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ABSTRACT 26 

Unpowered exoskeletons with springs in parallel to human plantar flexor muscle-tendons can reduce the 27 

metabolic cost of walking. We used ultrasound imaging to look ‘under the skin’ and measure how 28 

exoskeleton stiffness alters soleus muscle contractile dynamics and shapes the user’s metabolic rate 29 

during walking. Eleven participants (4F, 7M; age: 27.7 ± 3.3 years) walked on a treadmill at 1.25 m s-1 30 

and 0% grade with elastic ankle exoskeletons (rotational stiffness: 0-250 Nm rad-1) in one training and 31 

two testing days. Metabolic savings were maximized (4.2%) at a stiffness of 50 Nm rad-1. As 32 

exoskeleton stiffness increased, the soleus muscle operated at longer lengths and improved economy 33 

(force/activation) during early stance, but this benefit was offset by faster shortening velocity and poorer 34 

economy in late stance. Changes in soleus activation rate correlated with changes in users’ metabolic 35 

rate (p = 0.038, R2 = 0.44), highlighting a crucial link between muscle neuromechanics and exoskeleton 36 

performance; perhaps informing future ‘muscle-in-the loop’ exoskeleton controllers designed to steer 37 

contractile dynamics toward more economical force production. 38 

 39 

 40 

 41 
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INTRODUCTION 42 

The plantar flexors serve an essential role in human walking by providing more than 50% of the leg’s 43 

total positive mechanical energy1 and up to 60% of the mechanical power output for redirecting the 44 

body’s center of mass during push-off 2. The importance of the ankle plantar flexors in legged 45 

locomotion is linked to their morphology. Muscle-tendons (MTs) with short pennate muscle fibers and 46 

long compliant in-series tendons are well suited for economical locomotion because the elastic tendons 47 

store and return of mechanical energy over each step3-5. During steady-state walking, the interaction of 48 

the plantar flexors and Achilles tendon is tuned. Throughout early stance,  0% (heel strike) to 40% 49 

stride,  plantar flexor muscle fascicles generate force isometrically while the Achilles tendon stretches 50 

and stores mechanical energy6. In late stance, 40% to 60% (toe-off) stride, the plantar flexors shorten 51 

and the tendon rapidly recoils, providing a burst of positive mechanical power1,4,7. This coordinated MT 52 

interaction permits the plantar flexor muscle fascicles to operate over a narrow region of their force-53 

length (F-L) curve and remain at slow shortening velocities which are favorable contractile conditions 54 

for economical force production7-12. Any disruption to this ‘catapult’ like mechanism may decrease the 55 

ankle’s efficient mechanical power production and worsen walking efficiency. 56 

 57 

Exoskeletons are a class of wearable devices that often act in parallel with human MTs to restore or 58 

augment human movement. An increasing number of studies13 are establishing that both tethered14-18 59 

and portable19-21 lower-limb exoskeletons can deliver mechanical power to the body to reduce metabolic 60 

demand during walking in young healthy individuals14-22, individuals post-stroke23, and older adults24,25. 61 

Recently, our group has demonstrated that exoskeletons need not deliver net external mechanical power 62 

to the body to reduce the metabolic rate of walking26. We showed that elastic exoskeletons that place a 63 

tension spring in parallel with the human plantar flexor-Achilles tendon complex can reduce the net 64 

metabolic rate of walking by an average of 7.2%26 versus not using a device. The relationship between 65 

the user’s net metabolic rate and the rotational stiffness of the exoskeleton is bowl-shaped, with a 66 

‘sweet-spot’ that maximizes metabolic benefit where exoskeleton stiffness is not too compliant, is not 67 

too stiff, but just right.  68 

 69 

Experimental evidence indicates that when exoskeletons are too stiff, a metabolic penalty arises from a 70 

series of compensatory changes in mechanics at the knee and hip as well as increased activation of the 71 

plantar flexor’s antagonist muscle, the tibialis anterior26. In addition to compensatory mechanisms at 72 

more proximal joints, local changes in ankle plantar flexor muscle dynamics may also help explain why 73 
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increasing exoskeleton stiffness does not continue to improve metabolic rate during walking. Although 74 

increased exoskeleton stiffness reduces force requirements on the plantar flexors, the tuned MT 75 

interaction may become disrupted and result in poorer muscle economy (force/activation) and increased 76 

metabolic rate. This disruption of MT interaction which elicits less economical muscle dynamics is 77 

predicted by models and simulations of hopping27,28 , walking29-31 and running32 and has been 78 

demonstrated experimentally in both human hopping33 and in isolated animal muscle experiments that 79 

use a biorobotic interface to simulate exoskeleton interaction dynamics34. During human hopping, an 80 

exoskeleton providing stiffness in parallel to the ankle plantar flexors reduced muscle force and net 81 

metabolic rate, but increased soleus muscle positive work due to greater fascicle excursions33. In a 82 

follow-up modelling study using the same hopping dataset, ankle exoskeleton torque reduced soleus 83 

fascicle operating lengths and increased fascicle velocities 27, which both acted to limit the estimated 84 

metabolic savings from using the device. Musculoskeletal simulations of walking with a unilateral 85 

elastic exoskeleton have demonstrated that applying ankle exoskeleton torque to the ankle-joint reduces 86 

muscle force requirements, which leads to decreased tendon stretch and increased fascicle strain17. This 87 

trend is also supported by a recent study that used ultrasound imaging to track the junction between the 88 

medial gastrocnemius and Achilles tendon during walking with a dynamic orthosis35. Together, these 89 

studies demonstrate that exoskeletons may disrupt the normal plantar flexor MT dynamics by limiting 90 

the ability of series-elastic tissues to keep plantar flexor muscles operating with contractile dynamics 91 

favorable for economical force production30.  92 

 93 

Rather than relying on model-based estimates, we sought to use ultrasound imaging techniques to 94 

directly examine whether increasing ankle exoskeleton stiffness disrupts plantar flexor muscle-tendon 95 

dynamics during walking (Fig. 1). To date, no study has linked in vivo measurements of muscle 96 

dynamics to a user’s net metabolic rate during walking with exoskeletons. We used B-mode ultrasound 97 

imaging to measure soleus muscle fascicle contractile dynamics in vivo during exoskeleton assisted 98 

walking across a range of ankle exoskeleton rotational stiffnesses (kexo = 0, 50, 100, 150, 250 Nm rad-1). 99 

We predicted that stiffer ankle exoskeletons would disrupt the normally tuned catapult behavior of the 100 

ankle plantar flexors. Specifically, we hypothesized that increasing exoskeleton stiffness would (1) 101 

reduce soleus muscle fascicle force, (2) reduce soleus activation, (3) increase soleus fascicle length and 102 

(4) shortening velocity, and (5) alter soleus force per unit activation (i.e., muscle economy or force 103 

production capacity). Taken together, we posit that ankle exoskeleton assistance elicits a trade-off 104 

between reduced soleus force on one hand and a shift to contractile conditions that are less economical 105 
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for force production on the other. We suggest that this balance explains the metabolic ‘sweet-spot’ at 106 

intermediate elastic ankle exoskeletons stiffness during walking. 107 

 108 

RESULTS 109 

To highlight the effect of exoskeleton stiffness on biomechanics and walking economy, the results focus 110 

on the effect of two exoskeleton stiffnesses with respect to the 0 Nm rad-1 (no assistance) condition. The 111 

