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Abstract 24 
Motor learning often involves situations in which the somatosensory targets of movement 25 
are, at least initially, poorly defined, as for example, in learning to speak or learning the 26 
feel of a proper tennis serve. Under these conditions, motor skill acquisition presumably 27 
requires perceptual as well as motor learning. That is, it engages both the progressive 28 
shaping of sensory targets and associated changes in motor performance. In the present 29 
paper, we test the idea that perceptual learning alters somatosensory function and in so 30 
doing produces changes to human motor performance and sensorimotor adaptation. 31 
Subjects in these experiments undergo perceptual training in which a robotic device 32 
passively moves the subject’s arm on one of a set of fan shaped trajectories. Subjects are 33 
required to indicate whether the robot moved the limb to the right or the left and feedback 34 
is provided. Over the course of training both the perceptual boundary and acuity are 35 
altered. The perceptual learning is observed to improve both the rate and extent of 36 
learning in a subsequent sensorimotor adaptation task and the benefits persist for at least 37 
24 hours. The improvement in the present studies varies systematically with changes in 38 
perceptual acuity and is obtained regardless of whether the perceptual boundary shift 39 
serves to systematically increase or decrease error on subsequent movements. The 40 
beneficial effects of perceptual training are found to be substantially dependent upon 41 
reinforced decision-making in the sensory domain. Passive-movement training on its own 42 
is less able to alter subsequent learning in the motor system. Overall, this study suggests 43 
perceptual learning plays an integral role in motor learning. 44 45 
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Introduction 46 
Motor learning is typically studied in the laboratory using sensorimotor adaptation tasks 47 
in which well-defined sensory targets are perturbed experimentally so as to study the 48 
characteristics of the subsequent adaptation. Procedures of this sort are used widely, for 49 
studies of visuomotor adaptation (Krakauer et al., 1999), for force-field learning 50 
(Shadmehr and Mussa-Ivaldi, 1994) and for prism adaptation (Held and Hein, 1958). 51 
However much of initial skill learning involves situations in which the somatosensory 52 
targets of movement are poorly defined. Under these circumstances it is likely that 53 
perceptual experience and feedback, rather than the well-studied situations involving 54 
error-based learning, play a primary role in early learning by providing specificity to 55 
sensory targets and enabling subsequent sensorimotor adaptation.  56 
 57 
There has been recent interest in the idea that factors other than sensory error contribute 58 
to human motor learning. Diedrichsen et al. (2010) show that movement repetition, in the 59 
absence of load and the absence of error, alters the extent of subsequent force field 60 
adaptation. Huang et al. (2011) show that there is a benefit to movement repetition, which 61 
is separate from that related to sensory-error, in the context of visuomotor adaptation. 62 
Izawa and Shadmehr (2011) show that reward and reinforcement on their own are 63 
capable of producing sensorimotor adaptation. Together these studies document the 64 
involvement in motor learning of mechanisms other than those typically associated with 65 
error-based adaptation. However, it is unclear whether the effects observed in these 66 
procedures that entail reinforcement and repetition result from benefits to sensory or 67 
motor function or the two in combination. In the present study, we have separated 68 
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experimental manipulations of perceptual and motor function in time so as to assess the 69 
contribution to motor learning of somatosensory perceptual training. We find that 70 
perceptual learning even in the absence of active movement produces systematic changes 71 
to error-based learning.  72 
 73 
There have been previous studies that have examined the effects of sensory training on 74 
subsequent somatosensory (Carey et al., 2002; Pleger et al., 2003) and motor 75 
performance (Carel et al., 2000; Lotze et al., 2003; Lewis and Byblow, 2004). However, 76 
the possibility that perceptual learning contributes directly to motor learning has been 77 
little explored. In a study by Rosenkrantz and Rothwell (2012) it was found that 78 
somatosensory discrimination training increased the excitability of primary motor cortex 79 
and improved measures of human motor learning. In Wong and Gribble (2012) it was 80 
reported that passive movement of the arm along a desired trajectory increased the extent 81 
of motor learning. In Vahdat et al. (2012) it is seen that perceptual learning results in 82 
changes to motor areas of the brain suggesting that changes that occur in motor systems 83 
during motor skill acquisition may be partially attributable to perceptual learning.  84 
 85 
In the present paper, we ask if sensory training can result in perceptual change that is 86 
reflected in subsequent sensorimotor adaptation. We hypothesize that perceptual training 87 
helps to shape the sensory targets that guide motor learning. We will use the term sensory 88 
target or goal as a label to indicate a trajectory or vector of desired sensory values, a 89 
sensory plan that serves to regulate the generation of movements. We show that 90 
somatosensory feedback can shift the sensed position of the limb and improve perceptual 91 
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acuity. We find that the sensory changes that result from this procedure can affect both 92 
the rate and the extent of motor learning, regardless of whether the perceptual training 93 
serves to increase or decrease movement related error. Our findings suggest that 94 
perceptual learning plays an integral role in motor learning and sensorimotor adaptation.  95 
 96 
Materials and Methods 97 
Subjects and Experimental Conditions: 72 healthy right-handed subjects (29 male, 43 98 
female, ages 18 to 45) participated in our experiments. Subjects were excluded prior to 99 
testing if they had participated previously in studies of force-field learning. All subjects 100 
were briefed on the experiment and signed a written consent form. The Institutional 101 
Review Board of McGill University approved all the experimental procedures.  102 
 103 
The experiments involved a behavioral task in which subjects were seated in front of a 104 
two-degree of freedom robotic arm (In Motion2, Interactive Motion Technologies) and 105 
held the handle of the robot with their right hand. Seat height was adjusted for each 106 
subject so as to have 70 degrees of shoulder abduction. An air sled supported the 107 
subject’s arm and seat straps were used to restrain the subject’s trunk. A semi-silvered 108 
mirror placed just below eye level was used to project the target and hand position. The 109 
mirror blocked vision of the arm and the robot handle. Two 16 bit optical encoders at the 110 
robot’s joints provided the position of the hand (Gurley Precision Instruments). Applied 111 
