL. 362 

Musculoskeletal modeling of human lower limb during normal walking, one- legged forward 363 

hopping and side jumping: Comparison of measured EMG and predicted muscle activity 364 

patterns, J Biomech, 2016, 49(15), 3660-3666. 365 

[17] Anderson F.C., Pandy M.G., Static and dynamic optimization solutions for gait are 366 

pratical equivalent, J Biomech, 2001, 34(2), 153-161. 367 

[18] Ghiasi M.S., Arjmand N., Boroushaki M., Investigation of trunk muscle activities during 368 

lifting using a multi-objective optimization-based model and intelligent optimization 369 

algorithms, Med Biol Eng Comput, 2016, 54(2), 431-440. 370 

[19] Retchford T.H., Crossley K.M., Grimaldi A., Kemp J.L., Cowan S.M., Can local muscles 371 

augment stability in the hip ? A narrative literature review, J Musculoskelet Neuronal Interact, 372 

2013, 13(1), 1-12. 373 

[20] Dorn T.W., Wang J.M., Hicks J.L., Delp S.L., Predictive simulation generates human 374 

adaptations during loaded and inclined walking, PLoS One, 2015, 10(4), 1-16. 375 

[21] Hayward I., Björkengren A.G., Pathria M.N., Zlatkin M.B., Sartoris D.J., Resnick D., 376 

Patterns of femoral head migration in osteoarthritis of the hip: a reappraisal with CT and 377 

pathologic correlation. Radiology, 1988, 166(3), 857-860. 378 

[22] Nishino K., Omori G., Koga Y., et al., Three-dimensional dynamic analysis of knee joint 379 

during gait in medial knee osteoarthritis using loading axis of knee, Gait Posture. 2015, 42(2), 380 

127-132. 381 

[23] van Raaij T.M., Reijman M., Brouwer R.W., Bierma-Zeinstra S.M., Verhaar J.A., Medial 382 

knee osteoarthritis treated by insoles or braces: a randomized trial, Clin Orthop Relat Res, 383 

2010, 468(7), 1926-1932. 384 

[24] Nérot A., Nicholls M., Clinical study on the unloading effect of hip bracing on gait in 385 

patients with hip osteoarthritis, Prosthet Orthot Int, 2017, 41(2), 127-133. 386 

[25] Marouane H., Shirazi-Adl A., Adouni M., Alterations in knee contact forces and centers 387 

in stance phase of gait: A detailed lower extremity musculoskeletal model, J Biomech. 2016, 388 

49(2), 185-192. 389 

 390 

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

https://www.editorialsystem.com/pdf/download/544288/f5ce2dbdb073845197564ac6865d64b2/
https://www.editorialsystem.com/abb
https://www.editorialsystem.com/


Manuscript body
Download source file (106.64 kB)

Tables 391 

 392 

Table 1. Gait parameters 393 

 Level Upslope Downslope F P 

Velocity (m/s) 1.08 ± .08 1.06 ± .10 1.10 ± .16 .98 0.392 

Stride length (m) 1.30 ± .10 1.31 ± .11 1.31 ± .18 .017 0.983 

Values are presented as the mean ± standard deviation. 394 
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Table 2. GRF and internal joint moment 420 

 Level Upslope Downslope F P 

GRF (N/kg)      

Vertical   1st 10.55 ± .81 10.51 ± .71†† 12.30 ± .92** 61.17 < 0.001 

   2nd 10.42 ± .44 10.80 ± .57*†† 9.37 ± .66** 29.87 < 0.001 

Braking force -1.86 ± .34 -.31 ± .18**†† -4.05 ± .57** 364.94 < 0.001 

Propulsion force 1.98 ± .21 3.52 ± .34**†† 1.01 ± .34** 355.43 < 0.001 

Medial   1st .55 ± .15 .51 ± .18†† .77 ± .19** 62.81 < 0.001 

   2nd .54 ± .16 .56 ± .15 .61 ± .14* 4.41 0.024 

Internal joint moment (Nm/kg)      

Hip extension .52 ±.08 .94 ± .12**†† .60 ± .14 46.74 < 0.001 

Hip flexion -.55 ± .15 -.41 ± .11** -.56 ± .20 11.19 < 0.001 

Hip abduction  1st .62 ± .11 .48 ± .12**†† .82 ± .17** 20.167 < 0.001 

   2nd .60 ± .12 .50 ± .14**†† .68 ± .11* 23.09 < 0.001 

Knee extension .43 ± .27 .68 ± .22**†† .93 ± .28** 45.989 < 0.001 

Knee flexion -.19 ± .19 -.31 ± .19**†† .61 ± .19** 185.43 < 0.001 

Values are presented as the mean ± standard deviation. 421 

Only result of hip abduction moment in 1st peak was analyzed by the Friedman test. 422 

*P < 0.05, significant difference vs. level walking 423 

**P < 0.01, significant difference vs. level walking 424 

†P < 0.05, significant difference vs. downslope walking 425 

††P < 0.01, significant difference vs. downslope walking 426 
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Table 3. Joint forces  437 

