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32 Abstract

33 Lower-limb wearable robotic devices can provide effective assistance to both clinical and 

34 healthy populations; however, how assistance should be applied in different gait conditions and 

35 environments is still unclear. We suggest a biologically-inspired approach derived from 

36 knowledge of human locomotion mechanics and energetics to establish a ‘roadmap’ for wearable 

37 robot design. In this study, we characterize the changes in joint mechanics during both walking 

38 and running across a range of incline/decline grades and then provide an analysis that informs 

39 the development of lower-limb exoskeletons capable of operating across a range of mechanical 

40 demands. Eight subjects (6M,2F) completed five walking (1.25 m -1) trials at -15%, -10%, 0%, 

41 10%, and 15% grade and five running (2.25 m s-1) trials at -10%, -5%, 0%, 5%, and 10% grade 

42 on a treadmill. We calculated time-varying joint moment and power output for the ankle, knee, 

43 and hip. For each gait, we examined how individual limb-joints contributed to total limb 

44 positive, negative and net power across grades. For both walking and running, changes in grade 

45 caused a redistribution of joint mechanical power generation and absorption. From level to 

46 incline walking, the ankle’s contribution to limb positive power decreased from 44% on the level 

47 to 28% at 15% uphill grade (p < 0.0001) while the hip’s contribution increased from 27% to 52% 

48 (p < 0.0001). In running, regardless of the surface gradient, the ankle was consistently the 

49 dominant source of lower-limb positive mechanical power (47-55%). In the context of our 

50 results, we outline three distinct use-modes that could be emphasized in future lower-limb 

51 exoskeleton designs 1) Energy injection: adding positive work into the gait cycle, 2) Energy 

52 extraction: removing negative work from the gait cycle, and 3) Energy transfer: extracting 

53 energy in one gait phase and then injecting it in another phase (i.e., regenerative braking).
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54 Introduction

55 Lower-limb robotic exoskeletons can apply assistive torque to reduce the metabolic 

56 energy used by biological muscles to produce the force and work for locomotion [1]. A majority 

57 of these successful exoskeletons have focused on providing assistance at the ankle within a 

58 laboratory setting [2-10]. More recently, devices have begun to move outside of laboratory 

59 confinement. Fully-autonomous, portable devices have been demonstrated to reduce the 

60 metabolic cost of walking with [11] and without [3] additional load and during running [12]. A 

61 key factor for all of these systems is the coordination between the wearable robot and the human 

62 user. 

63 Researchers have dedicated significant time and effort to understanding the interaction 

64 between exoskeleton control strategies and the physiological response of the human user. The 

65 high-level method for generating control commands [13, 14], the shape, the timing and 

66 magnitude of the torque assistance profile [15-17], and the lower-limb joint where assistance is 

67 targeted [17-20] can all influence how the well the user responds. Notably, to date most 

68 exoskeleton research studies have focused on optimizing controllers for a single gait at a fixed 

69 speed on level ground. However, although great advances have been made by this approach, to 

70 fully parameterize control strategies for the real-world, a more diverse range of locomotor 

71 scenarios must be explored.  While brute force parameter sweeps and human-in-the loop 

72 optimization have been used to determine torque profiles on an individual basis [6, 7, 10, 21], 

73 discovering an optimal policy can take many hours and may not generalize beyond current test 

74 conditions. Thus, there is a need for simpler approaches to exoskeleton control that do not rely 

75 on (re)tuning, but rather use insights into the mechanism of these tasks in order to be effective 

76 across variable locomotion conditions (e.g., speed, grade, gait).
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77 As exoskeletons become increasingly mobile, a clear problem arises: How can engineers 

78 deliver systems that can assist in natural environments where locomotion involves adjusting 

79 speed, changing gait from walk to run, and moving uphill or downhill? Indeed, few exoskeleton 

80 studies have focused on incline/decline walking [4, 22] or compared assistance strategies across 

81 speeds [10] in which mechanistic explanations for performance outcomes were provided. 

82 Injection of positive power has been shown to be a promising approach for achieving metabolic 

83 cost reduction [23]; however, whether this approach is effective across all leg joints or if it is 

84 effective across different grades or gaits is unknown. We suggest that a bio-inspired mechanistic 

85 understanding of how people move and exchange energy between their lower-limb joints and the 

86 external environment is crucial for successful designs that make exoskeletons truly effective in 

87 real-world conditions.  

88 In fact, this mechanistic approach has been previously applied to exoskeleton 

89 development and logically explains why the field has so heavily focused on the ankle as a target 

90 for assistance in level walking [2, 5, 9]. The ankle provides the majority of power on level 

91 ground [24] and disrupted ankle mechanics common in clinical populations make it a good target 

92 for assistance [25, 26]. Guidance from baseline human gait data has motivated a bioinspired 

93 approach to borrow ‘best’ concepts from the biological system to guide design of wearable 

94 devices. For example, our previous work to design and test a clutch-spring ankle ‘exo-tendon’ [5, 

95 9, 10] was directly inspired by insights from imaging research examining ankle muscle-tendon 

96 interaction dynamics [27, 28]. 

97 The same mechanistic approach can be applied towards the development of exoskeletons 

98 in non-level gait. In moving to inclines and declines, fundamental physics shape mechanical 

99 demands on the legs. Muscles must add or remove net mechanical energy lost or gained 
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100 according to changes in height of the center of mass (COM) [29, 30] and numerous studies have 

101 contributed to our understanding of the dynamics of uphill and downhill gait at various speeds 

102 [31-41]. Joint level mechanical analyses through inverse dynamics have provided more detailed 

103 insight into the sources of mechanical energy generation/dissipation moving uphill/downhill, 

104 respectively. In general, hip moments increase during incline walking to add net mechanical 

105 work; and knee moments increase during decline walking to subtract net mechanical work [32, 

106 37, 38]. In incline running, the required increase in energy also results from a shift in net power 

107 output to the hip [31, 38]. Inverse dynamics analysis has also been used to evaluate the effect of 

108 aging on the joint kinematics and kinetics of uphill walking and reveals that older adults perform 

109 more hip work and less ankle work in both level ground and incline walking [34]. Other studies 

110 have demonstrated that individual joint dynamics can be used as a predictive tool for estimating 

111 the metabolic cost of walking, with 89% of the added metabolic cost of incline walking 

112 explained through changes in joint kinematics and kinetics [33]. 