forces were measured using a force-torque sensor (ATI Industrial Automation) that was 112 
mounted below the robot handle. 113 
 114 
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Subjects in the main experiment were randomly assigned to one of four different 115 
conditions (Figure 1). For the first three groups of subjects (n = 14 subjects in each case), 116 
the experiment was completed in a single session. The experiment begins with null field 117 
trials to establish a movement baseline. In these trials, the robot applies no forces to the 118 
subjects’ hand. These are followed by a sensory training procedure. Afterwards, subjects 119 
repeat a second set of null field movements, and then two sets of force-field learning 120 
trials. 121 
 122 
In all trials involving reaching movements (both null and force field conditions), subjects 123 
moved from a start position to an end position. The start position was approximately 25 124 
cm from subject’s chest along the body midline. Two circles, 1.5 cm in diameter, 125 
represented movement start and end points. The target position was 15 cm from the start 126 
in the sagittal plane. A smaller yellow circle (.5 cm in diameter) provided feedback of 127 
hand position. Subjects were asked to move as straight as possible. Subjects were 128 
instructed to finish each movement in 700 ms following a visual cue. This duration was 129 
chosen as it is similar in magnitude to that of normal reaching movements of comparable 130 
amplitude. After completion of each trial, visual feedback of movement speed was 131 
provided. However, no trials were removed for movements faster or slower than the 132 
required duration. Visual feedback of the target and hand position was removed as soon 133 
as the subject left the start position. The target and cursor position reappeared at the end 134 
of movement. Subjects were instructed not to correct any end-point error when visual 135 
feedback was reintroduced. At the end of the trial, the robot moved the subject’s hand 136 
straight back to the start position, without visual feedback.  137 
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 138 
The experiment started with 100 null field trials. Null field movements were followed by 139 
sensory training trials that were conducted in the absence of visual feedback. Subjects 140 
completed five blocks of 100 trials each, in which the robot moved the arm outward on 141 
one of a set of fan shaped trajectories that deviated from the body midline by up to 8 deg 142 
to the right or left (Fig. 2A). Subjects in a somatosensory discrimination group were 143 
required to judge on each trial whether the robot had moved the arm to the right or left. In 144 
the last three blocks of perceptual training (300 trials), feedback on accuracy was given 145 
orally to provide reinforcement. A second group of subjects was tested in a passive 146 
movement condition in which the robot moved the arm through the same set of 147 
trajectories as those experienced by subjects in the discrimination group. However no 148 
judgment was required and no feedback was given. A third set of subjects had no 149 
perceptual training at all and simply remained seated in the experimental setup for a 150 
period equivalent to that involved in perceptual training. These subjects served as a 151 
control group. In the first two blocks of trials in the somatosensory discrimination 152 
condition, feedback on judgment accuracy was withheld in order to provide a baseline 153 
measure of perceptual function before supervised training. 154 
 155 
In the perceptual training blocks, the robot was programmed to passively move the 156 
subjects’ arm through 10 fan-shaped trajectories that were distributed equally to the right 157 
or left of the midline (Fig. 2A). All of the passive movements had the same velocity 158 
profile and were 15 cm in length. Visual feedback of target and handle position was 159 
eliminated as soon as robot started the passive movement. We used lateral deviations of 160 
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8, 5, 4, 3 and 1.5 degrees in both directions relative to the midline for sensory training. 161 
Each block of perceptual training involved 100 trials with the above angles tested 4, 10, 162 
10, 14 and 12 times each, respectively.  163 
 164 
Subjects were instructed not to resist the action of the robot in order to minimize active 165 
involvement of the motor system in the sensory training procedure. To assess this we 166 
examined the forces that subjects applied to the robot handle during this procedure to 167 
estimate active motor force production during perceptual training. For subjects in the 168 
passive movement condition, in order to ensure that they were attending to the passive 169 
movements, on 10% of trials we briefly displayed the cursor position half-way through 170 
the passive movement and required subjects to report all such instances.  171 
 172 
Following sensory training, all subjects completed a second set of null field movements 173 
(50 trials). This was followed by 150 movements in a counter clock-wise force-field that 174 
pushed the subjects’ hand to the left in proportion to hand velocity. A final block of the 175 
experiment involved another 50 reaching movements in a clock-wise field that pushed the 176 
hand to the right. The final block enabled us to assess the effect of perceptual training on 177 
anterograde interference, that is, on how the first force-field learning task affected the 178 
learning of an opposite field. 179 
 180 
The force field was applied according to Equation 1. 181 
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 183 
In this equation, x and y are lateral and sagittal directions, fx and fy are the commanded 184 
force to the robot and vx and vy are hand velocities in Cartesian coordinates and D defines 185 
the direction of force field. For clock-wise force field D was 1 while in counter clock-186 
wise condition D was -1.  187 
 188 
On five predefined trials (15, 85, 135, 139 and 143) during movements with a counter-189 
clockwise load, the robot was programmed to restrict subjects’ movements to a straight-190 
line connecting start and target points (“channel trials”). On these trials, the lateral 191 
deviation of subjects’ hand was resisted by the robot (Scheidt et al., 2000). The stiffness 192 
and viscosity of the channel walls were set to 5000 N/m and 50 N.s/m, respectively. 193 
These trials were used to record the lateral forces that subjects applied to the channel 194 
walls. These were compared to the ideal force that would be necessary to fully 195 
compensate for the robot-applied load, given the velocity of the hand (Equation 1) and 196 
thus served as a measure of motor learning.  197 
 198 
We also tested a fourth group of subjects (n = 10), for whom the experiment was divided 199 
into two sessions, which took place on two consecutive days (24h group, see Figure 1). 200 
The protocol for this 24h group was similar to that of the somatosensory discrimination 201 
group except that we added a 24h delay between the end of the perceptual training 202 
procedure and the subsequent null and force-field trials. The 24h group was not tested on 203 
the final clock-wise force-field at the end of the experiment. Subjects in this group did 204 



