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Abstract 30 

 Suppose that someone bumps into your arm at a party while you are holding a glass of wine. 31 

Motion of the disturbed arm will engage rapid and goal-directed feedback responses in the upper-limb. 32 

While such responses can rapidly counter the perturbation, it is also clearly desirable not to destabilize 33 

your grasp and/or spill the wine. Here we investigated how healthy humans maintain a stable grasp 34 

following perturbations by using a paradigm that requires spatial tuning of the motor response 35 

dependent on the location of a virtual target. Our results highlight a synchronized expression of target-36 

directed feedback in shoulder and hand muscles occurring at ~60ms. Considering that conduction delays 37 

are longer for the more distal hand muscles, these results suggest that target-directed responses in hand 38 

muscles were initiated before those for the shoulder muscles. These results show that long-latency 39 

feedback can coordinate upper limb and hand muscles during object manipulation tasks.  40 

 41 

Significance Statement 42 

Skilled object manipulation relies on fine control of finger forces applied on the held objects. A 43 

prevailing hypothesis suggests the nervous system predicts the consequence of motor commands to 44 

anticipate self-generated loads arising when we move the objects around. Here we show that following 45 

an external perturbation, motor responses in upper-limb and hand muscles expressed synchronized, 46 

target-directed modulation in ~60ms. This finding cannot be explained by internal predictions from 47 

forward models, as processing and conduction times expected in this framework imply measurable 48 

delays between the expression of flexible feedback in upper-limb and hand muscles. Instead, our results 49 

suggest that in such context, stable control of grasp is also mediated by goal-directed feedback 50 

coordination of upper-limb and hand muscles. 51 

Keywords: Motor prediction; feedback control; object manipulation; grip-force control  52 
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Introduction 53 

 54 

 Humans and other primates have evolved complex neural functions subserving skilled 55 

manipulation of objects and tools (Johansson and Flanagan, 2009). A well-documented aspect of motor 56 

control during object manipulation is that the grip force applied on held objects is modulated with the 57 

loads arising when we move the object around (Westling and Johansson, 1984; Flanagan and Wing, 58 

1997; Danion and Sarlegna, 2007; Diamond et al., 2015; Hadjiosif and Smith, 2015). This modulation of 59 

grip force during self-generated movements occurs in phase with changes in load force, suggesting that 60 

neural control of grasp relies on internal predictions (Wolpert and Flanagan, 2001). Formally, current 61 

theories suggest that forward models predict the sensory consequences of motor commands based on 62 

an efferent copy, allowing anticipatory grip force adjustments ahead of sensory feedback (Kawato, 1999; 63 

Wolpert and Flanagan, 2001; Shadmehr et al., 2010; Wolpert et al., 2011).   64 

In the context of feedback response to external disturbances, as when someone bumps into your 65 

arm while you are holding a glass of wine, the consequences of motor commands cannot be anticipated 66 

so easily. The difficulty in this context arises from the fact that mechanical perturbations evoke a stretch 67 

response initially generated in the motor periphery and spinal cord (in ~20ms for upper-limb muscles), 68 

followed by flexible and goal-directed feedback in ~50ms (long-latency) (Scott, 2012). Thus, following a 69 

perturbation, forward models in the central nervous system can only start influencing grip force control 70 

after upper-limb feedback commands are already engaged. Considering the flexibility of rapid motor 71 

responses to mechanical perturbations, the question whether and how the nervous system maintains a 72 

stable grip following perturbations of the upper limb remains open.  73 

Several mechanisms may contribute to maintaining a stable grip in such situation. One simple 74 

candidate mechanism is a default increase in grip force generated by the occurrence of the perturbation, 75 

and aimed to counter any load constraint independent of the upper limb motor correction. Another 76 
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mechanism is the internal prediction of the consequences of upper-limb motor commands mediated by 77 

forward models as suggested in the context of voluntary movements. In principle, this mechanism 78 

enables more flexibility in the grip control but at the cost of delaying the grip force adjustments, which is 79 

potentially detrimental given that upper-limb feedback responses can exhibit important modulation in 80 

~50ms. A third hypothesis is the coupling of upper limb and grip force control in the feedback control law 81 

allowing synchronized, task-specific motor responses.  82 

Here we examine this issue by using a paradigm known to elicit robust modulation of motor 83 

responses dependent on whether the perturbation pushes the limb towards or away from the goal 84 

target (Pruszynski et al., 2008). We leverage this paradigm in the context of object manipulation to 85 

measure whether and when grip force reflects knowledge of upper-limb motor commands. The timing of 86 

target-dependent modulation in grip control provides important insight on the underlying mechanism, 87 

because both internal processing (e.g. ~10ms for internal cortico-cerebellar feedback (Allen and 88 

Tsukahara, 1974)), and additional transmission delays to the more distal musculature for grasp control 89 

(~10ms) (Ingram et al., 1987; Wang et al., 1999; Devanne et al., 2006) impose physiological constraints 90 

on grip force modulation mediated by forward models. In other words, if the nervous system performs 91 

predictions in a serial way following a perturbation, we should observe measurable delays between the 92 

onset of task specific feedback in upper limb and hand muscles. Contrasting with this prediction, our 93 

data highlight that the onset of target-dependent modulation occurred at ~60ms in both upper-limb and 94 

hand muscles. These results emphasize that the coupling between finger forces and inertial loads when 95 

countering external disturbances may result from direct feedback coordination, which synchronizes 96 

upper-limb and hand motor systems according to task demands. 97 
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Materials and Methods 98 

