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Abstract

The present work was dedicated to the study ofihaptpplementation, an experimental
manipulation that allows augmenting the sensorg @wailable to the CNS. It has been found
to provide a stabilizing effect on the posturabgity of young and older participants. Besides
the classically employed experimental manipulatiomamely sensory restriction or
perturbation, haptic supplementation proved to bsomplementary way of studying how
postural control is achieved in changing sensoryirenments. Two paradigms of haptic
supplementation during upright stance have beedliextun the literature 1) the light-touch
paradigm consisting in a light contact of the indexger on a fixed support and 2) the
passive-stimulus paradigm consisting in a lightspas“scratch” of a stationary rough surface
to the skin. However, it remained unclear whethagstic cues provided by a fixed or mobile
support improved postural control in a similar veayd whether the stabilizing effect of touch
cues persisted in perturbing postural tasks. Fmdimswers to these remaining questions is of
crucial importance in view of potential applicatianghe domain of (informational) walking
devices. This was the objective of the present watkich aimed to contribute to the better
understanding of the underlying mechanisms of thtergial stabilizing effect of haptic cues
from a mobile support. A prerequisite of the préseork consisted in the design and use of a
mobile-stick experimental paradigm that is, a camabon of a light touch (via a mobile
support) and a passive stimulus (sway-related mewsnof the mobile support). Owing to
this paradigm, we aimed to explore whether and temvCNS can make use of haptic cues
provided by the light contact of a mobile suppdmtthe first part of the current manuscript,
we present a review of the literature about posttwatrol and haptic supplementation. The
second part describes the new mobile-stick expatahg@aradigm. The third part details the
different experiments carried out to investigateespecially older adults can make use of
additional haptic cues in different challenging tpoal tasks. Different variables calculated on
the basis of the center of pressure (COP) were tasstidy changes in postural stability with

or without supplementation. The first experimentamined the effect of haptic

supplementation provided by a more or less stabppat on postural stability of young
participants during quiet stance. The second emmgr furthermore compared young and

older adults in the above-mentioned task. The testdnfirmed our hypothesis about the
effect of haptic supplementation in both age groupdependent of the mobility of the

support. In absence of a fixed reference pointha dénvironment, that is, when haptic cues



from a mobile support were provided, participanils lsenefited from haptic cues presumably
created by the sway-related movements of the supytren testing different levels of light
resistance offered by the support against body sthayresults suggested that only sufficient
resistance (scratch on rough surface) guaranteestdbilizing effect. The results further
suggested that haptic supplementation reduces (@wert time intervals) the reliance on
increased activity of the involved muscles and leéafter longer time delays) to well-
coordinated postural corrections. Even age-relatehges in the stochastic behavior of the
COP are compensated due to haptic supplementatibith is even more noticeable as
clinical tests of cutaneous sensitivity showed ga-gelated decline of spatial acuity at the

fingertip. In the third experiment, we were intdegs in the potential effect of haptic

supplementation on postural control of sitting. &hen the assumption of common principles
of feedback control during standing and sitting, mgothesized that the CNS can also
improve sitting postural stability when supplemehnt&he results confirmed this hypothesis
for both age groups. We also manipulated visuak doethis study. Corresponding results
suggested that additional haptic cues can sulestitigsing sensory information. This finding
is valuable as haptic cues are not commonly usedpé@stural control. In_the fourth
experiment, we aimed to explore whether hapticrmfition from a mobile support is used by
the CNS to control standing posture in a dynamistyral task. Together with the COP, in
this study we also analyzed the coordinative patbstween the leg and trunk segments by
means of kinematic data of young participants stapdn a rocker board. Results suggested
that the COP and the angular displacements oftbeségments are reduced when haptic cues
are available even though haptic supplementati@s dot influence the coordinative pattern
(ankle strategy) established to achieve the robkard stance. The fifth experiment

investigated whether haptic supplementation has &npal to improve the system’s
robustness to sudden support-surface translatiomsnger participants reduced the time to
the first correction of the COP when supplementdtereas older adults did not behave in the
same way. Owing to another age-related strateggt hike@ly, involving a more rigid body,
the older adults corrected their posture earli@anttyoung adults even without haptic
supplementation and therefore did not make uselditianal haptic cues to further shorten
their postural correction in response to the extepwturbation. Overall, experimental
findings confirmed our hypotheses and therefore pterfuture research on the application of
the mobile-stick experimental paradigm to locomatido conclude our work, the general
discussion and the opened perspectives towardtalp@haptic assistive device are presented

in the last part of the present manuscript.
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General introduction

Efficient postural control is important to preserttee autonomy of older adults during
activities of daily living since it permits to accptish supra-postural and locomotor tasks and
to avoid falls. Age-related alterations of postucahtrol can have dramatic consequences
concerning the quality of life and the well-beinigadder adults. Thus, understanding how to
improve postural control is an important objectieé researchers in the domain of

gerontology. This was the general objective offifesent thesis.

A widely accepted hypothesis is that to achieveieffit postural control, the central nervous
system (CNS) processes a variety of signals pravimethe different sensory systems that
inform about the spatial orientation and motiontteé body with respect to gravity and the
environment. Sensory integration allows to genecateective motor commands addressed to
the corresponding muscles and to accomplish pdstoraections [Fitzpatrick et al., 1996,
Peterka, 2002, Maurer et al., 2006].

For several decades, the prominent experimentailegly to assess the contribution of each
sensory modality to postural control and to studyltisensory integration has been the
restriction or perturbation of different sensoryutg(e.g., sensory organization test [Horak,
1987]). Even though sensory restriction (eyes clgdeka and Lackner, 1994]) or sensory
perturbation (galvanic stimulation [Séverac Caucptilal., 1998]) generally results in an
increase of postural oscillations, the CNS can corsgie to a certain extent for these kinds of
perturbations. This means that the CNS can dectbaseeight of, for example, missing or
inaccurate information from one sensory channel @imiltaneously increase the weight of
another (more accurate) one [Jeka et al., 200Criet 2002, Oie etal., 2001]. These
compensatory mechanisms demonstrate the abilityeo€NS to maintain postural stability in
a constantly changing environment. However, comsed by age-, injury- or disease-
related alterations of the neuro-musculoskeletatesy (NMSS), the CNS can experience
difficulties in sensing deviations of the body fragravity. If no more compensation can be
accomplished, for instance, because of limitationsentral processing or multiple alterations
of the sensory systems, postural instability maylte Thus, from a methodological point of
view, another complementary way to study postuoakmol mechanisms is to supplement the

system with additional sensory cues. During sensopplementation the studied system is

1



not additionally challenged or modified (as it igidg sensory restriction), which could be an
advantage especially when studying postural corsystems that are already altered due to
higher age. Thus, sensory supplementation, whichldeen proven to stabilize posture of
young and older adults [Jeka and Lackner, 1994 dall Lackner, 1995, Baccini et al., 2007]
by augmenting sensory cues available to the CN@ddwelp to compensate for age-, injury-

or disease-related alterations of the NMSS.

Consistent with these considerations, the presemk ws dedicated to the study of haptic
supplementation, a way of providing the CNS withliadnal cutaneous and proprioceptive
cues via a light touch (LT) between a body part gredenvironment during a postural task. It
is largely inspired by the seminal works of Jeka hadkner [Jeka and Lackner, 1994, Jeka
and Lackner, 1995, Jeka et al., 1996, Jeka, 19%t] demonstrated the functional role of
supplementary haptic information provided by a LTihad index fingertip on a stable support
in postural control. The two main advances of thwks by Jeka and colleagues were that
haptic information from the fingertip helps to whian accurate representation of the body
orientation due to the fixed reference point preddn the environment, improving postural
stability. Although these authors often claimedembial applications of their findings in the
domain of assistive devices, they did not fully lexghe possible benefit of a LT on a mobile
support. This would be important however. Indeéadbiserved, results about the stabilizing
effect of a LT on a mobile support would challenfpe above-mentioned interpretation
associated to a fixed reference point in the enwiremt. Few studies have investigated the
effect of a LT on mobile supports (LT of a weightldh by a pulley system or flexible
filaments) and observed a stabilizing effect [Lackeeal., 2001, Krishnamoorthy et al.,
2002]. Corresponding results suggested that inedegostural stability might be gained
through the use of another type of haptic infororatrelated to transient finger and arm
proprioception as well as contact forces developetiveen the fingertip and the lightly-
touched mobile support [Lackner et al., 2001, Kwehoorthy et al., 2002]. Thus, sway-
related haptic cues seem to improve self-motiorcqgion and thereby postural stability,
even in absence of a fixed reference point (ekyisinamoorthy et al., 2002]). Yet, the
present work was motivated by the lack of studigdaging whether haptic supplementation
is also effective when the support is mobile, ¢stilg with the swaying body. The lack of
studies in this field convinced us to addressi#gge, which is especially important in light of

potential applications in the domain of mobilitgleitoward a portable haptic assistive device.



Though several researchers and clinicians have asiggd the importance of a hand-held
cane to provide haptic supplementation and thefebgtional orientation cues [Bateni and
Maki, 2005, Jeka, 1997], the question remained lnéther and in which conditions the CNS
can detect the relationship between the environahenrroundings and the oscillating body

with the help of a mobile haptic support.

In addition to these theoretical consideration® firesent work was also inspired by
everyday-life observations. First of all, a numbércane-users actually do not use their cane
as a mechanical support, given that their staligityot challenged. Instead, they use the cane
intermittently in the gait cycle in order to makdight contact with the ground. One can
interpret this strategy as a means of using the esna haptic support, which then provides
sway-related orientation cues via the light contacthe cane with the ground. Second, one
can think of situations, in which a person is e@ntgthe dark basement of a house while
lightly touching the wall with the fingertips in @er to find the light swift. The light contact
of the fingertips with the wall, in this case, presbly provides sway-related orientation cues
to preserve balance during locomotion. Finally, often observe older adults lightly
touching the forearm of a nurse or a family memii the hand while walking. Might this,
similarly, reflect a situation, in which older uabte adults gain sway-related orientation cues
via the light contact of the fingertips with the nhmy arm of the partner? From these
observations, we hypothesized that sway-relatedichagormation is provided in all three
mentioned complex postural tasks, that it enhaseesory cues available to the CNS and
thereby improves postural control. In all the meméid situations, the user of haptic cues
moves in the environment which, thus, justifies tieed for research on mobile haptic
supports and for the design of a portable haptstsige device. These examples illustrate
what we think is the added-value of haptic supptiré$ are currently used in daily life, such
as a lightly-used cane or a lightly-touched arna gfartner during locomotion. The potential
mechanical function and the psychological benbét this kind of support could also provide
will not be outlined in the present work.

Based on the literature about the LT and on the&imoentioned everyday-life observations,
the motivation for the present work was fourfoldtsEof all, we aimed to better understand
multisensory integration processes of visual, pom@ptive, vestibular and haptic cues and

how haptic cues provided by a mobile support infaee postural control mechanisms.



Moreover, we intended to determine if these cuesccanpensate for missing yet commonly
used sensory sources (visual, proprioceptive astbegar). Second, we aimed to investigate
how haptic supplementation from a mobile suppotuerices postural control of older adults
and if they benefit more or differently from haptigces than young adults, for example, due to
peripheral or central infra-clinical alterationstbé NMSS. Our third objective was to explore
the effect of haptic cues provided by a mobile suppn sitting posture. Indeed, even though
similar models exist for standing [Kiemel et alQ08] and sitting postural control [Reeves
et al., 2007], few works have tried to compare p@dtcontrol mechanisms in both tasks (see
[Genthon and Rougier, 2006, Preuss and Fung, 2068e et al., 2010], for exceptions).
Moreover, a lot of work in the domain of sittinggboral control focused on deficient postural
control of patients with low back pain [Radeboldakt 2001, Van Daele et al., 2009, van
Dieén et al., 2010] or stroke [Genthon et al., 20@&rImutter et al., 2010] but rarely studied
the postural control system during normal aging.eBploring, in a first step, the effect of
haptic supplementation on postural control of siftin healthy older adults, we intended to
clear the way for future research about the paentbompensatory effect of haptic
supplementation on sitting posture in sensory- otomdeficient populations. Finally, our
fourth objective was to investigate the missing logtween the actual theoretical knowledge
about haptic supplementation (via fixed or, at tea®t portable supports) and potential
applications in the domain of assistive mobilitwides providing haptic supplementation. By
studying the effect of haptic cues provided by a ieadtick in dynamic situations we aimed
to determine whether these cues are beneficiapdstural stability in perturbed situations.
Besides their perspectives toward applicationgesponding experiments were also designed
to better understand how the integration of hapties provided by a mobile support occurs
when not only a fixed reference point is absentliedight-touch support) but also the user

of the haptic support moves in space.



In the first part of the manuscript, we preseneaaw of the existing literature on postural

control, sensory integration, haptic supplementatage-related alterations within the NMSS
and their consequences for postural control (chdpjeThe second part of the manuscript is

dedicated to the experimental strategy of the pteserk describing experimental conditions
that were, conceptually speaking, similar in thigedent experiments (chapter 2.). In the third
part, we present the different studies that werpiied by the motivations presented above,
their main results and discussions (chapters 3.)toLastly, we conclude by presenting the
general discussion and the perspectives offeretthdyindings of the present work (chapters
8. and 9.).



1. State of the art

1.1. General principles of human postural control

1.1.1. Interplay of biomechanical and sensorimot@actors for postural control

Postural control results from the coordination leé multiple degrees of freedom (DoFs) of
the musculoskeletal system in order to achipustural orientationand postural stability
Postural orientatiorrefers to the ability to position the body’s segiserelative to each other
and to the environmenostural stabilityrefers to the ability to continuously keep theticait
projection of the body’s center of mass (COM) withihe base of support (BOS), which is
defined by the surface delimited by the feet (dympright standing) or by the buttocks and
thighs (during sitting). In the present work, wedlwefer to postural stability defined as the
ability to maintain posture due to the regulationboth the COM and the body segments
relative to each other and relative to the envirenin

The stabilization of the COM positions over timeoiten assumed as the implicit goal of
postural control (e.g., [Horak, 2006, Peterka, 2D0Re COM is the point of application of
constantly destabilizing gravitational forces thave to be counterbalanced by forces applied
on the ground. So, mechanically, standing is a mhedlenging task than sitting because the
COM has a higher position relative to the BOS im former than in the latter task. To
maintain balance, the inherently unstable systemtbae controlled. In this aim, the CNS
detects deviations of the body from vertical by neeaf central integration of orientation cues
from different sensory systems. Subsequently, feddbased adaptations of motor
commands have to be addressed to the musclesferfedif body joints. Coordinated muscle
activations result in corrective forces appliedhe ground, which keep the projection of the
COM within the BOS. It is noticeable, however, tleaten in an apparently quiet balance
situation the body continuously oscillates aroutsdlongitudinal axis in both the antero-
posterior (AP) and medio-lateral (ML) directionsody oscillations can be inferred from the
trajectory of the center of pressure (COP) thaths, point of application of the resultant
ground reaction force over time recorded by a f@le¢form. Spatio-temporal features of the
CORP trajectory are, thus, common measures of pidtability ([Prieto et al., 1996], chapter
1.1.2)).