10 
 

perceptual training with lateral deviations of 8, 5, 4, 3 and 1.5 deg. These were the same 205 
as those used in the other conditions. 206 
 207 
In a control experiment, 20 new subjects were randomly assigned to one of two groups. 208 
The experimental procedures, with one exception, were identical to those of subjects in 209 
somatosensory discrimination and control groups of the main experiment (see Figure 1). 210 
The difference was the direction of the force-field. During force-field learning trials a 211 
clockwise rather than a counter-clockwise field was used. During washout trials, which 212 
followed, the direction of the force-field was reversed. All other aspects of the 213 
experimental procedures were the same as those in the corresponding conditions in the 214 
main experimental sequence. The purpose of this control was to evaluate whether the 215 
effects of perceptual training were sensitive to the magnitude of kinematic error 216 
associated with direction of the force field. 217 
 218 
Data analysis: Hand position and the force applied by the subject to the robot handle 219 
were both sampled at 400 Hz. The recorded signals were low-pass filtered at 40 Hz using 220 
a zero phase lag second-order Butterworth filter. Position signals were numerically 221 
differentiated to produce velocities. The start and end of each trial were defined at 5% of 222 
peak tangential velocity. For analysis purposes, we calculated the perpendicular deviation 223 
of the hand at maximum velocity (PD) from a straight line connecting start and end 224 
positions. In this way, we obtained quantitative estimates of movement straightness that 225 
were used to assess learning.  226 
 227 
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For each experimental condition, we calculated the average PD on each trial in each 228 
force-field condition. We assessed the change in PD over trials by fitting a single 229 
exponential function as a simple approximation to the data. In the counter-clockwise 230 
condition the equation takes the form P = a(1− e−bn ) + c . In this equation, P is the PD on 231 
trial n. This continuous domain equation can be well approximated in the discrete domain 232 
by P(n) = a[1− (1 − b)n ]+ c ,  in which b is the rate of learning. To obtain a robust 233 
estimate of the parameters, before fitting we smoothed the PD data using a 9-trial moving 234 
average window. To estimate the rate of learning in the clockwise force-field condition 235 
we used the following discrete domain equation: cbanP n +−= )1()( .  236 
 237 
For each experimental condition, we also calculated the average of PD in the first null-238 
field condition, the second null-field condition (the final 50 trials in each case), and over 239 
the last 10 trials in counter-clockwise force-field condition when performance had 240 
reached asymptotic levels. Two subjects (one in somatosensory discrimination, and one 241 
in passive movement group) were removed from further analyses as their PD values in 242 
the null-field or force-field conditions fell outside of ±3 standard deviations from the 243 
inter-subject mean. We tested for differences in PD using repeated-measures ANOVA 244 
followed by Bonferroni-Holm corrected comparisons. 245 
 246 
We also quantified motor learning by measuring the lateral force in channel trials, 247 
normalized by the ideal force needed to fully compensate for the force-field. We defined 248 
a force index (FI) as follows:  249 
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FI =
fx (t)dt