 Sixteen healthy participants (10 females) between 18 and 42 years of age took part in the study 99 

after providing written informed consent following standard procedures approved by the ethics 100 

committee at Queen’s University.  101 

  102 

Experimental Procedures 103 

Participants were seated comfortably in front of a virtual reality display projecting visual targets 104 

and a hand-aligned cursor. The participants’ right arm was placed in a KINARM exoskeleton providing 105 

support against gravity and allowing motion in the horizontal plane (Scott, 1999) (KINARM, BKIN 106 

Technologies, Kingston, Canada). All participants performed the three tasks presented below. The order 107 

in which the distinct tasks were performed was counterbalanced across participants.  108 

 109 

Task 1: Goal-Directed Shoulder Response 110 

 The goal of this task was to replicate previously published results on directional tuning of rapid 111 

motor responses to perturbation applied to the upper limb (Pruszynski et al., 2008). Participants were 112 

instructed to stabilize their fingertip in the center target (radius 0.6cm) corresponding to 45deg and 113 

90deg of shoulder and elbow angles, respectively. A constant flexor load of +2Nm was applied on the 114 

shoulder to pre-activate the shoulder extensor (Posterior Deltoid). A large goal target was initially 115 

displayed as an open circle in one of two possible locations (center [-6, 6] cm or [6, -6] cm relative to the 116 

fingertip coordinates in the initial joint configuration, radius 7.5 cm, Figure 1a). Flexion or extension 117 

perturbations were applied in addition to the background load (±2Nm, 10ms buildup) following a 118 

random delay uniformly distributed between 2s and 4s after stabilization in the center target. The goal 119 

target simultaneously filled in. Participants were instructed to reach for the goal target as soon as they 120 

felt the perturbation. The goal-target turned green to indicate that the target was acquired within the 121 



 

 6

prescribed time limit (<400ms), or red otherwise. The location of the goal target and the perturbation 122 

direction were randomized to avoid anticipation. Participants performed two blocks of 40 trials, 10 per 123 

combination of target location and perturbation direction. 124 

 We focused our analyses on the shoulder flexion perturbations evoking a stretch response in the 125 

posterior deltoid (+2 Nm), as it provides a robust measurement of the moment when target-directed 126 

response component inhibits or enhances the initial default stretch response. Overall, the extension 127 

perturbation, unloading the shoulder, evoked later target-directed modulation in both upper limb and 128 

hand muscles. Targets can be labeled as ‘IN’ or ‘OUT’ dependent on whether the perturbation pushed 129 

the hand towards the farther target (Figure 1a, IN) or away from the nearer target (Figure 1a, OUT).  130 

 131 

Task 2: Goal-Directed Shoulder and Grip Response with a Held Load  132 

 Building on the results of Task 1, Task 2 was designed to extract the moment when changes in 133 

grip force reflect knowledge of the upper limb feedback correction. The task was similar to Task 1, except 134 

that participants were instructed to hold an instrumented object between their thumb and index finger 135 

(Figure 1a, Task 2). The object was composed of a one-dimensional strain gauge measuring compression 136 

and mounted with aluminum cylinders on each side for finger placement (WMC-250 load cell Interface, 137 

Scottsdale, USA). The grip aperture was 3.5cm and the total mass was 330g. Participants’ hand and the 138 

held object were not supported against gravity. Participants were allowed to interrupt the ongoing block 139 

of trials at any time in case they experienced fatigue. In most cases, the few minutes of rest given 140 

between blocks were sufficient. As a result, no participant dropped the object during the experiment. 141 

The center and goal targets were displayed at the same locations as Task 1 (Fig. 1a). Participants 142 

performed three blocks of 40 trials (10 trials per target/perturbation combination). 143 

 144 

Task 3: Visually-Cued Reaching with a Held Load 145 
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 We used this task to measure voluntary reaction times to address the possibility that rapid 146 

visuomotor feedback contributed to the motor response found in Task 2. Participants were instructed to 147 

stabilize in the start target against the background load, and to reach for the goal target as soon as it 148 

filled in. Participants were holding the instrumented object in precision grip as in Task 2. There was no 149 

perturbation applied on the shoulder. The goal target was initially displayed as an open circle and the 150 

cue to reach was delivered only if the cursor remained stable in the start target for a time period 151 

uniformly distributed between 2 and 4 seconds. This procedure allowed us to avoid false starts while 152 

minimizing the uncertainty about the movement to execute. Participants performed one block of 40 153 

trials (20 trials per target location). 154 

 155 

 Data Collection and Analysis 156 

 All signals were sampled at 1 kHz and digitally filtered with zero-lag, 4th order Butterworth filters 157 

with cut-off frequencies as specified below. Shoulder and elbow angles were low-pass filtered with cut-158 

off frequency set to 20Hz. The shoulder and elbow angles were used to compute the linear acceleration 159 

of the held load. The component of the acceleration normal to the grip axis was then multiplied by the 160 

object mass to derive an estimate of the inertial loads acting tangentially at the interface between the 161 

fingertips and the held object. For Tasks 2 and 3, grip force signals were low-pass filtered with a 20Hz 162 

cut-off frequency. We collected the activity of the shoulder extensor muscle (Posterior Deltoid), as well 163 

as hand-muscles involved in grip force generation. The electrodes were placed on the First Dorsal 164 

Interosseous and on the contractile part of the thenar eminence following palpation during pinch-force 165 

generation. Activity from the electrode placed on the thenar eminence reflected a combination of 166 

several muscles, of which at least two muscles correlate well with grip force production  (Flexor Pollicis 167 

Brevis and Adductor Pollicis) (Maier and Hepp-Reymond, 1995). As a consequence, signals from the two 168 

electrodes attached on the hand were averaged and are designated as “hand muscles” due to the 169 
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difficulty to isolate individual muscles with surface electrodes. Muscle activity was digitally band-pass 170 

filtered (10-500Hz) and averaged across trials for each task. The activity of the Posterior Deltoid was 171 

normalized to the grand-average activity evoked by the background load across all trials. The 172 

normalization of hand muscles was performed for each trial relative to the average activity measured 173 

prior to the perturbation. We used this procedure because, unlike the shoulder muscle, there was no 174 

reference grip force imposed prior to the perturbation that could be used for normalization. Thus 175 

changes in EMG of hand muscles are measured relative to the baseline activity of each individual trial. 176 