According to Newell (1986), motor skills “emergedin the interplay of environmental, task-
inherent and subject-related (biomechanical, mos&eletal, sensory and cognitive) factors.
Separate or concurrent changes in these factorspmadyrb postural stability [Horak and
Macpherson, 1996] and the CNS has to continuousigage the interaction between these
constraints (Figure 1). Any change in one of thigetBnt constraints may lead to a loss of
stability and increases the risk of falling if t&NS is unable to compensate for the
perturbation.

Task

Postural stability

Subject Environment

Figure 1: Emergence of movement behavior (here pasial stability)
from the interaction of the environmental, task-inferent and subject-
related factors

Adapted from [Newell, 1986]

In our experiments, we have manipulated the diffementioned constraints in order to
explore how sensory supplementation influencesupaisstability, especially in higher age,
by 1) controlling the sensory cues available to@NS (environmental constraints), 2) using
more or less challenging postural tasks (task-grteconstraints) and 3) exploring the effect

of age of different groups of participants (subjetated constraints).

1.1.2. Variables extracted from center of pressurajectories to assess postural
stability
A common measure of postural stability in sittingyiet and perturbed stance is the
displacement of the COP over time, which can berdsz by a force platform [Prieto et al.,

1996, Rougier, 2008]. In the following, we will mtluce the different variables extracted



from COP trajectories used for data analysis inphesent work. Note that the choice of

variables followed the tested hypotheses.

Classical variables of interest assess the vaitialil the COP positions (RMS), the range of
the COP positions (range), the mean velocity of @@P trajectory (MV) and the area
covering the planar COP displacements (area). TM& k& calculated as the square root of
the mean of the squared COP-position values andatiigee by subtracting the greatest from
the lowest COP-position value. Both can be caledl@n the AP and ML directions. The MV
is estimated by dividing the total length of the E®ajectory by the duration of the record.
To this aim, the total length can be estimatedhgydum of the Euclidean distances between
two successive COP positions [Raymakers et al5R0Me area of the COP displacements is
currently estimated by fitting an ellipse encompag95% of the planar COP displacements
by means of principle component analysis [Duarté Aatsiorsky, 2002]. In most studies,
individual data of different trials of each conditiare calculated and then averaged so that
the participants’ means can be used for statisticalysis.

The COP trajectories can also be subjected to taHeasier Transform in order to determine
the frequency components of the body sway. Powectsp of different trials of each
condition are currently averaged to obtain an iiial spectral signature, which is used for
further analysis. Classical variables of interesthe frequency domain are the mean total
power (MTP) and the mean power frequency (MPF, fldolet al., 1994, McClenaghan et al.,
1996]). The MTP is calculated as the sum of all powalues of the spectral signature and
represents the mean power of the signal. Higher MiTthe frequency spectrum have been
observed during upright standing in older adultemwhompared to their younger counterparts
[McClenaghan et al., 1996]. The MPF is calculatedte sum of each power value of the
spectral signature multiplied by the correspondiequency and then normalized by the MTP
[Holden et al., 1994]. It corresponds to the fragpyethat, on average, characterized the most
power of the signal. Higher MPF have been obsedwethg upright standing in the postural
sway of older adults when compared to younger adphlesumably resulting from increased

muscle activity and ankle stiffness [Carpenter e2806, Vieira et al., 2009].

In the present work, a particular focus was onetifiect of haptic supplementation on postural

control mechanisms that operate with different tidedays. It is generally accepted that



postural sway results from two main sources: 1y \&ort-term corrections, resulting from
changes in intrinsic visco-elastic properties @ thuscles and 2) long-term corrections that
are based on the use of sensory feedback. Thase datrections imply time delays due to
signal transmission and processing. To infer the®emechanisms from COP trajectories, a
suitable COP analysis - the stabilogram diffusio@lgsis (SDA) - has been proposed for
postural control of upright standing by Collins abd Luca (1993, for details). It has also
been applied to postural control of sitting [Chalekw et al., 2000, Radebold et al., 2001,
Silfies etal.,, 2003]. Based on the time-series GDP positions, the mean squared
displacements of the COP are determined for datatgpeeparated by various time intervals.
In stabilogram diffusion plots, the mean squaredpldicement is plotted against
corresponding time intervals (Figure 2). The plotsdifferent trials of each condition are
currently averaged, serving as an individual resulplot for further analysis. With increasing
time intervals, the mean squared displacement ase in these plots. However, the slope
classically exhibits an abrupt change that is,sitdifferent for shorter and longer time
intervals. The critical point (x-coordinate: crdictime interval (CPs) and y-coordinate:
critical mean squared displacement (CPmm?2)) indgcétte region of time intervals where the

slope significantly changes. It separates, thessttort-term and long-term region of the plot.

Short- Long-termregion

|

Slope

Critical time interval [s]

Critical mean squared displacement [mm?]

A Slope

o ~1 10

Mean squared displacement [mm?]

Time interval (s)

Figure 2: Scheme of a stabilogram diffusion plot
Adapted frghorris et al., 2005]

The slopes of regression lines fitted to the twgiars of the (linear-linear) plots are the short-
term (Ds) and long-term diffusion coefficients (Dl)hey are interpreted as indicators of the

open-loop and closed-loop stochastic activity & @OP, respectively. According to Collins
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and De Luca (1993), higher short-term and long-tdiffusion coefficients refer to higher
stochastic activity and can be explained by highativation of postural muscles needed to
control a rather unstable system. The SDA, thugraets physiologically meaningful
information from the COP trajectories that are aisded to the steady-state postural behavior

(open-loop) and to the time-demanding posturaltiaekl control mechanisms (closed-loop).

1.1.3. Biomechanical models of standing and sittipgsture

Since the human body is a complex multi-joint systéhe question arises of how erect,
upright balance can be maintained in both stan@dind sitting tasks. Classically, in the
literature on standing postural control, differ&imtds of coordination patterns between body
segments (i.e., essentially trunk and lower lintieje been observed depending on the type
of perturbation applied to the postural system.halit being perturbed or in response to
smaller translations of the support surface, sHwjl® coordination patterns have been
frequently observed to maintain upright stance l@skrategy), whereas in response to large

translations of the support surface, multi-joint @boation patterns dominated (hip strategy).

Thus, in unperturbed situations, a commonly accepssumption is that both standing and
sitting postures can be modelled as an inherentstabie single-joint inverted pendulum
rotating around the ankle [Maurer and Peterka, 28@%erka, 2000] or hip [Cholewicki et al.,
2000, Reeves et al., 2007], respectively. In tlasspective, one considers that to maintain
postural stability, the CNS primarily achieves aetcontrol of only one degree of freedom
(DoF, ankle or hip joint, respectively) in combimait with the stiffness provided by
corresponding passive musculoskeletal structures. gingle-joint inverted pendulum model
is assumed to rely on a simple, direct relationsl@fween muscle activation and behavioral
output variables (e.g. COM, COP or head). Duringglyp standing, COP trajectories result
from corrective torque exerted by dorsal and plafiexion in the sagittal plane and by hip
abduction and adduction in the frontal plane [Whirgkal., 1996]. During sitting, they result
from corrective torque exerted by hip and interseral joint adjustments in the sagittal plane
and by intervertebral joint adjustments alone in fitomtal plane [Silfies et al., 2003]. The
single-joint inverted pendulum model is currentnsidered as the reference model in the
literature for unperturbed balance and it has nespimost postural control studies
[Cholewicki et al., 2000, Maurer et al., 2006, Plede 2002, Reeves et al., 2007].
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However, as for most of our coordinated movemeBgsristein, 1967], successful postural
stability during perturbed upright stance may reguwoordinated control of several body
components [Hsu et al., 2007, Kiemel et al., 20D8g, 2007]. In particular, in dynamic

upright standing situations, pure ankle control may suffice to keep the COM above the
BOS. Instead, a strategy that consists of the tisgoDoFs (ankle and hip) seems to be more
appropriate. This strategy corresponds to an dw@s@ coordination pattern between the
lower and the upper body segments [Horak and Nash886, Horak and Macpherson, 1996]
that more effectively corrects the COM positionrteroed balancing can be modelled as a
multi-joint model [Alexandrov et al., 2005, Hsuatt, 2007] that provides a realistic idea of

complex postural behavior.

The findings by Hsu et al. (2007) and Creath e{2105) illustrate the subtle differences in
the different points of view available in the lature of biomechanical postural models.
Challenging the assumption that only the ankletetna is used by the CNS to achieve
unperturbed upright stance, Hsu et al. (2007) sdotheat, even in an unperturbed situation,
several joints (in addition to the ankle) exhiloteworthy variance. The authors hypothesized
that the CNS coordinates redundant DoFs in ordéraie limited effect on the task-related
variable (COM position). In support of this hypatige owing to the spectral analysis of inter-
segment body motion, Creath et al. (2005) showatttho modes of coupling between legs
and trunk simultaneously occurred during unpertdristance. Specifically, these two
segments were found to oscillate in-phase with i@dpeeach other for low frequency ranges
(i.e., < 1Hz) and anti-phase for higher frequermyges (i.e., > 1Hz) (see also [Zhang et al.,
2007]). These examples show that different biomeiclah postural models can account for
the biomechanical structure that is to be contdolleunperturbed balance situations. From a
kinematic point of view, all DoFs along the longiinal axis of the body (more than just the
ankle joint) are engaged in postural control durquget balancing. Postural control may
exploit joint redundancy through the use of difféareoordination patterns between the ankle,
knee, hip and spine that are assembled as a furatitre environmental, task-inherent and

subject-related constraints.

In spite of these findings, most authors assumatittie single-link inverted pendulum model
constitutes an acceptable model in a wide rangstariding [Maurer and Peterka, 2005,
Peterka, 2000] and sitting postural situations [€widki et al., 2000, Reeves et al., 2007].
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Consequently, in the present work, we have constbtdris model as the reference model for
the study of multisensory integration during qus&nding (see studies | and II, chapters 3
and 4, respectively) and sitting (see study lllamer 5). When studying perturbed upright
stance (see studies IV and V, chapters 6 and pecésely) our analysis of coordinative
patterns between the different body segments wesedban the model of a two-link inverted

pendulum (ankle and hip).

1.1.4. Postural strategies: voluntary selectionmabtor programs or constraint-related

self-organizing patterns

Still, the question remains of how the CNS conttbks different DoFs of the single or two-
link inverted pendulum when constraints inherenthi® environment, task or subject change
(see Newell (1986)'s model above, chapter 1.1ld.dhis respect, postural strategies (i.e., the
ankle and hip strategy), have been classicallypnéted as the result of voluntary selection of
a prestructured, memorized central motor programagiag postural constraints in order to
maintain upright stance [Horak and Nashner, 198&shder, 1977]. However, a different
interpretation was proposed on the basis of theawniyn properties of postural strategies
observed in a visual tracking task during uprigiainding [Bardy et al., 1999, Bardy et al.,
2002]. Participants were instructed to sway in pitdetrack a visual stimulus, moving back
and forth. With increasing stimulus frequency witha trial, participants spontaneously
switched from an in-phase between the body segm@mide strategy) to an anti-phase
pattern (hip strategy). Drawing a parallel with tthgnamic patterns observed in numerous
multi-segmental action systems (which were concdiged by Kelso and collaborators,
1984), Bardy et al. (1999, 2002) suggested thatpbstural strategies emerged as self-
organizing patterns from a coalition of internatiaxternal, task-specific constraints (support
surface or visual tracking task). Accordingly, evérthe CNS manages the coalition of
postural constraints by adopting different stragsgit is still unclear whether these strategies
result from the selection of central motor programisether they emerge as self-organizing

patterns, or both.
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1.1.5. Sensorimotor control of upright posture

1.1.5.1. A general model of postural control (sgteind standing)

Even though different biomechanical systems arelwaebin the standing and sitting postural
tasks, Kiemel et al. (2008) and Reeves et al. (R0@¥e proposed similar solutions to the
problem of how postural control is achieved by @¢S in the two tasks (Figures 3 and 4,
respectively). Both models include two componemistitbuting to the system’s stability - a

plant and a controller.

Neural Feedback . Plant |
' commands !

~ | (EMG signals) :

neural : = muscle and .
controller —-[ tendon :

| joint :

sensory | itorques !

signals :

sway (body segment angles)
sensory perturbation

sensory
( systems | ( body

Figure 3: Postural feedback control model for uprignt standing
Adapted from [Kiemel et al., 2008]

The plant represents the biomechanical structure ltha to be controlled. The controller
generates the input to the plant needed to achie¥edesired output, corrective postural
muscle activation to achieve upright standing timgj. For this purpose it is provided with a
variety of signals (proprioceptive, vestibular avidual) about the spatial orientation and

motion of the plant.

Both the sitting and standing postural control ni®@ee inspired by control theory, and their
basic reasoning is that ongoing corrections in Ipaltistic actions, such as postural sway,
result from two sources: 1) feedback-driven coroest, which arise from changes in neural

activation and require time delays due to sigresdigmission and processing and 2) intrinsic,
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very short-time corrections, resulting from changpesisco-elastic properties of the muscles,

which do not require changes in neural activation.

In the present work, we took advantage of commanrobprinciples at work during standing

and sitting to explore the functional role of haptues in postural feedback control.

Spine System g T
) E State of
input L | the system
—_— ¥ JR—
\_/
\_: """"""
I _Iljbemmbr_al
Feedback JoR properive
control for —
Intrinsic muscle|
each properties
vertebra

Figure 4: Model of the spinal feedback controller
Adaptedrh [Reeves et al., 2007]

1.1.5.2. The role of sensory feedback

Feedback mechanisms involved in postural controplymtime delays due to signal
transmission and processing. This means that tbheaheontroller receives sensory inputs
about the spatial orientation and motion of the ybadth respect to gravity and the
environment with a given time delay before correetmotor commands can be elaborated
and then corrective torque can be generated (FigufBeterka, 2002, Maurer and Peterka,
2005, Maurer et al., 2006, Kiemel et al., 2008, batbin et al., 2009]). The different sensory
cues used for this purpose are derived from diftesegnals, e.g. those related to 1) the
position of objects in the visual environment, [2 tinear or angular acceleration of the head
as well as its orientation relative to gravity, 3 the distribution of forces applied to the
plantar sole, the muscle length or velocity of caciion (see chapter 1.1.5.3, for further
details). Therefore, the cues are associated tpeaific frame of reference for spatial

orientation. In order to integrate them and torneate the body orientation and motion, the
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different sensory cues may require transformatioa tommon consistent frame of reference
[Jeka et al., 2000, Mahboobin et al., 2009].