0

T
15vy (t)dt

0

T
     ሺ2ሻ 250 

 where fx(.) is the force applied by the subject in the lateral direction, and vy(.) is the 251 
velocity in the direction of movement. 15 is the coefficient relating the applied force to 252 
hand velocity (Equation 1). 253 
 254 
We further assessed learning by estimating the accuracy of the predictive control during 255 
force channel trials. To do so we measured the time lag between normalized measures of 256 
the lateral force on the channel wall and the ideal force calculated from hand velocity that 257 
is needed to fully compensate the force-field. The normalization scaled both measured 258 
and ideal force profiles by the peak ideal force in each channel trial so as to disentangle 259 
the effects of timing from force amplitude. Smaller time lags indicate better prediction of 260 
the expected force. The time lag between the two force profiles was estimated at the point 261 
at which the subject reached half of the maximum applied force on that trial. This point 262 
was used for this calculation rather than the peak force, as the force profile was found in 263 
some cases to be noisy around the peak. As an additional measure, we also calculated the 264 
time to reach 5 percent of the lateral applied force peak following movement start. This 265 
served as an estimate of the onset of the preparatory response.  266 
 267 
Perceptual training: Subject’s perception of the boundary between left and right was 268 
estimated using the method of constant stimuli. Each block of perceptual training had 100 269 
trials. We obtained an estimate of the perceptual boundary between right and left for each 270 
subject separately by fitting a logistic function to that subject's entire set of lateral 271 
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deviations and associated binary (right/left) responses. The 50% point of the 272 
psychometric function was taken as the perceptual boundary. The distance between the 273 
25th and 75th percentile were used as a measure of perceptual acuity. A smaller distance 274 
indicates a higher sensitivity in the discrimination task. 275 
 276 
Results 277 
We studied the effects of perceptual learning on motor function by using a perceptual 278 
training task in which a robotic device passively moves the arm, which is hidden from 279 
view, outward along one of a set of fan-shaped paths (Fig. 2A). We tested separate 280 
groups of subjects using different versions of the somatosensory training protocol. 281 
Subjects in a somatosensory discrimination group were required to judge whether the 282 
robot displaced the hand to the right or the left of the midline and feedback on response 283 
accuracy was provided. Subjects in a passive movement condition experienced passive 284 
limb displacements identical to those of the first group but no decision was required and 285 
no feedback was given. These two tests let us determine the extent to which any 286 
improvements to motor learning following somatosensory training are due to the 287 
perceptual decision making aspects of the somatosensory task as opposed to 288 
somatosensory exposure alone. A control group that did not participate in the 289 
somatosensory training protocol was also included.  290 
 291 
We obtained quantitative measures of perceptual change for subjects in the 292 
somatosensory discrimination condition. Figure 2B shows psychometric functions before 293 
and after somatosensory discrimination training for a representative subject. As can be 294 
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seen, before learning the perceptual boundary is located to the left of the midline. With 295 
training, the bias is removed. Figures 2C and 2D shows data for bias and acuity for 296 
subjects in the somatosensory discrimination group. For these subjects, we observed that 297 
with training, the perceptual boundary approached the actual boundary between left and 298 
right (t(13) = 3.37, p < 0.01, between the first and last blocks), and perceptual acuity 299 
increased (t(13) = 4.03, p < 0.001, between first and last). To rule out the possibility of 300 
active motor outflow during perceptual training, we examined the forces that subjects 301 
applied to robot handle during this procedure. Measured forces were low throughout, 302 
averaging 0.52 N (± 0.20) orthogonal to the displacement and 0.68 N (± 0.23) in line with 303 
the displacement. The measured forces did not vary in any systematic fashion over the 304 
course of training or with the training direction. 305 
 306 
The perceptual training trials were preceded and followed by movements in the absence 307 
of load (Fig. 3A). Movements in velocity-dependent force fields were also tested, after 308 
the second set of null-field movements (after perceptual training). In all cases, the subject 309 
was required to move straight from the start to the end positions. In particular, we carried 310 
out two kinds of force-field tests. A first set, designed to assess the rate of motor learning, 311 
used a force-field that deflected the arm to the left in proportion to hand movement 312 
velocity. A second set, which followed immediately afterwards, was designed to assess 313 
the resistance of the preceding motor learning to interference. In these tests the robot 314 
pushed the arm to the right, again in proportion to hand movement velocity. To rule out 315 
the possibility that factors other than perceptual learning might produce changes in 316 
movements and motor learning, subjects in a control group repeated similar tests of 317 



15 
 

movement in null and force-field conditions but in the absence of any kind of intervening 318 
somatosensory input.  319 
 320 
We assessed the effects of perceptual training on movement and motor learning by 321 
measuring the curvature of the hand path (lateral deviation of the hand from a straight-322 
line path at the point of maximum velocity) on a trial-by-trial basis. In all experimental 323 
conditions, movement curvature was low in the absence of load. The force-field initially 324 
resulted in a substantial lateral deviation which was progressively reduced over the 325 
course of training. Figure 3A shows the effects of somatosensory training on movement. 326 
It can be seen that prior to training, deflections are similar for the training and control 327 
condition subjects (Null1). Following training, there is less off-center deviation for 328 
discrimination group subjects (Null2). In force-field learning, both the rate of learning 329 
and asymptotic performance are superior for subjects in somatosensory discrimination 330 
condition (blue). When the direction of the force-field is switched from left-ward to right-331 
ward, subjects in the somatosensory discrimination condition show slower rates of 332 
unlearning of the previous force-field.  333 
 334 
We computed rates of decay of kinematic error, which serve as a measure of motor 335 
learning (see Methods). The estimated rate constant (mean ± 95% CI) in the counter-336 
clockwise force-field was reliably greater for the discrimination condition (0.175 ± 337 
0.019) and the passive training group (0.159 ± 0.004) than for the control condition 338 
subjects (0.136 ± 0.015). In the clockwise force-field that followed the rate constant was 339 
reliably less for the discrimination condition (0.097 ± 0.014) than the control condition 340 