50 Nm rad-1 condition details what occurs with a stiffness that is low but results in the metabolic 112 

minimum. The 250 Nm rad-1 condition details what occurs at a perceptually very stiff condition which 113 

also resulted the metabolic maximum. Response for other conditions are reported in figures and Table 1.  114 

 115 

Metabolic cost: We found a significant relationship between net metabolic rate and the square of 116 

exoskeleton stiffness (mixed-model ANOVA; k2
exo; p = 0.022; Metabolic Rate (W kg

-1
) = 3.1 - 9.73 × 117 

10
-4

 × kexo + 7.05 × 10
-6

 × kexo
2

 
). Elastic ankle exoskeletons providing 50 Nm rad-1 of rotational stiffness 118 

decreased net metabolic rate during walking at 1.25 m s-1 by 4.2% with respect to the 0 Nm rad-1 119 

condition (CI:<0.4%, 7.8%>; two tailed paired t-test; p = 0.032) (Fig. 2A). Metabolic demand at 250 120 

Nm rad-1 was 4.7% higher than 0 Nm rad-1.  121 

 122 

Spatio-Temporal Parameters: Increasing ankle exoskeleton stiffness reduced stride time (ANOVA; p 123 

= 0.0203) and stance time (ANOVA; p = 0.0012) but did not significantly affect swing time (ANOVA; p 124 

= 0.6454) or stance to swing ratio (ANOVA; p = 0.1559). Stride time and stance time decreased by 125 

~0.04 seconds (4%) at the stiffest condition compared to the 0 Nm rad-1 condition. Stance to swing ratio 126 

was ~0.63 across all exoskeleton stiffness conditions. 127 

 128 

Ankle joint dynamics: Peak ankle dorsiflexion angle decreased as exoskeleton stiffness increased 129 

(ANOVA; p < 0.0001) (Fig. 2B). Relative to 0 Nm rad-1, peak ankle dorsiflexion decreased from 17.9 ± 130 

1.2 deg. (mean ± SEM) to 15.0 ± 1.3 deg. for 50 Nm rad-1 and to 8.1 ± 1.4 deg. for 250 Nm rad-1. 131 

Increasing exoskeleton stiffness increased exoskeleton torque (ANOVA; p < 0.0001) and decreased 132 

biological ankle moment (ANOVA; p < 0.0001) (Fig. 2C). At 50 Nm rad-1, the exoskeleton provided a 133 

peak torque of 0.20 ± 0.01 Nm kg-1 and decreased biological ankle moment by 12% from 1.59 ± 0.04 134 

Nm kg-1 to 1.41 ± 0.03 Nm kg-1. At 250 Nm rad-1, exoskeleton torque reached a peak of 0.47 ± 0.03 Nm 135 

kg-1 and reduced biological ankle moment by 28% to 1.14 ± 0.04 Nm kg-1. Increasing exoskeleton 136 
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stiffness increased exoskeleton mechanical power (ANOVA; p < 0.0001) and reduced biological ankle 137 

mechanical power (ANOVA; p < 0.0001) (Fig. 2D). At 50 Nm rad-1, exoskeleton positive mechanical 138 

power was 0.036 ± 0.003 W kg-1 and average biological positive mechanical power decreased from 139 

0.305 ± 0.013 W kg-1 to 0.233 ± 0.012 W kg-1. At 250 Nm rad-1, exoskeleton positive mechanical power 140 

was 0.066 ± 0.007 W kg-1 and average biological positive mechanical power decreased to 0.170 ± 0.012 141 

W kg-1. 142 

 143 

Soleus muscle dynamics: Soleus muscle force decreased with increasing exoskeleton stiffness (Fig. 3A, 144 

Table 1). Peak force was greatest at the 0 Nm rad-1 condition, 21.88 ± 0.72 N kg-1, and minimized at the 145 

250 Nm rad-1 condition, 15.18 ± 0.67 N kg-1. Reduced soleus force was reflected by decreased average 146 

force rate over the stance phase (0-60% stride) (ANOVA; p < 0.0001) (Fig. 3A) (Note: The rate 147 

represents an average moment per unit time and is not a measure of how rapidly the moment is 148 

generated). Compared to 0 Nm rad-1 condition, average soleus force rate of stance reduced by 12% and 149 

18% for 50 and 250 Nm rad-1 respectively (Fig. 3Ai). There was no reduction in force rate of early 150 

stance (0-40% stride) (ANOVA; p = 0.38) (Fig. 3Aii). The change in average force rate of stance was 151 

primarily from the decrease in the average force rate of late stance (40-60% stride) (ANOVA; p < 152 

0.0001) which, compared to 0 Nm rad-1, was reduced by 14% and 29% for 50 and 250 Nm rad-1 153 

respectively (Fig. 3Aiii).  154 

 155 

Soleus average activation rate, as measured by surface electromyography (EMG), decreased with 156 

increasing exoskeleton stiffness during early stance (ANOVA; p = 0.0023) (Fig. 3B and Table 1). The 157 

reduction in activation rate of early stance was 14% and 21% for the 50 and 250 Nm rad-1 condition 158 

compared to 0 Nm rad-1 (Fig. 3Bii). There was no change in activation rate of late stance (ANOVA p = 159 

0.8765) (Fig. 3Biii).  160 

 161 

The peak length of the soleus MT decreased with increasing exoskeleton stiffness (ANOVA; p < 162 

0.0001). Compared to 0 Nm rad-1, MT peak length decreased from 308 ± 6.6 mm to 306 ± 6.9 mm in the 163 

50 Nm rad-1 condition and to 301 ± 6.9 mm in the 250 Nm rad-1 condition (Supp Fig. 1C). 164 

 165 

Ankle exoskeletons altered both soleus fascicle length and velocity dynamics. Stiffer exoskeletons 166 

increased fascicle average length during all of stance (ANOVA; p < 0.0001) and during the time of peak 167 

force (ANOVA; p < 0.0001) (Fig. 3C, 4A, Table 1). Compared to fascicle length at 0 Nm rad-1 (38.3 ± 168 
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1.6 mm), fascicle length at the time of peak force increased by 2.9% and 11.4% in the 50 and 250 Nm 169 

rad-1 conditions respectively (Fig. 3Ci, 4A); likely shifting the respective fascicles toward their optimal 170 

length (l0) on the F-L curve (Fig. 4C). 171 

 172 

Soleus fascicles shortened faster during stance with increasing exoskeleton stiffness, and this was 173 

reflected by increased fascicle velocity at the time of peak force (ANOVA; p = 0.0318) (Fig. 3D, 4D, 174 

Table 1). Compared to the fascicle velocity at the time of peak force for 0 Nm rad-1 (0.47 ± 2.6  mm s-1), 175 

fascicle shortening velocity increased by 0.4 ± 1.2 mm s-1 and 3.7 ± 1.6 mm s-1 in the 50 and 250 Nm 176 

rad-1 conditions, respectively (Fig. 3Di, 4D), shifting the soleus fascicles towards their maximum 177 

shortening velocity (Fig. 4F). No condition was significantly different from 0 Nm rad-1 (THSD: p > 178 

