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ABSTRACT 25 
Successful reactive balance control requires coordinated modulation of hip, knee, and ankle 26 

torques. Stabilizing joint torques arise from neurally-mediated feedforward tonic muscle 27 

activation that modulates muscle short-range stiffness, which provides an instantaneous 28 

“mechanical feedback” to the perturbation. In contrast, neural feedback pathways activate 29 

muscles in response to sensory input, generating joint torques after a delay. However, the 30 

specific contributions from feedforward and feedback pathways to the balance-correcting torque 31 

response are poorly understood. Since feedforward- and feedback-mediated torque responses to 32 

balance perturbations act at different delays, we modified the sensorimotor response model 33 

(SRM), previously used to analyze the muscle activation response, to reconstruct joint torques 34 

using parallel feedback loops. Each loop is driven by the same information, center of mass 35 

(CoM) kinematics, but each loop has an independent delay. We evaluated whether a torque-SRM 36 

could decompose the reactive torques during balance-correcting responses to backward support 37 

surface translations at four magnitudes into the instantaneous “mechanical feedback” torque 38 

modulated by feedforward neural commands prior to the perturbation, and neurally-delayed 39 

feedback components. The SRM accurately reconstructed torques at the hip, knee, and ankle, 40 

across all perturbation magnitudes (R2>0.84 & VAF>0.83). Moreover, the hip and knee 41 

exhibited feedforward and feedback components, while the ankle only exhibited feedback 42 

components. The lack of a feedforward component at the ankle may occur because the 43 

compliance of the Achilles tendon attenuates muscle short-range stiffness. Our model may 44 

provide a framework for evaluating changes in the feedforward and feedback contributions to 45 

balance that occur due to aging, injury, or disease. 46 

 47 

KEYWORDS 48 
motor control, sensorimotor feedback, feedforward control, tendon stiffness, postural control 49 

 50 

NEWS AND NOTEWORTHY 51 
Reactive balance control requires coordination of neurally-mediated feedforward and feedback 52 

pathways to generate stabilizing joint torques at the hip, knee, and ankle. Using a sensorimotor 53 

response model, we decomposed reactive joint torques into feedforward and feedback 54 

contributions based on delays relative to center of mass kinematics. Responses across joints were 55 

driven by the same signals, but contributions from feedforward versus feedback pathways 56 
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differed, likely due to differences in musculotendon properties between proximal and distal 57 

muscles.  58 
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INTRODUCTION 59 
When responding to postural perturbations during standing, individuals rapidly produce 60 

corrective torques that are coordinated across the hip, knee, and ankle, arising from both 61 

feedforward and feedback pathways (Fig 1) (1, 2). The fastest the nervous system can generate a 62 

corrective torque through neurally-mediated sensory feedback pathways is approximately 100 63 

ms—which includes both the conduction time and the neuromechanical delay (3, 4). During this 64 

delay, there is an instantaneous “mechanical feedback” torque that arises from the mechanical 65 

properties of activated muscle: muscle short-range stiffness that is tuned by anticipatory 66 

feedforward muscle activation (5, 6). We note that within this context, the neurally-mediated 67 

feedforward and feedback components within the joint torque response are both a reaction to the 68 

perturbation. While both feedforward and feedback components interact to stabilize the body 69 

following a postural perturbation (1, 2), differentiating the feedforward and feedback 70 

contributions to the overall reactive joint torque response remains an open challenge. Separately 71 

identifying the feedforward and feedback contributions would further the fundamental 72 

understanding of balance control and may also help identify specific mechanisms underlying 73 

balance impairments in older adults or individuals with neuromuscular diseases or injuries for 74 

the development of targeted rehabilitation. By leveraging knowledge about the delays associated 75 

with feedforward and feedback control, here, we sought to identify the feedforward and feedback 76 

contributions to balance-correcting joint torque responses at the hip, knee, and ankle during 77 

perturbations to standing balance.  78 

Neurally-mediated feedforward tonic muscle activation gives rise to the background joint 79 

torque prior to the perturbation. Additionally, this background muscle activity modulates muscle 80 

short-range stiffness, which provides an instantaneous “mechanical feedback” torque to 81 

perturbations that cannot be mediated by sensorimotor feedback (7, 8). As such, we consider the 82 

neurally-mediated feedforward component as the instantaneous “mechanical feedback” torque to 83 

perturbations (e.g., the neural feedforward contribution alters a mechanical feedback 84 

component). Specifically, muscle short-range stiffness provides an instantaneous resistance to 85 

changes in muscle length and, thus, changes in joint angle, and the torque arising from muscle 86 

short-range stiffness reflects the mechanical properties of the muscle due to both its activation 87 

and movement history (5, 6, 9, 10). The nervous system can improve balance in uncertain 88 

environments by increasing the torque produced by muscle short-range stiffness in two ways: 89 
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feedforward increases in background muscle activation and co-contraction (11). Feedforward 90 

increases in muscle activation improve stability by increasing the torque produced by muscle 91 

short-range stiffness at the onset of the perturbation as muscle short-range stiffness scales 92 

linearly with the background force (6, 12). Co-contraction increases the short-range stiffness of 93 

multiple muscles spanning the joint, further increasing the resistance to unexpected perturbations 94 

(13). Modeling studies suggest that the nervous system may leverage feedforward muscle co-95 

contraction during postural control in the presence of noise as a means to minimize the energetic 96 

cost compared to solely relying on feedback control. Additionally, individuals increase 97 

feedforward muscle co-contraction to increase postural stiffness when balance is challenged or 98 

threatened (14-18). However, feedforward strategies alone are insufficient to stabilize the body; 99 

thus, feedback control is also required to maintain postural stability (19-21). 100 

Feedback responses are generated through sensorimotor transformations, where the nervous 101 

system receives sensory information (e.g., a sensory error) and translates it into reactive muscle 102 

activations that generate joint torque. Within this paper, we consider the neurally-mediated 103 

feedback component as the delayed reactive joint torques. The delay between the onset of a 104 

perturbation (e.g., the change in sensory feedback) to the onset of joint torque depends upon the 105 

sensory feedback pathway (e.g., subcortical or cortical pathways; Fig 1) and the 106 

neuromechanical delay—the latency between neural drive and muscle force production. We 107 

previously demonstrated that an error-based sensorimotor transformation of the delayed center of 108 

mass (CoM) kinematics (e.g., acceleration, velocity, and displacement) robustly explains reactive 109 

muscle activations (22). The sensorimotor response model (SRM) is based on the principle that 110 

the neuromuscular system coordinates the activation of muscles across the body to maintain task-111 

level goals, such that coordinated muscle activations reflect task-relevant errors (e.g., CoM 112 

displacement) as opposed to joint-level errors (23). We have extensively used the SRM to predict 113 

feedback muscle activations across multiple joints and different perturbation conditions (22-26). 114 