16 
 

(0.128 ± 0.013). In interpreting these results, it should be noted that there were no 341 
differences between conditions at the start of force-field training. In particular, we found 342 
no reliable differences between experimental conditions in lateral deviation of first 343 
movements in the force-field (F(2,37) = 0.56, p > 0.5). 344 
 345 
Motor learning was also assessed using measures of movement curvature (PD). Figure 346 
3B shows tests conducted using changes in lateral deviation relative to baseline 347 
movements as a measure of performance. The left hand panel shows that there are 348 
reliable changes in null field movements following somatosensory perceptual training 349 
(F(2,37) = 3.40, p < 0.05). The center panel shows that there are also changes in 350 
asymptotic performance following motor learning, relative to initial baseline movements 351 
(F(2,37) = 5.54, p < 0.01). The right panel indicates differences in asymptotic 352 
performance following force-field learning in relation to null field movements after 353 
perceptual training (F(2,37) = 3.46, p < 0.05). In all cases, positive scores indicate 354 
improvements in performance, that is, reductions in curvature, relative to baseline. It can 355 
be seen in the left panel that somatosensory discrimination training results in reliable 356 
reductions in movement curvature under null field conditions compared to the control 357 
condition (p < 0.05, corrected for multiple comparisons). The center panel shows that 358 
there is less deviated asymptotic performance following motor learning for the 359 
somatosensory discrimination group than for either the control condition (p < 0.01) or the 360 
passive condition subjects (p ≈ 0.05). The right panel shows that relative to the second 361 
null field, subjects in the discrimination training group perform better than those in either 362 
the control condition or in the passive movement group (p < 0.05 in both cases). 363 
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Moreover (also in the right panel), it is seen that when the effects of the baseline shift are 364 
removed by subtracting out movement deviation in the second null field movements, 365 
subjects in the passive condition perform no better than control group subjects (p > 0.05). 366 
 367 
We tested the persistence of changes to motor learning that result from somatosensory 368 
training by repeating in a new group of subjects both the null field and force-field trials, 369 
24 hours after somatosensory discrimination training. Figure 3B show the results for 370 
these subjects (in light blue). It can be seen that tests conducted at a 24 hours delay show 371 
that the effects of somatosensory training persist for at least 24 hours following 372 
perceptual training. Following somatosensory training, movements under null conditions 373 
are straighter and in subsequent force field learning reach less deviated asymptotic levels 374 
compared to control subjects (p < 0.05 in both cases).  375 
 376 
Figures 4A and 4B show measures of learning based on lateral force applied to the 377 
channel walls. The measured force profiles are normalized such that a maximum value of 378 
1 indicates complete compensation for the applied load. Figure 4A shows that early in 379 
learning there are few differences in the level of force compensation between subjects in 380 
the somatosensory discrimination group and those in the passive movement and control 381 
groups. Late in learning (Figure 4B) somatosensory discrimination group subjects applied 382 
forces closer to those needed to fully compensate the effect of the force field. Overall one 383 
sees a gradient in the magnitude of force compensation and hence motor learning in 384 
which learning is greatest for subjects who underwent somatosensory discrimination 385 
training, least for control condition subjects and intermediate for subjects exposed to 386 
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passive movement alone. Figure 4C shows group averaged data, based on a force index, 387 
the total applied force divided by total ideal force (see Methods). It can be seen that early 388 
in learning there are no differences in the force measure for the different experimental 389 
conditions (F(2,37) = 2.10, p > 0.1). Late in learning there was a reliable difference 390 
between conditions (F(2,37) = 9.07, p < 0.001) in which the discrimination group 391 
performed significantly better than either control or passive condition subjects (p < 0.05, 392 
corrected for multiple comparison). Subjects tested following a 24 hour delay show 393 
retention of learning and apply forces that are reliably greater than those of subjects in the 394 
control group (p < 0.05). Thus, overall, it is seen that perceptual training has similar 395 
effects on both forces and kinematic measures of motor learning.  396 
 397 
We assessed the acquisition of predictive control during learning by examining the time 398 
lag between the normalized lateral force exerted by subjects in channel trials and the 399 
normalized ideal force calculated from the hand velocity during movement (Figure 5). 400 
For each subject, the mean prediction lag during the last 3 channel trials at the end of 401 
force-field training was obtained. Figure 5A shows the mean normalized applied force in 402 
yellow and the mean normalized ideal force in blue for subjects in the perceptual 403 
discrimination condition. The distance between the vertical lines indicates the time lag at 404 
the point when subjects reached half of their maximum applied force. Figures 5B and 5C 405 
show similar curves for subjects in the passive movement and control conditions 406 
respectively. Figure 5D shows that there are reliable differences in predictive control 407 
following somatosensory perceptual training (F(2,37) = 7.29, p < 0.005). Subjects in the 408 
perceptual discrimination group were found to have significantly less prediction lag 409 



19 
 

(mean lag = 27 ms) than subjects in the passive movement condition (mean lag = 46 ms; 410 
p < 0.05, corrected for multiple comparisons) and subjects in the control condition (mean 411 
lag = 67 ms; p < 0.01, corrected). Likewise, the onset of the preparatory response (the 412 
time to reach 5% of the maximum applied force) was earlier following somatosensory 413 
perceptual training (F(2,37) = 4. 96, p < 0.01). The preparatory force response in the 414 
perceptual discrimination group started significantly earlier in time (mean onset = 6 ms 415 
following movement start) than in the passive movement condition (mean onset = 33 ms; 416 
p < 0.01, corrected for multiple comparisons) and in the control condition (mean onset = 417 
26 ms; p < 0.05, corrected).  418 
 419 
A control experiment was run to determine whether the changes to motor learning 420 
observed for subjects in the somatosensory discrimination condition resulted from 421 
changes to the magnitude of movement error, due to the perceptual manipulation. As it 422 
stands, the observed changes to motor learning may be present because the perceptual 423 
training manipulation moved the perceptual boundary to the right and thus increased the 424 
magnitude of error in the left-directed force-field training trials. We reasoned that if the 425 
observed changes to measures of motor learning were due to the effect of the perceptual 426 
manipulation on movement error then if we instead paired the same perceptual training 427 
procedure with a rightward force-field, a decrease in the extent and rate of learning 428 
should be observed, as the target shift under these conditions serves to reduce the error 429 
due the force-field. Alternatively, our effects might depend on factors other than 430 
movement error, for example, changes in perceptual acuity or other effects on motor 431 
function that derive from perceptual learning such as improvements in the capacity for 432 
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precise force production. If this were the case, perceptual training might lead to 433 
improvements in performance regardless of the direction of the force-field. 434 
 435 
We found that following perceptual training there were changes to sensed limb position 436 
(perceptual boundary between left and right) (t(9) = 3.43, p < 0.01) and to measures of 437 
perceptual acuity (t(9) = 2.64, p < 0.05) that were the same as those in the main 438 
experimental manipulation. Estimates of the left / right boundary shifted to the body 439 
midline and perceptual acuity improved. Figures 2C and 2D show the overall pattern, 440 
averaged over the present control experiment and the main experimental manipulation. 441 
Similar statistically reliable changes were observed in each individual case. 442 
 443 
Figure 6A shows measures of movement curvature (PD), over the course of training for 444 
subjects tested in a rightward force-field. The blue dots show movements for subjects in 445 
the perceptual discrimination condition, the red dots shows data for control subjects that 446 
were tested in a rightward force-field, but without perceptual training. The effects are 447 
also similar to those observed in the main experimental manipulation. Specifically, we 448 
obtained a reliable statistical interaction indicating that changes in baseline movements 449 
and asymptotic values following force-field learning differed for subjects in the 450 
perceptual discrimination and control condition trials (F(2,36) = 4.10, p < 0.05). Whereas 451 
control condition subjects showed no changes in baseline curvature in the two tests of 452 
null field movement (p > 0.9), following perceptual training there was a reliable 453 
improvement in movement curvature under null field conditions (p < 0.02). Additionally, 454 
in the perceptual discrimination group, asymptotic measures of movement curvature 455 