Figure 5: Schematic of the continuous interactionsduring
postural control between the different sensory sysins, the CNS
and the muscular effectors

Collins and colleagues [Collins and De Luca, 1928ljins et al., 1995, Collins and De Luca,
1995a, Collins and De Luca, 1995b] proposed a apémnd of framework for postural
feedback control. The authors claimed that the @N\N&®ntinuously receiving sensory cues to
achieve feedback control mechanisms but that venallsdeviations (below sensory
threshold) do not require closed-loop control tather open-loop control mechanisms for
postural corrections. This hypothesis contrasth wiat proposed by Peterka (2002). Sensory
thresholds reduce the amount of information flowbt processed by the CNS (only cues
beyond sensory threshold) and so Collins and apliest proposition simplifies the

multisensory integration problem.

Similar to postural control models related to uptigtanding, studies in the domain of sitting
posture suggested that postural stability duritighgiwas achieved through 1) tonic baseline
trunk muscle activation to stiffen the trunk in @pen-loop manner, and 2) feedback-based
phasic muscle activation [Zedka et al., 1998, Masamil., 2009]. Masani et al. (2009) put
forward that the phasic, direction-specific musatéivation developed in response to surface
perturbation is presumably and primarily based @msery feedback, such as pelvis

proprioception and cutaneous cues from buttockdtagts.
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In summary, sensory feedback from multiple sousses their integration in the CNS play a
key rolein the control of standing and sitting balance. Thie&ty of sensory integration and,
thus, postural control depend on the intactnesthefdifferent peripheral sensory systems
(chapter 1.1.5.3.) and the central processing eyYONS (chapter 1.1.5.4.), both of which can
be altered during normal or pathological aging ftees 1.3.2. and 1.3.3.).

1.1.5.3. Sensory systems involved in postural obntr

During the last 20 years, experimental manipulatibdifferent sensory inputs has permitted
to assess the contribution of each sensory modaiity to study multisensory integration
during posturatontrol in upright standing situations (e.g., sepsarganization test [Horak,

1987]). This has scarcely been done in sitting sdna (see [Silfies etal.,, 2003], for

exception).

Each sensory modality provides the CNS with a fadvgensory cues that is associated with a
specific frame of reference. Specifically, visugpuits provide a reference for verticality and
for self-motion by detection of optic flow. One adly considers that proprioceptive inputs
provide a reference for (the quality of) the supmanface due to sensory cues about joint
position, muscle length, velocity of contractiondarelative movements of body segments.
Maurer and colleagues [Cnhyrim et al., 2009, Maweteal., 2000, Maurer et al., 2006] argued
that the CNS might also extract information abobe tCOP motion from tactile
mechanoreceptors in deeper structures of the tmohplementary to the information from
mechanoreceptors in muscles and joints. Referantsg tfunctional role of informing the CNS
about the gravitational ground reaction forces tedr spatial distribution underneath the feet
when a body leans on a stable support surface,féhie-related information was called
“somatosensory graviception”. It was therefore ssted that force-related sensory cues
should be included in postural control models [@nyet al., 2009, Maurer et al., 2000,
Maurer et al., 2006]. The vestibular system prosittee CNS with a gravito-inertial reference
[Shumway-Cook and Woollacott, 2007] according taydar acceleration (semi-circular
canals) and linear acceleration and tilt of thedheaative to gravity (otholithic system).
Moreover, different reflexes help maintain stablstpoe, such as the vestibulo-ocular (visual
fixation during head movement) and the vestibulmabreflexes (trigger of muscle activity

in neck, trunk and extremities). As combining diéiet sensory information may engage
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transformations to a common frame of referenceumeant challenge of postural control
research is to understand how the CNS combine®ribatation cues of different sensory
modalities to estimate body position and motiork@let al., 2000, Mahboobin et al., 2009].
The present work is consistent with this line afe@rch as it aimed to understand 1) if haptic
cues are integrated by the CNS in the same way tttmmommonly used sensory sources
(visual, proprioceptive and vestibular), and 2)cdmpensatory mechanisms are achieved

between commonly used sensory cues and haptic cues.

1.1.5.4. Mechanisms of multisensory integration

Even though postural regulation in constant sengomjronments has been predominantly
considered as a linear process (i.e., constanbsengights, [Fitzpatrick et al., 1996, Oie
et al., 2001]), several authors argued for the obleonlinearities in multisensory integration
processes (i.e., response saturation, differergm®iattributed to sensory stimuli) that appear
when sensory stimuli changed [Jeka et al., 2000rgher and Rosemeier, 1998, Peterka,
2002, van der Kooij et al., 1999].

For instance, Ting (2007) proposed that the simguenmation of the different sensory
channels is insufficient for postural control armhtt an internal model that captures their
combination is required. Internal estimates that aeconstructions of external stimuli, are
supposed to be more easily manipulated for memiedyraovement planning [Maurer et al.,
2006]. In a different perspective, Peterka [Peter®@02, Peterka and Loughlin, 2004]
proposed the “independent channel model”. In cehtta earlier hypotheses of constant
sensory weights [Fitzpatrick et al., 1996], Petef®a02) concluded that dynamic stimulus-
dependant changes occur in the sensory contribtdipostural control (sensory reweighting)
in healthy adults under a variety of environmertahditions. According to this model,
sensory thresholds are nonlinear, which meansttiegt affect low-intensity sensory signals
more than higher ones so that body sway is bettenteracted as the intensities of sensory
stimuli increase. This hypothesis must be consdleie the investigation of haptic
supplementation. Indeed, the question arises othehdow-intensity stimuli from fingertips
(due to the task of lightly touching) may be effeetto improve postural control, considering
the age-related declines in the sensitivity of satas receptors in the fingertips (increased

sensory thresholds). A technological solution cooédused in this respect (e.g., vibratory

17



noise applied to the touching fingertips) in ortketdecrease” sensory threshold due to higher
age. This so-called stochastic resonance techriigaebeen formerly found to enhance the
effectiveness of a LT on a stable support by atitiga not only supra-threshold

mechanoreceptors but also sub-threshold ones miation [Magalhdes and Kohn, 2011].

Experimental manipulation based on a perturbatiodeterioration of one or more sensory
cues (e.g., galvanic stimulation [Séverac Cauqudl.e 1998], vibratory stimulation of the
calf muscle [Gomez et al., 2009], eyes closuredJekd Lackner, 1994]) generally results in
an increase of postural oscillations. However, @S can employ (to a certain extent)
compensatory mechanisms via sensory reweighting absliate direct functional
consequences. Exploiting the concept of sensorgighting, Jeka and colleagues [Allison
et al., 2006, Jeka et al., 2000, Oie et al., 2@x1¢nsively used the “moving-room” paradigm
where visual and somatosensory “touch” cues warailsaneously manipulated (by small
sinusoidal movements). In testing participants rythis twofold sensory manipulation, Oie
et al. (2001) showed that young participants useth bntra-sensory and inter-sensory
reweighting to maintain postural stability [Jekaakt 2000, Oie et al., 2001]. The former
leads to a decreased gain of a perturbed inaccomadiality and the latter stands for the shift
away from inaccurate sensory cues towards moreraecgensory modalities. Even though
mechanisms of sensory reweighting need furthersiiny&tion, promising findings about the
instantaneous stabilizing effect of haptic suppletaigon (light touch), the effect of sensory
enhancement (stochastic resonance or galvanic tabya and sensory substitution
(electrotactile biofeedback) do give weight to tigothesis about dynamic and nonlinear
interactions within and between different sensondaiities for postural control of young and
older adults. On the basis of feedback models bgrRe (2002), Jeka and colleagues [Allison
et al., 2006, Jeka et al., 2000, Kiemel et al.,8&@ie et al., 2001] and Reeves et al. (2007),
we will develop our statement about the stabilizeifgct of haptic supplementation due to

multisensory integration and reweighting duringsif and standing posture.

1.2. Haptic supplementation

The term “haptic sense” used in the present woskdeen introduced two decades ago in the
theoretical context of postural control by Jeka aadkner (1995). It refers to the perceptual

sense which combines cutaneous and propriocepipegs from mechanoreceptors embedded
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in skin, muscles and joints of the arm and fingersother parts of the body) while touching
or manipulating an object. In this context, hagtipplementation is a means of providing the
CNS with additional cutaneous and proprioceptivescuia the light contact between a body
part and the environment during a postural taskth&following, we present the different
paradigms that have been used in the literatutedbthe effect of haptic supplementation.
The experimental paradigm employed in the presemk\{chapter 2.) is highly inspired by
the different existing paradigms and constitute@bination of a LT on a mobile support
(chapters 1.2.1., 1.2.3. and 1.2.4.) and a pasdireulus (chapter 1.2.2.), which have both

been proven to provide sway-related orientatiors@rel to improve postural stability.

1.2.1. Light-touch paradigm (fixed support)

In their seminal works, Jeka and Lackner (1994,5)3fmonstrated the functional role of
supplementary haptic information provided by a LTiwnly postural control. The light-touch
paradigm consisted in an active touch (< 1 Newtd)) Of the index finger on a stationary
surface (Figure 6). Specifically, results showedt thaptic supplementation during quiet
upright stance reduced the magnitude of COP dispiaats even though contact forces on
the fingertip were too small to mechanically stakil posture [Holden etal.,, 1994].
Subsequently, several studies have confirmed thefibeof haptic cues to decrease postural
sway [Baccini et al., 2007, Dickstein et al., 20&tishnamoorthy et al., 2002, Rabin et al.,
2008]. Baccini et al. (2007) found that a LT wasrenefficient for older than for young adults
with eyes closed (EC). Moreover, it has been shomat older patients with peripheral
neuropathy [Dickstein et al., 2001] and patientshwoss of vestibular function [Lackner
et al., 1999] benefit from haptic supplementatioa & LT by improving postural stability.
Concerning theoretical interpretations of the besedf haptic supplementation, Jeka and
Lackner (1994, 1995) suggested that touch on aeswigbport surface provides a precise
reference frame to the participants facilitating ttetection of self-motion and body position

in the environment and, finally, permitting adaptpostural corrections.
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Figure 6: Two examples of a classical light touchroa fixed
support

Adapted from [Jeka and Lackner, 1994] (on the lefthd
[Kouzaki and Masani, 2008] (on the right)

Afterward, results suggested that a LT generatéls ®way-related changes in contact forces
on the fingertip and proprioceptive information aedjng arm and finger position allowing
the CNS to anticipate activation of postural muscéad by this means to reduce body
oscillations [Dickstein et al., 2001, Jeka and lragk 1994, Krishnamoorthy et al., 2002,
Lackner et al., 2001, Rabin et al., 2008]. Thetexise of such a feed-forward mechanism has
been supported by several works, which showed ataonhtime lag of ~250-300 ms between
the fingertip force and postural corrections obserlog means of COP displacements [Jeka
and Lackner, 1994, Jeka and Lackner, 1995, Lackinal:, 2001]. Rabin et al. (2008) showed
that, in order to be effective, transient fingertipntact forces should be completed by
congruent arm proprioception. This interpretatiomsvbased on the fact that perturbation of
haptic cues during the LT by vibration of the bisepuscle lowered the stabilizing effect but
not restriction of the arm movements. The authanmscluded that incongruent information
arising from mechanoreceptors of the joints andabessof the arm (during vibration) results

in a biased representation of the body positionthateby in a higher postural instability.

1.2.2. Passive-stimulus paradigm

Another paradigm of haptic supplementation has lez@mined in several studies showing a
comparable effect on postural stability. It coreisbf a passive stimulus (PS) applied to the
skin of various body parts during quiet stance.ibmthe PS, a piece of rough surface was
kept in light contact with the participants’ skin rohg balancing trials, which created

movements of the swaying body relative to the @iy rough surface (Figure 7). It has been

20



found that this kind of haptic information (sheardes) enhanced postural stability in young
and older adults. In the study by Rogers et al0{20three groups of participants (young
adults, older adults and diabetic patients) weseeteduring upright standing with or without
the PS. Those participants with greater posturalysielder adults and diabetic patients) have
been found to benefit more from the PS than thetmtable participants (young adults)
[Rogers et al., 2001]. In addition, the PS has menen to be most beneficial for postural
stabilization the higher the stimulus was appliedhe body. Greater stimulus amplitudes
arose when the stimuli were applied to higher pairthe body (shoulder) when compared to

lower ones (knee).

Both procedures, the LT and the PS, gave rise Milasi interpretations. Overall,
corresponding results suggested that the CNS umedransient sway-related changes in
contact forces and proprioception that arise fromlight contact of a part of the body with a

stationary support to improve self-motion percepaod postural stability.

In the context of the present work, we aimed at lmiomg the main features of these two

paradigms (PS and LT) to a mobile-stick experimepésadigm: the light contact between

the body and the environment via a mobile stick #redpassive stimulus at the end of this
stick. In this situation, the shear forces (creategassive-stimulus studies at the skin of the
shoulder, knee [Rogers et al., 2001] or ankle [Menal., 2006] by body movements relative
to a stationary rough surface) would be createthatlevel of the fingertips by the sway-

related stick movement on the ground. We hypotleesthat the resistance induced by the
scratching stick as the result of body sway woulirim the participants about their body

motion and would thereby enhance postural stabilitye rational underlying the use of the

present mobile-stick paradigm is detailed (chapter
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Figure 7: Two examples of a classical passive stitag applied by
a rough stationary surface to the skin of the osdéting body
Adapted from [Rogers et al., 2001] (on the left) dafiMenz et al.,
2006] (on the right)

1.2.3. Light-touch paradigm (mobile support)

Few works have systematically explored the beméfitaptic cues on postural stability by the
use of a specifically dedicated mobile-stick expemtal paradigm (see below [Jeka et al.,
1996], for a noticeable exception). Nevertheldss,results observed in several studies might
lead to hypothesize that a LT on a mobile suppouic provide useful orientation cues to
control body oscillations [Boonsinsukh etal., 200%ka etal., 1996, Jeka, 1997,
Krishnamoorthy et al., 2002, Lackner et al., 2001].