Binned analysis of muscle activity was based on average muscle responses across epochs following 177 

standard definition (Pruszynski et al., 2008): Pre-perturbation (-50ms-0ms), R1 (20ms-45ms), R2 (45ms-178 

75ms), R3 (75ms-105ms), and early voluntary (Vol., 120ms-180ms). All epochs are defined relative to the 179 

shoulder perturbation onset. Comparisons of EMG activity across conditions and epochs were performed 180 

with paired t-tests. Linear regressions were performed to address the relationship between muscle 181 

responses across muscle samples and between motor responses and grip force generation. Regressions 182 

were first performed on individual trials for each participant independently to avoid that idiosyncratic 183 

differences impacted the results. We also validated the results of the independent linear regressions by 184 

computing mixed linear models treating participants as a random factor.     185 

 The average response across pre-defined epochs was used to highlight the presence of 186 

significant differences following standard definitions. We then addressed the moment when muscle 187 

activity collected following OUT trials started diverging from that of IN trials as accurately as possible to 188 

set physiological constraints on the underlying mechanism. To do so, we computed an estimate of 189 

response overlap across IN and OUT trials for each time step with Receiver Operating Characteristic 190 

curves (ROCs) (Metz, 1978). We adopted the convention that two overlapping distributions 191 

corresponded to ROC=0.5, and strictly non-overlapping distributions corresponded to ROC=1. Time series 192 

of ROC from all participants were compared with chance levels using a sliding t-test based on a centered 193 
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20ms moving average (from -10ms to +10ms relative to each point in time). The moment when the 194 

sliding P-value dropped below 0.05 was used to determine the onset of response divergence across IN 195 

and OUT perturbation trials. We used the moment when the time series of P-values become significant 196 

instead of estimating the onset of divergence to mitigate the influence of the 20ms-sliding window. This 197 

procedure allowed us to quantify the trial-by-trial overlap for each participant, and then perform a 198 

statistical test on the moment when the overlap across participants becomes significantly different from 199 

chance.  200 

 This approach was developed because EMG measurements were too variable to estimate the 201 

onset of the target-directed response for each participant separately based on ROCs or on sliding 202 

(unpaired) t-tests from individual trials. Thus it was necessary to perform statistical comparisons of ROCs 203 

from all participants pooled together with the level of 0.5 corresponding to perfectly overlapping 204 

distributions. We verified the extent to which the sliding window of 20ms on time series of ROCs 205 

affected the estimate of the response onset by generating artificial series composed of a linear increase 206 

starting at known time step, plus a white noise with variance equal to the variance of ROCs from one 207 

participant picked at random with replacement. The slope of the linear trend was set to the slope of the 208 

average ROCs of hand or shoulder muscles. Sixteen series were generated to match our empirical sample 209 

size. This procedure was repeated 1000 times to generate confidence intervals on the estimate of the 210 

response latency. When considering the slope of the average ROC from hand muscles, the difference 211 

between the estimated and true onset time was 5±4ms. Thus, the estimates were slightly pushed 212 

towards later values, but not significantly different from the true value. When testing the method with a 213 

slope corresponding to the average of shoulder ROCs, the estimate was -1±3ms. Performing the same 214 

test without sliding window, or with a window of smaller width, increased the average error. In all, the 215 

sliding window partially mitigates the impact of noise, and our method provides reliable estimates of 216 

onset times.  217 
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Finally, we used a variant of the Jackknife estimation of variance for the goal-directed response 218 

latency (Efron and Stein, 1981). We computed the latencies in shoulder and hand muscles after leaving 219 

out 10% of trials randomly selected from each individual dataset. We performed identical measurements 220 

of time-varying ROCs across the remaining trials, followed by the sliding t-test. This procedure was 221 

repeated 200 times on data from Task 2.  222 
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Results 223 

 Participants interacted with a robotic device equipped with a virtual reality display projecting the 224 

visual targets. Following stabilization of the hand aligned cursor in the start target, participants were 225 

instructed to reach and stabilize in the goal target as soon as they felt the perturbation. Importantly, the 226 

perturbation pushed their limb either towards (Fig. 1a IN) or away (Figure 1b, OUT) from the goal target 227 

(see also Methods). Thus, succeeding at the task required spatial tuning of upper-limb motor responses 228 

according to the location of the goal target (Pruszynski et al., 2008). Participants performed the task with 229 

their hand strapped on a horizontal support (Figure 1a, Task 1), or with an instrumented object held in 230 

precision grip (Figure 1a, Task 2). Clearly, maintaining a stable grip during Task 2 requires that the grip 231 

force applied on the object be sufficient to overcome the inertial loads resulting from upper-limb 232 

feedback corrections. Participants also performed visually cued reaching with the object held in precision 233 

grip to measure response times associated with visually cued reaching (Task 3, see Methods). 234 

Shoulder traces following the perturbations are represented in Figure 1b. Observe the rapid 235 

divergence in shoulder trajectories dependent on the location of the goal target in both Task 1 and Task 236 

2. Task 1 reproduced the rapid differentiation of muscle response according to the location of the goal 237 

target (Pruszynski et al., 2008). The perturbation first evoked a significant short-latency response (Figure 238 

1c, R1>Pre., mean EMG across epochs: t(15)>4.28, P<0.001), which was undifferentiated across IN and 239 