Most recently, the EMG-SRM, through the implementation of parallel loops with independent 115 

parameters, has dissociated components of the long-latency ankle muscle response from 116 

subcortical versus cortical pathways (27). However, muscle intrinsic torque responses that arise 117 

due to neurally mediated feedforward activation are not accounted for in the EMG response to a 118 

perturbation, or the EMG-SRM.  119 
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It has previously been demonstrated that the same physiological principle that underlies the 120 

muscle activation response (the EMG-SRM) also underlies the torque response at the ankle (28). 121 

Afschrift, et al. (28) recently used a modified version of the SRM to estimate the sensorimotor 122 

feedback torque response about the ankle during balance recovery during standing and walking. 123 

Thus, it is feasible to use the torque-SRM to predict the multi-joint torque response. However,  it 124 

is unclear whether a torque-SRM can predict the response at the hip and knee because prior 125 

modeling work suggests that the hip and knee both exhibit a feedforward muscle short-range 126 

stiffness response while the ankle does not (29). A torque-SRM may be unable to capture the 127 

feedforward muscle short-range stiffness response for two reasons. First, the SRM is a feedback 128 

model; thus, it may poorly predict the feedforward, short-range stiffness component in the torque 129 

response. While feedforward changes in muscle activation modulate the short-range stiffness 130 

response, we may be able to capture the short-range stiffness response within the torque-SRM 131 

since the short-range stiffness biomechanically appears as an instantaneous response to the 132 

perturbation (e.g., an instantaneous "mechanical feedback") (2, 5, 30). Second, the SRM model is 133 

driven by global CoM error, while a local stretch within the muscle drives the muscle short-range 134 

stiffness response. Thus, for a CoM-driven model to capture this joint-level response, the 135 

acceleration of the CoM would have to be strongly correlated to the angular acceleration of the 136 

joint, and it is unclear if that is the case during standing balance perturbations. 137 

The aim of this study was to evaluate whether a delayed CoM-feedback model could 138 

accurately predict the entire time course of the multi-joint torque response to backward support-139 

surface translations during standing. We hypothesized that CoM kinematics (acceleration, 140 

velocity, displacement) modulate the multi-joint reactive torque response to postural 141 

perturbations, with the fits being the best at the ankle. Second, we evaluated if the torque-SRM 142 

could differentiate the feedforward and feedback contributions to the torque response at each 143 

joint. To test our hypothesis, we examined the reactive torque response at the hip, knee, and 144 

ankle to backward support surface perturbations at four different magnitudes. We used the 145 

previously developed multi-loop EMG-SRM as the framework for our novel torque-SRM (27). 146 

More specifically, the new CoM-driven torque-SRM consisted of four parallel loops, so the input 147 

(CoM kinematics) and output (joint torque) of each loop were the same, but each loop had 148 

independent gains and delays (See Sensorimotor Response Model (SRM)). We demonstrate the 149 

utility of a CoM-feedback model for predicting the balance-correcting torque response at the hip, 150 
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knee, and ankle, and its ability to identify the feedforward and feedback mechanisms 151 

contributions to the overall response.  152 

 153 

MATERIALS AND METHODS 154 
Participants  155 

Eight healthy young adults (4 females and 4 males; age 25 ± 4 years; height 1.74 ± 0.08 m; 156 

mass 71 ± 8 kg) participated in this study. All participants reported no history of neurological or 157 

musculoskeletal disorders. The Emory Institutional Review Board approved the study, and all 158 

methods were carried out according to the approved protocol (IRB00082414).  159 

 160 

Data collection 161 

This work is part of a larger study, and a portion of the data presented here has previously 162 

been published (20). Participants were instructed to maintain balance during ramp-and-hold 163 

support surface translations while standing on a custom platform (Factory Automation Systems, 164 

Atlanta, GA). Participants stood on two independent force plates embedded in the platform 165 

(AMTI, Watertown, MA, USA). Ground reaction forces were collected at 1000 Hz. Participants 166 

were instructed to stand with their bare feet 22 cm apart, with their weight evenly distributed 167 

between both feet and their arms crossed about their torso. Participants wore a 33-marker set 168 

based on a modified version of the Vicon Plug-in Gait model (31) that included additional foot 169 

markers (fifth metatarsal, medial and lateral heel, and medial malleolus). 170 

Surface electromyography (EMG) data were collected at 1000 Hz from the medial 171 

gastrocnemius, soleus, tibialis anterior, rectus femoris, vastus medialis, biceps femoris, and 172 

gluteus medius on the left leg (Motion Lab Systems, Inc., Baton Rouge, LA, USA). Standard 173 

skin preparation methods were performed prior to electrode placement (32), and electrodes were 174 

placed on the belly of the muscle. Electromyography (EMG) signals were amplified to maximize 175 

the signal resolution in each channel. All kinetic and EMG data were synchronized with 176 

kinematic data (collected at 100 Hz) using a motion capture system (Vicon, UK, Oxford).  177 