0.05). 179 

 180 

Ankle exoskeletons had no effect on soleus fascicle pennation angle during the stance phase. Neither the 181 

pennation angle at the time of peak force (26.6 ± 0.8 deg; ANOVA; p = 0.1007) nor the average 182 

pennation angle over stance (25.8 ± 0.8deg; ANOVA; p=0.2301) changed across exoskeleton stiffness 183 

conditions (Supp Fig. 1D). 184 

 185 

Exoskeletons affected the economy of soleus force production in a phase dependent manner during 186 

stance; likely improving it during early stance and worsening it during late stance. Soleus muscle 187 

economy increased in early stance (ANOVA; p = 0.0448) (Fig. 4B, Table 1), increasing by 14% and 188 

27% for 50 and 250 Nm rad-1 respectively compared to 0 Nm rad-1. Soleus muscle economy decreased 189 

in late stance (ANOVA; p = 0.0258) (Fig. 4E), decreasing by 20% and 24% at 50 and 250 Nm rad-1 190 

compared to 0 Nm rad-1. 191 

 192 

Association between soleus neuromechanics and whole-body net metabolic rate: We found a 193 

positive correlation (LLSR: p < 0.038, R2 = 0.44) (Table 2, Fig. 5) between the change in average soleus 194 

activation rate of stance (i.e., ∆ = with respect to the zero exoskeleton stiffness condition) and ∆ in 195 

whole-body net metabolic rate. In addition, we found a significant positive correlation (LLSR: p < 196 

0.016, R2 = 0.42) (Table 2) between ∆ soleus force rate in early stance phase and ∆ whole-body net 197 

metabolic rate. Finally, we found a negative correlation between ∆ soleus force (LLSR: p = 0.0018, R2 = 198 

0.53) and ∆ soleus force rate (LLSR: p = 0.0005, R2 = 0.59) (Table 2) during late stance and ∆ whole-199 

body net metabolic rate.  200 
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 201 

DISCUSSION 202 

This study’s overarching hypothesis was that despite reducing plantar flexor force requirements during 203 

walking, elastic ankle exoskeletons would detune the catapult-like interaction within the plantar flexor 204 

MTs, affect the economy of plantar flexor force production, and yield a muscle-level metabolic change. 205 

As hypothesized, applying rotational stiffness to the ankle with elastic exoskeletons altered plantar 206 

flexor muscle dynamics. At a walking speed of 1.25 m s-1, increasing exoskeleton rotational stiffness 207 

resulted in decreased soleus force (Fig. 3A) and increased soleus fascicle length and shortening velocity 208 

at the time of peak force (Fig. 3C, D and Fig. 4A, D). These results provide the first empirical evidence 209 

to support predictions from previous modelling and simulation studies that used an in silico approach to 210 

examine changes in plantar flexor muscle-dynamics during walking with spring-loaded30 and actively 211 

powered29 ankle exoskeletons. Our approach provides an in vivo experimental framework that can be 212 

used to explore how exoskeletons may be used to steer (i.e., direct) muscle fascicle dynamics to reduce 213 

users’ net metabolic rate36. 214 

 215 

A muscle’s capacity to produce force is, in part, governed by the intrinsic force-length (F-L) and force-216 

velocity (F-V) relationships9-11,37-39. In human walking, soleus fascicles normally operate on the 217 

ascending limb of the F-L curve8. While we did not characterize our participants’ soleus fascicle optimal 218 

lengths (lo), the average fascicle length during walking with zero exoskeleton stiffness (0 Nm rad-1) was 219 

~39 mm, which is up to 11% shorter than soleus optimal lengths reported in previous studies40. A study 220 

that mapped participants’ soleus length changes during walking at self-selected speed (mean = 1.14 ms-
221 

1) onto their empirically determined F-L curves found that humans operate at a nearly constant fascicle 222 

length of ~0.9 l0 over early stance8. Assuming those in our study also operated at ~0.9 l0, we estimate the 223 

soleus optimal length of 43.6 mm (39.2 mm/0.9) for our participants.  224 

 225 

When operating on the ascending limb of the F-L curve, a shift to longer fascicle lengths should increase 226 

muscle force capacity, especially when considering the contribution of passive muscle forces at lengths 227 

greater than the optimal length41. Using equations for theoretical active and passive F-L relationships 228 

taken from Golapudi and Lin42 and our estimate of group average l0 of 43.6 mm, we calculated that the 229 

~4 mm increase in soleus fascicle length at 250 Nm rad-1 (Figs. 3C, 4A) would shift the muscle’s 230 

operating length onto the plateau of the F-L curve and therefore could increase soleus force capacity by 231 
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as much as 12% compared to 0 Nm rad-1 (Fig. 4C). Thus, walking with increased ankle exoskeleton 232 

stiffness likely resulted in a length-dependent increase in soleus force capacity during early stance.  233 

 234 

With respect to soleus fascicle shortening velocity, muscle force capacity is most sensitive to changes in 235 

velocity near the isometric region of the F-V curve10, and a shift to faster shortening velocities decreases 236 

force capacity10. In this study, for 0 Nm rad-1 the average fascicle velocity during stance (~5 mm s-1) and 237 

velocity at the time of peak force (~0.5 mm s-1) were considerably less than the reported maximum 238 

shortening velocity (vmax) of the soleus (~6*lo, 262 mm s-1)30 (Fig. 3D). These slow shortening velocities 239 

coincide with previous research suggesting that the soleus operates near isometrically during early 240 

stance in walking7,8,12. Using an equation from Alexander 199743 and a vmax of 262 mm s-1, we calculated 241 

that the relatively small ~4.0 mm s-1 increase in soleus fascicle shortening velocity at the time of peak 242 

force (Figs. 3D, 4D) for the 250 Nm rad-1 condition would reduce force capacity by 6.7% compared to 0 243 

Nm rad-1 (Fig. 4F). Thus, walking with increased ankle exoskeleton stiffness likely resulted in a 244 

velocity-dependent decrease in soleus force capacity during late stance. The impact of increasing 245 

exoskeleton stiffness on muscle length and velocity dynamics presents an interesting trade-off with 246 

respect to the metabolic energy cost of soleus force production.  247 

 248 

Inspired by a plethora of locomotion research linking changes in metabolic rate (�̇�𝑚𝑒𝑡) to changes in rate 249 

of active muscle volume( 
𝑉𝑎𝑐𝑡

𝑇𝑎𝑐𝑡
 ) 44-50 (�̇�𝑚𝑒𝑡 =  𝛼 ∙

𝑉𝑎𝑐𝑡

𝑇𝑎𝑐𝑡
 ), we examined the factors that influence the rate 250 

of active soleus muscle volume during walking with elastic ankle exoskeletons (see Supplementary 251 

Analysis (S1) for detailed analysis). We found evidence that elastic ankle exoskeletons influence whole-252 

body net metabolic rate �̇�𝑚𝑒𝑡 primarily through their impact on soleus muscle activation rate (Fig. 3B) 253 

during the stance phase of walking (Table 2, Fig. 5). Our mechanistic framework (S1, Eqs. S1-S7) 254 

revealed that elastic exoskeletons modified soleus activation rate not just by modulating force demand 255 

(S1, Eqs. S3-S4; Fig. 3A), but also by modifying soleus length change dynamics (Figs. 3C,4A and Figs. 256 

3D,4D) – shifting the muscle’s operating point on its F-L and F-V curves (Fig. 4C, F) subsequently 257 

impacting its force capacity (S1, Eqs. S5-S7; Fig. 4 B, E). These findings represent the first empirical 258 

evidence that show changes in local plantar flexor muscle dynamics well-explain the ‘bowl-shaped’ 259 

relationship between elastic ankle exoskeleton stiffness and user’s net metabolic rate 26,51. 260 

