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Lightly touching an earth-fixed external surface with the forefinger provides somatosensory information that reduces the Center of Pressure (CoP) oscillations. If this surface were to move slowly, the Central Nervous System (CNS) would misinterpret its movement as body self-motion, and involuntary compensatory sway responses would appear, resulting in a significant coupling between finger and CoP motions. We designed a forefinger moving light-touch biofeedback based on this finding, which controls the surface velocity to drive the CoP towards a target position.

Here, we investigate this biofeedback resistance to cognitive processes. In addition to a baseline, the experimental protocol includes four main conditions. In the first, participants were utterly naive about the feedback. Then, they received additional reliable sensory information. The third condition ensured their full awareness of the external nature of the surface motion. Finally, the experimenter notified them that the external motion drives their balance and asked them to reject its influence.

Our investigation shows that despite the robustness of the proposed biofeedback, light-touch remains penetrable by cognitive processes. For participants to dramatically reduce the existing coupling between the finger and CoP motions, they should be aware of the external motion, how it impacts sway, and actively reject its influence.

The main implication of our findings is that light-touch exhibits the same cognitive flexibility as vision when artificially stimulated. This could be interpreted as a defense mechanism to re-weight these two sensory inputs in a moving environment.

Introduction

Independent artificial manipulation of sensory inputs evokes coupled postural responses. The strength of this coupling may depend on cognitive processes, including awareness, prediction of the forthcoming events, central multisensory integration, and voluntary control. When manipulating sensory inputs signalling only self-motion, the coupling remains strong regardless of the presence of cognitive processes. In contrast, cognitive processes can weaken or even preclude the coupling, during artificial manipulation of senses reporting both external and self motions.

Vestibular and kinesthetic sensory inputs signal only body self-motion. A typical way of artificially manipulating the vestibular sensory modality is to apply Galvanic Vestibular Stimulation (GVS) to the vestibular nerves [START_REF] Day | 443 Human body-segment tilts induced by galvanic stimulation: a vestibularly 444 driven balance protection mechanism[END_REF][START_REF] Day | The vestibular system[END_REF]. Once applied, the participant experiences a virtual rotation and leans in the opposite direction. GVS stimulation is immune to cognitive processes [START_REF] Guerraz | Expectation and the vestibular control of balance[END_REF]. The coupling remains high regardless of the awareness of the artificial nature of the stimulus, pre-cueing of its occurrence or even its self-triggering. Applying vibrations to neuromuscular spindles at the calves muscles' level is a usual way to manipulate kinesthetic channels artificially. It induces a false sensation of falling forward [START_REF] Kavounoudias | Foot sole and ankle muscle inputs 451 contribute jointly to human erect posture regulation[END_REF], and an automatic backward postural response is then triggered. This artificial stimulus is also immune to cognitive processes, as reported in [START_REF] Caudron | Influence of expectation on 454 postural disturbance evoked by proprioceptive stimulation[END_REF]. Prediction or self-triggering could only delay the evoked response.

Vision signals both external and self motions. People, stand-28 ing in a room, whose walls are moving slowly, experience il-29 lusory self-motion. Postural reactions are then engaged in the 30 same direction of the moving walls [START_REF] Lee | Visual proprioceptive control of stance[END_REF][START_REF] Freitas Júnior | Postural control as a function of self-and 459 object-motion perception[END_REF]. Unlike vestibular in-31 puts and muscle spindles, if anything alerts participants about 32 their misinterpretation of the visual information, the evoked 33 sway may be strongly inhibited [START_REF] Guerraz | Influence of 461 action and expectation on visual control of posture[END_REF].
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Lightly touching a stationary surface with the forefinger is The control law writes: We introduced an evaluation criterion called that quantifies the closed-loop performance, and consequently the strength of the coupling between the finger and CoP motions:

129 V Finger (t) = K(CoP Re f (t) -CoP(t)) (1 
= 1 N | N (CoP Re f -CoP)| (2) 
N designates the number of samples of the experiment when the biofeedback was on (i.e. the [10 to 60]s time interval).