To identify a set of increasingly challenging perturbations for each individual, we first 178 

quantified balance capacity by determining each participant's step threshold to backward support 179 

surface translations (i.e., the platform moved the participant's feet posteriorly). Step threshold 180 

was defined as the maximum translation magnitude where participants could maintain balance 181 
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without taking a corrective step or being caught by the safety harness (20, 33-35). We used an 182 

adaptive method running fit (AMRF) algorithm from the Palamedes toolbox (36), which 183 

progressively increased (if no step was taken) or decreased (if a step was taken) the magnitude of 184 

the platform translation starting at 15cm. For each perturbation, platform acceleration and 185 

velocity were scaled with displacement such that braking occurred ~500 ms after perturbation 186 

onset. Catch trials (e.g., forward perturbations) were randomly interspersed to reduce 187 

anticipatory motor adaptations (ratio 1 to 4).  188 

Once the step threshold was identified, participants completed 40 ramp-and-hold support 189 

surface perturbations set at 12cm and ~75%, 85%, and 95% of their step threshold in a 190 

randomized fashion (Fig 2, Table 1). To mitigate adaptation and anticipation, participants 191 

experienced 8 cm catch trials (e.g., forward perturbations) randomly interspersed within the 192 

perturbation set, the same as those experienced when determining the step threshold. A 5-minute 193 

seated rest break followed every 20 perturbations to mitigate fatigue.  194 

 195 

Data processing  196 

Limb segment marker data and ground reaction forces from both force plates were used for 197 

all estimates of joint kinematics and kinetics. Ground reaction forces were filtered using a fourth-198 

order low-pass filter with a 50 Hz cutoff, while marker data was filtered similarly with a 10 Hz 199 

cutoff. Inertial artifacts that arise from translating the platform were removed (37, 38). Torques 200 

at the ankle, knee, and hip were estimated using the inverse dynamics toolbox in OpenSim (Gait 201 

2892 model) (39). We calculated horizontal CoM acceleration as the ground reaction forces 202 

divided by the participant's mass minus platform acceleration. CoM displacement and velocity 203 

were calculated as the weighted sum of all segmental masses from the kinematic data as 204 

previously done (24, 26, 40, 41). CoM displacement and velocity were taken relative to the 205 

movement of the platform, similar to CoM acceleration. CoM displacement and velocity were 206 

up-sampled using linear interpolation to 1000 Hz for all further analysis.  207 

All EMG data were high-pass filtered using a third-order zero-lag Butterworth filter with a 208 

35 Hz cutoff. They were then demeaned, rectified, and low-pass filtered (40 Hz) (26). EMG 209 

signals were then normalized by the peak activity over all analyzed trials, yielding a value 210 

between 0 and 100.  211 
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Perturbation trials that elicited a stepping response or trials where participants uncrossed their 212 

arms were excluded from further analyses. Stepping responses were identified as trials in which 213 

the magnitude of ground reaction forces for either leg dropped below 10 N.  214 

 215 

Sensorimotor response model (SRM) 216 

To test our hypothesis that the CoM kinematics modulate the multi-joint reactive torque 217 

response to postural perturbations, we modified the previously developed EMG-SRM to 218 

reconstruct ankle, knee, and hip torque (2, 24, 26, 31, 40). The previously developed EMG-SRM 219 

reconstructs reactive muscle activations as a linear combination of CoM kinematics at a common 220 

delay (Eq 1).  221 

𝐸𝑀𝐺௜ ൌ 𝑘ௗ𝒅ሺ𝑡 െ 𝜆ሻ ൅  𝑘௩𝒗ሺ𝑡 െ 𝜆ሻ ൅ 𝑘௔𝒂ሺ𝑡 െ 𝜆ሻ          (1) 222 

where kd, kv, and ka are the feedback gains on CoM displacement (d), velocity (v), and 223 

acceleration (a), and λ is the time delay. We note that CoM kinematics represent the deviation of 224 

the CoM from a steady-state trajectory relative to the base of support (e.g., the feet), where 225 

during standing balance, any change of the CoM resulting from the perturbation is the CoM 226 

deviation.  227 

We made two main modifications to this model so it could reconstruct joint torques (Fig 3). 228 

The EMG-SRM was developed to examine muscle-level responses, which only contribute to one 229 

direction, as muscles can only pull. In contrast, joint torques represent the net effect of the 230 

activation of all the muscles that span that joint. This has two implications. First, the torque 231 

response (the output) has positive and negative components corresponding to the agonist and 232 

antagonist muscle activity. Second, the agonist and antagonist muscle activity is activated 233 

differently by the acceleration and braking of the CoM (the input) responses (e.g., agonist 234 

muscles are activated in response to CoM acceleration while antagonist muscles respond to CoM 235 

braking) (41). Thus, to capture these aspects of the response, parallel loops were added to capture 236 

the positive and negative torque response and to predict the torque response to both CoM 237 

acceleration and braking (e.g., the positive and negative components of the input; Fig 3). 238 

Ultimately, for all joints, the torque-SRM had a maximum of four loops, each with independent 239 

gains and delays (Fig 3), resulting in the following general equation:  240 
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𝑇𝑟𝑞௜ ൌ ሺ𝑘ௗଵ𝒅ሺ𝑡 െ 𝜆ଵሻ ൅  𝑘௩ଵ𝒗ሺ𝑡 െ 𝜆ଵሻ ൅ 𝑘௔ଵ𝒂ሺ𝑡 െ 𝜆ଵሻሻ ൅  ሺ𝑘ௗଶ𝒅ሺ𝑡 െ 𝜆ଶሻ ൅ 𝑘௩ଶ𝒗ሺ𝑡 െ 𝜆ଶሻ

൅ 𝑘௔ଶ𝒂ሺ𝑡 െ 𝜆ଶሻሻ ൅ ሺ𝑘ௗଷ𝒅ሺ𝑡 െ 𝜆ଷሻ ൅  𝑘௩ଷ𝒗ሺ𝑡 െ 𝜆ଷሻ ൅ 𝑘௔ଷ𝒂ሺ𝑡 െ 𝜆ଷሻሻ

൅ ሺ𝑘ௗସ𝒅′ሺ𝑡 െ 𝜆ସሻ ൅ 𝑘௩ସ𝒗′ሺ𝑡 െ 𝜆ସሻ ൅ 𝑘௔ସ𝒂′ሺ𝑡 െ 𝜆ସሻሻ 

(2) 241 

where kd, kv, and ka are the feedback gains on CoM displacement (d), velocity (v), and 242 

acceleration (a), and λ is the time delay, and a', v', and d' represents the braking of the CoM. 243 

Note that EMG data is not used in the Torque-SRM model. 244 

We tuned the gains and delays within each loop to optimize the fit for each participant and 245 

perturbation magnitude. All optimizations were performed in Matlab R2022a (Mathworks, 246 