Krishnamoorthy et al. (2002) observed a stabilizfifgct of a mobile support that is, a hand-
held handle linked via a pulley system to a 3-kgghe (Figure 8). In this situation, handle
displacements and transient horizontal forcesrayisit the level of the handle were sway-
related and helped decreasing body sway. Comp#rengffect of this mobile support to fixed
ones, the authors observed that a maximum gaiositipal stabilization could be exclusively
obtained by the use of a stable light-touch suppéoivever, even in the absence of a fixed
reference point, that is, when touching the hamdla pulley system, sway-related transient
contact forces based on tissue deformation caarige Enough to help orientate the body and

decrease body sway.
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Figure 8: Mobile light-touch support: hand-held
handle linked via a pulley system to a weight
Adapted from [Krishnamoorthy et al., 2002]

Krishnamoorthy et al. (2002) explained their resully the existence of different

mechanoreceptors in the skin, which provide sensoeg during touch to inform, on the one
hand, continuously about the position of the supfslowly adapting receptors) and, on the
other hand, about the direction, amplitude and velaaf the body oscillations based on

tissue deformation (slowly and fast-adapting reaespin combination). A similar conclusion,

underlining the importance of sway-related inforim@t can be drawn from the results
observed by Reginella et al. (1999), which showed €rroneous information provided by an
oscillating sway-referenced light-touch support hatkestabilizing influence on posture.

These findings suggested that the use of a mobpeat might provide functional haptic
information to stabilize posture when sufficientegarelated transient forces are present. Two
studies need to be cited, that support the abovdiomed hypothesis and that approach
certain aspects of a mobile-stick experimental gigra. By fixing the entire arm during a LT,
Rabin et al. (2008) observed small amplitude movemef the finger on a stationary support
surface that caused occasional disruptions betweemoint of contact and the light-touch
support. Results showed that, even though theffisiggoed relative to the stable surface (< 3
N) a stabilizing effect on posture was still observ&hus, fingertip movements do not
preclude sway-related information from being detdand used for spatial orientation of the

body, which is a very similar observation than poergiy described concerning the PS. In

23



contrast to the “fixed reference point” interpregaf one could claim that the functional
orientation cues are gained, in this case, withinegain stable but limited spatial area.
Another study by Lackner et al. (2001) illustratee above-mentioned hypothesis in the
context of postural stabilization resulting fromLa on flexible filaments. The authors
furnished the circular extremity of vertically moedtflexible filaments as a non-rigid light-
touch support. To be precise, the filaments waghty deformable but did not move beyond
certain spatial limits/ a certain spatial regiomek though the stabilizing effect resulting from
a LT on flexible filaments was less effective thanLT on a rigid surface, the authors
observed a significant increase in postural stgiii both situations. Accordingly, Lackner et
al. (2001) claimed the importance of a fixed refieeeregion that has to be provided by the
mobile light-touch support in order to make usefiéntation cues available. Taken together,
the above-mentioned findings encouraged us to ghalgtabilizing effect of a mobile stick in
a more detailed way. In a sense, sway-relatedrmdgton through the stick movements on a
small region on the stable ground, in the presemkwwould also be gained from a fixed

reference region.

1.2.4. Light touch through the use of a mobile dtic

In view of both, its theoretical interest and itdgntial applications in the domain of mobility

aids, it should be demonstrated that haptic supgheation is also effective when the support
is mobile, oscillating with the swaying body or nmy in space. Indeed, although several
authors emphasized the importance of a hand-held ta provide haptic supplementation
and functional orientation cues [Bateni and MakiQ20Boonsinsukh et al., 2009, Jeka et al.,
1996, Jeka, 1997], the question remains of whediner in which conditions the CNS can

detect the relationship between the environmentabandings and the oscillating body by
the help of a mobile cane. The few existing literatabout this topic will be addressed in the

following.

Jeka et al. (1996) were the first to investigate plossible benefit of a cane as a source of
sensory information to improve postural stability. their experiment, subjects stood in a
Romberg tandem stance and were instructed to Yigjip the handle of a cane (< 2N). Two
orientation conditions — vertical and slanted in ¥Me direction (70° with respect to the

horizontal) — of a cane, pivoting around its fixkedver extremity, were assessed. Results
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showed that the slanted condition was more effecthan the vertical one in reducing
postural sway. To explain these results, the aatBaoggested that, contrarily to the vertical
cane, the slanted stick does not move in the diecf the participant’s body oscillations.
Subsequently, it leads to functional sway-relatedtact forces as the result of the resistance
of the inclined cane against medio-lateral bodyyswdais conclusion is consistent with other
results showing that stabilization resulting frorhTawas most effective when force changes
are generated in the plane of greatest instalpigsbin et al., 1999]. However, a limitation of
Jeka et al. (1996)’s study was that the slanted gaas fixed on the ground. Consequently, a
potentially helpful DoF (in view of a potential pable haptic device) was frozen.
Additionally, in the slanted cane condition, thentile of the stick appeared to be stationary
and could consequently be considered as a fixé@rahan a mobile support. Moreover, no
information was given by Jeka et al. (1996) abbet ¢ffect of the slanted cane in the AP

direction, in which the handle was actually freeniove and, consequently, mobile.

Until now, the question of whether and how sensargs can be delivered by a portable cane
during locomotion has been only scarcely studiemt. iRstance, Boonsinsukh et al. (2009)
have investigated the role of a cane as a medadteensory information used in a “light”
manner (< 4 N) during locomotion of stroke patienife results showed increased ML
stability through a “light” cane use during pat&rnbcomotion and higher muscle activity of
the paretic leg due to a “light” cane use as coexbéo a “force” cane use condition (~ 50 N).
To our knowledge, Boonsinsukh et al. (2009)’s stisdihe only one who applied the idea of a
LT to a locomotor task while using a cane to previtaptic cues. Therefore, this study
represents a threefold exception in the domainhef tT as the authors manipulated 1)
environmental (haptic cues via the use of a postataine), 2) task-inherent (haptic cues
provided during locomotion) and 3) subject-relatedistraints (use of haptic cues by stroke
patients). However, in this study, participants evéree to individually choose their “light”
cane use, for example, intermittent cane use ortaohsane contact with the ground. Even
though almost all patients used the cane in a “ligitermittent manner we think that the
authors might not have controlled sufficiently tbe type of haptic cues that were provided.
Another limitation of this study was that the effe€ the “light” cane use on stroke patients
could be specific to this group of patients with argiroblems and might not be generalizable
to other populations. Despite the fact that thisdgtshowed a beneficial effect of cane-

provided haptic cues in stroke patients, a systeneaperimental manipulation of fixed and
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mobile light-touch supports is actually missingtire literature of haptic supplementation.
Such systematic investigation should test the efééchaptic cues mediated by a mobile
support in various postural tasks (quiet and pbedrstance, sitting) and in healthy young and

older adults.

1.2.5. Light touch during complex postural tasks

In addition to the study by Boonsinsukh et al. @00ve identified two types of studies in the
light-touch literature: 1) testing the effect oL@, while increasing the mobility of the light-
touch support [Jeka et al., 1996, Krishnamoorthgl.et2002, Lackner et al., 2001] and 2)
testing the effect of a LT, while increasing thengexity of the postural task, as for instance
during perturbed standing or locomotion (see belbwkstein and Laufer, 2004, Fung and
Perez, 2011, Ivanenko et al., 1999, Kazennikou.eR805]). As presented above (chapter
1.2.3.), in the first type of studies, a stableigipr stance situation was used and only
environmental constraints were manipulated (hapiies via the use of mobile support). As
will be presented in the following, in the secoggé of studies, light-touch supports had a
very limited mobility (fixed support) and only tagikerent constraints (haptic cues provided
during complex postural tasks) were manipulated.

In contrast, the experimental paradigm used inptesent work, aimed to manipulate both
environmental and task-inherent factors before yapgl the mobile-stick experimental
paradigm to locomaotion.

1.2.5.1. Light touch during perturbed upright stanc

As mentioned above, few studies examined the efféch LT during perturbed upright

standing or locomotion. Those interested in perwinparight stance tested the effect of a LT
on postural stability of young participants standmg a rocker board (1 DoF in the AP
direction [Hausbeck et al., 2009, Ivanenko etE)99, Kazennikov et al., 2005, Kazennikov
et al., 2008]). These studies used fixed or mamlet-touch supports (i.e., a classical fixed
support, small loads held in front of the bodyighily-touched canes). The stabilizing effect
of two kinds of haptic cues was tested in thesdistu 1) changes in inertial forces by holding

an object in the hand without contact with the smwment [Hausbeck et al., 2009,
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Kazennikov et al., 2008] or 2) changes in hapticscpvided by the light contact with a
fixed support in the environment [Ivanenko et 8099, Kazennikov et al., 2005].

The study by Hausbeck et al. (2009) was the onky employing a cane to provide sensory
cues during perturbed standing. The authors tdbedtabilizing effect of a LT of canes of
different stability in a perturbing visual enviroent. The stability of the canes varied: from
lowest (horizontally-held cane) to medium (rockane that knocked over at > 0.4 N) to
highest (quad cane that knocked over at > 0.4 N} Morizontally-held cane provided
changes in inertial forces at the level of the h#mdugh its weight, while the two others
provided haptic cues from a LT. The rocker-cane ttawd(vertical cane mounted to a small
hemisphere) was very similar to the vertical-caoedttion tested by Jeka et al. (1996) as the
cane pivoted vertically about a relatively stabbénp whereas the handle of the cane was free
to move. The quad-cane condition provided changesutaneous and proprioceptive cues
from the LT on a fixed support. The authors foulnat the perturbation induced by the visual
environment (which caused an increase in COM amgilan displacements of ankle and hip
on the rocker board) could be compensated by edketkinds of haptic cues. Indeed, larger
stabilizing effects were observed with increasitap#ity of the cane (see [Krishnamoorthy
et al., 2002, Lackner et al., 2001], for similaremmretation about a hierarchical effect). These
results suggested that the CNS can disregard ahkelivisual cues due to additional
orientation cues provided by a cane in order torawp the control of the perturbed posture.
Notably, no postural stabilizing effect was obserue the horizontal-cane condition, when
vision was untroubled. Conversely, when troublethping the horizontally-held cane led to
postural stabilization. These results suggestetiahaore perturbing postural situation may
create more easily detectable (or necessitatedbei) transient inertial forces that appear to
be undetectable or not functional when vision isaubled. This might suggest that the CNS
relies more on information provided by transierdriral contact forces, even small, in more

demanding or sensory conflicting situations.

Similarly, Kazennikov et al. (2008) tested the 8iaing effect of changes in inertial forces in
the hand while holding a small load (200 g, 500 @00 g) in front of the body standing on
a rocker board. Holding a 1000-g-load reduced teeysof the rocker board controlled by the
participants. The results suggested that additionahtation cues (mainly related to inertia/
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acceleration) can be used by the CNS to betteraotite perturbed posture on the rocker

board.

lvanenko et al. (1999) observed that the destatgizffect of neck or Achilles tendon

vibration was minimal when standing on a rockerrdpavhereas it increased when a LT (< 3
N) of a fixed support was simultaneously perform&tde authors suggested that the CNS
decreases the weight attributed to proprioceptivescwhen perturbed by a rocker board.
Performing a LT changes again the contributionesfsery sources to postural control, which
increases the weight attributed to proprioceptiveé eutaneous cues for postural stabilization.
In contrast to these findings, Kazennikov et al0&) observed a less destabilizing effect of
calf muscle vibration applied while standing on @cker board when simultaneously

performing a LT (< 1 N) on a fixed rail. This gaiim stability through the LT was more

pronounced when the platform underneath the robtkerd was stationary than when it
moved very slowly back- and forward (finger slideowail as the platform moved). The

authors concluded that 1) the orientation cuesigeavby the LT are more important than the
artificially produced afferents from the ankle jothtough vibration, and that 2) the reliability

of the haptic cues determines whether or not tlaeyle used to build a reference frame for
postural control. In this perspective, it was hyyasized that haptic cues from a sliding finger
are less appropriate to build such reference frantg thereby, lead to a reduced stabilizing
effect. Summarizing the last two studies, they stabwather contradictory results concerning
the effect of a LT during tendon/ muscle vibratidvevertheless, we underline that haptic
cues, provided during perturbed upright standingpear to change the contribution of

sensory cues to postural control in favor of propeptive and cutaneous cues.

Still, the following question remains to be explbr®oes the effect of a LT during postural
control of (quiet or perturbed) upright standingscalapply to postural control during
locomotion? This issue is of interest, if one cdass that the study of haptic supplementation
from a mobile support during postural control ofigpt standing is a preliminary step before

studying its effect during locomotion.
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1.2.5.2. Light touch during locomotion

Only two studies investigated the effect of a LTaofixed rail during walking on a treadmill.
They belong to the type of studies in which onlgktenherent constraints were manipulated
(haptic cues provided during complex postural tadReckstein and Laufer (2004) showed a
stabilizing effect of a LT (< 2 N) on a fixed rah locomotor performance of young adults
(which caused a decrease in COM variance). FungPanelz (2011) observed similar results
when testing older adults and older chronic strp&gents in a similar experimental setup.
Specifically, Fung and Perez (2011) showed decdeas@le duration variability, decreased
COM excursions and increased gait speed through &4 N) on a fixed rail. Both groups
of researchers concluded that haptic cues seraesagssory anchor for the spatial orientation
of the body to the environment and earth vertical,athereby, improve locomotor
performance. However, Dickstein and Laufer (2004ppkasized the difficulty of

generalization (from treadmill walking with a fixedll) to walking over ground with a cane.

In summary, there is growing evidence supporting filnctional benefit gained by a LT
during complex postural tasks, such as rocker-bstmace or even locomotion. Nevertheless,
none of the presented studies used a mobile stetkcould move with the oscillating body
and that stayed in contact with the environmenpitovide sway-related haptic cues (see
[Boonsinsukh et al., 2009], for an exception). Gapgently, the combination of 1) a LT on a
mobile stick and 2) a passive stimulus providedhsy sway-related movements of the stick
on the ground has never been tested in the literddefore, neither during quiet nor during
more complex balancing tasks. In the present winrgt of all, we aimed to increase the
mobility of the light-touch support and test itstgntial stabilizing effect. Subsequently, we
aimed to study the effect of this kind of haptiesun more complex postural tasks. This
mobile-stick experimental strategy is a necesseay © explore the effect of a light touch on
a mobile support before testing its effect duringoimotion. Finally, though it was not the
objective of the present thesis, our work couldtgbuate to design a prototype of a portable

haptic assistive device.