This tracking error qualifies the efficiency of the closed-loop performances. The higher the tracking error is, the weaker is the coupling. A high indicates a failure in driving the CoP around the reference trajectory. An upper-bound of 8 was assigned to the error. . This condition is the baseline.
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• EC: Participants kept their eyes shut. The LEDs were off. Participants achieved each condition three times. We thus computed three tracking errors, and the average is denoted .

Participants of GR1 took part in the five conditions. The W/O feedback condition was always the first presented one.

Then, the two second conditions (EC and EO) were presented randomly. The two remaining conditions took place in the same order: EOF and then AR. No further randomisation was possible since participants were gaining awareness progressively.

In order to check that participants of GR1 did not benefit from learning or habituation, two other Groups were involved.

In addition to the W/O feedback, participants of GR2 and GR3

were involved respectively in the EOF and AR conditions.

Statistical Analyses

Taking into account the relatively small sample sizes of the groups included in the study, we present the descriptive statistics describing the data as medians (Inter-Quantile -Range),

,i.e. Mdn (IQR), and we use non-parametric methods for analyses.

We investigated the null hypothesis validity for gender ratio, BMI, and age between Groups using a χ The statistical level of significance has been set at p = 0.05. 
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Preliminary trials reported in [START_REF] Vérité | Closed Loop Kinesthetic Feedback for 476 Postural Control Rehabilitation[END_REF], indicates that the proposed 404 biofeedback performances were not significantly influenced by 405 a concurrent cognitive task. This is a little bit contradictory 406 with the results of [START_REF] Lee | Effect of a cognitive task and light finger 506 touch on standing balance in healthy adults[END_REF][START_REF] Santos | Combined effects of the light touch 510 and cognitive task affect the components of postural sway[END_REF], where a concurrent cognitive task 

  35 a significant sensory input to postural balance. It diminishes 36 dramatically sway without providing any mechanical support 37 [9]. However, if the surface moves periodically and slowly, 38 body sway shows an automatic coupling to the stimulus 39 trajectory [10, 11]. Like vision, a moving light touch leads, 40 most of the time, to a perceptual ambiguity. The Central 41 Nervous System (CNS) misinterprets the surface movement as 42 self-motion [12]. We designed a forefinger moving light-touch 43 biofeedback based on the finding of Jeka et al., which controls 44 the surface's velocity to drive the CoP towards a target position 45 [13]. Our control sets the surface speed proportional to the 46 error between the current and the target CoP positions. We47 tuned the control to keep the speed low with the objective of 48 increasing the pre-mentioned sensory ambiguity.

49 50

 49 Due to sensory re-weighting mechanisms, providing partici-51 pants with a reliable additional sensory input may decrease the 52 evoked postural responses. For example, if participants could 53 benefit from light-touch with a stationary surface, postural were involved in the experiments. Participants did not present 83 any known neurological or postural history.

118 2 . 3 .

 23 Moving light-touch Biofeedback design 119 In [13], we proposed moving-light touch biofeedback allow-120 ing an automatic displacement of the CoP to a new target posi-121 tion in the sagittal plane. 122 We controlled the lightly touched translational mechanism 123 velocity to be proportional to the difference between the target 124 and the current CoP positions (see bottom-left on figure 1). The 125 translational device drives CoP along a smooth path CoP Re f , 126 until reaching the final spot.127 128

) 130 WhereFigure 1 :