 261 
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The rate of soleus active muscle volume ( 
 𝑉𝑎𝑐𝑡

𝑇𝑎𝑐𝑡
) captures the changes in local muscle dynamics (e.g., 262 

force, length, velocity, and ultimately activation) due to elastic ankle exoskeleton torque and can explain 263 

a significant portion (~44%, (Table 2)) of the change in whole-body net metabolic rate with increasing 264 

exoskeleton stiffness. Although substantial, the rate of soleus active muscle volume explains less than 265 

50% of the change in net metabolic rate across exoskeleton stiffness. Even though the soleus is 266 

presumably one of the body’s most metabolically active muscles during locomotion due to its relatively 267 

large force output47-49,52,53, and ankle exoskeletons likely alter muscle dynamics at the ankle more than 268 

knee or hip muscle dynamics26,27,54, there are other muscles55 and factors that contribute to whole-body 269 

metabolic energy expenditure55. 270 

 271 

From a theoretical and purely mechanical perspective, users should be able to maximize the benefits of 272 

the exoskeleton by replacing the biological moment with an equivalent contribution from the 273 

exoskeleton. To do this, users would ‘shut off’ their plantar flexor muscles to minimize the biological 274 

moment/power requirements and take full advantage of exoskeleton moment/power. However, we found 275 

that the total (biological plus exoskeleton) net ankle moment increased with increasing exoskeleton 276 

stiffness (Fig. 2C), indicating that users did not equally reduce the forces in their plantar flexors (Fig. 277 

3A) by the amount that would have been required to maintain a consistent total ankle moment. In 278 

addition to our results, many other studies51,56-59 also indicate that as exoskeleton assistance increases, 279 

humans do not ‘shut off’ their muscles and rely on exoskeleton assistance alone; instead a cascade of 280 

local and global neuromechanical compensations arise. For example, we observed decreased ankle 281 

dorsiflexion (Fig. 2B) and a plateau in exoskeleton torque across the highest stiffness values (Fig. 2C), 282 

along with increased tibialis anterior activity51 and knee flexion moment at terminal stance51. These 283 

compensations may functionally reduce injury potential, as studies have shown that the biological 284 

system may be resistant to increased strain on the muscles as a mechanism to prevent eccentric muscle 285 

damage60-63. We observed a ~10% increased soleus fascicle strain from the 0 to the 250 Nm rad-1 
286 

exoskeleton condition (Figs. 4A,C), well below the strain levels that have been reported to be damaging 287 

(>1.25 lo)
63. However, if users had not reduced their dorsiflexion in late stance as much as they did (Fig. 288 

2B) (~ equivalent to 7 mm MT excursion (see Supp Fig. 3C)) while maintaining the same torque profile, 289 

we predict that peak fascicle lengths would have approached the 25% > l0 level. Furthermore, the 290 

observed compensations in ankle kinematics (e.g., increased plantar flexion angle) were similar to the 291 
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kinematic compensations observed during a study of human hopping with elastic ankle exoskeletons33 292 

where injury prevention may have also been a factor.  293 

 294 

Another potential explanation for users not taking advantage of maximum exoskeleton stiffness could be 295 

based in an inability to reduce their soleus muscle activation in proportion to the level of assistance 296 

provided. Research has shown that joints (and limbs) tend to maintain constant stiffness during a given 297 

locomotor condition37 which may be accomplished through a combination of stretch sensors (e.g., 298 

muscle spindle organs) and force sensors (e.g., golgi tendon organs) that are responsible for maintaining 299 

a nearly constant ratio between the change in muscle force and length64-66. Because exoskeleton torque 300 

decreased soleus force and increased fascicle length, the apparent stiffness of the MT was likely 301 

markedly reduced. Therefore, a mismatch in sensory feedback from the force (golgi tendon organ) and 302 

length (spindle organ) related mechanoreceptors could be a possible explanation for why we do not 303 

observe reductions in activation proportional to the level of applied exoskeleton assistance. Limb-joint 304 

stiffness control may be further regulated through higher neural centers, but much of walking is 305 

automatic and unconsciously controlled though spinal-level central pattern generators, reflexes, 306 

cerebellar regulation, and the brainstem67. For this reason, exoskeleton users may not be able to easily 307 

turn off their plantar flexors, which would be required to further minimize whole-body net metabolic 308 

rate across a broad range of stiffnesses. Further work in both humans and non-human animals34,68 is 309 

necessary to understand the interaction between altered muscle fascicle dynamics and 310 

feedforward/feedback neural control mechanisms during walking with exoskeletal devices. 311 

 312 

We acknowledge certain potential limitations. The sessions were split among a training day and two 313 

testing days and there is the potential for day to day variability. Our goal was to balance the conditions 314 

that could be studied with the fatigue of the individual. Because individuals were trained and healthy 315 

young adults with no muscular or neurological issues, we thought the tradeoff acceptable. In our 316 

analysis and interpretation of muscle fascicle dynamics, while we were able to measure the dynamics of 317 

the muscle using ultrasound, certain measurements were simplified or calculated based on common 318 

assumptions. We did not measure optimal fascicle length directly but estimated that the optimal fascicle 319 

length is ~0.9*l0 
8. The Achilles Tendon moment arm is geometrically derived69 rather than capturing the 320 

full complexity70,71.  Due to our inability to directly measure soleus force and power, we used joint 321 

torque and assumed a distribution among redundant plantar flexor muscles based on relative muscle 322 

cross-sectional areas72 and no antagonist co-contraction.   323 
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 324 

In terms of application, our results highlight the importance of the morphology of the MTs that a device 325 

interacts with, unpowered or powered.  Exoskeleton induced changes to the F-L operating point may 326 

provide an even greater benefit in populations where MT dynamics are already disrupted. Given the 327 

non-linear curvature of muscle’s F-L relationship, a given shift in muscle length could induce a larger 328 

improvement in economy when starting from even shorter lengths. For example, Achilles tendon 329 

compliance increases with advanced aging73 , stroke74 or paralysis75 and this likely shifts the plantar 330 

flexor muscles to shorter operating lengths and faster shortening velocities, conditions that increase 331 

metabolic rate76,77. Furthermore, in cases where the foot-ankle complex becomes stiffer (e.g., diabetic 332 

neuropathy78), intervening by adding stiffness to the foot instead of the ankle joint may improve  plantar 333 

flexor capacity by yielding slower, more economical shortening velocities. Finally, a device working in 334 

parallel with a stiffer MT than that of the ankle (e.g., hip flexors or extensors) might reduce underlying 335 

muscle activation predominantly by altering force demand without influencing force capacity (i.e., F-L, 336 

F-V operating points) due to a reduced decoupling between the muscle and joint. 337 

 338 

Regarding the design and development of future exoskeletons, our results reaffirm that net power 339 

transfer from an exoskeleton is not necessary to reduce net metabolic rate during locomotion, even for 340 

young adults whose plantar flexor neuromechanics are near optimally tuned for economical force 341 

production21,31. This is primarily because net mechanical work from a device is not necessary to reduce 342 

the muscle activation rate of the user, a key factor driving metabolic savings from exoskeleton assistance 343 