21 
 

following force field training were no different than those obtained in the second set of 456 
null field trials (p > 0.9). In contrast, estimates of asymptotic movement curvature in the 457 
control condition were reliably different than null field values (p < 0.01). This indicates 458 
incomplete compensation in control condition subjects.  459 
 460 
As in the main experimental manipulation, subjects that receive perceptual training show 461 
greater amounts of learning and faster rates of adaptation than control subjects. The 462 
estimated rate constants (mean ± 95% CI) for the perceptual training and control 463 
conditions are (0.060 ± 0.011) and (0.014 ± 0.008), respectively. When the force-field is 464 
reversed, the rate constant for the perceptual training condition was (0.125 ± 0.045) and 465 
for the control (0.166 ± 0.040). The latter rate constants were not reliably different (p > 466 
0.10). 467 
 468 
Figure 6B provides a comparison of data from channel trials for the subjects tested in this 469 
control experiment. It is seen that force on the channel walls is initially similar for 470 
perceptual training and control subjects (t(18) = 0.44, p > 0.1) but at the end of force-field 471 
learning perceptual training subjects show reliably higher values indicating more learning 472 
(t(17) = 2.603, p < 0.05). Data for one subject that was more than 3 standard deviations 473 
from the mean was removed from the second analysis. 474 
 475 
We assessed the relationship between measures of perceptual and motor learning for the 476 
two force-field directions. We observed no reliable relationship between either kinematic 477 
or force channel measures of learning and changes in perceptual bias (p > 0.1 for all 478 
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tests). This was expected since measures of motor learning increase regardless of whether 479 
perceptual learning served to increase or decrease movement error due to the force-field. 480 
In contrast, measures of perceptual acuity were correlated with measures of motor 481 
learning (r = 0.46, p < 0.02). In particular, the acuity change between baseline values and 482 
those obtained at the end of perceptual training were systematically related to changes in 483 
movement curvature (PD) between baseline and asymptotic performance in the force-484 
field.  485 
 486 
We conducted a comparison of the effects of perceptual training on adaptation trials in a 487 
leftward versus rightward force-field. In addition to the effects reported above, there were 488 
also observed directional differences. However they were unrelated to whether perceptual 489 
training serves to increase or decrease error in subsequent force-field trials. Thus while 490 
mean force applied to the channel walls at peak velocity (± SE) was greater for rightward 491 
than leftward loads (4.87 N ± 0.26 versus 4.08 N ± 0.25, respectively), these same 492 
differences, in the same proportion, were present in the data from control subjects that did 493 
not undergo the perceptual manipulation (4.12 N ± 0.30 versus 3.075 N ± 0.20, 494 
respectively). Thus there appear to be directional asymmetries in this task associated with 495 
left versus right acting force-fields. However since they are observed in subjects in 496 
control conditions, they are unrelated to whether perceptual training serves to increase or 497 
decrease kinematic error. 498 
 499 
Discussion 500 
The present findings show that perceptual training helps to define the somatosensory 501 
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goals of movement and accordingly facilitates motor learning. Perceptual training is 502 
found to improve sensitivity to small deviations (reduced uncertainty in the 503 
somatosensory domain) and to aid in the development of a sensory plan, a desired 504 
sensory trajectory that guides subsequent movements. Changes following perceptual 505 
training are observed in the kinematic (hand’s lateral deviation) and kinetic (force 506 
production level) characteristics of reaching movements during motor learning, and in the 507 
temporal profile of the compensatory response (force production lag).  508 
 509 
The effects seen here do not appear to be due to changes in the magnitude of kinematic 510 
error that is produced by the perceptual training. The beneficial effects of perceptual 511 
training are observed regardless of whether the force-field testing procedure serves to 512 
globally increase or decrease the magnitude of movement error. These benefits 513 
presumably stem from changes in somatosensory precision or acuity that result from 514 
perceptual training or possibly, as suggested by the increase in force measures with 515 
perceptual training, from a direct influence of perceptual learning on the motor system. 516 
The effects of perceptual training on the motor system are found to be substantially 517 
dependent upon perceptual judgment and reinforcement. Sensory exposure on its own is 518 
less able to produce changes in motor learning. It is also seen that the effects of 519 
perceptual training are durable. The benefits for motor learning were evident in subjects 520 
who were tested for sensorimotor adaptation 24 hours after completion of the perceptual 521 
training task.  522 
 523 
Force-field learning and visuomotor adaptation paradigms have been used extensively to 524 
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study sensorimotor adaptation. There is ample evidence that these paradigms result in 525 
persistent change to both motor and somatosensory systems. But they provide a model of 526 
motor learning in the context of well defined sensory targets and hence error-based 527 
learning. In situations outside of the laboratory, somatosensory goals early in learning are 528 
often poorly defined and thus perceptual and motor learning must presumably occur in 529 
parallel.  530 
 531 
Here we have designed a series of experiments in which it is possible to see the separate 532 
contributions of perceptual and motor components to sensorimotor adaptation. We have 533 
conducted perceptual training in the absence of active movement so as to dissociate 534 
perceptual from motor contributions to learning. That is, while the initial stages of motor 535 
learning presumably include both perceptual and motor refinements, here the perceptual 536 
refinements occur first in the context of passive movement perceptual training. 537 
Nevertheless, we find that perceptual training on its own is sufficient to modify 538 
movements and the learning that follows. Whether active movement under these 539 
conditions would enhance or suppress learning needs to be determined. However, in a 540 
study by Wong and Gribble (2012), subject-assisted proprioceptive training did not seem 541 
to have a beneficial effect on subsequent motor learning. 542 
 543 
The current studies complement the findings of recent work on the effects on motor 544 