 1301 Figure 1: In the figure center, a participant is standing on the top of a force platform and lightly touching the translational device. From top to bottom and from left to right: 1/ A close view on the translational device composition, 2/ A block diagram of the closed loop, with a time domain description of CoP Re f 3/ The four experimental conditions, with a highlight on the illuminating LED, 4/ Two temporal representations of a closed-loop results. The first illustrates a strong coupling:the CoP in red follows the predefined path in blue, the velocity plot in purple is low. The second illustrates a weak coupling: the CoP is far from the predefined path, the moving plate reach its mechanical limits (saturation) and thus the velocity is equal to zero.
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 5 Experimental procedure 176 All participants were utterly naive about the goal of the 177 experiment. For all the conditions, participants stood on the 178 top of the force platform and touched the double-sided tape, 179 located on the top of the translational mechanism, lightly 180 with the index of their dominant hand. As soon as normal 181 force exceeds 1N, an alarm sound is emitted and participants 182 are asked to release the pressure. They held the other arm 183 along the body. The experimenter adjusted the height of the 184 translational device for each participant. Figure 1 illustrates the 185 experimental protocol. 186 The experimenter controlled visually the participants' upper 187 limb configuration, which they kept almost the same during 188 the whole experiment. We also checked that the upper limb 189 configuration was far from all joint limits.190 191 We instructed participants to keep a neutral upright standing.192 193 The experiment, consisting of providing participants with our 194 moving light-touch biofeedback, included a baseline and four 195 main conditions: 196 • W/O feedback: In each trial, we considered the [0 to 10]s 197 time lapse where the moving-light touch feedback was off. 198 We computed the average CoP position during the first 5 199 seconds, and we considered a hypothetical 8 mm forward 200 reference for the remaining time to obtain a baseline score 201
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  EO : Participants kept their eyes open and looked at a cross 204 drawn on a wall located 50 cm in front of them. The LEDs 205 were off, and the moving plate was outside their field of 206 view. This condition consists of adding reliable sensory input. • EOF: Participants kept their eyes open and looked at the translational device. The experimenter told them that the translational device is moving. The LEDs were on and indicated the direction of motion of the plate (, i.e. forward or backward). This condition consists of adding the awareness about the external movement. • AR: Participants, aware of the external motion, are always looking at their finger, with the LEDs indicating the direction of movement of the plate. The experimenter informed them about the existing coupling between their finger motion and their postural sway. The instruction changed: in this condition, they should try to reject the coupling. This condition corresponds to a change from a neutral standing to voluntary rejection of the coupling.
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 262 Wallis test allowed checking the rejection of the null hypothesis for the W/O feedback condition between the three groups. The investigation of the null hypothesis between the tracking error during the different conditions (W/O feedback,EC, EO, EOF, and AR) for GR1 relied on a Friedmann test analysis. If the test rejected the null hypothesis, Post-hoc paired Wilcoxon tests, with a Bonferroni correction, is used. Two Wilcoxon signed-rank tests allowed checking the existence of a significant difference between the W/O feedback, EOF and AR respectively for groups GR2 and GR3. 261 Mann-Whitney U test allowed the comparison of the 263 tracking error between Groups (GR1/GR2), and (GR1/GR3) 264 for the EOF and AR conditions, respectively. A final Mann-265 Whitney U test allowed the comparison of the tracking error 266 between GR2 in the EOF condition and GR3 in the AR
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 2 Figure2shows a Tukey outlier boxplot of the tracking error

Figure 2 :