In line with Newell (1986)'s model, we present tb#ferent constraints that have been
manipulated in the present work. First of all, bgmpulating the sensory modalities (haptic
or vision), the light-touch support (fixed or mabiland the resistance to body sway (rough or

slippery surface underneath the mobile support)cerdrolled the environmental constraints

29



and, thereby, the types of sensory informationlake to the CNS. Moreover, by controlling

the task-inherent constraints, we studied the etiEa LT on a mobile stick providing sway-

related haptic cues in different postural situati(static vs dynamic and sitting vs standing).
We also manipulated subject-related constraints,ishe say, we chose different groups of
participants (young and older) for our experimeitsus, before presenting the experimental
paradigm adopted in the present work (chapter 2. will introduce age-related alterations

within the NMSS and possible consequences of agingostural control.

1.3. Age-related changes in postural control

Aging is characterized by (more or less) progressilterations of various structures and
functions of the NMSS, for example, cognitive [Z&895], neuromuscular (sarcopenia; [Jang
and Van Remmen, 2011]) or sensory alterations [&ebhl., 2009, Sturnieks et al., 2008]. It
is recognized that corresponding functional deslineuch as slower processing speed or
impaired executive functions, muscle weakness datuged sensory sensitivity have
tremendous consequences on postural control of aldelts and increase the risk of falls
[Sturnieks et al., 2008]. Due to the complexitytlué interactions between influencing factors,
research on postural control and fall risk in olddults is challenging and, for example, the
most effective fall risk prevention programs havesrbadentified to follow multifactorial
approaches [Lord et al., 2007, Tinetti et al., 994

However, in the present work, we chose to tackédeisBue of age-related changes in postural
control only via the study of its sensory composerfpecifically, we studied sensory
integration of healthy active older adults above Hye of 65 years by the means of haptic
supplementation. Consequently, we strictly defitlegel inclusion criteria for the groups of
older adults that participated in our experimefts. be precise, we excluded adults with
established sensory, motor and cognitive defigis, $hus, chose healthy active older adults.
In the following, we present age-related changgsostural stability and the different sensory
systems involved in postural control that couldgmbially be compensated by means of haptic

supplementation.
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1.3.1. Changes in postural stability with age

As previously mentioned, the COP trajectory is camiy used to assess postural stability. In
addition, this stability measure captures the éftdanormal aging. As the COP is currently
admitted to continuously oscillate around the CQ@Mnaintain stable upright stance [Winter,
1995], the smaller the COP displacements the bptistural stability is preserved and the
more efficient is the regulation of the COM excars [Horak, 2006]. This means, on the
other hand, the larger, the more variable or rdpe COP displacements the less stable the
balancing system and, accordingly, the less efficgostural control. Indeed, older adults
have been repeatedly found to have larger possway during upright standing when
compared to younger adults [Baccini et al., 2003taHd, 2006, Maki et al., 1994, Menz et al.,
2006] and to perform oscillations with higher CO#ocity [Demura et al., 2008, Du Pasquier
et al., 2003].

However, postural stability of healthy older adudisring unstable sitting has been scarcely
explored as the corresponding works focused omgigpostural deficits of very specific
groups of participants that is, (older) patientthviow back pain [Radebold et al., 2001, Van
Daele et al., 2009, van Dieén et al., 2010] orkstrflGenthon et al., 2007, Perlmutter et al.,
2010]. Yet, due to common principles of the podtwantrol models for both sitting and
standing, one can hypothesize that the COP trajectaptures the effect of normal aging
during sitting as well.

In the frequency domain, age-related changes itupgscontrol mechanisms were associated
with two kinds of postural changes during uprigkdnsling. As mentioned above, some
studies showed that older participants swayed ri@e younger participants [Baccini et al.,
2007, Horak, 2006, Maki et al., 1994, Menz et2006], whereas others showed smaller COP
amplitude and higher MPF of the body sway [Carperteal., 2006, Vieira et al., 2009].
Higher frequency components were attributed toeased muscle activity and ankle stiffness.
Moreover, higher MTP of the frequency spectrum adysway has been currently observed
in older adults [McClenaghan et al., 1996, Demuiral.e 2008].

By means of the SDA, Collins et al. (1995) obseragd-related changes in postural control
mechanisms during upright standing. The authorsvetathat the transition between open-

loop and closed-loop mechanisms took place at looiggcal time intervals and larger critical
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mean squared displacement when compared to yowritg.atihese results were interpreted as
a sign for an age-related increase in posturahlmlgty as feedback-based control mechanisms
only play a role in postural control after longene delays. According to the authors, higher
age-related values of the short-term diffusion ficieht refer to higher open-loop stochastic
activity and may be explained by higher steadyestqiostural muscle activation
predominantly used to control and stiffen a rativestable system during open-loop control
(see above, for a consistent stiffness-interp@tatoncerning the MPF). In the following, we
present the contribution of age-related alteratiohghe different sensory systems to the

postural instability of older adults.

1.3.2. Aging and sensory systems

Age-related sensory impairments occur as a re$ullterations of the peripheral and central
nervous system. In the following, we present thftuémce of age on the different sensory

systems involved in postural control.

The visual system provides the CNS with a refereloceverticality and for self-motion.
Accordingly, age-related functional declines in talig contrast sensitivity and depth
perception have been found to be independent poediof increased instability in older
adults [Lord and Menz, 2000]. The vestibular sysfgovides the CNS with a gravito-inertial
reference. Age-related impairments of the vestibalstem lead to perceptive (vertigo or
spatial disorientation) and oculomotor deficitsgiagmus or strabismus) and to impairments
in posture and gait. These postural impairmentsiroespecially when performing turns or
head movements while walking or while upright stagdon a rotating support surface.
Accordingly, decline of vestibular function has besssociated to postural instability and a
higher risk of falls [Baloh et al., 2001]. Propréption and force-related information from
cutaneous mechanoreceptors (“somatosensory graeiegptprovide the CNS with a
reference for the quality of the support surfatefexture and gravity. Age-related decline in
joint position sense of the knee have been obse[8&thner et al., 1984], as well as
decreased plantar tactile sensitivity [Perry, 2008jich have been associated with increased
postural instability [Menz et al., 2005]. In additi impaired vibration sense at the knee, knee
position sense and impaired tactile sensitivitthatankle have been found to be independent

risk factors for falls in older adults [Lord et,all992]. In the context of the present work
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about haptic supplementation, it is noteworthyntoaduce findings by Tremblay et al. (2005)
on the loss of cutaneous sensitivity at the fingserof older adults. Even though, in this study,
no pathological changes have been observed by noéangap-detection test at the fingertips,
elderly showed half as much spatial acuity (~1 mvhgn compared to young participants
(~2.5 mm). Despite this difference in spatial agugiderly benefited to the same extent than
young controls from haptic supplementation via a [Ifemblay et al., 2004]. These two

companion papers suggested that even with sensopgiiments of the same sensory
modality that is implied in a LT, the capacity t@iease the weight of haptic cues to facilitate

sensory integration is preserved with higher apegter 1.3.3.).

As the occurrence of age-related peripheral senkmy combined with impairments of
central processing has been shown to result issagescise postural control [Teasdale et al.,
1991, Horak, 2006], the issue of central integrafwocesses of older adults deserves to be
addressed. If mechanisms of sensory reweightingatafully compensate for distorted or
missing sensory information, these age-relatedraiters can lead to modifications of
sensorimotor processes and, accordingly, to deficithe adaptability of the postural control
system [Spirduso et al., 2005]. As mentioned abths, manifests in postural instability of
older adults in everyday life [Maki et al., 1994o1tdk, 2006, Baccini et al., 2007]. Studies
that were interested in the question whether oddielits can compensate for external sensory
perturbations showed contradictory results dependingthe perturbing sensory stimuli
(sinusoidal or discrete), some confirmed the cdpaui sensory reweighting at higher age
[Allison et al., 2006] and some did not [Horak bt 4989, Teasdale et al., 1991]. We address
this issue in further detail in the following sexcti

1.3.3. Sensory integration/ reweighting with age

The ability to flexibly adapt motor commands by tsédnsory integration and sensory
reweighting in order to preserve balance in varianad changing environmental conditions is
considered one of the most critical factors fortp control in older populations (e.qg.,
[Horak etal., 1989]). Sensory reweighting has bémmnd to decrease with higher age
[Teasdale et al., 1991]. This means that centraham@sms such as selection, processing and
integration of multiple sensory cues work slowed/aar less accurately with higher age.

However, Allison et al. (2006)’s result suggestbdtt even at higher age, the plasticity of
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sensorimotor processes and especially of multisgnisdegration is fully preserved. The
authors compared young, older and age-matchedpratle participants in the above-
mentioned “moving-room” paradigm (chapter 1.1.5.4he used “gentle” sinusoidal sensory
perturbation for a relatively long time period (12€c) contrasted with previous studies that
used severely changing sensory conditions. Duregd severe perturbations older adults
achieved deficient central integration [Horak et 4089, Teasdale et al., 1991], such as slow
sensory processing rather than deficient sensavgighting itself [Woollacott et al., 1986].

In this situation of gentle sensory perturbatiogsults observed by Allison et al. (2006)
suggested that intra- and inter-sensory reweightimgurred even in older fall-prone
participants (with normal peripheral sensation). lde&r, the influence of age on the time

scales of sensory reweighting remains unclear.

The issue of compensation between sensory sowgadparticular importance in the context

of haptic supplementation. Indeed, if the capatwtyompensate is altered, one can predict
that the benefits of haptic supplementation willibgted or absent. Otherwise, compensation
between different sensory modalities and, thus, pmoreation of age-related sensory loss by

haptic supplementation should occur.

At this point, we introduce the notion of “non-sgietty” of haptic cues perceived at the
fingertip in the context of postural control. Inde@ contrast to cutaneous and proprioceptive
cues from the feet that provide a reference foraosensory graviception during upright
standing, haptic information from the fingertipse arot generally used to control posture.
However, these cues can be detected, processegresuinably efficiently used by the CNS
to improve postural control. As presented in thaegal introduction, LT of a wall or a
partner’'s arm during locomotion can be observeevieryday life suggesting that haptic cues
are naturally used in specific situations to enkapostural stability. As mentioned above,
“posture-specific” visual, vestibular and propriptiee cues are altered with higher age. In
the present work, we were interested in whethen-pasture-specific” haptic cues from the
fingertips could compensate for age-related sensoryairments of “posture-specific”

Sensory cues.

Evidence for the capacity of dynamic sensory rett@ng with higher age has been provided

by studies showing the stabilizing effect of hamigplementation in older adults during
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upright standing [Baccini et al., 2007, Reginellaale, 1999, Rogers et al., 2001]. Some
authors even found that older adults benefited ntba® young adults from a LT or PS
[Baccini et al., 2007, Rogers et al., 2001]. Furteeidence comes from studies about the
effect of sensory enhancement on postural stakitplder adults. Gravelle et al. (2002,
Figure 9 left, see also [Priplata etal., 2003]s@atved a stabilizing effect through the
application of low-level electrical noise to the mdv's skin (here: to the knee) during
unipodal upright stance. The results suggestedhigatechnique enhances the proprioceptive
sensitivity, overcomes increased sensory threshwitishigher age and enhances the sensory
cues available to the CNS. This work underlines #fécient sensory reweighting

mechanisms of older adults.

Figure 9: Experimental setup for sensory enhancemerfon the left) and sensory
coding scheme of a electrotactile device (on thegtit): stimulation as a function

of the head orientation relative to gravity: 1) right bended, 2) neutral, 3) left
bended, 4) extended and 5) flexed

Adapted from [Gravelle etal., 2002] (on the lefgnd [Danilov et al., 2007,
Vuillerme et al., 2008] (on the right)

Similarly, biofeedback devices exist that are usetthe rehabilitation of patients with balance
dysfunctions to regain or increase postural stgbfe.g., BrainPort Balance Device, Wicab
Inc., Figure 9 right). The principle behind suclvides is to substitute missing or inaccurate
sensory information about the spatial orientatiue(to peripheral or central impairments) by
biofeedback about the head orientation via anoiemsory modality (i.e., vibration as a
modality of cutaneous receptors on the tongue)erAdt period of familiarization, users can
learn how to use the “non-posture-specific’ eleetcote information from the tongue

informing about head orientation in order to cousté postural deviations. Danilov et al.

(2007) used this kind of electrotactile biofeedbackolder adults with chronic balance
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dysfunction during upright standing and particigaappeared to be more stable with the
device than without. Haptic supplementation standsontrast with this kind of electrotactile
biofeedback, as its stabilizing effect has beemshim be instantaneous even without a period
of familiarization or handling instructions. One tbhypothesize that even after the period of
familiarization, the use of electrotactile biofeadk necessitates higher attentional demands
than the use of haptic cues. This could be duenéoimplication of a sensory modality
(vibration on the tongue) that is completely new foe CNS in the context of postural

control.

Two other interesting examples concerning “intradaddy” sensory reweighting of older

adults have been given by Dickstein et al. (200) &remblay et al. (2004, 2005). The latter
authors suggested in the above-mentioned two coimpgrapers that even with sensory
impairments of the sensory modality implied durihg LT (age-related decline in spatial
acuity at the fingertips), the capacity to incretismeweight of haptic cues to facilitate sensory
integration and postural control is preserved \mitfher age [Tremblay et al., 2004, Tremblay
et al., 2005]. Similarly, Dickstein et al. (2001)served that neuropathy patients with chronic
somatosensory loss in the feet could benefit mayenfa LT than healthy controls. These
results suggested that, despite potential somatmgemapairments of the sensory modality
implied during the LT, patients can use additiomaptic cues from the fingertips, hand and
arm to compensate for deficient foot-somatosensorprmation. That means that

compensation occurs within the same sensory mgdbBtween sensory cues from two

different locations (foot and fingertip).

1.3.3.1. Haptic supplementation in older adults

The potential benefit of haptic supplementation med by a mobile stick for older
(unstable) adults is of great interest as ageeaelatterations that affect postural control
determine the degree of mobility, the risk of fadjiand, finally, the autonomy of older adults
in daily living activities. Classically, reinforcaamt of postural control mechanisms, as part of
a (fall) prevention strategy, includes specifigrtnag programs [Lord et al., 2007] and, in the
most extreme cases, the prescription of walking @migseserve postural stability ([Bateni and
Maki, 2005], for review). Actually, walking aidsdhare currently prescribed as a mechanical

support prominently concern severely impaired olddults or fallers. However, one can
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speculate that most people suffering from infraichl alterations of postural control are at
risk of falls and might benefit from *“light” sensgorassistance rather than from firm
mechanical support. As mentioned above, Reginelt €1999) observed a stabilizing effect
of a LT in older adults and, even more, Baccinale{(2007) andRogers et al. (2001) showed
thatolder adults benefited even more than young pefopie a LT on a fixed support. On the
basis of the existing literature on haptic suppletaton and postural control, one can suggest
that haptic supplementation from a cane could gthem or assist postural control
mechanisms and might be especially helpful to comsgi for postural instability and
enhance mobility in older adults or populationsfertig from sensorimotor alterations of

neural origin.