Natick, MA) and used the interior point algorithm implemented in fmincon.m. First, the trials at 247 

the same perturbation magnitude were averaged for use in all further analyses. Next, the 248 

background torque was identified as the mean torque one-second proceeding the onset of the 249 

perturbation, and this was removed from the overall torque response prior to SRM fitting as we 250 

are interested in evaluating the torque arising from agonist and antagonist muscles in response to 251 

the perturbation. For the two SRM loops reconstructing either the positive or negative torque 252 

responses, a single, optimization was performed to identify kdi, kvi, kai, and λi (where i indicates 253 

the ith SRM loop). Bounds were placed on each loop to prevent the algorithm from searching 254 

outside a physiologically relevant space, and to prevent the loops from reconstructing the same 255 

features within the response (Supplemental Table 1). These bounds were determined 256 

heuristically and were the same for all subjects. During the fitting process, the fit of each loop 257 

was evaluated. If the loop poorly fit the data, hand-tuning optimization was used to adjust the 258 

bounds to achieve the best model fit (e.g., the highest R2 and variance accounted for (VAF)). 259 

After the two separate optimizations identified the best values of the parameter sets, the gains 260 

and delays were concatenated into an initial guess for a final optimization. The final optimization 261 

concurrently optimized the gains for both loops with the lower and upper bounds for the gain 262 

parameters set at  10% of the initial optimization, and the bounds for the delay parameters set at 263 

 10ms of the initial optimization. During the fitting, we found four loops were required to 264 

reconstruct the reactive hip torque, and three loops were required at the knee and ankle, where 265 

loops were removed post-hoc if the gains for the entire loop were zero (Fig 5, 7 & 9). For 266 

brevity, the data presented are only for the left leg, and the results were similar when examining 267 

the torque and subsequent SRM fits in the right leg. 268 
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 269 

Statistical analysis 270 

We quantified how well the torque-SRM could reconstruct the reactive joint torques. We 271 

quantified the similarity between the inverse dynamics (ID)-derived joint torques and the SRM 272 

reconstructed joint torques using R2 (squared center Pearson's correlation coefficient) and VAF. 273 

VAF was defined as the square of Pearson's uncentered correlation coefficient (42), as has been 274 

done in previous studies (26, 40, 41). Both R2 and VAF are necessary to evaluate the goodness of 275 

fit between the inverse dynamics (ID)-derived joint torques and the SRM reconstructed joint 276 

torques (25). The R2 is high when the torque-SRM captures temporal changes in joint torque 277 

response, but less sensitive to errors in the magnitude. In contrast, the VAF is high when the 278 

torque-SRM captures the magnitude of the torque response, but is less sensitive to errors in the 279 

contour. We also estimated the root mean square error (RMSE) between the ID torque and the 280 

SRM reconstructed torque. The RMSE was normalized by the range of the ID torque.  281 

We evaluated how the feedback gains changed as a function of perturbation magnitude. We 282 

compared the magnitude of the feedback gains and delays using a linear mixed effects model for 283 

each joint and each gain or delay. Perturbation magnitude was treated as a fixed factor, while 284 

subject was treated as a random factor. For all models, we used a restricted maximum likelihood 285 

method to approximate the likelihood of the model and Satterthwaite corrections for degrees of 286 

freedom (43). These adjustments reduce Type 1 errors, even for small sample sizes (43). We 287 

performed all statistical analyses in MATLAB R2022a. Significance was set a priori at α = 0.05. 288 

We used Bonferroni post hoc corrections for multiple comparisons. All metrics are reported as 289 

the mean ± standard deviation unless otherwise noted. 290 

 291 

RESULTS 292 
A center of mass-driven sensorimotor response model accurately predicts the reactive multi-joint 293 

torque response to perturbations 294 

The SRM qualitatively reconstructed the time history of the torque response at the hip, knee, 295 

and ankle at all perturbation magnitudes, capturing the salient features of the response (Fig 4 A, 296 

B & C). For example, in the reactive torque response at the hip, we were able to capture both 297 

flexion peaks immediately after perturbation onset, as well as the later extension peak (Fig. 4A). 298 

The torque-SRM captured peaks in knee and ankle torques as well (Fig 4 B & C). Notably, for 299 
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all joints, the SRM also captured the torque response after the ramp perturbation ended (>~0.5 300 

seconds), and could capture all salient features up to 2.5 seconds after the perturbation (the 301 

longest time after the perturbation we could evaluate). 302 

Quantitatively, the SRM accurately predicted the entire time course of the reactive torque 303 

response at all perturbation magnitudes at the hip, knee, and ankle (Fig 4 D, E & F). Across all 304 

perturbation magnitudes and joints, the SRM was able to accurately reconstruct the ID-derived 305 

reactive joint torques, with high R2 (Ankle: mean: 0.95  0.03, min: 0.88; Knee: mean: 0.94  306 

0.04, min: 0.83; Hip: mean: 0.94  0.04, min: 0.79) and VAF (Ankle: mean: 0.99  0.01, min: 307 

0.96; Knee: mean: 0.97  0.04, min: 0.85; Hip: mean: 0.95  0.04, min: 0.82). Moreover, the 308 

root mean squared error (RMSE) was low at all joints and magnitudes (Ankle: mean: 7  2%, 309 

max: 11%; Knee: mean: 5  2%, max: 9%; Hip: mean: 4  2%, max: 9%).  310 

 311 

A center of mass-driven sensorimotor response model dissociates the feedforward and feedback 312 

contributions to the multi-joint reactive torque response 313 

Based on the delays associated with each loop within the SRM, we dissociated feedforward 314 

and feedback torque responses, as well as different feedback response pathways at each joint. In 315 

this section we discuss differences in the feedforward and feedback contributions at each joint, 316 

all driven by task-level feedback of CoM deviations.  317 

 318 

Hip Response: Four loops were required at the hip to fit the reactive torque response, with a 319 

feedforward loop corresponding to either the acceleration and braking of the CoM, and two 320 

feedback loops (Fig 5). The first SRM loop was driven by the acceleration of the CoM at the 321 

onset of the ramp perturbation and captured the initial flexion torque at the onset of the 322 

perturbation and occurred at nearly a "zero-delay" (average λ1 = 1  1 ms across all perturbation 323 

magnitudes) prior to neurally-mediated reactive muscle activation (Fig 2). This initial torque 324 

response from the hip flexors is counter to the required balance-correcting response to a 325 

backward support surface perturbation. Because the CoM is pushed forward, a reactive torque 326 

response from the posterior chain muscles is required to maintain balance (44). The second hip 327 

flexion peak was driven by the acceleration of the CoM at the onset of the ramp perturbation and 328 

captured by a second feedback loop with a "late delay" (average λ2 = 160  84 ms across all 329 

perturbation magnitudes; Fig 5). The third SRM loop captures the majority of the hip extension 330 
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torque response. It was driven by CoM displacement and velocity and had a "late delay" (average 331 