113 The purpose of this study was to characterize changes in lower-limb joint mechanics 

114 during both walking and running across a range of incline/decline grades and then provide an 

115 analysis that informs lower-limb exoskeleton development (Fig. 1). More specifically, we sought 

116 to add an applied twist to current basic science understanding by focusing interpretation of the 

117 measured changes in human joint mechanics to guide the development of versatile exoskeleton 

118 systems with the ability to inject (net positive work), remove (net negative work) and transfer 

119 (net zero work) mechanical energy to meet variable mechanical demands of real-world 

120 environments. 

121 Figure 1: Schematic of experimental design and analysis. Representation of gait conditions 

122 for characterizing changes in lower-limb mechanics during walking and running across incline 
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123 and decline grades. Example of energy cycle and potential mechanisms for how physiological 

124 mechanisms may provide a roadmap for informing lower-limb exoskeleton development.  

125 Methods

126 Eight adults (6M,2F, age: 23.38±4.10 yrs; mass 75.39±11.57 kg; height 177±0.07 cm) 

127 participated in the study. All subjects were healthy and gave written informed consent to 

128 participate in the study. The protocol and all testing were approved by the University of North 

129 Carolina at Chapel Hill Institutional Review Board. 

130 Subjects completed five walking (1.25 m/s) and five running (2.25 m/s) trials over a 

131 range of incline and decline grades (Fig. 1). Walking trials were at -15%, -10%, 0%, 10%, and 

132 15% and running trials were at -10%, -5%, 0%, 5%, and 10%. The ranges provided an overlap at 

133 the -10%, 0%, and 10% grade for comparison between the two gaits. All experimental trials took 

134 place on a split belt instrumented treadmill capable of incline and negative velocity (Bertec, 

135 Columbus, OH, USA). Decline gait was obtained by inclining the treadmill and reversing the 

136 belt velocity. Walking and running trials each lasted 7 minutes to ensure steady-state metabolic 

137 data. Walking and running trials were pseudorandomized, and once the treadmill incline was set, 

138 all conditions for that grade were completed. 

139 Joint kinematic data were recorded using an eight camera motions capture system 

140 (VICON, Oxford, UK) to record the position of 22 reflective markers on the right lower limb and 

141 pelvis. Raw marker positions were filtered using a 2nd order, low pass filter with a cut off 

142 frequency of 10 Hz. Segment tracking was performed by placing rigid plates containing clusters 

143 of 3-4 markers on the foot, shank, thigh, and pelvis. Calibration landmarks and relative location 

144 of tracking markers were identified through a standing trial that was performed at the beginning 
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145 of the trials. The tracking markers were recorded during each trial and the orientation of the 

146 distal segment relative to the proximal segment was used to define the 3D joint angle. Ground 

147 reaction force (GRF) data was captured through the force plates embedded in the instrumented 

148 treadmill (BERTEC, Columbus, OH, USA). GRF data were filtered with a 2nd order low pass 

149 Butterworth filters with a cut off frequency of 35 Hz. 

150 The GRF and the kinematic data from the individual limbs were used to perform an 

151 inverse dynamics analysis. We performed inverse dynamics at the joint level using commercially 

152 available software (Visual 3D, C-motion, USA). Calculations of the time-varying moment and 

153 power were performed at the ankle, knee, and hip. Average positive and negative power (W kg-1) 

154 was calculated for each joint at each condition. Average positive power for each joint over the 

155 stride was calculated by integrating periods of only positive joint power with respect to time. 

156 This positive joint work (J kg-1) was then averaged across all of the strides. Average joint 

157 positive mechanical power was calculated by dividing the average joint positive work by the 

158 average stride time for the trial. The total limb average positive power was calculated by 

159 summing the average positive power at each joint total = hip + knee + ankle). Next, each 

160 individual joint’s percent contribution to the total limb average positive power for the stride was 

161 calculated by dividing that joint’s average positive power by the total limb average positive 

162 power. The same process was followed to compute stride average negative power, where only 

163 the contribution of negative work at each joint was used.  The average net power for each joint 

164 and for the limb was then calculated by summing the positive and negative average power values 

165 at each joint and for the limb.

166 Whole body metabolic energy expenditure was captured using a portable metabolic 

167 system (OXYCON MOBILE, VIASYS Healthcare, Yorba Linda, CA, USA). Rates of oxygen 
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168 consumption and carbon dioxide production during trials were recorded and converted to 

169 metabolic powers using standard equations [42] . Baseline quiet standing metabolic rate was 

170 captured prior to gait trials. For each condition, respiratory data from minute 4 to 6 were 

171 averaged and used to report the steady state metabolic energy consumptions (watts) for the trial. 

