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Abstract 21 

During locomotion, humans often entrain (i.e. synchronize) their steps to external oscillations: 22 

e.g. swaying bridges, tandem walking, bouncy harnesses, vibrating treadmills, exoskeletons. 23 

Previous studies have discussed the role of nonlinear oscillators (e.g. central pattern generators) 24 

in facilitating entrainment. However, the underlying benefits of entrainment are unknown. 25 

Given substantial evidence that humans prioritize economy during locomotion, we tested 26 

whether reduced metabolic expenditure accompanies human entrainment to vertical force 27 

oscillations, where frequency and amplitude were prescribed via a custom mechatronics system 28 

during walking. Although metabolic cost was not significantly reduced during entrainment, 29 

individuals who experienced negative work from oscillations had a higher cost than those who 30 

experienced positive work, and subjects generally selected phase relationships indicating the 31 

latter. It is possible that individuals use mechanical cues to infer energy cost and inform 32 

effective gait strategies. If so, an accurate prediction may rely on the relative stability of 33 

interactions with the environment. Our results suggest that entrainment is preferred over a 34 

wide range of oscillation parameters, though not as a direct priority for minimizing metabolic 35 

cost. Instead, entrainment may act to stabilize interactions with the environment, thus 36 

increasing predictability for the effective implementation of internal models that guide energy 37 

minimization. 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 



3 

Introduction 46 

Human walking is an oscillating system where the body moves in cyclic patterns to traverse a 47 

substrate – often a static environment, e.g. a sidewalk. However, sometimes the environment 48 

behaves as a second oscillating system. In this case, the human and the environment together 49 

constitute a coupled oscillator system. For example, pedestrians sometimes spontaneously 50 

synchronize the frequency of their steps with that of a swaying bridge as they cross1, and this 51 

frequency matching is referred to as entrainment. A similar phenomenon occurs in laboratory 52 

experiments where individuals are asked to walk on treadmills actuated with controlled 53 

oscillations in mediolateral2 and vertical directions3,4. A recent study demonstrated human 54 

entrainment with periodic electrical stimulations of the medial gastrocnemius while walking on 55 

a conventional treadmill5. Furthermore, during development, infants can learn to entrain their 56 

bouncing frequency with the resonance of an elastic harness6. 57 

Ahn and Hogan7,8 interpreted subject entrainment with an ankle exoskeleton as evidence that 58 

human locomotion is controlled, at least in part, by low level rhythmic nonlinear oscillators 59 

(e.g. central pattern generators). In their study, an actuator provided periodic torque profiles at 60 

the ankle joint independent of the subject’s actions. Over time, subjects learned to entrain with 61 

the periodicity of the exoskeleton and align muscle activation with that of the artificial system. It 62 

is unclear whether such behaviors represent a simple quirk of control mechanisms driving 63 

rhythmic gait, or if entrainment patterns are evidence of a more active process guiding effective 64 

locomotion in dynamic environments. 65 

A longstanding perspective on gait recognizes that preferred movement patterns are largely 66 

consistent with energy minimization over a wide range of circumstances. There is strong 67 

empirical evidence that individuals naturally select walking parameters (step frequency, step 68 

length, step width, etc.) that minimize metabolic energy per distance travelled9–12. Furthermore, 69 

it appears that internal models are continuously updated in real time to optimize energy output 70 

under novel circumstances13–15. 71 

Here, we test if entrainment to external oscillations is motivated by a reduction in metabolic 72 

expenditure. To accomplish this, we used a mechatronics oscillator system to provide periodic 73 

vertical forces (upward and downward) to the trunks of subjects as they walked on a treadmill 74 

(Fig. 1). As opposed to an exoskeleton strapped to a single joint, the oscillation system in this 75 
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study is used to more directly influence the center of mass (CoM) and its dynamics – arguably a 76 

fundamental aspect of the task of locomotion16 – to directly assess locomotor control strategies 77 

driving interactions within a dynamic environment. 78 

The system used two linear servomotors to tug on a pulley-cable system connected to a body 79 

harness worn by subjects (Fig. 1). An open loop current control was prescribed to the motors 80 

during experiments where the oscillation frequency and amplitude were fixed at different values 81 

for each trial condition. A more detailed description of the system can be found in the 82 

Supplementary Materials. 83 

 84 

Figure 1.  System schematic and images. (a) A schematic of the oscillator system is depicted in 85 

the sagittal plane. (b) Images of a subject walking in the system during a trial, from the side and 86 

from behind. Downward force came as the resultant of self-equalizing oblique cables. A curtain 87 

was used to blind the subject from any motion of the pulleys or motors, and headphones were 88 

used to play ambient noise to block out rhythmic sounds from the system. The headphones 89 

were also used to play a metronome beep during portions of the experiment. A more detailed 90 

description of the system can be found in the Supplementary Materials. 91 

 92 

The experiment was divided into two phases while external oscillations were present (Fig. 2): 93 

first, subjects walked with a freely-chosen step frequency in response to the oscillations 94 

(i.e. individuals were allowed to entrain to the oscillations); second, individuals followed the 95 

beat of a metronome programmed to subject-specific baseline frequencies, measured a priori. 96 

Both experiment phases lasted five minutes and allowed for a comparison of energetic 97 
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consumption during entrainment and non-entrainment. In addition, phase alignment of the 98 

force oscillations with the gait cycle were measured to characterize subject-preferred 99 

mechanical interactions with the oscillating environment. 100 

 101 

Figure 2.  Experimental protocol. (a) A generic trial condition is depicted with simulated step 102 

frequency data over time (magenta) and constant motor frequency (blue). Subjects walk with no 103 

oscillations during the first two minutes of the test. Motor oscillations begin at time zero and 104 

continue for five minutes while subjects freely interact with the system. Oscillations continue for 105 

another five minutes, but now a metronome directs individuals to step at their baseline 106 

preferred frequency (𝑓𝑝) despite the external oscillation frequency (“frequency clamping”). The 107 

oscillations and metronome are terminated, and the subject is given fifteen additional seconds 108 

to prepare for the end of the trial. (b) Baseline conditions and oscillation parameters during 109 

experiment trials are shown: Δ𝑓𝑚 = 0, ±6% and 𝐴𝑚 = 10, 30% body weight (BW). Trial 110 

conditions were implemented randomly to reduce ordering effects. 111 

 112 

 113 
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Results 114 

Subjects entrain to external oscillations 115 

Figure 3 shows the median step frequency normalized to baseline preferred (magenta) as well 116 

as 25% and 75% quartiles (grey shaded region) for individuals who entrained their steps with 117 

external oscillations at least once during the indicated trial condition. Subjects generally 118 

preferred entrainment, overall. However, the level of entrainment varied between individuals; 119 

e.g. some only entrained in two trials while others entrained in five out of six total trials. The 120 

likelihood of subject entrainment largely depended on the oscillation parameters prescribed: 121 

frequency, Δ𝑓𝑚, expressed as a percent difference from subject baseline and amplitude; 𝐴𝑚, 122 

expressed as a percentage of subject body weight (BW) force (see Methods for details). For 123 

example, all ten subjects entrained when Δ𝑓𝑚 = −6, 0% and 𝐴𝑚 = 30% 𝐵𝑊 (Fig. 3b,d). 124 

Conversely, no subjects entrained when Δ𝑓𝑚 = 6% and 𝐴𝑚 = 10% 𝐵𝑊, thus only individual 125 

subject data are shown (Fig. 3e). In general, entrainment in conditions with higher motor 126 

frequencies and lower amplitudes was less stable and more transient. Note, the data for Δ𝑓𝑚 =127 0 end earlier than other trials since there was no metronome used (the oscillation frequency 128 

already matched baseline preferred, so was deemed unnecessary; Fig. 3c,d). However, 129 

individuals largely followed the metronome in other trials, as the median data quickly converged 130 

on a relative frequency of one at approximately 300 s into the trial. 131 
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 132 