λ3 = 329  74 ms across all perturbation magnitudes; Fig 5). A hip extension torque is the 332 

expected torque response from posterior chain muscles that will stabilize the body (44). The final 333 

loop captured the peak in hip extension that was driven by the braking of CoM at the end of the 334 

ramp perturbation and occurred at a "zero-delay" loop (average λ4 = 6  9 ms across all 335 

perturbation magnitudes; Fig 5).  336 

Across all loops, the delays (λ) did not significantly vary across perturbation magnitudes; 337 

however, gains within the first loop did vary (Fig 6). There was a modest, but significant, 338 

difference in KA1 during the smallest perturbation (e.g., 12cm) compared to all other 339 

perturbations. KA1 was 7% (p=0.004), 8% (p<0.001), and 9% (p<0.001) lower during the 12cm 340 

perturbation compared with the perturbation at 75, 85, and 95% of the step threshold, 341 

respectively. The difference in the KA1 gain likely indicates a scaling of the feedforward short-342 

range stiffness response with perturbation magnitude. No other gains varied significantly with 343 

perturbation magnitude.  344 

 345 

Knee Response: The torque response at the knee was captured by three loops, two feedforward 346 

loops driven by the acceleration and braking of the CoM, and one feedback loop (Fig 7). The 347 

first SRM loop was driven by the acceleration of the CoM at the onset of the ramp perturbation 348 

and captured the initial extension torque that occurred at nearly a "zero-delay" (average λ1 = 1  349 

2 ms across all perturbation magnitudes). The second loop captured a majority of the knee 350 

flexion torque response. It was driven by CoM displacement and velocity and had a "late delay" 351 

(average λ2 = 213  93 ms across all perturbation magnitudes; Fig 7). The third loop captured the 352 

peak in the knee flexion torque that was driven by the braking of CoM at the end of the ramp 353 

perturbation, and occurred at a "zero-delay" loop (average λ3 = 4  9 ms across all perturbation 354 

magnitudes; Fig 7).  355 

Across all knee torque loops, the delays (λ) did not significantly vary across perturbation 356 

magnitudes; however, the gains did vary within the first loop (Fig 8). There was a modest, but 357 

significant decrease in KA1 during the 12cm perturbation compared with the perturbation at 85 358 

and 95% of the step threshold (12cm vs. 85%: difference = 10%, p = 0.008; 12cm vs. 95%: 359 

difference = 12%, p = 0.004). It was also significantly lower during the 75% perturbation 360 

compared to the perturbation at 95% of step threshold (difference = 4%, p = 0.003). KV1 was 361 
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significantly higher during the 75% perturbation compared to the perturbation at 95% of step 362 

threshold (difference = 41%, p = 0.003). Lastly, KD1 was significantly higher during the 12cm 363 

perturbation compared with the perturbation at 75, 85, and 95% of the step threshold (12cm vs. 364 

75%: difference = 200%, p < 0.001, 12cm vs. 85%: difference = 200%, p < 0.001, 12cm vs. 95%: 365 

difference = 200%, p < 0.001). These differences may reflect a scaling of the feedforward short-366 

range stiffness response with perturbation magnitude. No other gains varied significantly with 367 

perturbation magnitude. 368 

 369 

Ankle Response: In contrast to the hip and knee, the response at the ankle only required 370 

feedback contributions, with one "early" feedback loop and two "late" feedback loops (Fig 9). 371 

Most notably, there was no "zero-delay" feedforward component in the ankle torque response. 372 

The first loop captured a majority of the plantarflexion response. It was driven by CoM 373 

displacement and velocity and had an "early delay" (average λ1 = 85  23 ms across all 374 

perturbation magnitudes; Fig 9). A plantarflexion torque is the expected torque response from 375 

posterior chain muscles that will stabilize the body (44). The second loop captured the first peak 376 

in ankle plantarflexion. Interestingly, it was driven by CoM acceleration, but was a "late delay" 377 

loop (average λ2 = 190  44 ms across all perturbation magnitudes). 378 

The velocity gain in the first loop (KV1), as well as the delay of the second loop (λ2), 379 

significantly varied across perturbation magnitudes (Fig 10). KV1 was significantly higher during 380 

the 12cm perturbation compared with the perturbation at 95% of the step threshold (difference = 381 

73%; p = 0.005). It was also higher during 75% compared with 95% of the step threshold 382 

(difference = 51%; p = 0.004). As gains do not typically decrease as perturbation magnitude 383 

increases, this may represent a saturation of CoM velocity in the ankle response. There was a 384 

modest, but significant difference in λ2 during the 75% compared with 95% of the step threshold 385 

perturbations (difference = 4%, p = 0.008). 386 

 387 

DISCUSSION 388 
Our work provides novel insight into how neurally-mediated feedforward and feedback 389 

pathways contribute to the overall multi-joint torque response, supporting our secondary 390 

hypothesis that a torque-SRM could differentiate feedforward (the instantaneous “mechanical 391 

feedback” muscle short-range stiffness) torque from the feedback torque that is generated 392 
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through sensorimotor transformations at each joint. Our results also indicate that the reactive 393 

torque response at the hip, knee, and ankle can be robustly described by sensorimotor feedback 394 

of center of mass kinematics, supporting the established hypothesis that the nervous system uses 395 

task-level variables to drive the coordinated multi-joint response (2, 22, 28, 31). Interestingly, the 396 

pathways contributing to the overall response varied at each joint, indicating that while a task-397 

level variable, CoM kinematics, drives the torque response, the response is joint-specific. 398 