172 The metabolic system reported values that were averaged over 30 second intervals so four values 

173 were averaged for each trial. In the most extreme case of 10% incline running, subjects could not 

174 complete the trial while maintaining a respiratory exchange ratio (RER) below one. Therefore, 

175 only data from 3 out of 7 subjects are included for the 10% incline running condition. Task 

176 dependent metabolic power was calculated by subtracting the metabolic power in standing from 

177 the metabolic power recorded during the trial. These values were then normalized to each 

178 individual’s body mass. We then calculated cost of transport (COT) (J m-1 kg-1) by dividing mass 

179 normalized net metabolic power (W kg-1) by walking speed (m s-1):

180 𝐶𝑂𝑇𝑠𝑝𝑒𝑒𝑑,𝑔𝑟𝑎𝑑𝑒 =
𝑃𝑚𝑒𝑡

𝑠

181 where  is mass normalized net metabolic power, and s is speed. Additionally, efficiency was metP

182 calculated as the ratio of average total limb positive mechanical power to net metabolic power:

183  𝜂 + =
𝑃 +

𝑚𝑒𝑐ℎ

𝑃𝑚𝑒𝑡

184 where  is efficiency of positive work,  is the average total limb positive power (summed  
mechP

185 across the lower-limb joints), and  is mass normalized net metabolic power.  metP

186 For each gait (walk and run), we performed a repeated measures ANOVA (rANOVA, main 

187 effect: grade) to test the effect of grade on stride average joint power of the ankle, knee, and hip. 

188 (α = 0.05; JMP Pro, SAS, Cary, NC). In addition, for each gait (walk and run), we performed a 
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189 repeated measures ANOVA (rANOVA main effect: joint) to evaluate the relative contribution of 

190 each joint at each grade. We applied a post-hoc Tukey HSD (HSD) test to evaluate for 

191 significance between conditions (either grade or joint). Finally, we performed matched pair t-test 

192 to evaluate the effect of gait (walk, run) on the stride average joint power contributions for 

193 similar grades (-10%, 0%, and 10%). We did not run statistical analysis on metabolic data. 

194 Results 

195 Mechanical Power in Walking

196 Net Power: The average net mechanical power delivered at the ankle, knee, and hip all 

197 increased with grade (Fig. 2A). The average net power of the ankle increased with grade 

198 (rANOVA, p < 0.0001), was negative for decline conditions, and positive for level ground and 

199 incline grades. The average net power of the knee was negative in all conditions except the 

200 +15% grade. The knee was the largest source of net negative power in all conditions, and the 

201 magnitude increased as grade decreased (rANOVA, p < 0.0001). The average net power of the 

202 hip was positive in all conditions and increased with grade (rANOVA, p < 0.0001). As incline 

203 increased, we observed an increased reliance on the hip for the required net positive power. 

204

205 Figure 2: Percent distribution of average positive and negative lower-limb joint power for walking 

206 at 1.25 m s-1 over a range of grades. (A) Average net power of each joint across surface grade 

207 conditions for walking. (B) The area of each pie is normalized to the average positive power at level 

208 grade for walking (1.02 W kg-1). 
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209 Positive Power: The average positive power of the limb (ankle + knee + hip) increased with 

210 increasing grade (rANOVA, p < 0.0001) (Table 1; Fig. 2B) from 1.02 W kg-1 at level to 1.70 W 

211 kg-1 (HSD, p < 0.0001) and 2.60 W kg-1 (HSD, p < 0.0001) at 10% and 15% grades respectively. 

212 Limb positive power was not significantly different from level at -10% and -15% grades 

213 respectively. The positive power of all three joints also increased individually with increased 

214 grade (rANOVA, p < 0.0001) (Table 1). However, the relative contribution of the ankle, knee, 

215 and hip to the total positive power of the limb changed with grade due to the unequal modulation 

216 of positive power at each joint for each grade (Table 2; Fig. 2B). In level walking, the ankle was 

217 the largest contributor to positive mechanical power at 44%, followed by 37% from the hip, and 

218 19% from the knee (rANOVA, p = 0.0001; HSD, p < 0.0001). As grade increased, the percent 

219 contribution of the ankle decreased (rANOVA, p < 0.0001) to 34% at 10% grade (HSD, p = 

220 0.0095) and 28% at 15% grade (HSD, p < 0.0001) relative to level. Conversely, the percent 

221 contribution of the hip increased with grade (rANOVA, p < 0.0001) from 37% at level to 47% at 

222 10% grade (HSD, p = 0.0233) and 52% at 15% grade (HSD, p < 0.0001). For incline grades, the 

223 relative contribution of the knee to positive power was the smallest (19%) and did not change as 

224 the power was redistributed primarily between ankle and hip. For decline grades, the only 

225 significant shift in percent contribution to positive power was a decrease in the ankle 

226 contribution from 44% at level to 34% at -15% grade (rANOVA, p < 0.0001; HSD, p = 0.0167). 

227 There was no significant difference in the contribution to positive power among the joints at -

228 15% grade.

229

230

231
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232 Table 1: Lower-limb joint average mechanical power for walking and running at multiple 

233 grades.

 Joint Positive Power (W kg-1) Joint Negative Power (W kg-1)
 

Grade 
(%) Ankle Knee Hip Total Ankle Knee Hip Total

Walk -15 0.30 0.24 0.32 0.86 -0.70 -1.62 -0.28 -2.60
 (1.25 m s-1) -10 0.41 0.22 0.30 0.94 -0.60 -0.84 -0.16 -1.60

 0 0.45 0.19 0.38 1.02 -0.39 -0.53 -0.11 -1.03
 10 0.58 0.32 0.81 1.71 -0.18 -0.45 -0.08 -0.71
 15 0.74 0.50 1.36 2.60 -0.15 -0.37 -0.10 -0.62

Run -10 1.28 0.61 0.75 2.64 -1.12 -2.40 -0.37 -3.88
(2.25 m s-1) -5 1.54 0.69 0.91 3.14 -0.98 -1.98 -0.29 -3.25

 0 2.01 0.64 1.02 3.66 -1.13 -1.83 -0.15 -3.12
 5 2.05 0.66 1.39 4.09 -1.14 -1.57 -0.16 -2.86
 10 2.11 0.79 1.63 4.53 -1.07 -1.52 -0.21 -2.81

234

235

236

237

238

239

240

241

242

243

244

245

246
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247 Table 2: Percent contribution of each joint to total limb power in walking at 1.25 m s-1. A 

248 repeated measures ANOVA (main effect: grade##) tested the effect of grade on stride average 

249 joint power of the ankle, knee, and hip (# indicates HSD post-hoc comparison to 0% grade). In 

250 addition, a repeated measures ANOVA (main effect: joint*) evaluated the relative contribution 

251 of each joint at each grade. (main effect: joint *p = 0.0043; **p < 0.0001). Pairwise HSD was 

252 used to evaluate significant differences between joints.