Figure 3.  Entrainment results. The median relative step frequency (𝑓𝑟 , step frequency divided by 133 

preferred step frequency in Baseline 2; magenta) of all subjects who entrained is plotted over 134 

each trial duration. 25% and 75% quartiles are used to indicate the distribution at every time 135 

point (grey shaded area). All trial conditions are shown, including: Δ𝑓𝑚 = −6% in (a) and (b); 136 Δ𝑓𝑚 = 0% in (c) and (d); Δ𝑓𝑚 = 6% in (e) and (f); 𝐴𝑚 = 10% 𝐵𝑊 in (a), (c) and (e); 𝐴𝑚 =137 30% 𝐵𝑊 in (b), (d) and (f). The oscillations began at 𝑇𝑖𝑚𝑒 = 0 𝑠 and ended at approximately 138 𝑇𝑖𝑚𝑒 = 600 𝑠. During 0 ≤ 𝑇𝑖𝑚𝑒 ≤ 300 𝑠, subjects responded freely to the force oscillations. 139 

During 300 ≤ 𝑇𝑖𝑚𝑒 ≤ 600 𝑠, subjects were directed to follow the cadence of the metronome 140 

at their predetermined baseline step frequency (“frequency clamping”) even as the oscillations 141 

continued at a different frequency. There was no metronome used in trials where Δ𝑓𝑚 = 0, 142 

since frequencies were already matched. As a result, these experiments ended after around 143 𝑇𝑖𝑚𝑒 = 300 𝑠. Note, median data are only shown for individuals who entrained at least once 144 

throughout the trial. In the trial condition where Δ𝑓𝑚 = 6% and 𝐴𝑚 = 10% 𝐵𝑊, individual 145 

subject data are shown instead since no entrainment occurred. 146 
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In many instances, subjects exhibited transient entrainment – meaning their step frequency 147 

drifted in and out of the oscillation frequency throughout the trial (Fig. 4a). To better 148 

characterize how well subjects entrained their gait in the various trial conditions, two metrics 149 

were considered: entrainment step ratio (𝐸𝑆𝑅, Fig. 4b) and average entrainment duration (Δ𝑡�̅� , 150 

Fig. 4c). The entrainment ratio is the proportion of steps within ±3 standard deviations (SD) of 151 

the motor frequency (1 SD determined from step frequency data in Baseline 2) during the first 152 

five minutes of exposure to oscillations in the experiment (i.e. no metronome). However, 153 

because this metric does not consider how bouts of transient entrainment are distributed 154 

throughout the trial, Δ𝑡�̅� indicates the average time duration of all bouts in a given trial as a 155 

fraction of the 300 seconds time allotted. Thus, for both entrainment metrics, a value of zero 156 

means that no entrainment occurred while a value of one means that subjects entrained 157 

throughout the entire trial. 158 

 159 

Figure 4.  Entrainment is often transient. (a) Data from an example subject illustrates transient 160 

entrainment where relative step frequency (magenta) oscillates towards and away from the 161 

motor frequency (blue). Red data points indicate when the subject is considered entrained with 162 

the oscillator system (see Methods section for details on entrainment definition). (b) The 163 

entrainment step ratio (𝐸𝑆𝑅; ratio of entrained steps to total steps taken during the first five 164 

minutes of oscillations in the experiment) and (c) the average entrainment duration (Δ𝑡�̅� ; 165 

average time duration of bouts of entrainment) are shown as a function of oscillation amplitude 166 

and motor frequency, where each data point represents a subject’s level of entrainment during 167 
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each trial and box plots summarize the distribution. Linear mixed models were used to 168 

statistically test the effects of trial conditions on both entrainment metrics shown here (see 169 

Table S1 in the Supplementary Materials for full results). 170 

 171 

Linear mixed models indicated that higher oscillation amplitudes increased both 𝐸𝑆𝑅 [fitted 172 

coefficient (95% confidence limits): 𝛽 = 2.267 (1.482, 3.052), 𝑝 < 0.001*] and Δ𝑡�̅� [𝛽 =173 1.737 (0.958, 2.517), 𝑝 < 0.001*] while higher motor frequencies led to decreases in the 174 

entrainment metrics: [𝛽 = -3.005 (-4.607, -1.402), 𝑝 < 0.001*] and [𝛽 =175 

-2.712 (-4.302, -1.121), 𝑝 = 0.001*], respectively. An interaction between motor frequency 176 

and oscillation amplitude was not significant (𝑝 = 0.273). In fact, this interaction was not 177 

significant in any of the models tested. Figures 4b and 4c illustrate higher levels of entrainment 178 

at larger amplitudes and lower motor frequencies, despite large inter-subject variation overall. 179 

 180 

Entrainment does not reduce metabolic power 181 

Metabolic power was compared for individuals in all trial conditions with the metronome turned 182 

off (subject allowed to entrain) versus with the metronome turned on (not allowed to entrain). 183 

Metabolic expenditure increased by 25.8% (𝑝 < 0.001*) when subjects walked on the treadmill 184 

wearing the harness but with no active oscillations versus when they walked on the treadmill 185 

without the harness (Baselines 2 and 1, respectively; Fig. 5). When comparing trials with active 186 

oscillations, no significant differences were found, with the exception of one parameter 187 

combination: Δ𝑓𝑚 = −6% and 𝐴𝑚 = 30% 𝐵𝑊. This condition was more costly without the 188 

metronome compared to all other trials and baseline conditions. Still, metabolic cost did not 189 

differ significantly depending on the presence of the metronome (blue vs. green in Fig. 5) for any 190 

of the trial conditions tested. All in all, the metronome – and thus, the freedom of subjects to 191 

entrain – had no statistical effect on metabolic power. Importantly, this result did not change 192 

when controlling for the level of entrainment (e.g. 𝐸𝑆𝑅) in each trial condition. 193 

 194 
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 195 

Figure 5.  Metabolic power does not depend on entrainment. Non-dimensional metabolic power 196 

was compared using a mixed linear regression stratified by trial condition and baseline type. A 197 

post hoc Tukey Honestly Significant Difference test was used to compare estimates of metabolic 198 

power in the model. Box plots are labelled with letters indicating conditions where power is not 199 

significantly different. Outliers are marked with “+”. See Table S2 in the Supplementary 200 

Materials for full results. Baseline 1 and 2 refer to walking on the treadmill without and with the 201 

harness, respectively. Box plots are shown for all metabolic data collected during the first five 202 

minutes of oscillations where the subject freely responded to the oscillation forces (i.e. 203 

metronome off). During the next five minutes of oscillations, a metronome guided subjects to 204 

step at their baseline preferred frequency (importantly, not matched to the oscillation 205 

frequency). This allowed for metabolic cost comparisons between entrained and non-entrained 206 

gait. 207 

 208 
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Subjects prefer to align peak forces at toe off 209 

Figure 6a shows average tension forces measured in the harness for all subjects during 210 

Baseline 2. These forces act to pull vertically near the CoM of subjects as they walk on the 211 

treadmill. The red and blue curves indicate tension in the harness pulling up (𝑇↑) and down (𝑇↓), 212 

respectively, while the black curve is the summation of the two (𝑇𝑛𝑒𝑡 ). Even though no active 213 

oscillations occur during the baseline test, there are still fluctuations in tension due to passive 214 

resistance of the system; these resistive forces largely occur due to the reflected inertia of the 215 

motors and associated hardware, as well as to damping effects. Given the alignment of these 216 

forces with the vertical velocity of the CoM (Fig. 6c), net negative power dominates the 217 

interaction (black shaded area in Fig. 6e, 𝑃𝑛𝑒𝑡) even as power of the cables pulling up (𝑃↑, red) 218 

and down (𝑃↓, blue) partly offset each other with both positive and negative power. 219 