(Table 2, Fig. 5). Since muscle activation rate is the metric that best captured the complex trade-off 344 

between changes in force demand and force capacity derived from exoskeleton assistance, it may be a 345 

useful foundation to build an updated roadmap for exoskeleton design. Typically, engineers and 346 

scientists have focused on building exoskeletons to reduce lower-limb joint moments and powers in 347 

order to reduce metabolic rate and is reflected in exoskeleton performance measurements (e.g., 348 

performance index79,80; augmentation factor19,59) that primarily relate reductions in biological 349 

mechanical power and net metabolic power of the user. But our results indicate no relationship between 350 

changes in users’ metabolic rate and changes in mechanical power of the soleus muscle due to 351 

exoskeleton assistance (Table 2). In addition, other lines of evidence suggest that changes in biological 352 

mechanical power at the center of mass, joint-, or muscle-level14,36,56 are unable to explain how 353 

exoskeletons alter users metabolic rate. Taken together, these results motivate the need to incorporate 354 
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muscle-level analyses into the design process for wearable devices intended to influence the dynamic 355 

function of musculoskeletal tissues. 356 

 357 

The muscle-level links that we established between device function and user performance may provide 358 

guidance for achieving a more complete symbiosis between human and machine. Exoskeletons that can 359 

directly and seamlessly target muscle dynamics may provide even greater locomotion performance 360 

benefits than current devices, perhaps beyond improving walking economy. One approach, inspired in 361 

part by recent animal work where in vivo muscle lengths were used for closed-loop control of muscle 362 

force81, is to develop exoskeleton controllers that can sample muscle states in real-time and then steer 363 

(direct) them by updating device parameters in real-time36. This remains a formidable challenge in 364 

humans where direct measurements of underlying muscle dynamics are so far, too invasive. However, 365 

there is potential to use advanced tools from image processing and machine-learning to extract real-time 366 

muscle length and velocity samples from ultrasound images82, and then use them in combination with 367 

EMG or a musculoskeletal model83,84 as input to an exoskeleton controller. Access to muscle dynamics 368 

in real-time would enable application of state-of-the-art human in the loop optimization techniques17,85,86 369 

to individual or groups of target muscles. The possibility of ‘muscle in the loop’ exoskeleton control 370 

strategies opens the door to devices capable of steering neuromechanical structure and function over 371 

both short and long timescales during locomotion87,88. The potential impact of wearable devices ranges 372 

from improving a runner’s metabolic economy during a marathon; to altering sensory feedback for 373 

optimal rehabilitation post-stroke; to increasing the stiffness of the Achilles tendon to counteract the 374 

effects of aging. By implementing wearable devices that are symbiotic and highly adaptable, we have 375 

the potential to have a transformational impact on augmenting healthy and restoring pathological 376 

movement. 377 

 378 

CONCLUSIONS 379 

We used B-mode ultrasound imaging to measure in vivo soleus contraction dynamics and demonstrated 380 

that ankle exoskeleton rotational stiffnesses altered the normally tuned catapult behavior of the ankle 381 

plantar flexors. As stiffness increased, fascicle length and velocity increased and likely affected the 382 

muscle force production capacity as reflected in changes to the muscle force per activation calculation. 383 

Despite the general reduction in fascicle force, the altered contractile dynamics help explain the ‘bowl-384 

shape’ where an intermediate stiffness rather than high stiffness results in maximum metabolic benefit.    385 
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This work highlights the importance of linking exoskeleton-related changes in muscle dynamics to 386 

changes in users’ metabolic rate and has implications for the design, application, and future development 387 

of exoskeletons beyond unpowered devices acting at the ankle.  388 

 389 

METHODS 390 

Participants: Eleven healthy adults (4 female, 7 male, age: 27.7 ± 3.3 years, height: 1.75 ± 0.07 m, 391 

mass: 76.8 ± 8.2 kg) participated in the study. Participants had limited experience with the elastic ankle 392 

exoskeleton prior to the study. All participants signed an informed consent to participate in the study 393 

which was approved by the Institutional Review Board at The University of North Carolina at Chapel 394 

Hill. The methods were carried out in accordance with the IRB approved protocol.    395 

 396 

Ankle exoskeleton testbed: The exoskeleton end effector was a lightweight carbon fiber ankle foot 397 

orthosis that applied plantar flexor torque to the ankle. The device consisted of bilateral ankle 398 

exoskeletons driven by benchtop motors (Fig. 6A). The control system imposed a torque angle 399 

relationship to emulate an elastic device providing rotational stiffness in parallel with the ankle. We 400 

calculated desired torque,𝜏𝑒𝑥𝑜 based off a predefined rotational stiffness and the real-time ankle angle 401 

measured using an electrogoniometer mounted to the exoskeleton shank and foot sections (Eq. 1)  402 

𝜏𝑒𝑥𝑜 = 𝑘𝑒𝑥𝑜 ∙ (𝜃0 − 𝜃𝑎𝑛𝑘𝑙𝑒)       (Eq. 1) 403 

where exok  was exoskeleton rotational stiffness, 𝜃0 was the onset angle, and 𝜃𝑎𝑛𝑘𝑙𝑒 was the real-time 404 

ankle angle (Fig. 6C). 405 

 406 

Walking trials: Participants completed testing over three sessions where they walked at 1.25 m s-1 at 407 

five ankle exoskeleton rotational stiffness conditions (kexo = 0, 50, 100, 150, 250 Nm rad-1). The order of 408 

the three testing sessions was (1) exoskeleton training, (2) gait mechanics, (3) steady-state metabolic 409 

energy consumption (Fig. 6D). The imposed waiting period between each testing session was 2-7 days 410 

to allow for learning and retention89.  411 

 412 

1. Training: Previous work has demonstrated the importance of training on the acceptance of 413 

mechanical assistance in exoskeletons80,90,91. Based off the training time from other studies26,80 414 

and the time reported in other studies as the time required to metabolically adapt91, each 415 

participant walked in the exoskeleton at 1.25 m s-1 for a total of 95 minutes over 5 training trials. 416 
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The participants walked at each of intermediate stiffness conditions (kexo = 50, 100, 150 Nm rad-
417 

1) for 25-minute trials and at the lowest and highest stiffness conditions (kexo = 0, 250 Nm rad-1) 418 

for 10 minutes. We collected indirect calorimetry data for each of the trials to monitor changes in 419 

metabolic energy use over the course of the training session. 420 

2. Gait mechanics: Participants walked for 2 minutes at each of the 5 exoskeleton stiffness trials in 421 

a randomized order. We instrumented participants with surface electromyography on the left 422 

shank (120Hz, Vicon, Oxford, UK), and motion capture markers on the lower limbs and pelvis. 423 

Due to space constraints, B-mode ultrasound was placed over the right soleus. 424 

3. Steady state metabolic energy expenditure: We collected indirect calorimetry data for each 425 

walking trial. To allow participants’ metabolic rate to reach steady state, each walking trial lasted 426 

5 minutes. The order of the steady state metabolic conditions was re-randomized.  427 

 428 

Metabolic energy consumption measurements: We calculated mass-specific net metabolic power (W 429 

kg-1) using a portable indirect calorimetry system (OxyCon Mobile, Vyaire Medical, Mettawa, IL) and 430 

applying standard indirect calorimetry equations92. To obtain net metabolic power for each condition, 431 

we subtracted the average metabolic power collected during the standing trials from metabolic power 432 

recorded during the walking conditions. To estimate steady-state, mass-specific, net rate of metabolic 433 

energy expenditure, we averaged the breath-by-breath data for the last minute of each five-minute trial 434 

and divided by body mass. 435 

 436 

Joint kinematics and kinetics measurements: We measured lower-limb joint kinematics using a 437 

reflective marker motion capture system (120Hz, Vicon, Oxford, UK) whereby the participant was 438 

instrumented with 44 reflective markers to capture the 6-DOF motion of the foot, shank, thigh, and 439 

pelvis. We calculated joint angles from the marker data and joint velocity was calculated as the first 440 

derivative of joint angle (Visual 3D, C-Motion Germantown, MD). A split-belt instrumented treadmill 441 