Joint Positive Power (W kg-1)

Grade Ankle Knee Hip Pairwise HSD
(%) ##p < 0.0001 ##p = 0.0203 ##p < 0.0001 Ank:Knee Ank:Hip Hip:Knee

34% 28% 38%
-15 #p = 0.0167   

43% 25% 32% p = 0.0031
-10*

   
44% 19% 37% p < 0.0001 p = 0.0003

0**
   

34% 19% 47% p = 0.0001 p = 0.0009 p < 0.0001
10** #p = 0.0095  #p = 0.0233

29% 19% 52% p = 0.0001 p < 0.0001 p < 0.0001
15** #p < 0.0001  #p < 0.0001

Joint Negative Power (W kg-1)
Grade Ankle Knee Hip Pairwise HSD

(%) ##p = 0.0077 ## - ##p = 0.0038 Ank:Knee Ank:Hip Hip:Knee
28% 11% 62% p < 0.0001 p = 0.0009 p < 0.0001

-15**
      

41% 9% 50%  p = 0.0004 p < 0.0001
-10**

      
38% 11% 51% p = 0.0115 p < 0.0001 p < 0.0001

0**
      

27% 11% 62% p < 0.0001 p < 0.0001 p < 0.0001
10**

  #p = 0.0433    
24% 16% 60% p < 0.0001  p < 0.0001

15**
      

253
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254 Negative Power: The magnitude of stride average limb negative power decreased with 

255 increasing grade (rANOVA, p < 0.0001) from -1.03 W kg-1 in level to -0.73 W kg-1 at 10% grade 

256 (HSD, p = 0.1918) and -0.62 W kg-1 at 15% grade (HSD, p = 0.0305) (Table 1; Fig. 2B) 

257 Negative limb power was significantly larger in magnitude at -1.60 W kg-1 at -10% grade (HSD, 

258 p = 0.0015) and -2.60 W kg-1 at -15% grade (HSD, p < 0.0001). The knee contributed >50% to 

259 limb negative power, and the percent contribution was greater than that of the hip in all 

260 conditions and that of the ankle in all conditions but the -10% grade (rANOVA, p < 0.0001; 

261 HSD, p < 0.05) (Table 2; Fig. 2B). The percent contribution of the knee to negative limb power 

262 increased with incline (rANOVA, p = 0.0038) from 51% at level to 63% at 10% grade (HSD, p = 

263 0.0433) and 60% at 15% grade and coincided with a decrease in ankle contribution (rANOVA, p 

264 = 0.0007). Ankle negative power contribution was maximized for -10% grade at 41%. Hip 

265 contribution to negative power did not change with grade and was 12% on average. 

266

267 Mechanical Power in Running

268 Net Power: Similar to walking, the stride average net power of each joint increased from 

269 negative to positive grade (rANOVA, p < 0.0001) (Fig. 3A). The average net power of the ankle 

270 and hip was positive in all conditions and increased in magnitude with increasing grade 

271 (rANOVA, p < 0.0001). In contrast, the average net power of the knee was negative in all 

272 conditions and became more negative in large downhill grades (rANOVA, p < 0.0001). 

273

274 Figure 3: Percent distribution of average positive and negative lower-limb joint power for running 

275 at 2.25 m s-1 over a range of grades. (A) Average net power of each joint across surface grade 
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276 conditions for running. (B) The area of each pie is normalized to the average positive power at level grade 

277 for running (3.66 W kg-1). 

278 Positive Power: The average positive power of the limb (ankle + knee + hip) increased with 

279 increasing grade (rANOVA, p < 0.0001) (Table 1; Fig. 3B) from 3.66 W kg-1 at level to 4.12 W 

280 kg-1 and 4.53 W kg-1 (HSD, p = 0.0005) at 5% and 10% grades respectively. Limb positive power 

281 decreased to 3.14 W kg-1 at -5%, and to 2.64 W kg-1 (HSD, p < 0.0001) at -10% grade. The ankle 

282 was the dominant source of positive mechanical power (>46%) in all conditions and was 

283 significantly different from the knee (rANOVA, p < 0.0001; HSD, p < 0.0001) in all conditions 

284 and for the hip in all but the 10% grade (rANOVA, p < 0.0001; HSD p < 0.0171) (Table 3; Fig. 

285 3B). With increasing incline, ankle positive power percent contribution decreased (rANOVA, p 

286 = 0.04) from 55% at level to 46% at 10% grade (HSD p = 0.0263) while hip contribution 

287 increased (rANOVA, p = 0.0032) from 28% to 36% in the level versus 10% grade condition 

288 (HSD, p = 0.0051). For decline grades, there was no significant shift in the joint positive power 

289 distribution.

290

291

292

293

294

295

296

297
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298 Table 3: Percent contribution of each joint to total limb power in running at 2.25 m s-1. A 

299 repeated measures ANOVA (main effect: grade##) tested the effect of grade on stride average 

300 joint power of the ankle, knee, and hip (# indicates HSD post-hoc comparison to 0% grade). In 

301 addition, a repeated measures ANOVA (main effect: joint*) evaluated the relative contribution 

302 of each joint at each grade. (main effect: joint **p < 0.0001). Pairwise HSD was used to evaluate 

303 significant differences between joints.