In Figure 6b, average tension forces are shown for subjects entrained with active oscillations in 220 

the system. Although the passive force peaks observed in Baseline 2 are still present in the 221 

entrained interaction (occurs in 𝑇↑ at around 0.80 of the step cycle), there is an additional 222 

upward peak (~0.35 in the step cycle) due to subjects’ preferred alignment of the active 223 

oscillations. This active force peak is further indicated by the motor phase selected by subjects 224 

during entrainment. The red histogram in Figure 6d characterizes the distribution of motor 225 

phase chosen by subjects during entrainment, where the average and standard deviation are 226 

given: �̅� = 94 ± 55o. This means that peak current is prescribed to the motor pulling up just 227 

after a quarter through the step cycle (approximately at toe off of the trailing leg). Due to 228 

system dynamics, this current peak shows up as a spike in tension force slightly later as the 229 

“active force peak”. 230 

The preferred motor phase seems to imply a strategy of receiving positive power from the 231 

active oscillations, given peak active force approximately aligns with peak vertical CoM velocity 232 

(Fig. 6d). Despite this alignment, negative power still greatly outweighs any positive power 233 

received from the system. Since the resistive forces largely responsible for excess negative 234 

power relate to motion of the CoM (damping relates to velocity, inertial forces to acceleration), 235 

a 90% increase in vertical velocity amplitude may help to explain why net negative power still 236 

dominates subjects during entrainment, despite a preferred phase indicating the opposite. 237 

 238 
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 239 

Figure 6.  Subjects prefer to align peak oscillation forces at toe off. The average harness tension 240 

is shown in (a) and (b), where the red and blue curves indicate cable tension pulling up (𝑇↑) and 241 

down (𝑇↓), respectively, and black indicates net tension (𝑇𝑛𝑒𝑡 ). Average center of mass vertical 242 

velocity is shown in (c) and (d), while the red histogram in (d) indicates the distribution of motor 243 

phase chosen by subjects during entrainment. Average power from the cables pulling up (𝑃↑, 244 

red) and down (𝑃↓, blue) are shown in (e) and (f), while net power (𝑃𝑛𝑒𝑡) is indicated with black 245 

shading. Panels (a), (c) and (e) indicate average curves measured during Baseline 2 (walking with 246 

the harness but no active oscillations), while panels (b), (d) and (f) indicate average curves 247 

measured during experiment trials. Snapshots of the walking step cycle are shown near the 248 

bottom to help orient the reader to the timing of events shown in plots. Zero in the step cycle 249 

corresponds with double stance while 0.5 corresponds with single stance. 250 
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Preferred phase lag varies by subject 251 

Despite the entrainment strategy shown in Figure 6 representing the sample mean tested in the 252 

experiment, individual subjects displayed notable variance – for example, with respect to the 253 

work done by the oscillation forces on the CoM. Figure 7 shows the average tension force, CoM 254 

vertical velocity and mechanical power of three example subjects in trial conditions chosen to 255 

illustrate entrainment strategies resulting in moderate net positive work (Subject A), moderate 256 

net negative work (Subject B) and substantial net negative work (Subject C). A notable 257 

distinction of these subjects is the chosen phase alignment of motor forces. Subject A aligned 258 

the motor phase just after zero (median phase = 31o, or 0.087 in the gait cycle), and distinctive 259 

tension force humps were observed shortly thereafter (~0.25 in the gait cycle). Due to this 260 

phase, the net tension signal was locally shaped by active oscillation forces and approximately 261 

aligned with CoM velocity, thus resulting in net positive work (𝑊𝑐 = 4.1 𝐽). Subject B preferred a 262 

slightly increased phase (64o, or 0.18). Although the resulting motor force hump was still 263 

relatively distinct, it was not robust enough to overcome resistive forces due to inertia and 264 

damping in the system, and net negative work was accumulated over the step (𝑊𝑐 = −6.2 𝐽). 265 

Subject C preferred a relatively late motor phase (110.0o, or 0.32), and forces out of phase with 266 

the CoM velocity were exaggerated. Substantial net negative work was observed in this example 267 

(𝑊𝑐 = −12 𝐽). Data from example subjects in Figure 7 imply that motor phase alignment had a 268 

prominent effect on the net mechanical work done on the CoM by the harness tension forces. 269 
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 270 

Figure 7.  Subjects prefer a range of phase alignments, resulting in variable net power. Data 271 

from three subjects were chosen to demonstrate varying entrainment strategies. Average data 272 

for Subject A (Δ𝑓𝑚 = 6%, 𝐴𝑚 = 30% 𝐵𝑊, 297 steps averaged) are shown in (a), (d) and (g), 273 

where motor phase alignment occurs at �̅� = 0.087 of the gait cycle. This strategy aligns peak 274 

tension forces with the center of mass (CoM) vertical velocity and thus, results in net positive 275 

work (𝑊𝑐 = 4.1 𝐽). Average data for Subject B (Δ𝑓𝑚 = −6%, 𝐴𝑚 = 30% 𝐵𝑊, 475 steps 276 

averaged) are shown in (b), (e) and (h) where motor phase alignment occurs at �̅� = 0.18 of the 277 

gait cycle. Since peaks in tension due to motor forces occur slightly later, positive power is 278 

relatively low and net negative work occurs (𝑊𝑐 = −6.2 𝐽). Average data for Subject C (Δ𝑓𝑚 =279 −6%, 𝐴𝑚 = 30% 𝐵𝑊, 444 steps averaged) are in (c), (f) and (i) where �̅� = 0.32 of the gait 280 

cycle, and mechanical power from the harness tension is dominated by resistive inertial forces, 281 

thus leading to substantial net negative work on the CoM (𝑊𝑐 = −12 𝐽). Data points for subjects 282 

A, B and C are labelled in Figure 8b. 283 

 284 
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Net mechanical work determines metabolic power 285 

Figure 8a shows how metabolic power and net mechanical work of the oscillations on the CoM 286 

vary due to phase lag of the active peak force pulling up. Minimum metabolic power is observed 287 

when active oscillations pull up on the body during toe off of the trailing leg (𝜙 ≈ 90𝑜), and this 288 

corresponds to maximum net positive work from the oscillator forces (Fig. 8a). Although 289 

subjects interacting with the oscillator system mostly experienced net negative mechanical work 290 

overall, variation on the gait strategy chosen illustrated a range of work done 291 

[approximately -0.16 –  0.05 𝑊 𝑘𝑔−1] and a linear mixed model found a strong negative effect 292 

of net work on metabolic cost in individual subjects and trial conditions [𝛽 =293 