1.3.3.2. Haptic supplementation in older vestibydatients

Among the functional changes associated with agepgecially those affecting the vestibular
system influence mechanisms of sensory integratiod impair postural stability and
locomotor performance during everyday life. Undamging how corresponding functional
deficits may be diminished or compensated with fieép of haptic supplementation is of
importance in the field of aging research and dased pathologies. Age-related changes of
the vestibular system can lead to impairments stye and gait and such behavioral changes
progressively degrade with age. Accordingly, dexlof the vestibular function has been
linked to a higher risk of falls [Baloh et al., 2]0Indeed, Lackner et al. (1999) showed the
stabilizing effect of a LT on a fixed support intigats with bilateral loss of vestibular
function during quiet upright standing. In a simieay, a stabilizing effect through the use of
electrotactile biofeedback was found in older pdatievith bilateral vestibular loss by Barros
et al. (2010). Results suggested that, externaligead information about the head orientation
that is translated into a “non-posture-specific’dality (vibration as a modality of cutaneous
receptors) can be used by the CNS of vestibulaemqtatto improve postural stability. Thus,
one can hypothesize that haptic supplementationigerd at the hand via a light touch of a
mobile support (cane) could improve postural stigbdnd locomotor performance in older

adults with vestibular disorders.

A specific surgical treatment for a group of patsesuffering from severe vertigo - so-called

vestibular neurotomy - is frequently used to imprtwe quality of life of patients. It consists

37



of a division of the vestibular nerve in order tgppress perturbing vestibular cues. After
surgery, patients go through a period of adaptatiiothe systemic changes usually with a
compensation for the missing sensory input afjeergod of some weeks or months. In a first
period after surgery, patients experience some dadybeing bedridden with perturbed
postural control. Later on, they learn to regaintp@d stability and locomotor performance
during rehabilitation. One can hypothesize that ibagupplementation could improve
postural stability of patients who underwent vedtibuineurotomy during rehabilitation. A
more pronounced stabilizing effect for vestibulaunotdomy patients after compensation
would be expected, as the compensation usuallyrea@adavor of proprioceptive cues, which
might facilitate the use of haptic information fovstural stabilization. Research in this field is
of fundamental interest as the postural controlesysafter neurotomy is a suitable system for
understanding the role of neuro-plasticity in pagteontrol. Secondly, it is of clinical interest
considering patient-centered care and patient’sfadmThese issues have been addressed
during the PhD thesis in a collaborative programied out with clinicians specialized in the
vestibular system (chapter 9.).

1.4. Objectives of the present work

Through this literature review, we have shown thatlence exists supporting the benefit of a
LT on fixed or (more or less) mobile supports toypde additional spatial orientation cues in
both static and more complex dynamic postural taRlesults observed in studies using the
passive-stimulus paradigm suggested that changestameous information related to body
oscillations from an externally applied passive rasch” is functional for postural

stabilization. Thus, the question arises of whethertype of sway-related information can be
mediated by a mobile stick that is free to movehwiite oscillating body. This question is of
theoretical interest and, at the same time, pakyntimportant for the design of a portable

assistive haptic device.

To our knowledge, few studies if any have used aihTa mobile-stick experimental
paradigm, where the support could move with theallatog body to provide sway-related
haptic cues through the interaction with the enviment. Specifically, the combination of a
LT on a mobile support with a PS provided by thagnelated movements of the support on

the ground has never been tested in the literaet.exploring the effects of sway-related
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haptic supplementation using a mobile stick (ttat presumably in absence of a fixed
reference point) appeared to be a crucial stepriderstanding whether additional haptic cues
could be provided by portable assistive devicesveryday life of older (unstable) adults.

Accordingly, the general objective of the preseontkmvas to investigate the effect of sway-
related haptic cues provided by a mobile suppoppastural stability in both young and older
people in different postural tasks. Based on Ne{&€B6)'s model, the different experiments
aimed at better understanding whether and howrdiifel) environmental, 2) task-inherent
and 3) subject-related constraints influenced pabktontrol and postural stability. This has

been done by using different strategies through@iexperimental program.

The first general objective was to better understandtisensory integration that is, to
determine whether and how the CNS can make usaptichcues in order to improve postural
control. In this aim, we controlled the types ohsery information available to the CNS to
study their impact on postural control. Specifigallve manipulated the sensory modalities
(“non-posture-specific” haptic vs. “posture-specifivisual cues), the stability of the light
touch support (fixed vs. mobile) and the resistamitered by the support against body sway

(rough vs. slippery surface).

Another general objective was to determine if lmpties can be effectively integrated for
postural stabilization in different postural sitoas. For this purpose, we also manipulated 1)
the complexity of postural tasks (static vs. dymarmsituations) and 2) the biomechanical

system involved in the task (sitting vs. standing).

In addition, we aimed to determine whether oldarligdcan effectively make use of haptic
cues to improve postural stability knowing aboutepdial changes in sensory systems and
sensory integration with higher age. Specificallig compared different age groups, while
controlling for the functional status of differepbstural control systems (healthy older

adults), and studied how they benefit from haptiggdementation.
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Finally, the present work represents a preliminstgp to better understand what kind of
information is used by the CNS to better controltpees and then to clear the way for future

research about a portable haptic assistive devigagllocomotion.
In the second part of this manuscript, we will aoluce the experimental paradigm chosen to

implement the above-mentioned objectives. Subsedaehis (chapters 3. to 7.), we present

the five different studies and the different spedifypotheses when introducing each study.
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2. Experimental strategy

2.1. Light-grip paradigm

The reviewed literature suggested that three diffetypes of haptic feedback might be used
to improve postural control [Krishnamoorthy et &002, Slijper and Latash, 2000]. On the
one hand, we described a procedure of haptic soqgpiwation that allows providing a fixed
light-touch support that acts as a spatial refeaewltthat presumably gives rise to an accurate
representation of the body orientation (e.g., [lolcet al., 1994, Jeka and Lackner, 1994,
Jeka and Lackner, 1995, Reginella et al., 1999))tl@ other hand, we described a procedure
that allows providing sway-related cutaneous arapmoceptive information at the fingertip
due to the use of a mobile light-touch support.sEheues presumably help estimating self-
motion even in the absence of a spatial referensfikamoorthy et al., 2002, Lackner et al.,
2001]. Another third procedure (PS) allows creataingar forces at the skin by externally
applying a stationary rough surface [Rogers et200Q1, Menz et al., 2006]. These shear
forces are related to the body sway and presun@tiignce self-motion perception. All three
procedures have been found to improve posturailisgaln contrast to the first one, the latter
two underline the importance of sway-related changecontact forces (and proprioception)

for postural stabilization.

In the present work, we introduced a mobile-stikgeximental paradigm that combined a LT
on a mobile support with a PS. More precisely, tlas/ paradigm was designed to transpose
the passive “scratch” stimulus (from the skin asesbed during a PS) to the end of the
lightly-gripped mobile support. In the same wayttva perceive, for example, the texture of
a paper via the mediation of a pen during writi@Regan and Noé&, 2001] we expected
participants to perceive sway-related feedback tiraine slight movements of the mobile
support on a stationary surface. This kind of coration has not been tested in the literature
but appeared to be a crucial step towards a mdbdae-like” support that could be of
potential benefit during locomotion in everydaeliin contrast to the LT of only the index
finger known in the literature, the mobile supp(@tick or pen) in the present work was to be
held with a light grip (LG) of three fingers (indethumb and middle finger). This is why the

paradigm presented here can also be called “lightggaradigm”.
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We hypothesized that this kind of sway-related fee#bfrom the interaction of the mobile
support with the environment would enhance selfiomoperception and improve postural
stability even in the absence of a spatial refergv further hypothesized that it would
become perceivable given that sufficient resistamae offered by the mobile support against
body oscillations. In order to test these hypoteesee designed the mobile-stick
experimental paradigm to compare the effect of a &fGfixed or mobile supports.
Furthermore, we manipulated, in the mobile-supparhditions, the different surfaces
provided underneath the extremity of the mobilepsup In the following, we describe the

common principles of the experimental conditionthim different experiments.

2.2. Task and experimental design

Depending on the study design, the participantewested in a standing (studies I, Il, IV and
V) or a sitting task (study Ill) with or without pac supplementation. A force platform was

used to record the resultant ground reaction faraetermine the COP trajectories.

LGf LGb LGs LGr
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Figure 10: Six experimental conditions of studies &nd Il (see Figure 12 left, for grip details)

Haptic supplementation was provided by a LG ofxadior mobile support. During standing,
the light-grip support was a stick that was indlirte the ground in front of the participants

(Figure 10, chapter 2.4.1.). During sitting, thghti-grip support was a pen that was inclined to
an elevated table next to the participants (Figurechapter 2.4.2.).
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At the beginning of each experiment, participardd A period of 3-5 min of familiarization
with the task. During this period, participantsrtesd to conform to the grip instruction that is,
to perform a LG not exceeding a force threshold . &N during sitting and < 1.6 N during

standing).

LGf LGb LGs LGr

Figure 11: Six experimental conditions of study lll(see Figure 12 right, for grip details)

This threshold corresponded to the classical fanceshold during LT in the literature of
around 1 N. Herewith, the possibility of a mechahiaid by the support was excluded
[Holden et al., 1994].

In all conditions, participants were asked to hblel arm involved in the LG straight along the
side of the body and to focus their attention an ibstural task (not on the LG). In order to
test the effect of a LG of fixed or mobile suppaots postural stability, the mobility of the

support and its resistance against body oscillatisrere manipulated in the different

experimental conditions.

2.3. Experimental conditions

In all experiments of the present work, six expemtal conditions were run in a randomized
order across participants (except study V with dilg conditions that is, without a quiet

balance condition):
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1) A guiet-balance condition used as a reference tond{QS, ‘quiet stance’ or ‘quiet
sitting’)

2) A fixed-support condition (LGf, ‘light grip fixed;) in which participants lightly
gripped the support that was fixed in space. ler extremity was attached to a
structure and its front extremity was immobilized a stationary surface. This
condition presumably furnished haptic cues andadiapreferent in both the plane of
greatest instability (e.g., AP direction duringngtang) and in the plane orthogonal to
it (e.g., ML direction during standing). It was g$ian to a classical LT on a fixed
support [Jeka and Lackner, 1994, Holden et al.AL9Results of a pilot experiment
confirmed that the same stabilizing effect was iolgt by a LT or a LG on a fixed

support.

3) A blocked-support condition (LGb, ‘light grip bloe#’), in which participants lightly
gripped the support that was mobile at its reareexity, while its front extremity was
blocked on a stationary surface. This conditiorspneably furnished sensory cues in
the plane of greatest instability (e.g. AP, direatduring standing) but not in the plane
orthogonal to it (e.g., ML direction during stangnlt provided a spatial referent in
form of the stationary surface at the front extigrof the support which was mediated
by a mobile support. It was similar to the slantadte condition tested by Jeka et al.
(1996), as the inclined mobile support pivoted atharstable point.

4) A slippery-surface condition (LGs, ‘light grip slippy’), in which participants lightly

gripped the support that was free to move on @sfipsurface.

5) A rough-surface condition (LGr, ‘light grip rough’)n which participants lightly
gripped the support that was free to move on ahagface. In these latter two
conditions, both the rear and the front extremityhef support were entirely mobile.
These conditions combined a LT and a PS, as thedjgp support could move with
the oscillating body. These conditions presumalbyipled more (LGr) or less (LGs)
easily detectable sway-related haptic cues in taeepbf greatest instability (e.g., AP
direction during standing) but not in the planehogonal to it (e.g., ML direction

during standing). No spatial referent was provigethese conditions.

The sixth condition varied throughout the experiteeand we will present details in the

methods section of each corresponding experiment.
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2.4. Apparatus

The type of force platform, motion analysis systaend rocker board used in the different

experiments are presented in the methods sectieaabf of the corresponding experiments.

Figure 12: LG of the instrumented stick (on the lef) and the digitizer pen in the LGf
condition (on the right)

2.4.1. Stick support

Haptic supplementation was provided by the LG sfiek in the standing experiments (study
I, I, IV and V, Figure 12 left). The handle at thear extremity of the stick (weight: 400 g,
length: 165 cm) was instrumented with six microtstves — each 2 switches were covered by
a badge of steel (2.5 cm). Two switches were dégliictp the index finger on top of the stick
handle (53 cm away from the rear extremity). Folnert were dedicated two to the thumb
and two to the middle finger on both lateral si¢8.5 cm away from the rear extremity).
Each of the switches released and lightened a LBi2nwthe force exerted by the
corresponding finger exceeded 1.6 N. If this wasdase during the experiment, the trial was

rejected and repeated.