Joint Positive Power (W kg-1)

Grade Ankle Hip Knee Pairwise HSD
(%) ##p = 0.04 ##p = 0.0032 ##p = 0.1468 Ank:Knee Ank:Hip Hip:Knee

48% 28% 23% p < 0.0001 p = 0.0002  
-10**

      
49% 29% 22% p < .0001 p = .0023  

-5**
      

55% 28% 17% p < .0001 p < .0001 p = .0197
0**

      
50% 33% 16% p < .0001 p = .0171 p = .0186

5**
      

46% 36% 18% p < .0001 p = .0013  
10** #p = 0.0263 #p = 0.0051     

Joint Negative Power (W kg-1)
Grade Ankle Hip Knee Pairwise HSD

(%) ##p = 0.0027 ##p = 0.1109 ##p = 0.0094 Ank:Knee Ank:Hip Hip:Knee
28% 10% 62% p < .0001 p = .0003 p < .0001

-10**
      

31% 9% 60% p < .0001 p < .0001 p < .0001
-5**

      
36% 5% 59% p < .0001 p < .0001 p < .0001

0**
      

41% 5% 54% p = .0495 p < .0001 p < .0001
5**

      
38% 8% 54% p < .0001 p < .0001  

10**
      

304
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305 Negative Power: The magnitude of limb negative power in running decreased with grade 

306 (rANOVA, p < 0.0001) from -3.12 W kg-1 at level to -2.86 W kg-1 and -2.81 W kg-1at 5% and 

307 10% grade (Table 1; Fig. 3B). The limb negative power magnitude increased to -3.25 W kg-1 for 

308 -5% and to -3.88W kg-1 for -10% grade (HSD, p = 0.0002). Similar to walking, each joint 

309 contributed different amounts to total limb average negative power (rANOVA p < 0.0001) 

310 (Table 3; Fig. 3B). The knee was the dominant source of negative power, producing >54% for all 

311 conditions and contributed significantly more than the ankle or hip (HSD p < 0.0001). The ankle 

312 contributed approximately 35% of the stride average negative power across all grades and the hip 

313 contribution was minimal (~7%).

314 Comparisons of Walking to Running

315 The average limb positive power was greater in running than walking. Switching from 

316 walking to running on level ground resulted in an increase in the ankle’s percent contribution 

317 from 44% to 55% (paired t-test p = 0.0024) and a decrease in the hip’s percent contribution from 

318 37% to 28% (paired t-test p = 0.0196). The trend was similar at 10% grade, where switching 

319 from walking to running resulted in an increase in the ankle’s percent contribution from 34% to 

320 46% (paired t-test p = 0.0024) and a decrease in the hip’s percent contribution from 47% to 36% 

321 (paired t-test p = 0.0196). The transition from walking to running at the 10% grade resulted in 

322 the hip being replaced by the ankle as the dominant contributor to positive power. For negative 

323 power at the 10% grade, switching from walking to running resulted in an increase in the ankle’s 

324 percent negative contribution from 27% to 38% (paired t-test p = 0.001) and a decrease in the 

325 knee’s percent contribution from 62% to 54% (paired t-test p = 0.0338).
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326 Temporal component of power redistribution

327 Time series plots show the redistribution of joint moment and power over the stride cycle 

328 for walking (Fig. 4) and running (Fig. 5). Again, the general trend was a shift in positive power 

329 generation to the hip with increasing incline, while the knee was the primary site of negative 

330 work (i.e., absorption). Changes in ankle positive power were predominantly seen at push-off 

331 (~60% stride), with changes in the knee negative power and hip positive power coming in initial 

332 stance.

333

334 Figure 4: Ankle, knee, and hip joint kinetics for walking at 1.25 ms-1. Body-mass specific (A) joint 

335 moment (Nm kg-1) and (B) joint power (W kg-1) over a stride from heel strike (0%) to heel strike (100%) 

336 of the same leg for walking across surface grades from -15% downhill to +15% uphill.

337

338 Figure 5: Ankle, knee and hip joint kinetics for running at 2.25 ms-1. Body mass-specific (A) joint 

339 moment (Nm kg-1) and (B) joint power (W kg-1) over a stride from heel strike (0%) to heel strike (100%) 

340 of the same leg for running across surface grades from at -10% downhill to +10% uphill. 

341

342 Metabolic Energy Demand

343 In walking, the measured metabolic minimum was at -10% grade (1.5 W kg-1) (Table 4). 

344 For running, the metabolic minimum was also at -10% grade (5.75 W kg-1) which was the 

345 steepest downhill grade tested in running. Efficiency of positive work was maximized at -10% 

346 grade in walking with an efficiency of 0.62.

347
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348 Table 4: Net metabolic power, summed (ankle +knee +hip) lower-limb joint average positive power, 

349 efficiency of positive joint work, and cost of transport for walking and running up and downhill.

 Grade (%) PMET (W kg-1) P+ (W kg-1) η+
WORK  COT (J kg-1 m-1)

Walk -15 2.24 0.86 0.38 1.79
 (1.25 m s-1) -10 1.50 0.94 0.62 1.20

 0 2.82 1.02 0.36 2.25

 10 6.15 1.71 0.28 4.92

 15 10.54 2.60 0.25 8.43
Run -10 5.75 2.64 0.46 2.55

 (2.25 m s-1) -5 7.32 3.14 0.43 3.25
 0 9.09 3.66 0.40 4.04
 5 11.64 4.09 0.35 5.17
 10 14.37 4.53 0.32 6.39

350

351 Discussion 

352 Our aim in this study was to measure and analyze human biomechanical response during 

353 walking and running on sloped surfaces in order to build a roadmap to help guide development 

354 of lower-limb wearable robots capable of adjusting to changing mechanical demands in real-

355 world environments. We characterized the distribution of positive and negative mechanical 

356 power output across the lower-limb joints for incline and decline grades during walking and 

357 running. Our results confirm and are supported by previous studies demonstrating that the 

358 energetic demands of the lower limbs heavily depend on both ground slope and gait [31-41, 43-

359 46]. Energy must be injected or extracted to raise or lower the potential energy of the center of 

360 mass (COM) for incline/decline walking.[29, 30]. Indeed, our data confirm that in both walking 

361 and running gait, the stride average total limb (ankle + knee + hip) power changes from net 

362 negative on decline grades to net positive on incline grades. Our findings also agree with 

363 previous work demonstrating the ankle to be a dominant source of positive mechanical power 
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364 during both level walking and running gait [47], but that for incline walking the hip becomes an 

365 important source of positive mechanical power generation [31, 34, 35]. In addition, our data 

366 confirm that the knee is the dominant source of mechanical energy absorption during both 

367 walking and running across grades [38]. In the following sections we first discuss the 

368 biomechanical implications of our results and then focus on how these data could be utilized to 

369 create lower-limb wearable exoskeletons (or perhaps prostheses) that can respond to and perhaps 

370 even take advantage of changing mechanical demands across grades and gaits. 