Variation between joints may be attributed to differences in musculotendon mechanical 399 

properties between proximal and distal joints, as well as differences in the elicited sensory 400 

feedback pathways. For example, at the hip and knee, we found a feedforward torque response to 401 

the acceleration and braking of the CoM, as well as "late" feedback responses. In contrast, at the 402 

ankle, we only observed feedback contributions, with one being an "early" response and the 403 

others being "late" feedback responses. The lack of a feedforward contribution at the ankle may 404 

be driven by the compliance of the Achilles tendon, which attenuates the intrinsic mechanical 405 

response from muscle short-range stiffness. Differentiating the feedforward and feedback 406 

contributions at each joint can aid in our understanding of how each joint contributes to the 407 

balance-correcting response and how the response can be modulated. It can also aid in 408 

identifying disrupted pathways that result in impaired balance in older adults or those with 409 

neuromuscular injuries or diseases. Lastly, the ability to mimic the physiological balance-410 

correcting torque response may aid in developing legged robots and wearable robotic devices 411 

that can withstand and help the user withstand postural perturbations, respectively. 412 

 413 

Feedforward contributions to the reactive torque differ across joints  414 

The "zero-delay" feedforward torque presumably arises from the intrinsic mechanical 415 

properties of the musculoskeletal system, namely muscle short-range stiffness. The initial torque 416 

response at the hip and knee occurs prior to muscle activation (Fig 2) and, thus, cannot be driven 417 

by neurally mediated feedback pathways. Furthermore, the muscle short-range stiffness response 418 

is an instantaneous response to an imposed stretch, and within each joint, we see a small 419 

deflection of joint angle ~1 deg within the first 50ms that could cause the muscle-tendon unit to 420 

stretch (Fig 2). We thus attribute the initial “zero-delay” hip torque response (Fig 5: Loop #1) to 421 

the intrinsic properties of hip flexor muscles, due to the initial extension of the hip, and the initial 422 

zero-delay knee torque response (Fig 7: Loop #1) to the intrinsic properties of knee extensor 423 
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muscles, due to the initial flexion of the knee. Clearly identifying the mechanism underlying the 424 

second feedforward loop at the hip and knee at the deceleration of the ramp and hold 425 

perturbation (Loops #4 and #3, respectively), is more difficult because of the ongoing feedback 426 

muscle activity in response to the initial acceleration of the perturbation. However, we still 427 

attribute this response to muscle short-range stiffness because 1) there is no clear burst in muscle 428 

activation from hip extensors or knee flexors (e.g., biceps femoris) that could drive this response 429 

(Fig 2), and 2) the characteristics of this loop are the same as Loop #1 (e.g., primarily driven by 430 

CoM acceleration, the latencies are similar, and the sign of the torque response maps to the sign 431 

of CoM acceleration in the same manner). Lastly, it is worth highlighting that the same muscles 432 

may elicit feedforward torque responses at the hip and knee because biarticular muscles that flex 433 

the hip also extend the knee (e.g., acceleration – rectus femoris) and the biarticular muscles that 434 

extend the hip also flex the knee (braking – biceps femoris), thus providing a short-range 435 

stiffness response at both joints with similar delays. 436 

While global changes in CoM kinematics drive the feedback neural responses, as has been 437 

shown previously (26, 45-47), it is highly probable that CoM kinematics do not directly drive the 438 

feedforward muscle short-range stiffness response; rather, it is driven by a local stretch of the 439 

muscle. Muscle short-range stiffness is elicited by a stretch within the muscle (e.g., a local 440 

signal) (12), and there is no transformation from sensory input to a torque output like the 441 

feedback response and the physiological principle underlying the torque-SRM. One of the 442 

biggest limitations when exploring if global versus local signals drive the feedforward muscle 443 

short-range stiffness response is the lack of a sensitive measure of the initial length change in 444 

muscle or the initial angular acceleration at the joints. However, due to inter-joint coupling and 445 

induced accelerations, when a balance perturbation is applied, the induced angular acceleration 446 

propagates through all the joints and to the CoM simultaneously (48). Thus, while, CoM 447 

acceleration may not be the physiological driver of the muscle short-range stiffness response, it 448 

can be used as a proxy measure of joint angular accelerations (e.g., angular acceleration or the 449 

initial stretch with the muscles is correlated with CoM acceleration). 450 

Distal tendons that are more compliant may attenuate the muscle short-range stiffness 451 

response, leading to the lack of feedforward response at the ankle. At the hip and knee, we 452 

observed "zero-delay" feedforward loops, while a "zero-delay" loop was not present at the ankle 453 

(Fig 5, 7, & 9). The magnitude of the short-range stiffness response is sensitive to the amplitude 454 

Downloaded from journals.physiology.org/journal/jn at the Georgia Tech Library (143.215.240.177) on January 6, 2025.



 

 

of the stretch within the muscle (12). Due to the serial connection between muscle and tendon, 455 

the stretch that occurs within each muscle during the imposed perturbations will be dependent 456 

upon the compliance of the tendon to which it is attached, with more stretch occurring within the 457 

tendon when it is more compliant than the muscle. Our results suggest that, at the ankle during 458 

postural conditions, since the tendon is less stiff than the muscle at nearly all levels of muscle 459 

activation (49-51), a majority of the perturbation-related stretch occurs within the tendon, 460 

attenuating the short-range stiffness response within the muscle, resulting in no "zero-delay" 461 

feedforward component at the ankle. In contrast, at the hip and knee, which are thought to have 462 

stiffer tendons (52), most of the imposed stretch occurs within the muscle, resulting in the "zero-463 

delay" feedforward torque. This result is supported by prior musculoskeletal modeling work that 464 

found that including muscle short-range stiffness within the model resulted in hip and knee 465 

torques being generated prior to muscle activation but not ankle torques (29). We note the small 466 

rise in ankle torque at the time of the perturbation that is unaccounted for in our current model. 467 

However, even if we implemented a "zero-delay" loop, it was unable to capture this response. 468 

This could be due to non-linear musculotendon mechanics that our linear model was unable to 469 

capture.  470 

Differences in tendon stiffness between the proximal and distal joint may also impact the 471 

efficacy of using feedforward control, and the lack of a "zero-delay" feedforward torque 472 

response at the ankle has important implications for balance control. Feedforward modulation of 473 

muscle activity or co-contraction is thought to increase muscle stiffness, thereby increasing the 474 

resultant feedforward torque, which can improve postural stability by providing greater 475 

instantaneous resistance to unexpected perturbations (7, 8). However, our results suggest that 476 

feedforward modulation at the ankle may be an ineffective way to improve postural stability. 477 