In a pilot experiment, we examined the global amairiorces applied by the stick extremity
on the ground in case of release of the micro swgc A Nano25 transducer (ATI, Industrial
automation, Inc., NC, USA) was used that conveftece and torque into analog strain gauge
signals. Results confirmed that, in case the switchkeased (rejected trial) the applied force
by the front extremity of the stick did not excez8 N. This further excluded any mechanical

aid by the stick [Holden etal.,, 1994]. The positiand height of the stick were both
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adjustable due to an adjustable metal structues] tesfix the stick at its rear extremity (in the
LGf condition), while keeping a steady angle of 8@lative to the ground in all conditions of
haptic supplementation. In the LGr and LGs condgjdhe difference in texture between the
slippery (plastic) and the rough surface (sandp&i granulation) corresponded to dynamic

frictional coefficients of 0.37 and 0.58, respediyve

2.4.2. Pen support

Haptic supplementation was provided by the LG pka in the sitting experiment (study I,
Figure 12 right). This pressure-sensitive electrgmedic resonance pen of a digitizer tablet
(Intuos4, Wacom Company Ltd.) served to digitize #pplied forces in the conditions of
haptic supplementation (LGf, LGb, LGr and LGs) ahe pen displacement in the two
mobile-support conditions (LGr and LGs). The dipti was positioned on an adjustable table
on the right side of the participants at aroundhiemht. The pen (weight: 17 g, length: 15.3
cm plus 6 mm of metallic lead) and digitizer weomgected to a PC indicating by an acoustic
signal when applied forces exceeded 1.2 N (1 N filasweight of the pen). If this was the
case during the experiment, the trial was rejeatatirepeated. The position and height of the
pen support were adjustable, while keeping a staadle relative to the digitizer. In the LGb
condition, only the front extremity of the pen walscked in a drilled hole of a stationary
plastic attachment mounted to the digitizer. Thiledr hole in the attachment blocked the
pen, while ensuring a constant contact with thetidey. In the LGf condition, also its rear
extremity was attached to the same attachment @i right). In the conditions LGr and
LGs, different textures were used in the slippdppruffled plastic) and the rough-surface

condition (textured plastic, d-c-fix® Milky GlasseDorative Static Cling Film).
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3. Study I: Haptic supplementation provided by a fxed or mobile support

3.1.Introduction

The general objective of this experiment was taebatnderstand whether and how the CNS
of healthy young participants can make use of bapies provided by the LG of a fixed or

mobile stick in order to improve postural controlridg upright standing. To this end, we

controlled in the present experiment the typeseofery information available to the CNS in

order to study their impact on postural controlughaccording to Newell (1986)’s model, we

manipulated only the environmental (sensory cugstpfs of postural control, while choosing

a simple quiet-stance task and testing only yousngjggpants. Specifically, we manipulated

the stability of the light-grip support (fixed veiobile) and the resistance offered by the
support against body sway (rough vs. slippery seljfa

The adopted mobile-stick or light-grip paradigmfetiéd from previous light-touch studies in
the literature with respect to at least three irtgoaraspects. 1) The LG with three fingers
permitting to hold a mobile stick, which is of inm@nce in view of potential applications,
such as a portable haptic assistive device, thatl dsiused during locomotion. 2) The handle
and the extremity of the stick were either fixedhwobile in both the AP and ML directions,
presumably testing the effect of haptic cues fromItG of a stick in presence or in absence
of a fixed reference point in the environment. 8)the mobile-support conditions, the
extremity of the stick was free to move on a sligpar a rough surface, testing the role of
more or less resistance provided against bodylaeiis that presumably leads to more or

less easily detectable sway-related haptic feedback

As mentioned above, in a pilot experiment, we hesefied that the LT and the LG on a

fixed support resulted in equivalent postural dizdtion.

3.2.Aims and hypotheses

We predicted that the stabilizing effect of a LG afixed or mobile stick is independent of
the nature of the support. This hypothesis hasrétieal implications. It means that postural
stabilization should depend on the availability ssfay-related changes in cutaneous and

proprioceptive cues informing the participants abiheir body oscillations and not on the
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availability of a spatial referent. Accordingly, isgpothesized that sway-related haptic cues
from a mobile stick improve postural stability evMarabsence of a fixed reference point. We
further hypothesized that more resistance is pealily the stick movements on a rough
surface than on a slippery one. This should resuéiss easily detectable sway-related haptic
cues from the interaction with the slippery surfaod in a less stabilizing effect of this kind

of haptic cues (when compared to the rough-suridacéition).

3.3. Materials and methods

3.3.1. Participants

Eleven young participants (7 females and 4 malesgsmage 25.9 years + 1.9 years) took
voluntarily part in the experimenthey were right-handed, physically active and hadeif-
declared musculoskeletal injuries, or perceptivagnitive and motor disorders that might
affect their ability to maintain balance or to urgtand task instructions. The experimental
protocol was presented to all participants, whialigga written consent before undergoing the
experiment. The protocol was approved by a lodatstcommittee and has therefore been in

accordance with the ethical standards laid dowthendeclaration of Helsinki.

3.3.2. Task and experimental design

The participants stood on a force platform withsegpen (EO) in conditions with or without
haptic supplementation. The feet of the participamére placed at hip-width, side-by-side
and the toeholds were positioned in a distancedafr2, in an angle of 30°. Participants were
instructed to adopt a natural standing position smdnaintain this position as stable as
possible, while fixing a point placed in eye heightl.5 m on a wall. Adhesive tape was used
to mark participant’s position on the force platioso that the same task configuration was
repeated each trial. By means of an adjustablerd®lcbandage, both arms of participants
were kept straight along the body in all conditio@®nstant distance between the arms and
the body was maintained by two foam pads (12 cmcr& 1 cm). Haptic supplementation
was provided through the LG of a stick with thehtipand (chapter 2.4.1.). Six experimental
conditions were tested (Figure 10): 1) quiet staf@8), 2) a fixed- (LGf), 3) a horizontal-
(LGh), 4) a blocked-support condition (LGb), 5) lppgery- (LGs) and 6) a rough-surface
condition (LGr). In the five conditions of haptiagplementation (LGf, LGh, LGb, LGs and
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LGr), the mobility of the stick and its resistartoebody oscillations were manipulated. In the
horizontal-support condition (LGh, ‘light grip hadntal’) participants lightly gripped the
stick at its longitudinal center and held it incughly horizontal position. This condition was
similar to the horizontal-cane condition testedHausbeck et al. (2009) and was designed to
test if only the LG of an object (light-grip suppaf a certain weight) enhanced postural
stability. As the stick was not in contact with thavironment, this condition presumably
provided minimal transient sway-related inertiatcs created by the hand-held stick. It
represented a control condition within the condsiarf haptic supplementation. Participants
did three trials of 30 s in each condition. Bre#éksted 30 s between each trial and 60 s

between each condition. The total experimentalieedasted about 1 hour.

3.3.3. Apparatus and measures

The force platform (AMTI, Advanced Mechanical Teology, Inc., MA, USA) measured the
three components of the resultant ground reacborefto determine the COP trajectories in
the AP and ML directions. The sampling rate wastee200 Hz. Data were collected by
means of LabView 7.5 (National Instruments®, AusfliX, USA) on a PC and analyzed
offline with the help of Matlab 7.0 (The MathWork@®c., Natrick, MA, USA). Based on
COP trajectories, three dependent variables wdcallated for each trial: 1) the RMS [mm],
2) the range [mm] and 3) the MV [mm/s] (see chaft#r2.).

The individual data obtained for each trial in eaohndition were averaged and used to carry
out 6-conditions repeated-measure ANOVAs. Normahtyas checked by means of
Kolmogorov-Smirnov tests. Moreover, we calculated percentage decrease of the range in
the different conditions that showed a significstatbilizing effect relative to the QS condition
(LGf, LGb and LGr). Mean percentages of stabilizatobtained as the result of QS-LGf, QS-
LGb and QS-LGr differences were submitted to ansie transformation [Abdi, 1987] and
then compared using 3-conditions repeated-measIN®OVAAs. Significant effects were

further analyzed using Newman-Keuls post-hoc t@kteshold of significance &<0.05).
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3.4. Results

In the following the effects of fixed- or mobilefguort conditions in the most unstable plane
(AP direction) and in the most stable plane (MLedtron) are described. Even though the
results of the post-hoc tests are not reportedetaild the differences between experimental

conditions presented in the following were all sigint or showed a trend€0.06).

3.4.1. Effect of fixed- or mobile-support conditisnn the antero-posterior direction
The analysis of the RMS revealed an effect of doonli(F(5,50)=6.88,P<0.05). The post-
hoc decomposition showed that the RMS observetienconditions QS, LGh and LGs did
not differ significantly (Figure 13). In contrasthe RMS observed in the conditions QS, LGh
and LGs was higher than in the conditions LGf, L&td LGr (Figure 13). In contrast, the
analysis did not reveal significant differencesnmsn the conditions LGf, LGb and LGr.

Figure 13: RMS of the COP (means and standard dewui@n) in the AP
direction that is, in the most unstable plane

Similarly, the analysis of the range of the COP ata@ an effect of conditior(5,50)=9.23,
P<0.05). The post-hoc decomposition showed thatré#mge did not differ significantly
between the conditions QS (18.6 mm), LGh (19.6 mamj LGs (17.7 mm). On the other
hand, the range was higher in these conditions [@8,and LGs) than in the conditions LGf
(13.4 mm), LGb (12.8 mm) and LGr (13.8 mm), whigtl dot differ significantly from each
other. The analysis of the percentage decreasdeofrange did not reveal an effect of
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condition ¢(2,20)=0.66,P>0.05). Thus, the percentage decrease observdt inonditions
LGf (24%), LGb (30%) and LGr (25%) did not diffagsificantly from each other.

3.4.2. Effect of fixed- or mobile-support conditisnn the medio-lateral direction

The analysis of the RMS did not reveal an effectaidition £(5,50)=1.61,P>0.05). Even
though failing significanceR=0.08), the RMS variability in the LGf condition@gared to be
smaller than in the QS condition (Figure 14).

Figure 14: RMS of the COP (means and standard dewui@n) in the ML
direction that is, in the most stable plane

The analysis of the range revealed an effect of itlond(F(5,50)=2.60,P<0.05). The post-
hoc decomposition showed that the range observteinondition QS (13.8 mm) was larger
than in the LGf condition (9.6 mm). The conditio®@$, LGh, LGb, LGs and LGr did not
differ significantly from each othefhe analysis of the percentage decrease of the rdidg
not reveal an effect of conditioR(2,20)=2.70P>0.05). The percentage decrease observed in
the conditions LGf (27%), LGb (0.1%) and LGr (0%l shot differ significantly from each
other. The analysis of the MV did not reveal areefffof condition in any of the two

directions. Therefore, this variable will not bemtiened in the following.
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3.5. Discussion

3.5.1. Effects of a light grip on postural stabiit

This experiment aimed to test the effect of differeonditions of haptic supplementation
provided by a LG of a fixed or mobile stick on posi stability of healthy young people
during quiet upright stance. The results confirmear main hypothesis that haptic
supplementation independent of the nature of thep@tpeads to postural stabilization given

that detectable information about body oscillati@grovided.

Before discussing the results observed in thisedspt should be noticed that postural
stabilization was observed in both the AP and Miections in the LGf condition relative to
the QS condition. However, lower percentage deeseas$ the range (24% to 27%) were
observed in this condition when compared to otleensently observed in the light-touch
literature (e.g., > 50%, [Jeka and Lackner, 1995i).explanation of these discrepancies lies
in the possible existence of a ceiling effect ie firesent experiment. Indeed, in Jeka and
Lackner (1995)'s study, postural oscillations werperimentally increased by the use of a
tandem-stance position and visual restriction. bntast, in the present experiment,
participants performed a more natural upright stagtisk with the feet side-by-side and EO.
A second explanation, not exclusive to the previons, lies in the fact that the touching arm
was strapped to the body and consequently nottatehin the most unstable plane as in Jeka
and Lackner (1995)'s study. This explanation ispgufed by Rabin et al. (1999)’s results
which showed that this arm orientation led to largkanges in joint angles and fingertip
forces. The link between the direction of posturstillations and the provided sensory cues
appeared to be stronger with this arm orientatkinally, in the present experiment, both
arms of the participants were strapped to the béadgordingly, freezing the DoFs of the
kinematic chain of the arm (i.e., elbow and shoglded, thus, restricting joint movements to
the wrist and fingers, might have reduced availgigprioceptive information. Hence, it
could be speculated thagtostural corrections were less effective since lesssory
information was available to detect body movemeAtsyway, as observed by Rabin et al.
(2008), even if proprioceptive cues arising from #ren involved in the LT were kept
constant by immobilizing the arm of the participahappeared that information arising from
changes in contact forces on the fingertips wefécgent to allow a significant decrease in

postural oscillations.

52



3.5.2. Effects of fixed- and mobile-support condttis in antero-posterior direction

In the most unstable plane (AP direction), a deszed the RMS and the range were observed
in the three conditions LGf, LGb and LGr. Two otlmmditions (LGh and LGs) did not
significantly stabilize posture. As, all conditiord haptic supplementation involved an
equivalent supra-postural task of lightly grippintpe stick, the effect of haptic
supplementation cannot be interpreted as the reduffoal-oriented postural organization
toward the supra-postural task, in order to bedtghieve the light grip of the stick [Riley
et al.,, 1999]. The differences in postural stapibicross conditions rather suggested that
sway-related haptic cues provided in the three Istaty conditions (LGf, LGb and LGr) can
be used by the CNS to improve postural control.yTiuether suggested that the haptic cues
appear to be absent or not detectable in the dtleeconditions (LGh and LGS).

The present results do lend credence to our hypsthabout the benefit of haptic
supplementation independent of the nature of th@pat (i.e., fixed or mobile). Indeed,
among the stabilizing conditions, in one conditi@ptic cues were provided by the LG of a
fixed support (LGf) and in the two others by a nelsupport (LGb and LGr). These findings
suggested that the three conditions of haptic supghtation share, at least in part, common
characteristics with respect to haptic inputs ptedi to the participants for postural control.
This interpretation is in agreement with Krishnamtbyp et al. (2002)’s results suggesting that
the availability of a fixed reference point duriad-T may not be necessary to reduce sway, if
the modulations of contact forces at the fingeerg large enough. Since, in the mobile-
support conditions, the CNS could not use a stablerence point to control body
oscillations, it can be hypothesized that the tlo@editions (i.e., including those providing a
mobile support) provide haptic cues, such as tesmscontact forces and proprioception
related to body oscillations. Specifically, in th@o mobile-support conditions, the stick
encountered a resistance against the body swasr &éyhblockade (LGb) or the rough surface
(LGr). Since these situations produced a comparsthlalizing effect to the one produced by
a fixed support, one can hypothesize that thisstasce plays a prominent role in postural

control by creating sway-related transient contaites.

A striking result was that no significant differenwas observed between the conditions LGb
and LGr concerning the RMS and the range. In botiditions, the handle was free to move

in the ML direction, whereas a further mobility tine AP direction was added in the LGr
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condition. We hypothesized that changes in contastes, which result from the stick
movements on the ground, provide postural staliidima The present results confirmed this
hypothesis. They extended thereby Jeka et al. j3986dings about the stabilizing effect of
a stick pivoting around a stable point on the gcbu®ne could conclude that the functionality
of sensory cues is not biased by the mediatiorhefstick as compared to a LT with the
fingertip [Lackner et al., 2001]. This benefit wafsthe same magnitude than the one provided
by a LG on a fixed support and was even more natinas observed in young healthy
participants in an unperturbed situation. Theseiriigsl suggested that a stabilizing effect on
posture can be gained, even in absence of a fixdence point, under the condition that
functional sway-related contact forces are provid&dishnamoorthy etal., 2002]. As
expected on the basis of the results of previoudies [Lackner et al., 2001, Rabin et al.,
2008], the effects of haptic supplementation gtdtsisted even when a relative movement
between the stick and the ground was created Raarj et al., 2008], for relative movement
between the finger and the support). Thus, our hagalick experimental paradigm, that
approached a natural situation of stick use, péeohito merge different aspects of haptic
supplementation by a LT and a PS. Finally, ourltestonfirmed the stabilizing effect of a

LG of a mobile stick.