(980Hz, Bertec, Columbus, OH) measured ground reaction forces (GRFs). We performed inverse 442 

dynamic analysis to calculate net joint moments (Nm kg-1) for the ankle, knee, and hip (Visual 3D, C-443 

Motion Germantown, MD). We filtered marker positions at 6Hz and analog data (e.g., GRFs, 444 

exoskeleton forces) were filtered at 25Hz. We calculated biological contribution to ankle moment by 445 

subtracting the directly measured exoskeleton torque from the net ankle moment. Joint angles and 446 

moments are reported for the sagittal plane. We calculated rigid foot, 6-DOF joint power using 447 

techniques similar to Zelik et al 93. 448 
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 449 

For each participant, we calculated an average stride for each of the 5 conditions by time normalizing 450 

each stride between heel-strike and heel-strike of the subsequent stride. We then averaged multiple 451 

strides (15.5 ± 1.1) together to obtain a single normalized stride for each condition. We calculated 452 

integrated and peak values prior to inter-stride averaging. Peak values for a given measurement and 453 

condition were the average of the peaks for each stride within that condition. Stride and stance average 454 

mass-specific joint moment and power was the integral of the moment/power for each stride/stance 455 

period and dividing by stride/stance time and participant mass. To obtain the average moment per unit 456 

time, we divided again by the stride/stance time over which the integral was taken to obtain the average 457 

moment rate (Nm kg-1 s-1).  (Note: This rate represents an average moment per unit time and is not a 458 

measure of how rapidly the moment is generated) 459 

 460 

Muscle activity measurements: We measured muscle activity of the ankle plantar flexors (medial and 461 

lateral gastrocnemius, soleus) and ankle dorsiflexor (tibialis anterior) using surface electromyography on 462 

the left leg (SX230, Biometrics Ltd, Newport, UK). To obtain an EMG envelope, we high-pass filtered 463 

at 20Hz the raw EMG data, rectified, and low-pass filtered at 10Hz (zero-phase 2nd order Butterworth). 464 

Integrated EMG (iEMG) was the time-integral of the EMG envelope averaged across each stride for a 465 

condition. We then normalized amplitude of the EMG envelope and the iEMG for each muscle to the 466 

peak amplitude for the muscle across all conditions for each participant. Then, we divided the iEMG by 467 

the time period over which it was integrated to get the average EMG. Finally, to get average muscle 468 

activation per unit time, we again divided the average EMG by the time period over which it was 469 

averaged to obtain average muscle activation (EMG) rate (s-1). Average muscle activation rates over 470 

distinct phases of the stride was the average muscle activation over that phase divided by the time 471 

accrued during that phase. Phases examined were: all of stance (0-60%), early stance (0-40%) and late 472 

stance (40-60%) of the stride. (Note: This rate represents an average activation per unit time and is not a 473 

measure of how rapidly the muscle turns on and off.) 474 

 475 

Muscle-tendon dynamics measurements: We recorded B-mode ultrasound images of the soleus 476 

muscle using a linear probe ultrasound system (LV 7.5/60/96Z, Telemed, Lithuania). We positioned the 477 

probe over the right soleus below the contact point with the exoskeleton and secured with elastic 478 

adhesive wrap. We digitized ultrasound images using automated tracking software to determine time-479 

varying soleus fascicle lengths and pennation angles during walking94-96. We manually selected a region 480 
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of interest (soleus muscle belly) and the fascicle of interest, in the mid-region of the muscle belly, in an 481 

initial frame. The algorithm then tracks the fascicle in sequential frames by implementing an affine flow 482 

model. The UltraTrack96 program also incorporates a ‘key-frame correction’ algorithm that assists with 483 

removing temporal drift. For each step, we determined the corresponding index for the maximum 484 

dorsiflexion angle (from synced motion capture) and used it in the key-frame correction.  However, key-485 

frame correction assumes that errors accumulate linearly, which is not always appropriate for cyclical 486 

movements. When key-frame correction did not provide satisfactory results and tracking results were 487 

poor, manual corrections were made. Manual corrections were most commonly made during the swing 488 

phase, when fascicle lengthening was greatest. A square wave digital pulse from the ultrasound system 489 

initiated the capture synched the US data with the motion capture data. We incorporated the timing 490 

delay between systems in the analysis. 491 

 492 

We calculated plantar flexor muscle-tendon (MT) force and length from biological ankle joint 493 

kinematics and kinetics97 using methods similar to previous studies 69. We calculated total MT force 494 

𝐹𝑀𝑇, by dividing the net ankle joint moment 𝑀𝑎𝑛𝑘, by the MT moment arm about the ankle joint center 495 

𝑚𝑎𝑎𝑛𝑘, over the stride. The moment arm was derived from the relationship between the MTU length 496 

and the measured ankle angle similar to previous work69. Then, we estimated the contribution from the 497 

soleus to total MT force as the ratio of the cross-sectional area (CSA) of the soleus muscle to the total 498 

plantar flexor muscle cross sectional area (=0.54)72. Next, we calculated soleus muscle force 𝐹𝑀𝑡𝑜𝑡𝑎𝑙
, by 499 

dividing the soleus MT force contribution by the cosine of the measured soleus fascicle pennation angle 500 

𝜃𝑝, over the stride (Eq. 2; equivalent to Eq. S3). 501 

𝐹𝑀𝑡𝑜𝑡𝑎𝑙
=

[
ankM

ankma
] ∙ 𝐶𝑆𝐴

cos 𝜃𝑝

⁄
                                                      (Eq. 2) 502 

𝐹𝑀𝑡𝑜𝑡𝑎𝑙
 was divided by participant mass to get a mass normalized soleus muscle force (N kg-1). Soleus 503 

muscle fascicle velocity was the first derivative of fascicle length. For each participant, we calculated 504 

time-domain measurements for each condition by time normalizing each stride between heel-strike and 505 

heel-strike of the subsequent stride. We averaged together a minimum of three normalized strides (6 ± 506 

0.6 stride average) to obtain a single normalized stride for a given condition. Integrated and peak values 507 

were calculated prior to inter-stride averaging. We calculated soleus muscle fascicle length at the time of 508 

peak force with the intention of observing changes in fascicle length due to changes in MT stretch. For 509 
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each condition, we then averaged the length measured at peak force for at least three strides. Researchers 510 

were not blinded to the conditions during processing, but conditions were processed in random order.  511 

 512 

Finally, to evaluate the influence of force-length (F-L) and force-velocity (F-V) effects on the capacity 513 

of the soleus muscle to produce force we computed its force per activation (N kg-1) (see S1, Eq. S7 for 514 

details on this metric). To do this we divided the average muscle force rate by the average muscle 515 

activation rate over the same distinct phases of the stride described previously for force and activation 516 

measures (i.e., all of stance (0-60%), early stance (0-40%) and late stance (40-60%) of the stride).  517 