 Level Upslope Downslope F P 

Hip (*BW)      

Resultant 1st 3.09 ± .32 3.62 ± .47**† 3.92 ± .46** 36.74 < 0.001 

 2nd 3.42 ±.64 2.88 ± .75**† 3.42 ± .71 8.62 0.002 

Vertical  1st 2.86 ± .29 3.29 ± .40**†† 3.65 ± .39** 46.63 < 0.001 

 2nd 3.31 ± .60 2.76 ± .71**†† 3.34 ± .69 11.08 < 0.001 

Posterior -.30 ± .15 -.60 ± .15** -.59 ± .17** 41.12 < 0.001 

  Anterior .15 ± .08 .18 ± .07**†† -.03 ± .05** 70.11 < 0.001 

Medial 1st 1.13 ± .17 1.38 ± .25* 1.29 ± .26* 6.87 < 0.001 

2nd .83 ± .26 .74 ± .32 .69 ± .21 2.05 0.169 

Knee (*BW)      

Resultant  1st 2.63 ± .47 3.51 ± .64**† 3.80 ± .68** 53.81 < 0.001 

  2nd 4.41 ± .54 4.26 ± .88†† 5.51 ± .80** 12.39 0.004 

Vertical 1st 2.58 ± .46 3.42 ± .61**† 3.71 ± .67** 53.02 < 0.001 

  2nd 4.33 ± .52 4.18 ± .85†† 5.40 ± .79** 12.50 0.004 

Posterior -.12 ± .04 -.53 ± .17**†† -.28 ± .14** 53.62 < 0.001 

Anterior .31 ± .17 .35 ± .26†† .14 ± .16** 11.25 < 0.001 

Medial  1st .50 ± .11 .65 ± .11**†† .75 ± .12** 63.51 < 0.001 

  2nd .79 ± .11 .72 ± .15**†† 1.05 ± .14** 27.69 < 0.001 

Values are presented as the mean ± standard deviation. 438 

*P < 0.05, significant difference vs. level walking 439 

**P < 0.01, significant difference vs. level walking 440 

†P < 0.05, significant difference vs. downslope walking. 441 

††P < 0.01, significant difference vs. downslope walking 442 
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Table 4. Hip joint force angle (degree) 450 

 Level Upslope Downslope F P 

1st (degree) 21.4 ± 2.2 22.5 ± 1.9†† 19.3 ± 2.3** 12.38 < 0.001 

2nd (degree) 14.6 ± 2.2 15.5 ± 2.9*†† 11.2 ± 1.7** 13.54 < 0.001 

Values are presented as mean ± standard deviation. 451 

*P < 0.05, significant difference vs. level walking 452 

**P < 0.01, significant difference vs. level walking 453 

†P < 0.05, significant difference vs. downslope walking 454 

††P < 0.01, significant difference vs. downslope walking 455 
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Figure 1 Hip joint force angle (θ) was defined as the angle between the vector of the
resultant force on the frontal plane and the vertical axis of the thigh.
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Figure 2
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Figure 2 Ensemble average of internal hip and knee joint moment across all subjects. The
largest hip extension moment was observed during upslope walking. The largest hip
abduction and knee extension moment were observed during downslope walking.
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Figure 3
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Figure 3 Ensemble average of hip joint force across all subjects. Hip joint forces of all
direction during slope walking were larger than level walking at early stance.
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Figure 4
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Figure 4 Ensemble average of knee joint force across all subjects. During downslope
walking, resultant, vertical and medial knee joint forces were the largest among all
conditions throughout stance phase. The largest posterior knee joint force at early stance
was observed during upslope walking.

Powered by TCPDF (www.tcpdf.org)

https://www.editorialsystem.com/pdf/download/544258/e781405b2259e9c26bf841dddaa8994c/
https://www.editorialsystem.com/abb
https://www.editorialsystem.com/


Index

Manuscript body
Manuscript body 1 - Download source file (106.64 kB)

Figures
Figure 1 - Download source file (225.69 kB)
Figure 1 Hip joint force angle (θ) was defined as the angle between the vector of the
resultant force on the frontal plane and the vertical axis of the thigh.

Figure 2 - Download source file (490.24 kB)
Figure 2 Ensemble average of internal hip and knee joint moment across all subjects.
The largest hip extension moment was observed during upslope walking. The largest
hip abduction and knee extension moment were observed during downslope walking.

Figure 3 - Download source file (573.57 kB)
Figure 3 Ensemble average of hip joint force across all subjects. Hip joint forces of all
direction during slope walking were larger than level walking at early stance.

Figure 4 - Download source file (573.8 kB)
Figure 4 Ensemble average of knee joint force across all subjects. During downslope
walking, resultant, vertical and medial knee joint forces were the largest among all
conditions throughout stance phase. The largest posterior knee joint force at early
stance was observed during upslope walking.
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