OUT perturbations, as a consequence of the similar stretch that followed the perturbation (R1IN≈R1OUT: 240 

t(15)=0.92, P=0.37). Shoulder activity started to reflect target-directed responses within the R2 epoch 241 

(R2OUT>R2IN: t(15)=3.41, P<0.01), and the contrast between IN and OUT responses further increased in the 242 

subsequent epochs (R3OUT>R3IN & Vol.OUT>Vol.IN: t(15)>7, P<10-5).  243 

In Task 2, we measured an overall decrease in activity for all epochs (t(15)>3.5, P<0.001), 244 

suggesting a default down-regulation of upper-limb muscle activity when the task involved the 245 

manipulation of an object. The baseline activity in Task 1 was on average 32% greater than the baseline 246 
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activity in Task 2. Besides this default decrease, we observed a rapid differentiation of feedback response 247 

qualitatively similar to Task 1, except that the contrast between IN and OUT trials within the R2 was only 248 

marginally significant (Figure 1c, bottom: R2OUT>R2IN: t(15)=1.62, P=0.062; R3OUT>R3IN & Vol.OUT>Vol.IN, for 249 

both tests: t(15)>7, P<0.001).  250 

 Inertial loads and grip feedback responses to the mechanical perturbations are illustrated in 251 

Figure 2 with identical color code as in Figure 1. Figure 2 illustrates that the feedback responses following 252 

OUT trials generated a peak in the load profile arising shortly after the perturbation (~260ms on 253 

average), requiring higher levels of grip force to maintain the object stable in comparison with IN trials 254 

(black arrow in Figure 2b). Accordingly, grip force displayed a clear modulation across IN and OUT 255 

perturbations. It is also visible in Figure 2 that the inertial loads (and end-point acceleration) were similar 256 

across IN and OUT trials for the first ~100ms. Compatible with the similar shoulder displacements shown 257 

in Figure 1b, the similarity in inertial loads is another verification that sensory feedback about the limb 258 

motion or from the finger-object interface was similar across IN and OUT perturbations at the moment 259 

when the muscle response from the shoulder started reflecting target-directed feedback.  260 

Examination of the force response immediately after the perturbation revealed the first increase 261 

in grip force occurring almost immediately after the perturbation (Figure 2a, <40ms), which is too quick 262 

to result from changes in muscles activity (Figure 3a). This increase likely reflected mechanical 263 

interactions such as small changes in grip configuration or the Poynting effect, characterized by a force 264 

normal to the direction of a shear stress applied to tissue with nonlinear elasticity such as the skin (Misra 265 

et al., 2010). A closer look at the normal force revealed that, on average, the effect of this mechanical 266 

interaction started at ~15ms following the onset of the commanded torque applied to the shoulder. The 267 

perturbation did not evoke any significant response in the recorded hand muscles during the R1 epoch 268 

(Figure 3a, Pre.≈R1: t(15)<1, P>0.2). A significant EMG response was observed in the R2 epoch (R2>Pre.: 269 

t(15)>5, P<0.001), leading to further increase in grip force. Strikingly, evidence for target-dependent 270 
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responses in hand muscles emerged during the R2 epoch (Figure 3), as revealed by significant differences 271 

across IN and OUT perturbation responses (Figure 3, R2OUT>R2IN, one-tail comparison, t(15)>1.8, P<0.05). 272 

The contrast between IN and OUT perturbations increased across the following epochs (R3OUT>R3IN, 273 

t(15)>2.91, P<0.05; Vol.OUT>Vol.IN, t(15)>5.5, P<0.001). Recall that all response epochs are defined relative to 274 

the shoulder perturbation onset.  275 

 Thus, EMG signals in shoulder and hand muscles started reflecting target-directed feedback in 276 

the same epoch (R2). We measured the onset of this target-directed response component as accurately 277 

as possible based on the ROC analyses explained above. For these analyses only, EMG from the posterior 278 

deltoid was normalized to the baseline activity prior to the perturbation for each trial independently, as 279 

for hand muscles. Time series of ROCs are illustrated in Figure 4a and 4b with the measurement of the 280 

onset of target-directed modulation (mean ± standard error across participants). Recall that this time 281 

represents the moment when the trial-by-trial overlap between IN and OUT response distributions 282 

across participants becomes significantly different from the value of 0.5, corresponding to chance level. 283 

Figure 4c shows the difference between goal-dependent response latency obtained by randomly leaving 284 

out 10% of trials and reproducing the same measurements for shoulder and hand muscles. The inter-285 

quartile range was -2.5ms to 4.3ms (Figure 4c, dotted vertical lines), and the 95th percentile was 16.7ms 286 

(Figure 4c, black triangle).  287 

 Figure 4a shows that for the shoulder muscle presenting with very abrupt changes in ROC, the 288 

possible bias induced by the moving average is rather small and the extracted timing appears reliable. 289 

Lowering the threshold shown in Figure 4b should in principle yield more conservative estimates, but 290 

doing so does not necessarily improve accuracy. For instance, the time series of p-values for hand 291 

muscles crosses the threshold of P=0.01 at ~80ms. However, the average activity in R2 already exhibited 292 

significant differences across IN and OUT perturbations (Figure 3). Thus, a more conservative threshold 293 

provides estimates that are biased towards later values, which is also problematic. Although the exact 294 



 