371 Relationship between structure and function across task demand

372 The functional role of the ankle and the hip across grades aligns with the physiological structure 

373 of each joint’s muscle-tendon units (MTs). The hip MTs have short tendons and long muscle 

374 fascicles with low pennation [48]. In contrast, the structure of the ankle plantarflexor MTs, 

375 comprises relatively short, pennate muscle fibers in series with long compliant tendons. Added 

376 compliance in distal MTs  make them ideal for storage and return of elastic energy during the 

377 gait cycle [48-50]. In incline gait, mechanical energy must be added to the body. Prior studies 

378 suggest that the structure of the MTs in the more proximal joints (i.e., hip) may be better suited 

379 to performing work on the COM because short, stiff tendons can directly transmit the work of 

380 the muscles to power the joint [48]. Furthermore, long muscle fascicles allow for production of 

381 force over a relatively larger range of motion and are important in incline walking due to larger 

382 joint range of motion. 

383 In line with the idea that structure drives function, our walking data demonstrate a shift to 

384 power output in more proximal joints with an increase in incline. This finding is similar to prior 

385 studies which also show the dominant source of positive mechanical power shifts from the ankle 
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386 to the hip in uphill walking [22, 32].  On the contrary, we found no evidence of a redistribution 

387 of positive work to the hip during uphill running. In running, the ankle still produced 46% of the 

388 positive power at 10% uphill grade. This finding seems to be in contrast with a previous study 

389 which showed that the hip contributed most to the increase in work for incline running [31]. 

390 However, our results may differ due to the different grade (6o and 12o), faster speed (3.0 and 3.5 

391 m s-1), and lack of treadmill use in [31]. Interestingly, the ankle also performed a significantly 

392 higher percentage of the negative work in uphill running at 10% grade when compared to the 

393 level. This trend suggests that energy cycling through elastic mechanisms may still be an 

394 important feature retained in uphill running [51]. Due to the need for faster acceleration of the 

395 body in uphill running, ankle joint elasticity may facilitate higher peak powers and more net 

396 work output from the plantarflexors[48] by decreasing the required shortening velocity of the 

397 muscle fascicles of the ankle. Indeed, in vivo studies where ultrasound images of the triceps 

398 surae were taken in running and walking showed series elastic tissues allow the muscles to 

399 operate at lower average shortening velocities and that elastic recoil contributes substantially to 

400 positive work [28]. Additional in vivo studies of human muscle function, especially at proximal 

401 joints, in uphill and downhill walking and running would shed light on how MT architecture 

402 interacts with task demand for mechanical power generation /dissipation. 

403 Balance of positive and negative power varies across joint and grade

404 Net mechanical power production of the limb was governed by a balance between positive and 

405 negative power output that varied from joint to joint. The hip’s contribution to walking and 

406 running on sloped surfaces was net positive across all grades and gaits we tested and was 

407 modulated predominantly by changes in production of positive power (Tables 1-3, Figs. 2, 3). 
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408 Despite large adjustments in net positive power output across grades, the hip was not the largest 

409 absolute contributor of positive power in most conditions (except incline walking). This was 

410 because the hip contributes very small amounts of negative power across conditions. 

411 Conversely, the knee net power output was modulated predominantly by adjusting the 

412 production of negative power. In fact, the knee was the dominant contributor (>50%) to negative 

413 power across all grades in both walking and running. In all except the highest incline walking 

414 grade, the knee produced more negative than positive power, resulting in negative net power. 

415 At the ankle, adjustments in lower-limb joint power production across grade/gait were 

416 more balanced in comparison to the hip (positive work modulated) and knee (negative work 

417 modulated). The average net power of the ankle was generated by adjustments to both positive 

418 and negative power across grade and gait. (Table 1, Figs. 2, 3) In level walking, the net power 

419 from the ankle was smaller than the hip despite the larger contribution to positive power from the 

420 ankle (Tables 1&2, Fig. 2). During incline walking, the ankle’s percent contribution to both 

421 positive and negative power decreased, potentially reflecting a reduced capacity to store and 

422 return elastic energy in the Achilles tendon. In decline walking, we observed the opposite trend 

423 where ankle net power was negative reflecting an increased capacity to store energy. In running, 

424 the ankle was the dominant source of positive mechanical power across all grades and the net 

425 power of the ankle was positive for all grades. (Table 1, 3, Fig. 3). 

426 Metabolic power and efficiency

427 Similar to Margaria et al. [30], we found that the greatest efficiency of positive work at -

428 10% slope for both walking and running. Additionally, the efficiency of positive work during 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 7, 2020. ; https://doi.org/10.1101/2020.04.07.029579doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.07.029579
http://creativecommons.org/licenses/by/4.0/


22

429 walking at the extreme uphill (+15%) was ~0.25 reflecting the efficiency of muscle-tendons 

430 during tasks exhibiting predominantly positive work [29, 52-55]. 