 518 

Statistics: Statistical analyses were performed on the exoskeleton conditions (kexo= 0-250 Nm rad-1) to 519 

isolate the role of exoskeleton rotational stiffness rather than the effect of the added mass of the 520 

exoskeleton and other structural impacts of the device. For ankle joint dynamics (n=11), muscle-tendon 521 

dynamics (n=10), muscle activity (n=10), and net metabolic energy rate (n=11), we report the means and 522 

standard errors calculated across participants. We note that dynamic ultrasound data was excluded for 1 523 

of the 11 participants due to inability to track that participant’s data. Muscle level analysis for this 524 

participant was excluded from our analyses. Metrics describing soleus muscle fascicle dynamics (i.e., 525 

force, activation, length, velocity) were the primary outcome measures examined in this study. To 526 

address our hypotheses, we performed a series of two-factor ANOVA (mixed-model, random effect: 527 

participant; main effect: kexo) analyses to test for an effect of exoskeleton stiffness kexo, on soleus muscle 528 

force rate, activation rate, fascicle length, fascicle velocity, and force per activation (JMP Pro, SAS, 529 

Cary, NC). A Shapiro-Wilk W test confirmed normality of the data. For dependent variables showing a 530 

significant main effect (p< α=0.05) of exoskeleton stiffness, a Tukey’s Honestly Significant Difference 531 

Test (THSD)98 was used to reveal pairwise differences between conditions. Finally, we performed a 532 

number of within-participant, linear, least-squares regression (LLSR) analyses to test for relationships 533 

(p< α = 0.05; R2) between changes in soleus muscle neuromechanics (e.g., positive power = positive 534 

work rate, force, force rate, activation, activation rate, force /activation) and changes in whole body net 535 

metabolic rate due to increasing exoskeleton stiffness. 536 

 537 

Data availability: Source data from this study in .mat and .txt format and an associated readme.txt for 538 

navigating it are available for download at: http://pwp.gatech.edu/hpl/archival-data-from-publications/  539 
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Figures and Tables 787 

 788 

 789 

Figure 1: Conceptual model of an ankle exoskeleton providing parallel assistance to a plantar flexor muscle-tendon. 790 

(A) Schematic of an ankle exoskeleton that applies a plantar flexor torque about the human ankle joint. In this study, the 791 

torque behaved like a rotational spring (τexo = krot * ∆θank) but conceptually could be any torque resulting from an exoskeleton 792 

force acting in parallel with a biological muscle-tendon. (B) We recorded B-mode ultrasound data from a probe attached to 793 

the shank over the soleus. We digitized images using automated tracking software to determine time-varying soleus fascicle 794 

lengths (f) and pennation angles (θf). (C) In our simplified conceptual model, the muscle-tendon (MT) is comprised of a 795 

muscle (M) and tendon (T) (lengths = mt, m, and t respectively) acting in series to produce a biological force (Fbio) which 796 

generates a torque about the ankle through a moment arm (not shown for simplicity). (D) Without exoskeleton assistance 797 

(Fexo = 0), the entirety of the ankle force (Fank) is directed through the biological structure (Fbio = Fank).  With exoskeleton 798 

assistance in parallel, a portion of the total ankle force is shunted to the exoskeleton resulting in a decrease in the biological 799 

force requirements (Fbio = Fank - Fexo). As a result of decreased biological force and because the tendon is a passive element, 800 

we expect the tendon strain to decrease by ∆T = ∆Fbio*(tendon stiffness). Finally, if length changes of the MT do not change 801 

much, we expect the muscle fascicles to be longer when exoskeleton parallel assistance is applied. In this study, we tested 802 

this hypothesis by using ultrasound to directly measure soleus fascicle length during walking with elastic ankle exoskeletons 803 

over a broad range of stiffnesses. 804 

 805 

Figure 2: Effect of elastic ankle exoskeleton on metabolic demand and ankle joint dynamics. (A) Percent difference in 806 

metabolic rate for each stiffness relative to the zero-stiffness condition. Metabolic rate was minimized at 50 Nm rad-1 807 

(ANOVA; k2
exo; p = 0.022). (B) Time series of ankle joint plantar flexion (PF) and dorsiflexion (DF) angle averaged over 808 

participants. Peak ankle dorsiflexion angle was reduced with increased ankle exoskeleton stiffness. (C) Mass normalized 809 

biological moment (top) and exoskeleton torque (bottom) for each stiffness. Stacked bar charts represent the average 810 

biological (black-lower) and exoskeleton (colors-upper) contribution to total ankle moment for the stride. Increasing 811 

exoskeleton stiffness resulted in increased exoskeleton torque and decreased biological moment. (D) Time series of 6DOF 812 

biological (top) and exoskeleton (bottom) power for each stiffness. Stacked charts represent average biological (black, lower) 813 

and exoskeleton (colors, upper) power over the stride. Exoskeleton power remained fairly constant at high stiffnesses while 814 

biological power decreased with increased stiffness. Region of peak force highlighted in time series data. All bars graphs 815 

show mean ± SEM across N=11 participants. [main effect: stiffness, *p < 0.0001 (BIO, EXO, and ANK)] 816 

Figure 3: Effect of elastic ankle exoskeleton stiffness on soleus muscle-tendon dynamics. (A) Soleus force for each 817 

exoskeleton stiffness averaged over participants. Region of peak force highlighted in time series data. Bar charts represent the 818 

soleus muscle force rate for (Ai) stance, (Aii) early stance (0-40% stride), and (Aiii) late stance (40-60% stride). Increasing 819 

exoskeleton stiffness resulted in decreased soleus force rate for stance and late stance. (B) Time series of soleus muscle 820 

activation where amplitude is normalized to the peak activation across all stiffnesses for each participant. Bar charts are 821 

soleus muscle activation rate in (Bi) stance, (Bii) early stance, and (Biii) late stance. Soleus activation rate decreased with 822 

increasing exoskeleton assistance in early stance. (C) Time series of soleus fascicle length and bar charts representing (Ci) 823 

length at peak fascicle force and (Cii) average length during stance. Fascicle length increased with increasing exoskeleton 824 

stiffness. (D) Time series of soleus fascicle velocity measured and bar charts representing (Di) velocity at peak fascicle force 825 

and (Dii) average shortening velocity during stance. Fascicle shortening velocity at peak increases with stiffness. All bars 826 

graphs show mean ± SEM across N=10 participants. [main effect: stiffness, *p < 0.0001, **p = 0.0023, ***p = 0.0318; 827 

THSD: #p < 0.0001, ##p < 0.01, ###p < 0.05]. 828 

829 
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Figure 4: Trade-off in force-length-velocity behavior links users’ soleus fascicle dynamics and economy of force 830 

production. (A) (Top) Soleus fascicle length at peak fascicle force for each stiffness. (Bottom) Difference in soleus fascicle 831 

length at peak force relative to the zero stiffness conditions. The two high stiffness conditions (orange and red) were 832 

significantly longer than 0 Nm rad-1 (ANOVA *p < 0.0001; THSD #p < 0.0001). (B) Average muscle force per activation 833 

(i.e., muscle economy) during early stance (0-40%) of the gait cycle. Muscle economy increased (*p<0.0448) with increased 834 

exoskeleton stiffness as might be expected from improved operating point on the F-L curve during early stance. (C) Fascicle 835 

operating length at peak force relative to estimated muscle force-length (F-L) curve with optimal length l0 = 43.6 mm and 836 

inset of a narrowed scale. Data indicates a rightward shift of the F-L curve with increased exoskeleton stiffness and increased 837 

force production capacity. (D) (Top) Soleus fascicle velocity at peak fascicle force for each stiffness (*p=0.032). (Bottom) 838 