learning on sensory systems (Haith et al., 2008; Cressman and Henriques, 2009; Nasir 545 
and Ostry, 2009; Ostry et al., 2010; Vahdat et al., 2011; Mattar et al., 2013). In particular, 546 
it has been shown that sensorimotor adaptation results in changes to somatosensory 547 
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perceptual function and to somatosensory areas of the brain that are correlated in 548 
magnitude with the extent of motor learning (Vahdat et al., 2011). These studies thus 549 
suggest that perceptual change is an integral part of motor learning. 550 
 551 
The findings also complement those of a similarly designed neuro-imaging study(Vahdat 552 
et al., 2012) . In that experiment subjects underwent fMRI scans of the resting brain 553 
before and after the same perceptual training protocol as was used here. Changes in 554 
functional connectivity were assessed after parceling out those effects that could be 555 
predicted on the basis of activity in sensory areas of the brain, and in particular, primary 556 
and second somatosensory cortex and ventral premotor cortex. It was found that even 557 
with these effects removed, there were still independent changes in functional 558 
connectivity in frontal motor areas and cerebellar cortex that were correlated with 559 
perceptual training measures. Thus, changes to motor areas of the brain that occur in 560 
association with motor skill acquisition could be partially the result of perceptual 561 
learning. 562 
 563 
Perceptual training in the present study is seen to affect motor learning and, afterwards, 564 
the degree of anterograde interference, the ability of a previously learned motor task to 565 
reduce the amount of subsequent learning on an opposite motor task(Sing and Smith, 566 
2010). If perceptual training precedes a leftward force-field, the interference on the 567 
subsequent rightward field is increased compared to the same control condition without 568 
perceptual learning (Figure 3). However, the interference following perceptual training is 569 
reduced compared to control condition, if the order of force fields is reversed (Figure 6). 570 
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One possible explanation for these seemingly opposite effects of perceptual training on 571 
the subsequent anterograde interference is that the degree of interference depends on the 572 
amount of error experienced during the initial force-field learning. Due to the direction of 573 
change in perceptual boundary, subjects in perceptual training group sensed greater 574 
kinematic error during the initial leftward force field compared to the control condition, 575 
and hence they exhibited greater interference on the following rightward force field task. 576 
On the other hand, subjects in perceptual training group, who first experienced the 577 
rightward force field, sensed less kinematic error compared to the corresponding control 578 
condition, therefore showed less interference on the following leftward force field task. 579 
This may suggest that two different mechanisms are responsible for initial acquisition 580 
versus anterograde interference of a motor task; the former mainly depends on the 581 
precision of the sensory input, while the latter depends on the magnitude of the detected 582 
error.  583 
 584 
It is observed in the present study that prior to perceptual training, the sensed boundary 585 
between the left and the right of the workspace lies to the left of the subject’s body 586 
midline. The bias appears to be related to the hand used in the perceptual testing. Wilson 587 
et al (2010) report the results of a systematic set of somatosensory perceptual tests using 588 
the left and the right hand. Their tests were similar to those used here, with the exception 589 
that, in their tests, the judgments occur in statics rather than during passive movement of 590 
the limb. They observed that when the right hand is used for perceptual testing, it is 591 
perceived to the right of its actual position, as is the case here. When perceptual testing 592 
involves the left hand, the opposite occurs: the hand is judged to be to the left of its actual 593 
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position. This same directional bias is observed when subjects make active movement, 594 
without vision, to a target located in the body midline (Dizio and Lackner, 1995). When 595 
subjects use their right hand they end up to the left of the actual target. When they use 596 
their left, they end up to the right. These results are observed when subjects make 597 
unrestrained arm movements and hence the effect is not related to the dynamics of an 598 
external manipulandum. The source of this proprioceptive bias is unknown although 599 
factors related muscle spindle function and limb geometry have been suggested 600 
(Herrmann and Flanders, 1998; Bergenheim et al., 2000; Jones et al., 2001). 601 
 602 
The goal of the current study was to provide a training protocol that potentially 603 
maximizes the involvement of the perceptual network during training. Hence, we did not 604 
attempt to distinguish the effects of perceptual judgement and reinforcement learning 605 
during the perceptual training protocol. The first two blocks of perceptual training 606 
involved perceptual judgments without feedback, while blocks three to five involved both 607 
perceptual judgment and reinforced feedback. So any improvement that we observed can 608 
be attributed to either procedure or the two in combination.   609 
 610 
Several investigators have examined the plasticity induced in cortical motor areas as a 611 
result of active movement training. The general finding has been that acquiring a new 612 
motor skill facilitates the induction of plasticity in motor cortex.  For example, in a series 613 
of electrophysiological experiments on primates (Nudo et al., 1996; Plautz et al., 2000), 614 
Nudo and colleagues trained monkeys on a repetitive motor task that required the 615 
retrieval of food pellets from either a small or large-diameter well (Nudo et al., 1996; 616 
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Plautz et al., 2000). They found persistent changes in the movement representation in 617 
primary motor cortex with small-well training, in which a new motor skill emerged. This 618 
is in line with a recent study on spinal cord injured rats who trained on a combination of 619 
treadmill-based training and a robotic postural interface which promoted active 620 
involvement of their paralyzed hindlimbs (van den Brand et al., 2012). It was found that 621 
active engagement was necessary to induce cortical plasticity, which led to successful 622 
locomotor recovery. Automated step training failed to restore voluntary locomotion 623 
despite long periods of repeated training post injury. These results support the idea that 624 
skill acquisition is important for the occurrence of cortical plasticity in the motor domain.  625 