431 Implications for lower-limb exoskeleton development

432 How the biological system distributes power across the joints in a variety of gait 

433 conditions has important implications for development of wearable assistive devices. To develop 

434 a roadmap for lower-limb exoskeleton design, we first define three main modes of operation: 1) 

435 (Net +) Energy injection – the device adds mechanical energy to the gait cycle using external 

436 sources of energy; 2) (Net -) Energy extraction – the device removes mechanical energy from the 

437 gait cycle to be dissipated as heat or stored (e.g., as mechanical energy in a spring or electrical 

438 energy in a battery); 3) (Net 0) Energy transfer – the device extracts energy at one time during 

439 gait and then injects it within or across joints at some time later (Fig. 6). With these modes the 

440 energy which is added, removed, or transferred may have different effects on the user’s 

441 biological and total joint power outputs, and, while most studies have a goal in mind (e.g., reduce 

442 biological moments and powers), the effects are often non-intuitive and hard to predict. Because 

443 the effect of an assistive device on the user is heavily dependent on the individual user’s 

444 biomechanical response, we further propose and discuss three potential biomechanical outcomes 

445 resulting from any of these modes of operation. The magnitude of the user’s biological joint 

446 power could: O1) decrease (=replacement) O2) remain constant (=augmentation), or O3) 

447 increase (=enhancement). Here, we offer several examples that span the possible physiological 

448 response outcomes (O1-3) for devices that inject positive power, but the same principles also 

449 apply for the other device modes as well (i.e., extraction and transfer).

450
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451 Figure 6: Potential mechanisms for exoskeleton energy exchange. (A) Example of energy cycle for a 

452 joint where negative joint power (red) is followed by positive joint power (blue) similar to the ankle 

453 power cycle during gait. (B) The exoskeleton (green) produces positive power and injects energy at the 

454 joint during the positive power phase of the gait via a motor or some other energy source. (Top) The 

455 positive bio power is reduced such that the total (bio+exo) positive power output of the joint remains the 

456 same (i.e., replacement). (Bottom) The additional energy increases the total (bio+exo) positive power 

457 output of the joint (i.e., augmentation). This is the most common mode employed on powered 

458 exoskeletons [3, 6, 7, 14, 17]. (C) The exoskeleton (green) produces negative power and extracts energy 

459 from the joint during the negative power phase of the gait via a damper or some other energy sink and, in 

460 this example, the user maintains the total (exo+ bio)  negative power output of the joint, enabling a 

461 reduced biological contribution (i.e., replacement). In this mode, the exoskeleton negative power could 

462 drive an electrical generator and energy could be stored in a battery or used to power electronic devices 

463 [18, 56, 57]. If the negative power is normally recycled within the body and transferred to the positive 

464 power phase, additional biological power may be required to maintain biological positive power output 

465 (BioAdd). (D-F) The exoskeleton (green) could also operate in transfer mode by sequencing extraction and 

466 injection phases within or across the joints over time. (D) In the simplest case the exoskeleton stores 

467 energy during the negative power phase and returns it immediately to the same joint (e.g., with a spring) 

468 and, in this example, the user maintains the total joint power output enabling a reduction in both 

469 biological positive and negative power (=replacement)  [5].  Other variants on transfer mode include: (E) 

470 The exoskeleton extracts energy at one joint (similar to C) and then immediately injects it at another 

471 (similar to B) [2]. (F) The exoskeleton extracts energy at one joint (e.g., with a spring or generator), 

472 temporarily stores it (e.g., using a battery or a clutch) and then after some delay injects it at the same joint 

473 (e.g., using a motor powered by the battery or spring recoil on release of a clutch). 

474 Energy Injection: The first mode of device operation entails adding positive mechanical 

475 work at a joint(s) when the joint is producing positive power. This is the most prevalent strategy 
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476 used in exoskeletons targeting the hip, knee, and ankle with the common desired goal being the 

477 reduction of metabolic demand in healthy individuals [3, 6-8, 14, 17, 23, 58]. The common 

478 expectation is the outcome where the addition of mechanical power causes a concomitant 

479 reduction of biological power while total power mostly remains constant (O1: replacement). 

480 While it’s been demonstrated that users will reduce biological moment such that the total joint 

481 moment remains invariant [59, 60], reductions in biological power often do not reflect full 

482 replacement [17, 61]. Thus, unlike what might be desired, the second physiological response 

483 outcome is often observed. Here, the biological power is reduced by less than the exoskeleton 

484 injects and the magnitude of the total joint power is increased (O2: augmentation) (Fig. 6B) [7]. 

485 [17, 61]. The third physiological response outcome is that the addition of exoskeleton positive 

486 power causes an enhancement of the biological power (O3: enhancement). It is possible that 

487 when injecting positive exoskeleton power, the user actually increases their biological power 

488 output and thus enhances the total joint power beyond the exoskeleton’s contribution. So far, we 

489 are not aware of cases where this physiological response has occurred, but it would be desirable 

490 for assistive and rehabilitative technology intended to improve function in clinical populations 

491 with baseline deficits in limb and joint power output (e.g., post-stroke) [62]. For example, the 

492 addition of positive power during push-off may help promote the recruitment of weak 

493 plantarflexors in stroke survivors or older adults. Studies have begun to demonstrate the potential 

494 for enhancing performance in clinical populations by providing positive power to the ankle [26, 

495 63], however the actual effect on biological power is still unclear.  

496 How might an engineer use employ the roadmap offered by this study to guide the 

497 strategy for exoskeleton positive power injection beyond level walking? The most notable 

498 example comes from the observed shift to hip dominated positive power in walking uphill (Figs. 
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499 2, 4). Given limited power supply of the device, our data would suggest that assistance should be 

500 redirected away from the ankle to the hip when transitioning to incline walking. Conversely, for 

501 running (Figs. 3,5), the ankle is the largest contributor to positive average power across all slopes 

502 and thus, shifting assistance to the hip may not be as beneficial.