Difference in soleus fascicle velocity at peak force relative to the zero stiffness conditions. (E) Average muscle force per 839 

activation during late stance (40-60%) of the gait cycle. Muscle economy decreased with increased exoskeleton stiffness as 840 

might be expected from a shift in operating point on the F-V curve during late stance. The two high stiffness conditions 841 

(orange and red) were significantly different than 0 Nm rad-1 (ANOVA *p = 0.0258; THSD ##p = 0.0351 & 0.0325). (F) 842 

Fascicle operating point at peak force on estimated muscle force-velocity (F-V) curve assuming vmax of 262 mm s-1. Shift in 843 

muscle velocity to the right with increased stiffness shown in inset due to narrow range of shortening velocities near v = 0 844 

mm s-1. All bars graphs show mean ± SEM across N=10 participants. 845 

Figure 5: Relationship between rate of muscle activation and metabolic rate. Change net metabolic rate (W kg -1) plotted 846 

against change in soleus activation rate (unitless s-1) with respect to no assistance (k = 0 Nm rad-1). Changes in soleus 847 

activation rate were significantly correlated with changes in users’ net metabolic rate (p = 0.038; R2 = 0.44. 848 

Figure 6: Elastic ankle exoskeleton test-bed and study protocol. (A) Representative setup of the exoskeleton testing 849 

platform for evaluating rotational stiffness plantar flexion assistance. The exoskeleton provided plantar flexion torque to the 850 

bilateral ankle exoskeletons through off-board motors. The controller emulated elastic rotational stiffness by imposing a 851 

torque angle relationship control law (τexo = krot * ∆θank). (B) In addition to traditional gait analysis tools, we used B-mode 852 

ultrasound to track soleus fascicle length changes while exoskeleton assistance was applied. (C) Stiffness could be changed 853 

in software and representative torque-angle profiles at each stiffness are shown. (D) Protocol for the three sessions. The 854 

imposed waiting period between each testing session was 2-7 days to allow for learning and retention89 and reduce fatigue. 855 

Participants were trained in the first session on all stiffnesses at 1.25 m s-1. During the second session, we recorded joint 856 

mechanics, electromyography (EMG), and ultrasound data for 5 exoskeleton conditions (krot = 0, 50, 100, 150, 250 Nm rad-1). 857 

In the third session, we recorded steady state metabolic cost for the same conditions. 858 

 859 

  860 
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Table 1: Muscle level changes due to exoskeleton assistance. Values are mean ± SEM across N=10 participants. [main 861 

effect: stiffness]. Post-Hoc test (THSD) on determine significant difference from 0 Nm rad-1. Early stance is defined as 0-862 

40% of the gait cycle and late stance is 40-60%.  (Note: The rate represents an average moment/activation per unit time and is 863 

not a measure of how rapidly the moment/activation is generated) 864 

    Exoskeleton Stiffness 

    0 50 100 150 250 

Muscle Fascicle 
Force Rate 
 (N kg -1 s-1) 

Stance 
p < .0001 

12.9 ± 0.6 
11.7 ± 0.6 
p = .0099 

10.9 ± 0.6 
p < .0001 

10.6 ± 0.7 
p < .0001 

10.6 ± 0.8 
p < .0001 

Early Stance 12.6 ± 1.2 12.2 ± 1.2 11.4 ± 1.1 11.6 ± 1.2 12.4 ± 1.6 

Late Stance 
p < .0001 

65.5 ± 2 
56.6 ± 1.7 
p < .0001 

52.8 ± 1.9 
p < .0001 

49.2 ± 2.3 
p < .0001 

46.1 ± 1.6 
p < .0001 

Soleus Activation 
Rate 
( s-1) 

Stance 0.39 ± 0.03 0.36 ± 0.02 0.35 ± 0.02 0.35 ± 0.03 0.36 ± 0.04 

Early Stance 
p = .0023 

0.44 ± 0.04 0.38 ± 0.04 
0.34 ± 0.04 
p = .0046 

0.35 ± 0.04 
p = .0073 

0.35 ± 0.05 
p = .0103 

Late Stance 1.34 ± 0.06 1.31 ± 0.06 1.29 ± 0.05 1.28 ± 0.08 1.27 ± 0.09 

Fascicle Length 
(mm) 

@ Peak Force 
p < .0001 

38.3 ± 1.7 39.4 ± 1.5 40.3 ± 1.8 
42.3 ± 1.8 
p < .0001 

42.7 ± 1.8 
p < .0001 

Fascicle Velocity 
(mm s-1) 

@ Peak Force 
p = .0318 

0.5 ± 2.6 0.9 ± 3 2.6 ± 2.7 3.6 ± 2.6 4.2 ± 2.3 

Force Per 
Activation 
 (N kg -1) 

Stance 41.1 ± 4.7 40.1 ± 4.7 41.4 ± 5.0 40.2 ± 5.2 40.8 ± 4.7 

Early Stance 
p < .0001 

30.5 ± 4.6 34.7 ± 5.7 38.6 ± 7.6 38.3 ± 7.8 38.9 ± 5.5 

Late Stance 
p < .0001 

61.1 ± 6.3 49.2 ± 4.3 50.4 ± 5.5 
46.4 ± 4.5 
p = .0351 

46.2 ± 4.7 
p = .0325 

 865 

 866 

 867 

 868 

 869 

 870 

 871 

 872 

 873 

 874 

 875 

 876 
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Table 2. The relationships between the change in net metabolic rate (W kg-1) (y) and changes in soleus muscle 877 

neuromechanics (x) during walking with exoskeletons over a range of stiffness values, kexo. For each metric, Δ represents the 878 

difference from the kexo=0 condition (i.e., the effect of increasing exoskeleton stiffness) with positive values indicating an 879 

increase. We used a within-participant linear regression analysis to determine whether relationships were significant (p < 880 

0.05), and for those that were, we report the line of best fit to the data and the R2 value of the fit. Bold underline indicates a 881 

significant relationship between the change in a given neuromechanical variable, x and the change in whole-body net 882 

metabolic rate, y. 883 

 884 

Gait Cycle Phase Total Stance (TS) Early Stance (ES) Late Stance (LS) 

(% Stride) 0-60% 0-40% 40-60% 

Δ Muscle Positive Power [Fig. 2D] 

(J kg -1 s-1) 
p=0.97 ---- ---- 

Δ Muscle Force 

(N kg -1 s-1) 
p=0.45 p=0.09 

y= -0.27 - 0.07x 

p=0.0005, R2= 0.59 

Δ Muscle Force Rate [Fig. 3A] 

(N kg -1 s-1) 
p=0.37 

y=0.01 + 0.03x  

p=0.016, R2= 0.42 

y= -0.26 - 0.02x 

p=0.0018, R2= 0.53 

Δ Muscle Activation 

(unitless) 
p=0.41 p=0.41 p=0.64 

Δ Muscle Activation Rate [Fig. 3B] 

(s-1) 

y=0.03 + 1.27x 

p=0.038, R2=0.44 
p=0.08 p=0.57 

Δ Force / Δ Muscle Activation [Fig. 4B, E] 

(N kg -1) 
p=0.64 p=0.91 p=0.63 

 885 
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