 2 Figure 2: A Tukey outlier boxplot of the tracking error. Note that for sake of clarity, the W/O feedback of all the groups are merged. The full statistical analyses are provided in the Results section
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 4 Discussion 320 The main finding is the robustness of our proposed biofeed-321 back to cognitive processes. Nevertheless, light-touch is still 322 penetrable by cognitive processes. To dramatically reduce 323 the existing coupling between the finger and CoP motions, 324 participants should be aware of the external motion, how it 325 impacts sway, and actively reject its influence. Results from 326 groups GR2 and GR3 suggest the absence of a significant 327 learning effect during the experimental session. We will discuss 328 the results obtained from GR1.329 330 Light-touch compares well to vision. Unlike vestibular 331 and kinesthetic inputs, cognitive processes could reduce 332 the coupling of evoked postural responses to their artificial 333 manipulation. The similarity between vision and light-touch is 334 due to their capacity to signal self and environment movements 335 ([5, 8, 3]). These two sensory information are subject to 336 ambiguous information, especially in a moving environment. 337 To this regard, the re-weighting mechanism (either sensory or 338 cognitive), could be seen as a defense mechanism allowing to 339 maintain an upright posture in a moving environment. 340 341 The environmental motion could either present high dy-342 namics (high amplitude and high velocity) or low dynamics 343 (low amplitude and low velocity). In the former, vision and 344 light-touch can easily separate the external and self-motion. In 345 the latter, the ambiguity increases, and the separation becomes two results. The first is that the active resistance condition re-399 duces the coupling, in line with the results of this paper. Sec-400 ond, the reducing rate decreased when resisting the visual ma-401 nipulation and performing at the same time a concurrent cogni-402 tive task, since the attentional resources should then be shared.
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  altered the assistance provided by lightly touching a stable sur-408 face. One should notice, that none of these studies required 409 intentional resources dedicated to the coupling between pos-410 ture and the stimuli. A moving-light touch paradigm with the 411 explicit instruction to reject the coupling, associated with an 412 additional cognitive task, needs to be addressed carefully. 413 Finally, our biofeedback contrasts with previous studies 414 on moving-light touch. Unlike the results reported in [15], 415 where the addition of a stationary visual input reduced the 416 sensorimotor coupling significantly, our study revealed no 417 significant difference between the EC and EO conditions. 418 The median slightly increased when participants looked at 419 earth grounded visual information, but to a lesser extent than 420 expected. The design and the tuning of the biofeedback explain 421 the difference: it is based on the current CoP position and 422 tuned to increase the ambiguity. Any attempt of reducing 423 the coupling, e.g. due to a piece of reliable sensory infor-424 mation, will result in deviation of the CoP position. This 425 deviation would constitute an error, and the biofeedback will 426 gently compensate for by bringing the CoP to its target position.427 428 In conclusion, the main implication of our findings is that 429 light-touch behaves to a large extent, like vision when taking 430 into account cognitive processes. Similarly to vision, partic-431 ipants can voluntary reduce the coupling between a moving-432 light touch and the evoked postural responses. A plausible in-433 terpretation is that, as a defense mechanism, the CNS is able 434 to re-weight these two sensory inputs to preserve balance in 435 moving environments. Future research needs to focus on the at-436 tentional resources sharing when participants are asked to resist 437 the coupling while achieving a concurrent dual-task.

Table 1

 1 

						summa-
			GR1	GR2	GR3	Statistical
			(N=18)	(N=13)	(N=13)	Significance
		Age (years old) 22 (10.5)	22 (3)	22 (2)	N.S.
		BMI (kg.m -2 ) 22.5 (4.7) 21.1 (3.3) 21.9 (4.1)	N.S.
		Gender (f/m)	7/11	5/8	5/8	N.S.
		Table 1: Participants characteristics summary. GR1, GR2 and GR3 designate
		three separate groups. N indicates the sample size of each group. BMI stands
		for Body Mass Index. Quantitative data is presented as medians (interquartile
		ranges). N.S. means Non Significant.	
	85				
	86	2.2. Experimental setup		
	87	Figure 1 shows a view of the experimental setup. It consists
	88	of a force plate (AMTI BP400600-1000) and one Degree of
	89	Freedom (DoF) translational device, which workspace is of
	90	6 cm.			
	91	A typical trial consists of a participant standing on the top of
	92	the force plate and lightly touching the translational device.
	93				
	94	The force plate measures forces and torques applied by
	95	standing participants, which allows the computation of the
	96	CoP position. The translational device encloses a force sensor
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rizes the descriptive statistics of the three groups. 113 oriented to produce translation in the sagittal plane.

114 115 Custom software controls the motion of the translational 116 mechanism (more specifically its velocity) and collects the data 117 in real-time with a refresh rate of 500 Hz.

Table 1

 1 summarises the three groups characteristics. The

273 groups did not differ by gender, χ 2 (2, N = 44) = 0.001, 274 p = 1. Two Kruskal Wallis tests rendered no significant 275 difference between groups for age (H(2)=0.1, p = 0.95) and 276 BMI (H(2)=3.89, p = 0.143).

difficult. Barela et al. showed, in their work [START_REF] Barela | Explicit and 491 implicit knowledge of environment states induce adaptation in postural 492 control[END_REF], a group of In their works [START_REF] Aguiar | Dual task in-500 terferes with sensorimotor coupling in postural control[END_REF][START_REF] Genoves | Attentional 503 artifacts in sensorimotor coupling in the postural control of young adults[END_REF], the authors studied the visual senso-This work was funded by the ANR within the i-Gait project 440 under reference ANR-16-CE33-0012.