Due to the compliance of the Achilles tendon relative to that of the triceps surae (49-51), 478 

feedforward increases in muscle activation would result in a minimal increase in the resultant 479 

ankle torque that arises from muscle short-range stiffness. This is in agreement with previous 480 

findings that ankle stiffness is insufficient to maintain postural stability (19, 21). In contrast, 481 

since the tendons at the hip and knee are likely less compliant than the Achilles tendon (52), 482 

increasing muscle activation or co-contraction at the hip or knee may be an effective way to 483 

increase the feedforward torque response.  484 

 485 
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Feedback contributions to the reactive torque differ across joints  486 

While a global change in CoM drives the feedback response at each joint, our results suggest 487 

that different neural mechanisms may modulate the feedback responses across the hip, knee, and 488 

ankle. Through the use of the torque-SRM, we separated the feedback pathways into "early" and 489 

"late" components based on the time delays of each loop (Fig 5, 7 & 9). These results vary from 490 

previous findings where the same CoM kinematics transformation, with a single delay, could 491 

predict the coordinated muscle activity across different joints (53). However, this model only had 492 

a single delay consistent with the sub-cortical response. It was recently observed that 493 

implementing a parallel loop EMG-SRM to fit medial gastrocnemius activation could capture 494 

both cortical and sub-cortical contributions, significantly improving the overall fit (27). If 495 

reactive EMG signals at the ankle arise from both cortical and sub-cortical pathways, so would 496 

the resultant ankle torque, as we found in our study. Interestingly, the same cortical and sub-497 

cortical pathways do not appear to be modulating the resultant torques across joints. For 498 

example, at the hip, one feedback pathway is likely transcortical (average delay of 160  84 ms) 499 

while the other may be a voluntary response (average delay of 329  74 ms; Fig 6) (27, 54). In 500 

contrast, at the ankle, there was an "early" loop (λ1 = 85  23 ms) that was likely a spinal or 501 

brainstem mediated pathway, while the "late" loop is likely a transcortical pathway (λ2 = 190  502 

44 ms) (1, 27, 54). While we can speculate on the neural origin of each feedback pathway, 503 

definitively identifying the sensory feedback pathway for each loop was outside the scope of this 504 

study and requires future investigation. 505 

 506 

Limitations 507 

One limitation of the current study is that only a single perturbation direction (backward 508 

support surface translations) was tested. Due to differences in musculotendon architecture, the 509 

feedforward contribution may vary with perturbation direction. The torque-SRM's ability to 510 

predict joint torque has only ever been evaluated in the sagittal plane (28). Thus, it is unclear if 511 

the torque-SRM can predict frontal plane joint torques. While the EMG-SRM has accurately 512 

predicted reactive muscle activations during frontal plane perturbations (23), future work should 513 

include testing the efficacy of the torque-SRM at capturing frontal plane torques.  514 

The perturbations tested were also large (at 95% of the step threshold). The response to these 515 

perturbations required both a hip and ankle strategy, even during the smallest applied 516 
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perturbation (12cm). It remains to be seen if the torque-SRM introduced in this study is robust 517 

during smaller perturbations that mainly require an ankle strategy. Additionally, the participants 518 

were instructed to maintain a foot-in-place balance response, even to the largest applied 519 

perturbations. Since the perturbations were close to the participant's step threshold, it is possible 520 

that the natural response would have been to take a step. Additional testing is required to 521 

determine if the torque-SRM can accurately predict the reactive joint torques when a step is 522 

taken.  523 

 524 

Future implications and conclusions 525 

The ability to differentiate the feedforward and feedback contributions, as well as the 526 

different feedback pathways that are contributing to the overall multi-joint torque response, may 527 

provide a framework for determining mechanisms underlying the impaired control of balance in 528 

aging, injury, or neuromuscular pathology. For example, older adults have decreased Achilles 529 

tendon stiffness (55-57), and an increase in the delay of the feedback pathways (58-60). This 530 

methodology could differentiate the impact of these changes on the overall balance-correcting 531 

response. Once the deficit is identified, targeted training at the source of the impairment can be 532 

developed. This is critical since training or treatment targeted at neural deficits (e.g., sensory 533 

feedback delays) will vary from training targeted at biomechanical deficits (e.g., tendon 534 

stiffness). This same framework could be used to identify specific deficits in individuals with 535 

Parkinson's disease, older adults with mild cognitive impairment, stroke survivors, or other 536 

neuromuscular injuries and diseases. To implement this method in other populations, measures 537 

of CoM kinematics (input into the torque-SRM), and joint torque (output of the torque-SRM) are 538 

required. It is also worth noting that the number of trials collected within this study is similar, if 539 

not lower, than the number of trials we have previously collected within clinical populations (41, 540 

61), supporting the feasibility of this approach. 541 

Moreover, our method may provide a means to differentiate feedforward from feedback 542 

adaptation. Based on our experimental design with catch trials, we did not anticipate feedforward 543 

adaptations, including changes in pre-perturbation muscle activation or postural changes. 544 

However, in prior work, sensorimotor adaptation (e.g., a change in the feedback gains) was 545 

observed when the same perturbation was repeatedly applied. It is worth highlighting that within 546 

this prior study, there were either no or modest changes in feedforward components, including 547 
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background muscle activation and posture (24). However, it is difficult to quantify feedforward 548 

changes in muscle activation from experimental data, and muscle intrinsic torque responses 549 

arising from neurally mediated feedforward activation of muscles are not accounted for in the 550 

EMG response to a perturbation. Our method, which can distinguish the feedforward from the 551 

feedback contributions, may be able to assess anticipatory feedforward adaptation from 552 

sensorimotor feedback adaptation quantitatively.  553 

Our framework may also simplify the control of legged bi-pedal robots, and lower-limb 554 

prostheses and exoskeletons. Our framework uses CoM kinematics, a single control signal, to 555 

predict the entire time course of the torque response at the ankle, knee, and hip. This one-to-556 

many mapping, rather than the one-to-one mapping currently employed, could simplify the 557 

control of these devices. Moreover, using a physiologically-inspired control scheme, where the 558 

controller mimics the biological feedforward and feedback responses to postural perturbations, 559 

may also improve the embodiment of devices. The principles of embodiment suggest that robotic 560 

devices should coordinate with the human's natural response, such that the nervous system can 561 

model the controller of the robotic device (62). Since a torque-SRM control scheme would be 562 

based on the nervous system's response, very little learning might be required for the human to 563 

model the controller. This could ultimately improve device acceptance and usage in the real 564 