503 Energy Extraction: The second mode of device operation involves removing negative 

504 mechanical work at a joint(s) when the joint is producing negative power. The extracted 

505 mechanical energy could be dissipated as heat (e.g., in a damper) or harvested to generate 

506 electricity which can then be stored in a battery or used to power electronic devices (Fig. 6C). 

507 Additionally, an exoskeleton that effective extracts energy from the gait cycle can potentially 

508 reduce the negative power required from muscles which, unlike many mechanical systems, 

509 require energy to elongate under load [64]. Similar to the effects from injecting positive power, 

510 generation negative power with exoskeletons may have a range of effects on the biological 

511 system that can be non-intuitive. For example, if an exoskeleton offloads a portion of the 

512 negative biological power at a joint, and that power was derived from stored energy in elastic 

513 tissues which can no longer be returned, it is possible that additional biological power may need 

514 to be generated in the positive phase to make up for lost energy stores (Fig. 6C). However, in the 

515 nominal case where the negative biological power is merely dissipated as heat rather than 

516 recycled, then the reduction in total power during the latter half of the cycle may not be 

517 problematic. 

518 The knee has been the focus of energy harvesting exoskeletons due to its production of 

519 substantial negative power in gait, especially near the end of swing phase of walking (Fig. 4). 

520 There are several indications that if done correctly it is possible to generate electrical energy 

521 while reducing the muscle energetic demands and whole body metabolic cost [18, 56, 65, 66]. 
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522 With consideration to changing mechanical demands on slopes surfaces, our results suggest 

523 enormous potential for harvesting energy using a knee exoskeleton during decline walking due to 

524 large increases in knee negative power throughout the gait cycle (Figs. 2, 4). In running, a knee 

525 exoskeleton may be widely versatile because the knee generates a large amount of negative 

526 power across all slopes including on inclines (Figs. 3, 5). 

527 Although the ankle produces substantial negative power, harvesting exoskeletons might 

528 be ineffective in level gait because much of the joint power is recycled in elastic tissues [28], and 

529 thus as mentioned previously, the biological system would need to replace these losses with 

530 costly muscle work during a positive power phase at some joint in the limb. However, because 

531 ankle negative power increases and positive power decreases on declined surfaces (Fig. 2), 

532 energy harvesting may be a viable candidate at the ankle for decline walking. 

533 Energy Transfer: The third mode of device operation is to transfer energy from one phase to 

534 another across the gait cycle either within or across joints (Fig. 6D-F). In this mode, because the 

535 exoskeleton extracts energy in the negative phase (e.g., Fig. 6C) and then injects the same energy 

536 later (e.g., Fig. 6B) in a positive phase , external power consumption of the device can be 

537 minimized (e.g., by using passive elements like springs and clutches) [67]. In addition, intra-joint 

538 transfer of energy from a negative power phase to a positive power phase may help mitigate the 

539 complication of the reduced biological power in the latter half of the power cycle. As depicted in 

540 Figure 5D, it is possible that the total power output of the joint (exo+bio) remains constant 

541 despite the reduction of biological power in both the negative and positive power phases. The 

542 simplest device applying this mode of operation is an elastic exoskeleton that uses a spring in a 

543 parallel with the biological plantarflexors to stores energy (negative biological power) which is 

544 returned later in stance (positive biological power) as done by Collins, Wiggins, and Sawicki [5]. 
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545 According to our data here, while this approach of storing and returning energy at the ankle can 

546 be effective for level ground gaits, at other grades the strategy of immediate storage and return of 

547 mechanical energy may not be as effective. Adding a spring in parallel on inclines or declines 

548 would likely require an additional biological energy source to inject/extract energy elsewhere in 

549 the gait. Another option is to transfer power across joints as depicted in Figure 5E (i.e., inter-

550 joint transfer). One example is the storage of energy from knee deceleration in late swing and 

551 releasing it at the ankle during push-off [2]. From our data, we additionally show that energy 

552 storage in the knee during early stance and releasing it at the ankle during push-off becomes 

553 increasingly viable with decreasing grade (Figs. 4, 5). A final scenario is that the power from the 

554 negative phase could be temporarily stored via battery or clutch and returned at a later time – an 

555 approach that has been used within a single gait cycle in foot-ankle prosthesis designs [68, 69]. 

556 This last approach, extraction, storage, and then delayed release (Fig. 6F) opens up the 

557 possibility to store energy over multiple cycle, perhaps accumulating it, and then return it in a 

558 single large burst over a shorter time period to achieve power amplification that may be 

559 necessary for on-off accelerations or maximum effort jumps [70].

560 Conclusions:

561 Locomotion in the ‘real-world’ involves adjusting speed, changing gait from walk to run 

562 and moving up or downhill. The purpose of this study was to characterize changes in lower-limb 

563 joint kinetics for walking and running over a range of ground slopes. Specifically, we sought to 

564 understand how each joint contributed to total limb positive, negative, and net power output in 

565 order to guide development of exoskeleton actuation schemes capable of handling ‘real-world’ 

566 mechanical demands. Results of limb-joint level energy analyses motivated us to define three 
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567 operating modes that exoskeletons could employ: 1) Energy injection: Addition of positive 

568 power during positive joint power phases, 2) Energy extraction: Removal of negative power (i.e., 

569 energy harvesting) during negative joint power phase. 3) Energy transfer: extracting energy from 

570 one phase and injecting it in another phase at some time later. It’s important to note that we have 

571 developed this framework for exoskeletons which operate in parallel with biological muscles and 

572 tendons. The guide for development may be different for prostheses which operate in series with 

573 biological structures and aim to emulate or fully replace biological joint function [71].  

574 An important next step is to examine whether using biological patterns of joint power 

575 output as a ‘road-map’ to apply the three exoskeleton operating modes can improve walking and 

576 running performance (e.g., reduced metabolic cost) on fixed or time varying uphill and downhill 

577 slopes. 
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