 14

timing may be difficult to measure based on EMG, our data clearly show that the response 295 

differentiation started in R2. In addition, the time varying profile of P-values presented similar trend for 296 

shoulder and hand muscles, with a clear inflexion starting at around ~50ms. Notably, because our 297 

method overestimated the true latency for shallower slopes (see Methods), we believe that our estimate 298 

of the difference between the onset of goal-directed response in upper limb and hand muscles is in fact 299 

conservative. 300 

 We then addressed how the grip feedback response related to the well-documented relationship 301 

between grip force modulation and inertial loads (Flanagan and Wing, 1993). These analyses were 302 

restricted to the OUT perturbations to concentrate on trial-by-trial modulation of grip force independent 303 

of the categorical changes induced by the location of the goal target. First, we did not observe any 304 

statistical relationship between the average grip force prior to the perturbation and the perturbation-305 

related modulation across participants (mixed linear model, P>0.05). Thus, the analyses below 306 

concentrate on the increments of grip force measured relative to the baseline grip force (5.5N on 307 

average during Task 2, range across participants: 2.6N – 8.5N). We found that the changes in grip force 308 

measured at the peak inertial load, computed from joint kinematics (Figure 5a, ∆Grip Force), were 309 

significantly correlated with the peak inertial loads for 11/16 subjects (Figure 5a, linear regressions, 310 

P<0.05).  311 

The focus on peak inertial loads was motivated by the fact that it is the most critical constraint 312 

that the grip force must overcome to succeed at the task, but the relationship between grip force and 313 

upper-limb feedback control started earlier. Indeed, the trial-by-trial modulation of grip force can be 314 

traced back to the onset of the hand muscle response. Paralleling previous work on trial-by-trial 315 

correlation between long-latency responses and behavioural performance (Crevecoeur et al., 2013), we 316 

quantified the link between motor responses in hand muscles and the overall grip force modulation 317 

across epochs. A continuous estimate of the correlation and slope of the linear regression was obtained 318 



 

 15

with a centered 30ms wide sliding average. EMG of hand muscles across epochs displayed gradually 319 

better correlation with the increments of grip force, and this relationship clearly started within the long-320 

latency epochs (Figure 5b). Recall that the peak inertial load occurred at about 260ms on average. We 321 

performed a similar analysis based on a generalized mixed model by pooling data from all participants 322 

together and including individual differences as a random factor. This analysis revealed similar results: 323 

the overall fit started becoming significant for the bin centered on 65ms, and the general slope rose to 324 

similar values as the average of the slopes computed across individuals.  325 

Considering that the kinematics of corrective movements is directly linked to long-latency 326 

responses in the shoulder muscle (Crevecoeur et al., 2013), the foregoing analysis suggests that long-327 

latency feedback in hand muscles was in fact coupled with upper-limb feedback corrections. This 328 

coupling could be observed directly. A mixed linear regression model including the participant as a 329 

random factor revealed that the relationship between EMG in hand muscles and the shoulder muscle 330 

were highly significant in the R2 and R3 epochs (P<0.001). When performing the regressions on 331 

individual participants’ data, we observed that hand and shoulder EMG responses were significantly 332 

correlated for 4, 5, 8, and 13/16 participants in R1, R2, R3 and Vol. epochs respectively. The partial rank-333 

correlation between hand muscles and shoulder muscles responses, obtained by controlling for the 334 

variability of the pre-perturbation activity, significantly increased across epochs (one-way ANOVA, 335 

F(3,60)=4.5, P<0.01). Thus, the statistical relationship between shoulder and hand muscle responses is 336 

gradually stronger across epochs.  337 

 Finally, Task 3 was designed to measure the onset of voluntary reaction times and address 338 

possible influence of visuomotor feedback (Figure 6). We found that EMG response onset for this task 339 

occurred later, as the activity in R3 was not significantly different from the pre-perturbation activity for 340 

both shoulder and hand muscles (R3≈Pre., t(15)<0.85, P>0.2), despite minimal uncertainty about the 341 

movement to perform. This result rules out rapid visuomotor pathways as contributors of the initial grip 342 
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feedback response observed in Task 2. The baseline shoulder activity in this task was increased by 6% on 343 

average in comparison with the baseline in Task 2, and this increase was statistically significant (Pre. 344 

from Task 3 > Pre. from Task 2: t(15)=2.48, P <0.05). We computed linear regressions between the 345 

baseline activity and the moment when velocity exceeded 5% of its peak value and found a significant 346 

correlation for 2/16 participants. Thus, changes in baseline across trials were not correlated with 347 

reaction times or with peak velocity.  Similar results were obtained when computing linear regressions 348 

between the peak velocity and the baseline activity.  349 

 We further used the data from Task 3 to compare grip force modulation during voluntary 350 

reaching with the grip force modulation observed in Task 2. We focused on movements towards the 351 

nearer target involving shoulder extension to match the movement direction across these two tasks 352 

(Figure 6). The peak acceleration towards the target occurred later in Task 3 than in Task 2 (264±17ms in 353 

Task2, 316±18ms in Task 3), and was smaller in absolute value (6.7±1.8 ms-2 in Task 2, 4.2±2.6ms-2 in Task 354 

3). The later occurrence of the peak acceleration was expected as a result of the fact processing visual 355 

cues to reach for the target is typically slower than when responses are evoked by a mechanical 356 

perturbation as in Tasks 1 and 2. However, the slope of the linear regressions between grip force 357 

increments and load force peaks were statistically similar across the two tasks (median slope and inter-358 

quartile range: [0.45, 1.22, 2.48] for Task 2 and [0.48, 0.94, 1.4] for Task 3; see the side plot in Figure 5a, 359 

t(15) = 1.72, P>0.1). To summarize, grip force modulation gain was similar across unperturbed reaching 360 

and feedback control, and the relationship between increments of grip force and hand muscles could be 361 

traced back to the long-latency epoch in which upper-limb and hand motor systems exhibited 362 

synchronized and target-directed feedback.  363 

 364 
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Discussion 365 

 A hallmark of sensorimotor systems is the ability to adjust feedback control to the environment 366 

and constraints of the task at hand (Todorov and Jordan, 2002; Scott, 2012). Here we exploited this 367 