-4.201(-4.960, -3.442), 𝑝 < 0.001*; see Fig. 8b]. In other words, more net positive work done 294 

by the harness tension meant a lower metabolic cost for subjects and more net negative work 295 

meant a higher cost. The oscillation amplitude also had an effect on metabolic power [𝛽 =296 0.088 (0.051, 0.125), 𝑝 < 0.001*], showing an increase in cost at higher amplitudes, despite 297 

there being generally more entrainment in this condition. In fact, the level of entrainment was 298 

controlled for by including 𝐸𝑆𝑅 as a covariate in the model, and yet, this variable did not have a 299 

significant effect on metabolic power [𝛽 = -0.004 (-0.013, 0.006), 𝑝 = 0.488]. An interaction 300 

term between motor frequency and oscillation amplitude was found to be insignificant after 301 

controlling for multiple hypothesis testing (see Table S1 in the Supplementary Materials for full 302 

results). 303 

 304 



16 

 305 

Figure 8.  Positive mechanical work from the oscillator decreases metabolic power. Average 306 

data are shown for every subject in each trial condition during the first five minutes of 307 

oscillations when no metronome is present. (a) Net metabolic power is plotted versus the phase 308 

lag of peak upward force from the oscillations. A phase lag of 0o(or 360o) corresponds to peak 309 

upward force occurring at double stance while a lag of 180o corresponds to peak upward force 310 

occurring at midstance (i.e. when the center of mass passes over the stance foot). Net 311 

mechanical work done on subjects by the oscillation forces is also plotted versus the phase lag 312 

of peak upward force. Arbitrary sinusoidal functions are fit to these data to indicate the cyclical 313 

relationship between center of mass motion and oscillation forces. (b) Net metabolic power 314 

decreases as a function of net mechanical work done on subjects by the oscillation forces. A 315 

linear mixed model was used to assess the effect of net work on metabolic power (both 316 

variables non-dimensionalized; see results in Table S1 in the Supplementary Materials). Example 317 

data points from subjects A, B and C are labelled for comparison in plots of Figure 7. Blue and 318 

red data points correspond to trial conditions where 𝐴𝑚 = 10, 30% 𝐵𝑊 respectively. Circles, 319 

squares and diamonds correspond to trial conditions where Δ𝑓𝑚 = −6, 0, 6% respectively. 320 
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Discussion  321 

Step frequency adaptations 322 

Step frequency adaptations in the current study (±6%) are comparable to those of previous 323 

reports: approximately ±2–8% of preferred step frequency13–15,17. Even so, some subjects 324 

struggled to entrain with the oscillator system even in the most favorable conditions (e.g. 325 

preferred frequency, high amplitude). Similar variability in subject response has been noted in 326 

other studies14. Regardless, clear trends were identified; subjects displayed the most robust and 327 

stable entrainment during trials with high motor amplitudes and frequencies below the 328 

preferred step frequency measured at baseline. 329 

Stronger entrainment at lower frequencies 330 

In general, subjects had an easier time entraining to oscillation frequencies below their 331 

preferred step frequency. The entrainment step ratio and the average entrainment duration 332 

were both found to be negatively affected by motor frequency (𝛽 = -3.005 and -2.712, 333 

respectively) – meaning lower frequency conditions were associated with more consistent and 334 

robust entrainment and higher frequency conditions were associated with less consistent and 335 

robust entrainment. It is unclear why stronger entrainment was associated with lower 336 

oscillation frequencies, as other studies have not reported similar asymmetries13. 337 

Metabolic cost of oscillator interaction strategies 338 

Variation in metabolic power was not affected by entrainment but was instead strongly related 339 

to net mechanical work done on the subject by the harness tension. Specifically, receiving net 340 

positive work was associated with a lower energetic cost than with negative work. This result 341 

may be reasonable given: (1) zero net CoM work is required for steady, periodic gait (e.g. net 342 

positive oscillator work requires net negative muscle work, and vice versa) and (2) negative 343 

muscle work costs 4.8 times less metabolic energy than positive muscle work18. This logic 344 

assumes that no additional work is needed to compensate for extra force on the body, other 345 

than the net negative work needed to manage the energy balance. It is unclear if this 346 

assumption holds. 347 



18 

Ideally, the subject learns a strategy to receive positive power from the oscillator system in such 348 

a way that the leg muscles are unburdened from their typical function (e.g. Gordon & Ferris19). 349 

Indeed, large amounts of positive mechanical power naturally occur due to push off forces 350 

during the step-to-step transition in the gait cycle, functioning to redirect the body from falling 351 

to rising with the next step20. Recent optimization models have identified a strategy for 352 

minimizing work while walking with an oscillating impulse applied to the CoM21. This strategy 353 

aligns upward oscillator forces with the step-to-step transition (motor phase = 0o). The upward 354 

oscillator force does some work that the legs would normally do, thus minimizing cost in the 355 

model. Notably, this is a different strategy than what subjects preferred in the current study, 356 

where individuals largely aligned oscillation forces with CoM vertical velocity to maximize 357 

externally applied positive power (phase = 90𝑜). However, the model did not account for 358 

differential energetic costs of positive and negative muscle work, nor did it allow for negative 359 

work via passive dissipative mechanisms (e.g. collisions during foot-ground contact22–25, damping 360 

in soft tissue deformation26,27, etc.) which require near zero metabolic expenditure. 361 

Furthermore, the model did not account for swing leg dynamics and associated costs. These 362 

issues and others may be important for understanding subject preferences of increased positive 363 

mechanical power from the oscillations. 364 

If the preferred strategy uses oscillation forces to replace positive muscle work, then the extent 365 

to which this strategy is energetically favorable likely relies on an individual downregulating leg 366 

work and associated muscle activity19. Yet subjects substantially increased the vertical excursion 367 

of their CoM when they entrained to motor oscillations compared to at baseline (an increase of 368 

58.2% or 125.5% for 𝐴𝑚 = 10% or 30% 𝐵𝑊, respectively). The increased body oscillation is 369 

likely evidence that subjects did not downregulate their push off during entrainment. Instead, it 370 

seems that subjects preferred to increase positive power from the system by aligning active 371 

force peaks approximately with toe off in the step cycle (Fig. 6b, 8a). Furthermore, subjects that 372 

leveraged the most positive power from the oscillations had the lowest metabolic cost (local 373 

minimum at 𝜙 ≈ 90o). These results, however, should be treated with caution. Experiments 374 

presented here did not explicitly control or manipulate the motor phase, but rather, the phase 375 

variation depicted in Figure 8a represents subject preferences during the experiment with no 376 

metronome. Since subjects did not explore a full range of phase values in steady state, it is 377 

unclear if the preferred alignment centers on a global or local optimum. The grey dashed line in 378 

Figure 8a indicates a sine wave fit to the data, assuming a cyclical cost over phase. Extrapolation 379 
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of this fit beyond the relatively narrow range of data is questionable, and future studies could 380 

control motor phase explicitly to characterize fluctuations in cost. 381 

Notably, the data show mostly net negative work in the sampled phase domain, despite 382 

maximal positive power expected in this region (𝜙 ≈ 90o). This bias may partially be explained 383 

by negative work associated with resistive forces due to reflected inertia of the motors and 384 

hardware, as well as damping in the system (e.g. back electromotive force). Increases in vertical 385 

excursion of the CoM during entrainment likely contributed to an exaggeration of these effects. 386 

Perhaps subjects prefer phase lags that maximize positive mechanical power from the 387 

oscillations in part to reduce dissipation in the system. 388 

Interactions with other active devices 389 

It is possible that the motor control system uses mechanical and/or physiological variables as a 390 

proxy for energetic cost, as other researchers have previously suggested28. In this case, it 391 

appears that subjects prefer to maximize positive mechanical power from the oscillations. 392 