 626 
Similar results have been reported for plasticity in somatosensory cortex following 627 
sensory training. Recanzone and colleagues (Recanzone et al., 1992) reported 628 
reorganization of the hand representation in primary somatosensory area 3b following a 629 
tactile frequency-discrimination task. In contrast, when monkeys received identical tactile 630 
stimulation of the hand, but were attending to auditory stimuli, no significant 631 
reorganization was observed in somatosensory areas. In a recent study which is perhaps 632 
closest to the present report, Rosenkranz and Rothwell (2012) show that sensory attention 633 
during a somatosensory frequency discrimination task results in changes to intra-cortical 634 
inhibition in primary motor cortex and augmented motor learning. The present results are 635 
consistent with these findings and show that skill acquisition in the somatosensory 636 
domain facilitates motor learning.   637 
 638 
It is worth considering other recent work on the effects of sensory experience and 639 
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repetition on motor learning. We show here that reinforced perceptual training can 640 
influence subsequent motor performance and learning. This is consistent with work by 641 
Huang et al. (2011) which shows that repeated movement in the context of visuomotor 642 
adaptation can enhance subsequent motor learning. However, one presently unresolved 643 
aspect of work on repetition and reward in motor learning is a discrepancy between the 644 
work of Diedrichsen et al. (2010) in which a directional movement bias was documented 645 
for repeated movements in a redundant dimension of the task whereas in a similar study 646 
in which there was no redundancy in the task, repetition alone resulted in no bias in the 647 
movement direction (Huang et al., 2011).  In the present study there was similarly no 648 
dimensional redundancy in the task, yet passive movement repetition biased subsequent 649 
force-field learning. This is consistent with Diedrichsen et al.’s observation that sensory 650 
experience may have the capacity to influence the following movements. The source of 651 
these differences remains unclear but the resolution of this issue will contribute to an 652 
understanding of the characteristics of sensory experience and perceptual learning that 653 
influence voluntary movement. 654 655 
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Figure Legends 656 
Fig. 1. Schematic illustration showing the testing sequence in each of the experimental 657 
conditions.   658 
Fig. 2. Somatosensory perceptual learning changes sensed limb position and perceptual 659 
acuity. A. The robot passively displaced the subject’s arm along one of 10 trajectories. 660 
Top down view showing the entire fan-shaped displacement pattern. B. Systematic shift 661 
in the psychometric function of a representative subject as a result of perceptual 662 
reinforcement learning.  Dots show tested limb positions and binary responses (blue 663 
represents start of training, red gives end of training).  C. The perceptual boundary 664 
changes over the course of training (mean over all subjects in the somatosensory 665 
discrimination group ± se). D. Perceptual acuity increases with learning. As acuity 666 
increases, the distance between the 25th and 75th percentile of the psychometric function 667 
decreases (mean ± se).  668 
 669 
Fig. 3. Reinforced perceptual learning increases the rate and extent of motor learning. A. 670 
Experimental sequence and average lateral movement deviation in different phases of the 671 
experiment. For visualization purposes, the figure shows only experimental subjects that 672 
underwent somatosensory discrimination training (blue) and control subjects that 673 
received no perceptual training, nor passive movement, of any kind at all (red). B. Effect 674 
of perceptual training on movement and adaptation are seen as changes in movement 675 
deviation. Left panel shows differences in deviation following sensory training relative to 676 
baseline. Middle panel shows movement deviation relative to Null 1 baseline at the end 677 
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of force-field learning. Right panel shows movement deviation at the end of force field 678 
learning relative to Null2. * indicates p < 0.05, ** indicates p < 0.001. 679 
 680 
Fig. 4. A. Motor learning as reflected in lateral force production early in force-field 681 
learning. Mean normalized force profiles (± se) over the course of movement. A value of 682 
1 represents full compensation for the force-field. B. Lateral force production late in 683 
force-field learning. Subjects in the reinforcement group show greatest learning. Control 684 
subjects show least. Data for the 24h condition are not shown but lies behind the passive 685 
group data. C. Motor learning as evaluated by lateral forces applied to the channel walls, 686 
normalized by the ideal force, for movements early and late in learning. It can be seen 687 
that the force index increases from early to late in learning.  688 
 689 
Fig. 5. Reinforced perceptual learning facilitates the acquisition of predictive control 690 during sensorimotor adaptation. The mean lateral force exerted by the subject in the 691 channel trials is shown (yellow) in relation to the ideal force needed to fully 692 compensate for the load (blue). A. Reinforced perceptual training. B. Passive 693 movement C. Control D. The time lag between actual and ideal force is least for the 694 reinforcement group and greatest for the control condition subjects. 695  696 Fig. 6. Somatosensory perceptual training improves the rate and extent of motor 697 
learning in spite of a perceptual boundary shift that serves to decrease error on 698 
subsequent movements. A. Measures of movement curvature in association with 699 
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perceptual training that is followed by a rightward force-field, and then a leftward field. 700 
Blue indicates subjects in the perceptual training condition. Red shows control subjects. 701 
B. Mean normalized force profiles over the course of training. Perceptual training results 702 
in increases in lateral force production relative to control subjects even when the 703 
associated perceptual shift serves to reduce kinematic error. C. Increases in acuity with 704 
perceptual training are found to be systematically correlated with improvements in motor 705 
learning as measured by changes in movement curvature (PD) between baseline and 706 
asymptotic performance in the force-field. As a measure of acuity we used the distance in 707 
millimeters between the 25th and 75th percentile of the psychometric function. The values 708 
shown here are the changes in distance from the early to the late phase of sensory 709 
training. Larger values correspond to greater acuity.  710  711 712 
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