aspect of motor control to investigate how healthy humans maintain stable holding of an object 368 

following mechanical perturbations. Two important features of grip feedback control emerged. First, the 369 

categorical differentiation of muscle responses according to the location of the goal target occurred 370 

virtually at the same time in shoulder and hand muscles (a little over 60ms). Second, grip feedback 371 

control rapidly expressed a tight modulation with the kinematics of upper-limb movements (Task 2), 372 

which was statistically similar to the grip-load coupling observed during voluntary reaching (Task 3). This 373 

coupling between upper-limb and grip control was observed across trials within a single condition (OUT 374 

trials), showing that the grip force modulation was not a default increase but instead shared a common 375 

source of variability in the response planning or in the generation of the motor commands. Altogether 376 

the results highlighted that upper-limb and grip feedback responses exhibited task- and movement-377 

dependent modulation in a synchronized way.  378 

 Dissecting the sensorimotor mechanisms underlying the grip feedback response is an important 379 

challenge for prospective studies. In particular, the earliest EMG response collected in hand muscles was 380 

undifferentiated across IN and OUT perturbation trials (Figure 3a ~45-60ms). The neural basis of this 381 

default response is unclear and our dataset does not allow us to investigate the details of the mechanical 382 

interactions at the finger-object interface. We extracted the end-point kinematics from shoulder and 383 

elbow angles assuming rigid bodies, but factors such as small amounts of free motion between the 384 

exoskeleton and the arm, small changes in grasp configuration, and skin compliance, likely had an impact 385 

on the transmission of the perturbation load to the object. However, we were able to measure that, on 386 

average, delays associated with such mechanical filtering of the perturbation did not exceed ~15ms 387 

relative to the shoulder perturbation onset (see Results). Recall that the rise time of the commanded 388 
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perturbation was 10ms, thus our data suggest fairly direct transmission of the perturbation load to the 389 

object dynamics, although the nature and timing of the perturbation at the finger-object interface in 390 

such a task remains to be characterized in more detail.   391 

Response onset in hand muscles occurred at ~45ms, on average, relative to shoulder 392 

perturbation onset (see Fig. 3a), which is compatible with short-latency response to a change in joint 393 

configuration occurring at ~15ms (Matthews, 1984), or with long-latency responses evoked by earlier 394 

changes in grasp configuration as observed in the upper limb following small and transient perturbations 395 

(Jaeger et al., 1982; Pruszynski et al., 2008). Cutaneous feedback is another candidate contributor to the 396 

initial response of hand muscles. Fingertip feedback is known to convey information about the fingertip-397 

object interface that is critical for skilled manipulation (Witney et al., 2004; Johansson and Flanagan, 398 

2009). Previous studies suggest that cutaneous afferents may engage a long-latency response 399 

(HagerRoss et al., 1996; Macefield and Johansson, 2003), although these studies did not clearly 400 

dissociate the respective contributions of cutaneous and muscle afferent feedback. To our knowledge, 401 

quantifying how much cutaneous and muscle afferents participate to the generation of grip feedback 402 

response following perturbations remains to be thoroughly investigated. 403 

The default EMG response observed in hand muscles was followed by a task-dependent 404 

response reflecting internal changes in the control policy, as the modulation in muscle activity preceded 405 

changes in movement kinematics or grip force. Hence, goal-directed grip feedback was generated 406 

through pathways having sufficient sophistication to incorporate target location and trial-by-trial 407 

response variability in the scaling of grip force. The latency of the goal-dependent response (~60ms) 408 

allows sufficient time to include the contribution of a transcortical pathway (Matthews, 1991; Pruszynski 409 

et al., 2011b). Despite the small amplitude of long-latency modulation observed in hand muscles, the 410 

behavioral relevance of this modulation was supported by the fact that it reflected goal-directed 411 

modulation (Figure 3), and was statistically linked to the overall grip force modulation across trials 412 
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(Figure 5). Thus, although the long-latency responses in hand muscles may not be sufficient to ensure 413 

stable grasp control on their own, these responses were clearly the onset of the flexible grip feedback 414 

response. 415 

 Our results provide important insight on the neural implementation of grip force adjustments. 416 

During reaching, it is commonly assumed that forward models sequentially process the efferent copy of 417 

motor commands, which in turn generates anticipatory compensation for changes in load resulting from 418 

moving the held object (Kawato, 1999; Wolpert and Ghahramani, 2000; Wolpert and Flanagan, 2001). It 419 

is important to realize that, in the context of a perturbation, such an implementation predicts that the 420 

latency of the task-dependent response in hand muscles should be delayed relative to shoulder muscles. 421 

The first source of delay is internal processing time, as the generation of motor commands for hand 422 

muscles can only start after the task-dependent modulation in upper-limb motor commands. The basic 423 

concept is that motor commands for the upper limb are processed to predict the corresponding motor 424 

commands to hand muscles required to maintain grasp. This prediction is expected to take some time: 425 

for instance, the cerebro-cerebellar loop, often suggested as the route of forward models (Miall et al., 426 

1993; Bastian, 2006; Shadmehr and Krakauer, 2008; Misra et al., 2010), takes 10-25ms (Allen and 427 

Tsukahara, 1974). Other pathways projecting to inter-neurons in the spinal cord and back to the 428 

cerebellum have been recently shown to convey efferent copy of motor commands in rodents 429 