However, it is unclear if this preference is generalizable to mechanical interactions with other 393 

devices or if it is only relevant to the specific system discussed here. Ahn and Hogan7,8 found 394 

that subjects aligned ankle torques at push off with those from an ankle exoskeleton. Since the 395 

ankle generates high positive power during push off, the alignment likely means that individuals 396 

chose to leverage positive power from the device, similar to our subjects. A different study 397 

found that individuals prefer to align pulses of electrical stimulation to the plantar flexors either 398 

just before toe off or in advance of heel strike5. 399 

Experiments by Selinger et al.13 found subjects adjust their gait in response to resistive damping 400 

forces from a knee exoskeleton. While subjects could not possibly receive positive power from 401 

the device, they did actively adjust their gait to avoid negative power. Sánchez et al.29 402 

investigated gait adaptation of subjects walking on a split-belt treadmill (a treadmill that 403 

contains separate belts moving at different speeds for each leg). The authors showed that when 404 

subjects are given sufficient time adapting to the system, they employ a step length asymmetry 405 

associated with net positive mechanical power from the treadmill and reduced metabolic 406 

output. 407 
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These examples provide some evidence of preferred subject interactions that involve either 408 

reducing net negative work or increasing net positive work from dynamic external devices. This 409 

strategy is consistent with our results that subjects prefer to align motor forces approximately 410 

with vertical CoM velocity. However, it is unclear if the ultimate objective is to increase positive 411 

power or to decrease metabolic expenditure, since the two are often correlated. Wong et al.30 412 

showed that individuals do not adjust gait in exchange for higher levels of oxygen concentration 413 

fed to them through an air tube, even as they consciously acknowledge an increased effort from 414 

not adjusting their gait. Perhaps individuals are sensitive to positive mechanical power from 415 

external sources as an indirect sign of economical interactions with the environment. 416 

Entrainment may stabilize interactions for internal models of gait 417 

Given that most subjects learned to entrain under a large range of oscillation parameters, it 418 

seems reasonable to conclude that individuals largely preferred a stable interaction with the 419 

environment in experiments detailed here. This could be interpreted as evidence of a 420 

feedforward gait control mechanism since unpredictability could impede effective 421 

implementation of internal models. Various studies have shown evidence of a dual-part 422 

locomotor control process, including a rapid response to external stimuli and a slower, more 423 

gradual, fine-tuning of the response31–33. These findings are interpreted as evidence of an 424 

internal model used to make quick predictions (within seconds) regarding energetic cost based 425 

on state estimations and followed up with direct energy optimization occurring more slowly 426 

(within minutes). Other researchers have proposed that feedforward and feedback control 427 

mechanisms also play a role during gait adaptation to split-belt treadmills34 and lateral 428 

perturbation systems used to train individuals with incomplete spinal cord injury35. 429 

The experiments presented in the current study describe subject interactions that can be 430 

relatively volatile, at least before subjects converge on entrainment. In particular, inexperience 431 

with the oscillation system may require a prerequisite to the dual-part control of locomotion 432 

described previous: a stabilization phase. Here, stability does not necessarily refer to fall 433 

avoidance or balance, but rather to a state of relative consistency, where interactions with the 434 

environment are sufficiently repeatable over subsequent steps. A relatively stable interaction 435 

may be required before feedforward or feedback control can be successfully implemented, and 436 

entrainment could provide that stability. 437 
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Koban et al.36 explained a similar perspective in a slightly different context, with regards to 438 

individuals that entrain gait when walking side by side (i.e. interpersonal synchronization). They 439 

described a process by which entrainment occurs to reduce the perceived mismatch between an 440 

expectation about their companion’s motor behavior based on their own. An analogous 441 

principle could be adapted to the expectation of mechanical interactions with the environment, 442 

as mediated by the entrainment opportunities associated with the oscillator system described in 443 

this manuscript. In lieu of a direct metabolic motivation for entrainment, it may be possible that 444 

the motor control system prefers a relatively stable interaction with the environment so as to 445 

make feedforward predictions more precise and actionable. 446 

Methods 447 

Participants 448 

A convenience sample of ten healthy university students (five males, five females) were 449 

recruited. The mean [± 1 standard deviation (SD)] subject height was 1.71 ± 0.07 m, leg length 450 

was 0.91 ± 0.06 m, weight was 65.7 ± 12.2 kg and age was 26.2 ± 2.9 years. Exclusion criteria for 451 

the experiments included any musculoskeletal injuries or neurological conditions affecting one’s 452 

gait or their ability to carry a heavy backpack. All participants provided informed consent to 453 

participate, and these studies were approved by an ethics review board at the University of 454 

Calgary (REB16-1517). All methods were performed in accordance with the relevant guidelines 455 

and regulations. 456 

Measurements and analysis 457 

Inertial measurement units, or IMUs (Xsens Technologies B.V., Enschede, The Netherlands) were 458 

placed at each ankle and the lower back. The ankle sensors were used to detect signal peaks and 459 

calculate step frequency as the inverse of the time period between peaks. The back sensor 460 

provided kinematics to approximate CoM motion (acquisition rate = 100 Hz). These data were 461 

integrated twice over time to get velocity and displacement, and a moving average (window set 462 

to stride time) was subtracted from the signal to adjust for low frequency drift error. A moving 463 

average filter (window of ±5 steps at each data point) was also applied to step frequency 464 

measurements to more clearly illustrate trends over time. Step frequency (𝑓𝑠) was normalized 465 
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by the subject’s baseline frequency (𝑓𝑝) measured while walking in the system with the motors 466 

inactive. 467 

 𝑓𝑟 = 𝑓𝑠𝑓𝑝 (1) 468 

Custom in-line tension transducers were built with strain gauges (Micro-Measurements CEA-06-469 

125UW-350, Wendell, NC, USA) configured in half-bridge circuits. The strain gauges were 470 

epoxied to C-shaped steel hooks and measured tension in cables pulling on the body harness 471 

during experiments (Fig. 1). The strain gauge signals were passed to a strain conditioning 472 

amplifier (National Instruments, SCXI-1000 with SCXI-1520 eight-channel universal strain gauge 473 

module connected with SCXI-1314 terminal block, Austin, Texas USA), digitized (NI-USB-6251 474 

mass termination) and acquired in a custom virtual instrument in LabVIEW (National 475 

Instruments) at an acquisition rate of 100 Hz. The transducers were calibrated with known 476 

weights before every testing session using a least squares linear regression to quantify a 477 

conversion factor from volts to Newtons force (𝑅2 > 0.99). 478 

At the beginning of each trial, a few seconds of data were collected where the subject stood still 479 

before starting the treadmill. During this time, the transducer signals measured force from the 480 

motors’ weight in the system plus nominal tension from the motors pulling the system taut. This 481 

initial tension was averaged over a ten second interval and subtracted from the subsequent 482 

signal in the trial. 483 

Next, tension forces were multiplied by vertical velocity to calculate mechanical power acting on 484 

the CoM. Step cycles were distinguished by peaks in the vertical acceleration of the CoM 485 

(approximately indicating the middle of double stance). Tension forces, kinematics and 486 

mechanical power were all segmented into blocks of data comprising every step cycle identified 487 

in all trials. These data were interpolated at regular intervals matching the average resolution of 488 

the raw data collection (~55 data points per step). 489 

Pulse signals were recorded in LabVIEW to mark the timing of peak current sent to the motors 490 

relative to the start time of a given step cycle (Δ𝑡𝑝). In addition to data synchronization, the 491 

pulse signals were used to calculate the phase lag of peak current relative to the step cycle (𝜙). 492 

 𝜙 = 𝛥𝑡𝑝𝑓𝑠360𝑜  (2) 493 
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Due to dynamics of the system, there was a slight delay from when peak current was driven to 494 

the motors to when tension spiked in the harness. The average delay, Δ𝜙, was calculated for all 495 

subjects and trials and phase data were shifted as appropriate: 𝜙∗ = 𝜙 + Δ𝜙. 496 

Oxygen consumption and carbon dioxide elimination rates were measured using a commercial 497 

metabolic analysis system (TrueMax 2400, ParvoMedics, Salt Lake City, UT, USA). All trials lasted 498 

longer than five minutes, which allowed metabolic data to reach steady state conditions before 499 

mean and SD values were calculated (typically the remaining 2-3 minutes of each trial). Oxygen 500 

consumption rates in 𝑚𝑙 𝑂2 𝑠−1 were multiplied by a factor of 20.1 to convert to Watts. Gross 501 

metabolic rate was converted to net metabolic rate by subtracting baseline values during quiet 502 

standing. Net metabolic power was non-dimensionalized by dividing belt speed and subject BW 503 