world. 565 
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FIGURES 591 
Figure 1. Schematic of the balance correcting response. The torque response to postural perturbations at each 592 

joint is mediated by the neurally-mediated feedforward pathways, where the torque produced at the time of the 593 

perturbation (λ ~ 0 ms), as well as neurally-mediated sub-cortical (50 < λ < 150 ms) and cortical (λ > 150 ms) 594 

pathways. 595 

 596 

Figure 2. Experimental protocol from a representative participant. Participants were instructed to maintain a 597 

foot-in-place balance response to perturbations at 4 magnitudes: 12cm, and 75%, 85%, and 95% of their step 598 

threshold. Joint kinematics and kinetics were estimated using the OpenSim Gait 2892 model (39). All torques and 599 

angles represent the change in torque from the baseline, pre-perturbation value. The dashed line indicates the start of 600 

the perturbation. CoM = center of mass, DF = dorsiflexion, PF = plantarflexion, Ext = extension, Flex = flexion, Sol 601 

= soleus, TA = tibialis anterior, BF = biceps femoris, RF = rectus femoris, GM = gluteus medius.  602 

 603 

Figure 3. Torque sensorimotor response model (SRM). The SRM predicted joint torque as the quasi-linear sum 604 

of CoM deviation (acceleration, a; velocity, v; and displacement, d). We added parallel SRMs, each with 605 

independent gains and delays, to predict the torque response. The parallel loops enabled us to predict the positive 606 

and negative components of the torque response as well as the torque response to CoM acceleration and braking. 607 

Note that this is the model for the hip flexion torque response.  608 

 609 

Figure 4. Across all joints, the SRM could accurately reconstruct the torque response at the hip, knee, and 610 

ankle. (A - C) Representative fits for the CoM-driven torque-SRM for all perturbation magnitudes (12cm, and 75%, 611 

85%, and 95% of step threshold). The dashed line indicates the start of the perturbation; the SRM fit is in purple, 612 

with the ID-derived torque in black. PF = plantarflexion, Flex = flexion, Ext = extension. (D - F) The SRM 613 

reconstructed the ID-derived torques well at all joints across all perturbation magnitudes. Moreover, there was a low 614 

root mean squared error (RMSE) at all joints at all perturbation magnitudes (e.g., <~10%) between the SRM 615 

reconstructed and ID torques. The purple dots represent the group means and standard deviation, while the gray dots 616 

and lines represent each participant.  617 

 618 
Figure 5. Multi-loop SRM at the hip for a perturbation at 95% of step threshold from a representative 619 

participant. At the hip, the balance-correcting torque response is mediated by two feedforward components (red), 620 

corresponding to the acceleration and braking of the center of mass, and by two "late" feedback components (blue) 621 

with delays longer than 150 ms. The SRM included two loops for any positive change in torque from the baseline 622 

and two loops for any negative change in torque from the baseline. The loops are summed, resulting in the overall 623 

torque response (purple).  624 

 625 

Figure 6. Sensorimotor response model (SRM) gains at the hip for each perturbation magnitude. Each loop 626 

was separated into feedforward contribution (red), early feedback contribution (green), or late feedback contribution 627 

(blue) based on its delay (λ). KDi, KVi, and KAi are the designated SRM gains for CoM displacement, velocity, and 628 
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acceleration, respectively, while λi designates the time delay, i represents the ith loop. The dots represent the group 629 

means and standard deviation, while the gray dots and lines are each participant. The black line and asterisks 630 

indicate a significant difference in the SRM gains or time delays across perturbation magnitudes (p < 0.05/6 using 631 

Bonferroni corrections for multiple comparisons).  632 

 633 

Figure 7. Multi-loop SRM at the knee for a perturbation at 95% of step threshold from a representative 634 

participant. At the knee, the balance-correcting torque response is mediated by two feedforward components (red), 635 

corresponding to the acceleration and braking of the center of mass, and by one "late" feedback component (blue) 636 

with a delay longer than 150 ms. The SRM included one loop for any positive change in torque from the baseline 637 

and two loops for any negative change in torque from the baseline. The loops are summed, resulting in the overall 638 

torque response (purple). 639 

 640 

Figure 8. Sensorimotor response model (SRM) gains at the knee for each perturbation magnitude. Each loop 641 

was separated into feedforward contribution (red), early feedback contribution (green), or late feedback contribution 642 

(blue) based on its delay (λ). KDi, KVi, and KAi are the designated SRM gains for COM displacement, velocity, and 643 

acceleration, respectively, while λi designates the time delay, i represents the ith loop. The dots represent the group 644 

means and standard deviation, while the gray dots and lines are each participant. The black line and asterisks 645 

indicate a significant difference in the SRM gains or time delays across perturbation magnitudes (p < 0.05/6 using 646 

Bonferroni corrections for multiple comparisons).  647 

 648 

Figure 9. Multi-loop SRM at the ankle for a perturbation at 95% of step threshold from a representative 649 

participant. At the ankle, the balance-correcting torque response is mediated by one "early" feedback component 650 

that has a delay less than 150 ms and one "late" feedback component with a delay longer than 150 ms. Notably, 651 

unlike the hip and knee, there is no feedforward component. The SRM included two loops for any positive change in 652 

torque from the baseline and one loop for any negative change in torque from the baseline. The loops are summed, 653 

resulting in the overall torque response (purple). Note that in some, but not all participants, a third loop was required 654 

to capture the negative change in torque from the baseline values; however, it is not shown here.  655 

 656 

Figure 10. Sensorimotor response model (SRM) gains at the ankle for each perturbation magnitude. Each 657 

loop was separated into feedforward contribution (red), early feedback contribution (green), or late feedback 658 

contribution (blue) based on its delay (λ). KDi, KVi, and KAi are the designated SRM gains for COM displacement, 659 

velocity, and acceleration, respectively, while λi designates the time delay, i represents the ith loop. The dots 660 

represent the group means and standard deviation, while the gray dots and lines are each participant. The black line 661 

and asterisks indicate a significant difference in the SRM gains or time delays across perturbation magnitudes (p < 662 

0.05/6 using Bonferroni corrections for multiple comparisons).  663 
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Table 1: Perturbation magnitudes (cm) 664 

 Mean (std) Min Max 

75% 16 (2) 13 18 

85% 18 (2) 15 20 

95% 21 (2) 17 23 

  665 
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