(Alstermark and Isa, 2012; Azim et al., 2014). It is unclear how long this loop takes in humans if similar 430 

pathways are engaged, but it is reasonable to expect delays similar if not longer than the cerebro-431 

cerebellar feedback latency, because neural signals must travel through a longer route (from cortex to 432 

spinal cord and back up to the cerebellum).   433 

A second source of delay that is expected to occur in the serial implementation framework is the 434 

additional time required for motor commands to travel to the more distal musculature of hand muscles 435 

in comparison with shoulder muscles. Considering motor nerve conduction velocity of 60m/s (Ingram et 436 
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al., 1987; Wang et al., 1999) and ~70cm of arm length on average (Winter, 1979), the difference in goal-437 

directed EMG response latency due to conduction times should be ~10ms, which is compatible with the 438 

measured latency of motor-evoked potentials in shoulder and hand muscles following transcranial 439 

magnetic stimulation (Devanne et al., 2006). Thus, a sequential processing of upper-limb motor 440 

commands fed into a forward grip force controller following a perturbation predicts ≥20ms between the 441 

expression of goal-directed motor responses at shoulder and hand muscles. Our results are not 442 

compatible with this prediction: we measured near zero difference between the latency of task-443 

dependent response in hand and shoulder muscles (Figure 4). Small changes in our sample, obtained by 444 

randomly removing 10% of trials, generated differences between -2.5ms and 4.3ms in 50% of cases, and 445 

the estimates in distribution were significantly shorter than 20ms (Figure 4c). In fact, the value of 20ms 446 

corresponded to the 99th percentile of the distribution obtained from this procedure (P = 0.01). 447 

The foregoing arguments suggest that a serial prediction of the consequences of motor 448 

commands does not account for the simultaneous expression of goal-directed feedback in upper-limb 449 

and hand muscles. Without rejecting the contribution of forward models in general, our results show 450 

that in Task 2, other mechanisms were responsible for the modulation of grip control following the 451 

perturbation. The data also clearly shows that changes in grip force are not a default increase 452 

independent of the upper-limb feedback responses. One possible mechanism is the triggering of a pre-453 

planned action by the perturbation (Koshland and Hasan, 2000; Shemmell et al., 2009; Shemmell, 2015). 454 

Recall however that the perturbation direction was not predictable, thus such a mechanism needs 455 

feedback about the perturbation direction. In addition, the hypothesis of a triggered response is not fully 456 

compatible with the known scaling of long-latency responses with task requirements (Pruszynski et al., 457 

2011a), and with the fact that long-latency responses scale with unexpected changes in load magnitude 458 

provided that the temporal profile is known (Crevecoeur and Scott, 2013). These previous studies 459 

supported the idea that upper-limb motor responses resulted from a goal-directed feedback control law 460 
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that takes sensory feedback as input. Importantly, these previous conclusions about long-latency 461 

responses to mechanical perturbations apply to the present experiment, because we were using the 462 

same experimental paradigm. 463 

Thus, building on these previous results, we believe that feedback coordination provides a more 464 

parsimonious account of our data. Indeed, this framework captures well the dependency of the motor 465 

response upon the location of the goal target, and readily explains the concomitant expression of goal-466 

directed motor response in a framework that is compatible with previous work. In this view, a form of 467 

prediction occurred during movement planning, whereby upper-limb and hand muscles are coupled 468 

together in the control law according to the location of the goal target and to the presence of a held 469 

object, but such a mechanism does not need an efferent copy of motor commands because it is pre-470 

planned before the perturbation is applied. Clearly, the target was visible prior to the perturbation and 471 

was used to plan the response. Thus, the prepared motor response specifies control laws for both upper-472 

limb and hand muscles to move the arm (and object) to the new spatial goal. These responses are 473 

reminiscent of the launching of a prepared action such as when a loud acoustic stimulus evokes a startle 474 

response (Carlsen et al., 2004; Honeycutt and Perreault, 2012). However, in the case of a mechanical 475 

perturbation applied to the limb, the motor system must not only launch a prepared response, but also 476 

control for the perturbation-related motion. In other words, the term triggered response or reaction is 477 

actually a triggered control policy that must take feedback about the perturbation direction and 478 

magnitude into account.  479 

Formally, current theories based on optimal feedback control capture this coordination of the 480 

entire motor system to attain a common behavioural goal (Todorov and Jordan, 2002). Indeed, this 481 

mathematical formalism expresses how one or several effectors are coupled in the control law 482 

dependent on the metric and constraints of the task, thereby unifying planning and feedback processes 483 

under a common framework. In addition, the absolute size of the motor response of shoulder muscles 484 
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was also reduced likely to ensure grasp was maintained when moving to the goal. Altogether, motor 485 

responses can be rapidly scaled and appropriately coordinated to attain a complex behavioral goal such 486 

as holding an object stable in the presence of external perturbations. 487 

Our results do not reject the presence of forward models predicting the consequences of motor 488 

commands sequentially, which in this experiment may clearly influence later epochs of grip feedback 489 

control. It is also possible that the concomitant expression of target-directed activity in our experiment 490 

was facilitated by the fact that our task does not involve many degrees of freedom, and that more 491 

complex tasks (including more degrees of freedom) require additional processing from internal models.  492 

Clear evidence supporting the existence of forward models can be found in the visual system, in which 493 

copies of motor commands were shown to monitor the outcome of saccadic eye movements (Sommer 494 

and Wurtz, 2008). As well, state estimation requires internal processing of motor commands to maintain 495 

internal representations of the current state of the body (Vercher and Gauthier, 1992; Wolpert et al., 496 

1995). Hence, internal predictions from forward models are clearly an important feature of motor 497 

control (Wolpert and Ghahramani, 2000; Todorov, 2004). However, we show that such predictions are 498 

not the only mechanism responsible for grip force adjustments when we manipulate objects. In 499 

particular, we highlight the presence of a more direct mechanism enabling concomitant feedback 500 

responses of upper limb and hand muscles following an external perturbation.  501 

The relatively simple coordination mechanism was highlighted here in the context of responding 502 

to a mechanical load, but it may also be engaged more generally during voluntary control. Indeed, 503 

previous studies have suggested that voluntary control and feedback control are functionally similar in a 504 

broad range of contexts such as multi-joint coordination (Hollerbach and Flash, 1982; Kurtzer et al., 505 