(sometimes referred to as non-dimensional cost of transport). During all metabolics testing, the 504 

data were deemed acceptable if the respiratory exchange ratio remained below a value of 1.0. 505 

Test protocol 506 

During Baseline 1, subjects walked on the treadmill freely (i.e. without the body harness; Fig. 2b) 507 

for a five-minute duration. The treadmill speed (𝑣𝑏 = 1.19 𝑚 𝑠−1 on average) was programmed 508 

such that non-dimensional speed, �̃�, equaled 0.4 during all testing. 509 

 𝑣𝑏 = �̃�√𝑔𝐿 (3) 510 

where 𝐿 is the subject’s hip height measured from the ground while standing. Speed was 511 

rounded to the nearest tenth of a km/hour, per the treadmill’s available resolution. 512 

During Baseline 2, subjects walked while wearing the body harness connected to the pulley-513 

cable system (Fig. 2b) for a ten-minute duration. Both actuators provided a constant nominal 514 

tension (approximately 10% BW) to reduce slack in the system, but the average net force on the 515 

body was zero since one cable pulled up while the others pulled down. Subjects also 516 

experienced added inertia from the motors and associated hardware connected in the system, 517 

as well as friction and damping. Each subject’s baseline preferred step frequency (𝑓𝑝) was 518 

assessed and motor frequencies prescribed in testing conditions were determined relative to 519 

this baseline. 520 
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During experiments, subjects walked in the harness for two minutes with nominal motor current 521 

to avoid cable slack. Next, current oscillations were commanded to the motors at a constant 522 

frequency and amplitude, and the subject was instructed to respond freely (Fig. 2a). Five 523 

minutes later, subjects were asked to step to the beep of a metronome (matched to their 524 

baseline frequency, i.e. “frequency clamping”; Fig. 2a) even as oscillations continued at a 525 

different frequency. After another five minutes, the oscillations and metronome ceased, and the 526 

subject prepared to end the trial. Metabolic data was collected throughout this test to compare 527 

oxygen consumption while responding freely in the system (allowed to entrain) versus walking 528 

to the metronome (not allowed to entrain). This test was performed with various oscillation 529 

amplitudes (𝐴𝑚 = 10, 30% 𝐵𝑊) and motor frequencies relative to baseline step frequency 530 

(Δ𝑓𝑚 = 0, ±6%; see Fig. 2b). 531 

 Δ𝑓𝑚 = 𝑓𝑚−𝑓𝑝𝑓𝑝 100% (4) 532 

In the case of trial conditions where Δ𝑓𝑚 = 0%, no metronome was played and the trial ended 533 

after five minutes of oscillations. Trial conditions were randomized to minimize any ordering 534 

effects. 535 

During experiments, a curtain was used to blind subjects from any motion of the pulleys or 536 

motors (Fig. 1b). Ambient noise was played through headphones to help block out rhythmic 537 

sounds of the system. During trials, subjects were asked to walk in any manner that felt most 538 

natural or extracted minimal effort. However, subjects were encouraged to explore different 539 

aspects of their gait, including stride length. Note, a more detailed description of the oscillator 540 

system design and operation can be found in the Supplementary Materials. 541 

Defining entrainment 542 

Entrainment was defined with arbitrary thresholds: any step frequencies within ±3 SDs 543 

(~±0.02 Hz) of the prescribed motor frequency for at least sixteen out of twenty (80%) 544 

consecutive steps. The SD of subjects was determined from the last minute of data from 545 

Baseline 2 (treadmill walking with the harness). Two metrics quantified the level of entrainment 546 

for a subject in each trial. The entrainment step ratio (𝐸𝑆𝑅) is the ratio of entrained steps to 547 

total steps taken during experiment (without the metronome) while the average duration of 548 
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entrainment (Δ𝑡�̅�) was used to estimate entrainment durations since subjects sometimes drifted 549 

in and out of the motor’s frequency. 550 

Statistical analysis 551 

Filtered relative step frequency data were interpolated at equal time intervals matching the 552 

data acquisition rate. Median values of the interpolated data were taken across all subjects who 553 

entrained at least once in the trial and at each time point, to represent skewed distributions 554 

more appropriately. Quartiles characterized the spread of the distribution for each time point at 555 

25% and 75% levels. 556 

Linear mixed models were used to assess various outcomes during experiments. The mixed 557 

model was chosen to control for repeated measurements among subjects participating in 558 

multiple trials each; subject was included in the models as a random effect. All statistical models 559 

were developed and evaluated in JMP (SAS Institute Inc., Cary, NC USA, version 14.1.0) using the 560 

restricted maximum likelihood method for parameter estimation and a compound symmetric 561 

covariance structure. 562 

In three models, motor frequency (Δ𝑓𝑚) and amplitude (𝐴𝑚) as well as an interaction between 563 

the two (Δ𝑓𝑚  𝑥 𝐴𝑚) were added as fixed effects to test if the oscillation parameters contributed 564 

significantly to the various outcomes. The first two models tested the effect of oscillation 565 

parameters on the level of entrainment via 𝐸𝑆𝑅 and Δ𝑡�̅�. 566 

In order to assess metabolic power, a linear mixed model was stratified by trial condition, 567 

baseline type (wearing or not wearing the harness) and the metronome’s status (i.e. active or 568 

inactive) during data collection. A post hoc Tukey’s Honestly Significant Difference test was used 569 

to detect differences in estimates of metabolic power (𝛼 = 0.05), while controlling for multiple 570 

hypothesis testing. Given the metronome’s status only indicates whether an individual has the 571 

capacity to entrain and not whether they actually did entrain, a separate model was used to test 572 

for the effect of entrainment level (via entrainment step ratio, 𝐸𝑆𝑅) as a covariate for metabolic 573 

power. Δ𝑡�̅�  was not included to avoid collinearity. Mechanical work done by the harness tension 574 

was also included to assess any effect of the mechanical interaction on cost. 575 

The significance of fixed model effects was evaluated with 95% confidence limits and post hoc 576 

t-tests where p values were adjusted (𝑝𝑎𝑑𝑗) using the Bonferroni correction depending on how 577 
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many tests were performed in the model. Tests were considered significant if 𝑝𝑎𝑑𝑗 < 0.05. 578 

Throughout the manuscript, unadjusted p values are reported, and significance is indicated with 579 

asterisks. A summary of statistical model results is found in the Supplementary Materials. 580 
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 694 

Figure 1.  System schematic and images. (a) A schematic of the oscillator system is depicted in 695 

the sagittal plane. (b) Images of a subject walking in the system during a trial, from a side view 696 

and from behind. Downward force came as the resultant of self-equalizing oblique cables. A 697 

curtain was used to blind the subject from any motion of the pulleys or motors, and headphones 698 

were used to play ambient noise so as to block out rhythmic sounds from the system. The 699 

headphones were also used to play a metronome beep during portions of the experiment. 700 

Additional details regarding the oscillator system design and operation can be found in the 701 

Supplementary Materials. 702 
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 703 

 704 

Figure 2.  Experimental protocol. (a) A generic trial condition is depicted with simulated step 705 

frequency data (magenta) over time and constant motor frequency (blue). There are no 706 

oscillations during the first two minutes of the test. Motor oscillations begin at time zero and 707 

continue for five minutes while subjects freely interact with the system. Next, oscillations 708 

continue for another five minutes and the metronome directs individuals to step at their 709 

baseline preferred frequency (𝑓𝑝) despite the external oscillation frequency (“frequency 710 

clamping”). The oscillations and metronome are terminated, and subject is given fifteen 711 

additional seconds to approach the end of the trial. (b) Baseline conditions and oscillation 712 

parameters during experiment trials are shown: Δ𝑓𝑚 = 0, ±6% and 𝐴𝑚 = 10, 30% body weight 713 

(BW). Trial conditions were implemented randomly to reduce ordering effects. 714 

 715 

 716 
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 717 

Figure 3.  Entrainment results. The median relative step frequency (𝑓𝑟 , step frequency divided by 718 

preferred step frequency in Baseline 2; magenta) of all subjects who entrained is plotted over 719 

the trial duration. 25% and 75% quartiles are used to indicate the distribution at every time 720 

point (grey shaded area). All trial conditions are shown, including: Δ𝑓𝑚 = −6% in (a) and (b); 721 Δ𝑓𝑚 = 0% in (c) and (d); Δ𝑓𝑚 = 6% in (e) and (f); 𝐴𝑚 = 10% 𝐵𝑊 in (a), (c) and (e); 𝐴𝑚 =722 30% 𝐵𝑊 in (b), (d) and (f). The oscillations began at 𝑇𝑖𝑚𝑒 = 0 𝑠 and ended at approximately 723 𝑇𝑖𝑚𝑒 = 600 𝑠. During 0 ≤ 𝑇𝑖𝑚𝑒 ≤ 300 𝑠, subjects responded freely to the force oscillations. 724 

During 300 ≤ 𝑇𝑖𝑚𝑒 ≤ 600 𝑠, subjects were directed to follow the cadence of the metronome 725 

at their predetermined baseline step frequency (“frequency clamping”) even as the oscillations 726 

continued at a different frequency. There was no metronome used in trials where Δ𝑓𝑚 = 0, 727 

since frequencies were already matched. As a result, these experiments ended after around 728 𝑇𝑖𝑚𝑒 = 300 𝑠. Note, median data are only shown for individuals who entrained at least once 729 

throughout the trial. In the trial condition where Δ𝑓𝑚 = 6% and 𝐴𝑚 = 10% 𝐵𝑊, individual 730 

subject data are shown instead since no entrainment occurred. 731 



33 

 732 

Figure 4.  Entrainment is often transient. (a) Data from an example subject illustrates transient 733 

entrainment where relative step frequency (magenta) oscillates towards and away from the 734 

motor frequency (blue). Red data points indicate when the subject is considered entrained with 735 

the oscillator system (see Methods section for details on entrainment definition). (b) The 736 

entrainment step ratio (𝐸𝑆𝑅; ratio of entrained steps to total steps taken during the first five 737 

minutes of oscillations in the experiment) and (c) the average entrainment duration (Δ𝑡�̅� ; 738 

average time duration of bouts of entrainment) are shown as a function of oscillation amplitude 739 

and motor frequency, where each data point represents a subject’s level of entrainment during 740 

each trial and box plots summarize the distribution. Linear mixed models were used to 741 

statistically test the effects of trial conditions on both entrainment metrics shown here (see 742 

Table S1 in the Supplementary Materials for full results). 743 

 744 
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 745 

Figure 5.  Metabolic power does not depend on entrainment. Non-dimensional metabolic power 746 

is compared between all trial conditions and baseline tests. A Tukey Honestly Significant 747 

Difference test was performed on least squares mean values for all conditions. Box plots are 748 

labelled with letters indicating conditions where power is not significantly different. Outliers are 749 

marked with “+”. See Table S2 in the Supplementary Materials for full results. Baseline 1 and 2 750 

refer to walking on the treadmill without and with the harness, respectively. Box plots are 751 

shown for all metabolic data collected during the first five minutes of oscillations where the 752 

subject freely responded to the oscillation forces (i.e. metronome off). During the next five 753 

minutes of oscillations, a metronome guided subjects to step at their baseline preferred 754 

frequency (importantly, not matched to the oscillation frequency). This allowed for metabolic 755 

cost comparisons between entrained and non-entrained gait. 756 
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 757 

Figure 6.  Subjects prefer to align peak oscillation forces at toe off. The average harness tension 758 

is shown in (a) and (b), where the red and blue curves indicate cable tension pulling up (𝑇↑) and 759 

down (𝑇↓), respectively, and black indicates net tension (𝑇𝑛𝑒𝑡 ). Average center of mass vertical 760 

velocity is shown in (c) and (d), while the red histogram in (d) indicates the distribution of motor 761 

phase chosen by subjects during entrainment. Average power from the cables pulling up (𝑃↑, 762 

red) and down (𝑃↓, blue) are shown in (e) and (f), while net power (𝑃𝑛𝑒𝑡) is indicated with black 763 

shading. Panels (a), (c) and (e) indicate average curves measured during Baseline 2 (walking with 764 

the harness but no active oscillations), while panels (b), (d) and (f) indicate average curves 765 

measured during experiment trials. Snapshots of the walking step cycle are shown near the 766 

bottom to help orient the reader to the timing of events shown in plots. Zero in the step cycle 767 

corresponds with double stance while 0.5 corresponds with single stance. 768 
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 769 

Figure 7.  Subjects prefer a range of phase alignments, resulting in variable net power. Data 770 

from three subjects were chosen to demonstrate varying entrainment strategies. Average data 771 

for Subject A (Δ𝑓𝑚 = 6%, 𝐴𝑚 = 30% 𝐵𝑊, 297 steps averaged) are shown in (a), (d) and (g), 772 

where motor phase alignment occurs at �̅� = 0.087 of the gait cycle. This strategy aligns peak 773 

tension forces with the center of mass (CoM) vertical velocity and thus, results in net positive 774 

work (𝑊𝑐 = 4.1 𝐽). Average data for Subject B (Δ𝑓𝑚 = −6%, 𝐴𝑚 = 30% 𝐵𝑊, 475 steps 775 

averaged) are shown in (b), (e) and (h) where motor phase alignment occurs at �̅� = 0.18 of the 776 

gait cycle. Since peaks in tension due to motor forces occur slightly later, positive power is 777 

relatively low and net negative work occurs (𝑊𝑐 = −6.2 𝐽). Average data for Subject C (Δ𝑓𝑚 =778 −6%, 𝐴𝑚 = 30% 𝐵𝑊, 444 steps averaged) are in (c), (f) and (i) where �̅� = 0.32 of the gait 779 

cycle, and mechanical power from the harness tension is dominated by resistive inertial forces, 780 

thus leading to substantial net negative work on the CoM (𝑊𝑐 = −12 𝐽). Data points for subjects 781 

A, B and C are labelled in Figure 8b. 782 

 783 
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 784 

Figure 8.  Positive mechanical work from the oscillator decreases metabolic power. Average 785 

data are shown for every subject in each trial condition during the first five minutes of 786 

oscillations when no metronome is present. (a) Net metabolic power is plotted versus the phase 787 

lag of peak upward force from the oscillations. A phase lag of 0o(or 360o) corresponds to peak 788 

upward force occurring at double stance while a lag of 180o corresponds to peak upward force 789 

occurring at midstance (i.e. when the center of mass passes over the stance foot). Net 790 

mechanical work done on subjects by the oscillation forces is also plotted versus the phase lag 791 

of peak upward force. Arbitrary sinusoidal functions are fit to these data to indicate the cyclical 792 

relationship between center of mass motion and oscillation forces. (b) Net metabolic power 793 

decreases as a function of net mechanical work done on subjects by the oscillation forces. A 794 

linear mixed model was used to assess the effect of net work on metabolic power (both 795 

variables non-dimensionalized; see results in Table S1 in the Supplementary Materials). Example 796 

data points from subjects A, B and C are labelled for comparison in plots of Figure 7. Blue and 797 

red data points correspond to trial conditions where 𝐴𝑚 = 10, 30% 𝐵𝑊 respectively. Circles, 798 

squares and diamonds correspond to trial conditions where Δ𝑓𝑚 = −6, 0, 6% respectively. 799 



Figures

Figure 1

System schematic and images. (a) A schematic of the oscillator system is depicted in the sagittal plane.
(b) Images of a subject walking in the system during a trial, from the side and from behind. Downward
force came as the resultant of self-equalizing oblique cables. A curtain was used to blind the subject from
any motion of the pulleys or motors, and headphones were used to play ambient noise to block out
rhythmic sounds from the system. The headphones were also used to play a metronome beep during
portions of the experiment. A more detailed description of the system can be found in the Supplementary
Materials.