2008; Weiler et al., 2015), state estimation (Vercher and Gauthier, 1992; Crevecoeur and Scott, 2013), 506 

bimanual control (Diedrichsen, 2007; Omrani et al., 2013), and motor learning (Wagner and Smith, 2008; 507 

Cluff and Scott, 2013). The present paper further emphasizes qualitatively similar features of grip force 508 
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modulation across feedback control and unperturbed reaching. Thus, in principle, there is no reason why 509 

such mechanism should not be considered as a contributor of grasp control in general, and also in 510 

particular during unperturbed reaching. Clarifying how much feedback coordination or internal 511 

predictions from forward models contributes to grip force adjustments is an important challenge for 512 

prospective studies.  513 
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Figure Legends 514 

 515 

Figure 1. a: Illustration of the experimental conditions. Participants were instructed to reach for the goal 516 

target as soon as they felt the perturbation. Perturbations-evoked motion was directed either towards 517 

(IN, blue) or away from (OUT, red) the goal target. Only one target we displayed at the beginning of each 518 

trial. The two targets are shown for illustrative purposes. The task was performed with the hand 519 

strapped on a horizontal support (Task 1, top) or with an instrumented object held in precision grip (Task 520 

2, bottom). In this condition, the hand and object were not supported against gravity. A flexor 521 

background load of 2Nm was applied to pre-activate the shoulder extensor (Posterior Deltoid) and the 522 

analysis focuses on flexion perturbations. b: Average shoulder displacement ±SEM across participants in 523 

Task 1 (top) and Task 2 (middle). The applied load is illustrated in the bottom plot. The shaded area 524 

represents the time window expanded in Figure 1c. Vertical lines illustrate the perturbation onset and 525 

time limit imposed to reach for the target (400ms). c: Perturbation-evoked response of the shoulder 526 

extensor muscle (mean ± SEM across participants) with color code as in panels a and b. The black traces 527 

illustrate the paired difference in response across IN and OUT perturbation trials. Pre-perturbation (Pre.) 528 

was from -50ms to 0ms and the early voluntary epoch (Vol.) was from 120ms to 180ms. Vertical dashed 529 

lines delineate the different epochs of motor responses.  530 

 531 

Figure 2. a: Average grip force response for IN and OUT trials depicted in blue and red, respectively. 532 

Colored areas represent one standard error across individuals. Perturbation onset and maximum time 533 

given to reach for the goal target are represented as in Figure 1b. b: Inertial load computed as the object 534 

linear acceleration multiplied by its mass with identical color code as in panel a. Dashed portion of the 535 

load profiles are the consequence of the digital filter. The gray shaded area represents the time window 536 

expanded in Figure 3. 537 
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 538 

Figure 3. a: Perturbation-evoked response in hand muscles averaged across muscles and participants. 539 

The dashed lines illustrate the short-latency (R1, 20-45ms) and long-latency (R2, 45-75ms; R3, 75:105ms) 540 

epochs following standard definitions (see Methods). b: Difference in hand EMG between OUT and IN 541 

perturbations. c: Average difference between OUT and IN perturbations-related EMG responses across 542 

the different epochs. Significant differences at the level P<0.05 (P<0.01) are reported with one (two) 543 

star(s). 544 

 545 

Figure 4. a: Ensemble average of ROC across participants (mean ± SEM) as a function of time for shoulder 546 

(top) and hand (bottom) muscles. Traces were smoothed with a 5ms-sliding window for illustration 547 

purposes. Vertical arrows indicate the moment when the sliding t-test becomes significant. b: P-values of 548 

the sliding t-test comparing participants ROCs to chance level as a function of time for hand (dashed) and 549 

shoulder (solid) muscles. c: Distribution of difference between the latency of goal-directed feedback 550 

response in hand and shoulder muscles obtained with 200 repeats of leave-10%-out Jackknife procedure 551 

(∆Latency > 0 means that the shoulder muscle leads hand muscles). Vertical dashed lines represent the 552 

median (thick line: 1.9ms, open triangle) and the inter quartile range (thin lines, [-2.5, 4.3] ms). The 95th 553 

percentile of the distribution is represented with the filled triangle. The gray area represents the results 554 

less likely than 0.05. 555 

 556 

 Figure 5. a: Trial-by-trial modulation of grip force with the peak inertial loads from one representative 557 

subject. The side plot presents the cumulative distributions of modulation slopes across participants in 558 

black and gray for Task 2 and Task3, respectively. The black triangle corresponds to the exemplar 559 

participant. b: Relationship between hand EMG and increments of grip force measured at the time of 560 

peak inertial load. The four panels in the left illustrate the gradually better correlation between the 561 



 

 26

change in grip force and the EMG averaged across the different epochs for one representative subject. 562 

Data from individual trials were normalized to the grand-average from the pre-perturbation epoch. 563 

Right: regression slopes and correlations between changes in grip force and the average EMG. Dashed 564 

traces represent one SEM.  565 

 566 

Figure 6. Sketch of Task 3 (left) and associated muscle response (right). Only the nearer target is 567 

represented for correspondence with muscles recordings shown on the right panel. However, both 568 

farther and nearer targets were used in this task in a randomized way. Dashed lines represent the 569 

different epochs as used for characterizing motor responses in Tasks 1 and 2. Observe that both shoulder 570 

and hand muscles start to increase after the end of the R3 epoch. 571 

  572 
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P-value of Sliding T-test
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Task 3: Unperturbed Reaching
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[2] Goal-Directed Response, Time  60ms

Upper Limb Grip Force

[1] Perturbation, 

Time = 0msSensory Feedback