Figure 2

Experimental protocol. (a) A generic trial condition is depicted with simulated step frequency data over
time (magenta) and constant motor frequency (blue). Subjects walk with no oscillations during the �rst
two minutes of the test. Motor oscillations begin at time zero and continue for �ve minutes while subjects
freely interact with the system. Oscillations continue for another �ve minutes, but now a metronome
directs individuals to step at their baseline preferred frequency (f_p) despite the external oscillation
frequency (“frequency clamping”). The oscillations and metronome are terminated, and the subject is
given �fteen additional seconds to prepare for the end of the trial. (b) Baseline conditions and oscillation
parameters during experiment trials are shown: Δf_m=0,±6% and A_m=10,30% body weight (BW). Trial
conditions were implemented randomly to reduce ordering effects.

Figure 3



Entrainment results. The median relative step frequency (f_r, step frequency divided by preferred step
frequency in Baseline 2; magenta) of all subjects who entrained is plotted over each trial duration. 25%
and 75% quartiles are used to indicate the distribution at every time point (grey shaded area). All trial
conditions are shown, including: Δf_m=-6% in (a) and (b); Δf_m=0% in (c) and (d); Δf_m=6% in (e) and (f);
A_m=10% BW in (a), (c) and (e); A_m=30% BW in (b), (d) and (f). The oscillations began at Time=0 s and
ended at approximately Time=600 s. During 0≤Time≤300 s, subjects responded freely to the force
oscillations. During 300≤Time≤600 s, subjects were directed to follow the cadence of the metronome at
their predetermined baseline step frequency (“frequency clamping”) even as the oscillations continued at
a different frequency. There was no metronome used in trials where Δf_m=0, since frequencies were
already matched. As a result, these experiments ended after around Time=300 s. Note, median data are
only shown for individuals who entrained at least once throughout the trial. In the trial condition where
Δf_m=6% and A_m=10% BW, individual subject data are shown instead since no entrainment occurred.

Figure 4

Entrainment is often transient. (a) Data from an example subject illustrates transient entrainment where
relative step frequency (magenta) oscillates towards and away from the motor frequency (blue). Red data
points indicate when the subject is considered entrained with the oscillator system (see Methods section
for details on entrainment de�nition). (b) The entrainment step ratio (ESR; ratio of entrained steps to total
steps taken during the �rst �ve minutes of oscillations in the experiment) and (c) the average entrainment
duration (Δt _e; average time duration of bouts of entrainment) are shown as a function of oscillation
amplitude and motor frequency, where each data point represents a subject’s level of entrainment during
each trial and box plots summarize the distribution. Linear mixed models were used to statistically test



the effects of trial conditions on both entrainment metrics shown here (see Table S1 in the
Supplementary Materials for full results).

Figure 5

Metabolic power does not depend on entrainment. Non-dimensional metabolic power was compared
using a mixed linear regression strati�ed by trial condition and baseline type. A post hoc Tukey Honestly
Signi�cant Difference test was used to compare estimates of metabolic power in the model. Box plots are
labelled with letters indicating conditions where power is not signi�cantly different. Outliers are marked
with “+”. See Table S2 in the Supplementary Materials for full results. Baseline 1 and 2 refer to walking on
the treadmill without and with the harness, respectively. Box plots are shown for all metabolic data
collected during the �rst �ve minutes of oscillations where the subject freely responded to the oscillation
forces (i.e. metronome off). During the next �ve minutes of oscillations, a metronome guided subjects to



step at their baseline preferred frequency (importantly, not matched to the oscillation frequency). This
allowed for metabolic cost comparisons between entrained and non-entrained gait.

Figure 6

Subjects prefer to align peak oscillation forces at toe off. The average harness tension is shown in (a)
and (b), where the red and blue curves indicate cable tension pulling up (T_) and down (T_),
respectively, and black indicates net tension (T_net). Average center of mass vertical velocity is shown in



(c) and (d), while the red histogram in (d) indicates the distribution of motor phase chosen by subjects
during entrainment. Average power from the cables pulling up (P_, red) and down (P_, blue) are shown
in (e) and (f), while net power (P_net) is indicated with black shading. Panels (a), (c) and (e) indicate
average curves measured during Baseline 2 (walking with the harness but no active oscillations), while
panels (b), (d) and (f) indicate average curves measured during experiment trials. Snapshots of the
walking step cycle are shown near the bottom to help orient the reader to the timing of events shown in
plots. Zero in the step cycle corresponds with double stance while 0.5 corresponds with single stance.

Figure 7

Subjects prefer a range of phase alignments, resulting in variable net power. Data from three subjects
were chosen to demonstrate varying entrainment strategies. Average data for Subject A (Δf_m=6%,
A_m=30% BW, 297 steps averaged) are shown in (a), (d) and (g), where motor phase alignment occurs at
 =0.087 of the gait cycle. This strategy aligns peak tension forces with the center of mass (CoM)



vertical velocity and thus, results in net positive work (W_c=4.1 J). Average data for Subject B (Δf_m=-6%,
A_m=30% BW, 475 steps averaged) are shown in (b), (e) and (h) where motor phase alignment occurs at 
=0.18 of the gait cycle. Since peaks in tension due to motor forces occur slightly later, positive power is
relatively low and net negative work occurs (W_c=-6.2 J). Average data for Subject C (Δf_m=-6%,
A_m=30% BW, 444 steps averaged) are in (c), (f) and (i) where  =0.32 of the gait cycle, and mechanical
power from the harness tension is dominated by resistive inertial forces, thus leading to substantial net
negative work on the CoM (W_c=-12 J). Data points for subjects A, B and C are labelled in Figure 8b.

Figure 8

Positive mechanical work from the oscillator decreases metabolic power. Average data are shown for
every subject in each trial condition during the �rst �ve minutes of oscillations when no metronome is
present. (a) Net metabolic power is plotted versus the phase lag of peak upward force from the
oscillations. A phase lag of 0^o(or 360^o) corresponds to peak upward force occurring at double stance
while a lag of 180^o corresponds to peak upward force occurring at midstance (i.e. when the center of
mass passes over the stance foot). Net mechanical work done on subjects by the oscillation forces is
also plotted versus the phase lag of peak upward force. Arbitrary sinusoidal functions are �t to these data



to indicate the cyclical relationship between center of mass motion and oscillation forces. (b) Net
metabolic power decreases as a function of net mechanical work done on subjects by the oscillation
forces. A linear mixed model was used to assess the effect of net work on metabolic power (both
variables non-dimensionalized; see results in Table S1 in the Supplementary Materials). Example data
points from subjects A, B and C are labelled for comparison in plots of Figure 7. Blue and red data points
correspond to trial conditions where A_m=10,30% BW respectively. Circles, squares and diamonds
correspond to trial conditions where Δf_m=-6,0,6% respectively.
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