The results observed in the ML direction stronglpmorted the importance of sway-related
contact forces on the fingertips for postural diadiion. Indeed, in the ML direction, no
stabilization was observed in the mobile-supporddmns (LGb and LGr). Presumably, this
is due to the fact that no resistance was offeyethé stick against postural oscillations due to
the mobility of the stick handle. These result® aaggested that body oscillations in the ML
and AP directions are controlled separately aspme of the mobile-support conditions (LGb

and LGr), postural stabilization was observed inARedirection but not in the ML direction.

The results observed in the LGh and LGs conditials® supported the above-mentioned
interpretation. Indeed, no stabilization effect walsserved in both the LGh and LGs
conditions. According to the line of reasoning daled above, this suggested that both
situations share comparable characteristics, nathelylack of additional detectable sway-
related haptic information. Thus, the question resaof whether 1) additional haptic

information were really lacking in both the LGh an@s situations due to the nature of the
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support or whether 2) the quiet-stance task washeotppropriate situation to make sway-

related information detectable or functional fortgdpants in these conditions.

With respect to the LGh condition, the second higpsis is supported by Hausbeck et al.
(2009)’s findings. Hausbeck et al. (2009) did nbs@rve a stabilizing effect of a horizontal-
cane condition (similar to LGh) when vision was roobled. However, when troubled,
gripping the horizontal-cane led to postural staailon. These results suggested that a more
perturbing postural situation creates detectallesient inertial forces that were undetectable
or not functional in the present study. From anogfent of view, one could suggest that the
CNS relies more on information provided by smalhsient (inertial) contact forces in more
demanding or sensory-conflicting situations. Sugécsilative hypothesis deserves however
further investigation, for instance in the contekimechanically perturbing postural situations

(see below) or during locomotion.

The absence of postural stabilization in the LGgd@@mn is more surprising. Indeed, despite
the reduction of available haptic information, wgpected to observe a (even though smaller)
stabilizing effect when the stick moved on a sligpgurface as compared to a rough surface.
This prediction corresponded to Jeka and Lackn8BX)s findings about the equivalent
stabilizing effect of a LT of the fingertip on sades with different frictional properties (i.e.,
slippery and rough). However, in their experimeaxntrary to the present study, no relative
movement between the finger and the support wasredd. Furthermore our prediction was
consistent in sense with results observed by Laokhal. (2001). They revealed a smaller but
significant stabilizing effect of flexible flamesthat provided a smaller spatial stability and
less resistance against body sway when compareditbfilaments. It is equally possible,
that body oscillations in the present study weredoall to make the information resulting
from the movements of the stick on the slipperyasig detectable or functional for postural
control. According to Riley et al. (1997), an atigtive, though speculative, interpretation
could be that large body oscillations performedthis condition would correspond to an

exploratory strategy of participants in order tarsé for or to enhance haptic information.

Taken together, the present results lead to disshgwo groups of experimental conditions.
They differ with respect to the presence or absefdeptic information that are functional

for postural control. On the one hand, there arectimelitions LGf, LGb and LGr, in which a
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resistance was offered against body oscillationshieyfixed or mobile stick. This resistance
presumably created sway-related transient contace$ on the fingers. On the other hand,
there are the conditions QS, LGh and LGs, in wimchresistance or an insufficient one was

offered against body oscillations, due to the absem the mobility of the support.

3.5.3. Effects of fixed- and mobile-support conditis in medio-lateral direction

Results observed in the ML direction across all dn# condition of haptic supplementation
diverged from those observed in the AP directios.eXpected, stabilization observed in the
ML direction significantly differed for the fixedand mobile-support conditions. Indeed, the
mobile-support conditions (LGb, LGs, LGr and LGh)léd to improve postural stability in
this direction. Conversely, the fixed-support caioti (LGf) led to a significant decrease in
the range of postural oscillations. These findirggsn be explained by the absence of
resistance against ML oscillations in the mobilepsurp conditions. Only in the AP direction
sway-related haptic information were provided by L& of the mobile stick, whereas no

resistance against body oscillations was providetie ML direction.

3.6. Conclusion

This first experiment addressed the issue of haptibaupplementation provided by a LG of
a fixed or mobile stick influenced postural stabiliThe present experiment differed from
previous light-touch studies with respect to atslethree important aspects. First of all,
sensory supplementation was provided by a LG witkd fingers permitting to extend the
usefulness of haptic supplementation to a moreralasick-use situation. Secondly, across
the different conditions of haptic supplementatiohe mobility of the handle and the
extremity of the stick were manipulated indepeniyeint both the AP and ML directions, so
that more or less resistance of the stick agaiody loscillations could be provided in both
directions. Such strategy permitted to show thabikzing effects result from sway-related
changes in cutaneous and proprioceptive cues rdltagr from the presence of a fixed
reference point. Indeed, no postural stabilizati@s observed in the ML direction when the
stick handle was mobile that is, when no resistava® opposed against body sway. Third, by
allowing the extremity of the stick to scratch osligpery or a rough surface, we manipulated
the resistance of the stick against body sway emasequently, the haptic cues that were fed
back to participants. Our results suggested thgiven level of resistance opposed to body
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oscillations by the mobile stick (i.e., dynamicfronal coefficient > 0.37) is required to allow
postural stabilization. Actually, beyond the stenig effect of the “classical” fixed-support
condition (LGf) in the AP direction, the presensults led to identify two mobile-support
conditions (LGb and LGr) that stabilize postureepdndent of the nature of the support.
More specifically, the LGr condition, in which bothe handle and the extremity of the stick
were free to move, was identified as equally eifecto increase postural stability as the
fixed-support condition (LGf). The observed poststabilization in the LGr condition could
either have occured 1) due to an enriched sensuiyomment during the LG, which helps
therefore to better perceive self-motiosugplementation or 2) due to dynamic sensory
reweighting processes in the integration of oriemtacues, which help to replace inaccurate
or missing orientation cues from another “postyreesfic’ sensory modalitysubstitutior).

However, the question still remained if the effe€thaptic cues from a mobile stick also

applies to older adults. If the postural contradteyn during aging was altered at a peripheral
or central level, this could prevent older adultsvi benefiting from haptic supplementation.
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4. Study II: Haptic supplementation in young and ofler adults

4.1. Introduction

The results of the first study showed that theibtaty effect of haptic supplementation on
postural stability in a quiet-stance task of yowdylts is independent of the nature of the
support (i.e., fixed or mobile stick). Given thatay-related haptic cues are provided to
participants that inform about the motion of thelfp@ven the LG of a mobile stick improved
postural stability. The resistance offered agabtdy sway appeared to determine if haptic

cues are perceivable or functional for posturaddifization.

Since aging is characterized by peripheral sensosg (e.g., decreased plantar tactile
sensitivity [Perry, 2006]) and alterations in cahtmtegration of multiple sensory cues,
sensory reweighting is considered one of the miistal factors for postural control in older
populations [Horak, 2006, Baccini et al., 2007, Menhal., 2006, Rabin et al., 2008, Teasdale
et al., 1991]. However, several studies showedhil&ting effect of haptic supplementation
from the LT on a fixed support on postural stapitf healthy older adults [Baccini et al.,
2007, Reginella etal.,, 1999, Tremblay et al., 3084d older adults with neuropathies
[Dickstein et al., 2001]. Thereby, these studigspsuted the hypothesis that the capacity of
sensory reweighting remains, at least in part, gueesl during aging [Allison et al., 2006].
Moreover, the effective use of sensory substitutjf@anilov etal., 2007] or sensory
enhancement [Gravelle et al., 2002, Priplata et28103] underlined the capacity of older
adults to make use of additional (or enhanced) @gnsues in order to compensate for

potential age-related changes in the postural cbsystem.

By using the same experimental paradigm than irfiteestudy, the present study aimed at
determining whether and how older adults can befreiin haptic supplementation provided
by a mobile stick. Thus, according to Newell (1986nodel, we manipulated the

environmental (sensory cues) and the subject-cel@ge groups) factors of postural control,
while choosing a simple quiet stance task. With tjective in mind, we compared different
age groups, while controlling for the functionadtsts of different postural control systems

(healthy young and older adults).

58



In addition to the classical COP variables analyredtudy | (i.e., RMS and range), in the
present experiment we further explored the effétiaptic supplementation on the underlying
postural control mechanisms by using the power tegleanalysis to determine frequency
components of the body sway along with the SDA (&#lins and De Luca, 1993, Collins
et al., 1995], for detailed methods). It has bekaws that, during upright standing, age-
related changes in postural control mechanisms asseciated with two kinds of behaviors.
Some studies showed smaller COP amplitude and hiR€& of body sway [Carpenter et al.,
2006, Vieira et al., 2009], presumably resultingnir increased muscle activity and ankle
stiffness. In contrast, others showed that oldettigigants swayed more than younger
participants [Horak, 2006, Baccini et al., 2007,ndet al., 2006]. Moreover, higher MTP of
the frequency spectrum of body sway has currentyenb observed in older adults
[McClenaghan et al., 1996, Holden etal., 1994Jughif haptic supplementation has a
facilitating effect on postural control, one may ebv& decreased body sway and a shift
towards higher MPF [Rabin et al., 1999] as welloager MTP [Holden et al., 1994, Jeka and
Lackner, 1994].

The SDA permitted to explore the effects of aging &aptic supplementation on open-loop
and closed-loop control mechanisms of postural l#hapCollins and De Luca, 1993]. Two
regions of corresponding stabilogram diffusion ploan be discerned by the critical point (x-
coordinate CPs and y-coordinate CPmm?) indicathrey region of plots, where the slopes
significantly changed. These two regions are hymitleel to correspond to open-loop and
closed-loop control mechanisms, respectively [@slland De Luca, 1993]. Specifically, the
slopes of the straight lines fitted to these twgiors (Ds and DI) are hypothesized to
correspond to the stochastic activity of the CGpetitory during open-loop and closed-loop
control. Collins et al. (1995) showed that body gwé older adults was characterized by a
greater Ds, later CPs and larger CPmm2. These ekangopen-loop parameters presumably
reflected higher muscle activity and increased jstiftness in older participants. Sullivan et
al. (2009) observed that older adults benefitechfsensory supplementation (such as LT or
vision) reflected by decreased Ds (see also [Relegl., 1997], for similar results in young
healthy adults) and DI. These findings suggestetatiditional sensory cues not only reduce
the steady-state activity of the muscles duringnelpep control, but also improve sensory
integration processes that occur during closed-tmuyirol.
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4.2. Aims and hypotheses

Firstly, we expected to observe higher RMS, higtaerge and greater area of the COP in
older than in young participants during quiet stagdiWe also predicted that haptic
supplementation improves postural control in olddults independent of the nature of the
(fixed or mobile) support under the condition titadffered sufficient resistance against the
body sway. These results should be mainly obsemethe AP direction, in which this

resistance offered by the different supports wasipudated. The availability of haptic

supplementation should also increase MPF [Rabal.e1999] and decrease MTP [Holden
et al., 1994, Jeka and Lackner, 1994]. A decraafisiand consequently in CPmm2 should be

observed as a result of haptic supplementationedlsas a decrease in DI.

4.3. Materials and methods

4.3.1. Participants

Ten young (7 women and 3 men, mean age 25.8 yeh& years) and eleven older adults (6
women and 5 men, mean age 71 years = 7.3 yeatgipated in the experiment. The older
participants were recruited from a retirement dluMarseille, at which they were engaged in
fitness activities twice a week. They lived indegemtly and were in good health. All

participants were right-handed, physically activel dad no self-declared musculoskeletal
injuries, or perceptive, cognitive and motor disosdihat may have affected their ability to
maintain balance or to understand task instructidihey had no prior experience with the
task or the experimental apparatus. Informed cdrtseparticipate in the study was obtained
from all participants. The protocol was approved dylocal ethics committee and has
therefore been in accordance with the ethical staf®dlaid down in the declaration of

Helsinki.

4.3.2. Task and experimental design

The participants stood on a force platform with E® conditions with or without haptic
supplementation. The position of the participamd sstructions given for the quiet upright

stance were the same as in the previous studyy(statapter 3.3.2.).
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Haptic supplementation was provided through thedf@ stick with the right hand (chapter
2.4.1.). Six experimental conditions were testadyfe 10): 1) quiet stance (QS), 2) a fixed-
(LGf), 3) a horizontal- (LGh), 4) a blocked-suppoaondition (LGb), 5) a slippery- (LGs) and
6) a rough-surface condition (LGr). In the horizdrgupport condition (LGh) participants
lightly gripped the stick at its longitudinal centend held it in a roughly horizontal position.
This condition was similar to the horizontal-camadition tested by Hausbeck et al. (2009).
As the stick was not in contact with the grounds tondition presumably provided minimal
transient sway-related inertial forces created ty hand-held (weight of the) stick. The
mobility of the stick and its resistance to bodycilbstions in the AP direction were
manipulated in four conditions of haptic supplenation (LGf, LGb, LGs and LGr).
Participants did three trials of 30 s in each ctodi Breaks lasted 30 s between each trial

and 60 s between each condition. The experimeasaian lasted about 1 h.

4.3.3. Apparatus and measures

The force platform (AMTI, Advanced Mechanical Teology, Inc., MA, USA) measured
the three components of the resultant ground @adtirce to determine COP trajectories in
the AP and ML directions. The sampling rate wasate200 Hz. Data were acquired with
LabView 7.5 (National Instruments®, Austin, TX, UpAn a PC and analyzed offline with
Matlab 7.0 (The MathWork®, Inc., Natrick, MA, USAJhe COP data were low-pass filtered
(second-order Butterworth, 10 Hz, dual-pass). @as€OP variables (RMS, range and area)
were calculated. Individual data were averagedHerthree trials of the same condition.

COP trajectories were subjected to a Fast Fouransform with a frequency resolution of
0.03 Hz to determine frequency components of the/ lsadhy in the bandwidth between 0.06
and 5 Hz. The individual power spectra were avetaggoss trials for each condition serving
as a spectral signature for further analysis. SI& also performed on the COP trajectories.
Stabilogram diffusion plots were created by plajtthe mean squared displacements between
COP data points separated in time as a functiocooesponding time intervals (increasing
from 0.005 s to 6 s at steps of 0.005 s). Stakalmgdiffusion plots were averaged across the
three trials for each condition, and the resultaliots were further analyzed. To find the
critical point, the time interval in the range 06Qo 2 s was identified at which the summed

residuals of pairwise linear regressions were mahim
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The following nine dependent variables were exé@dtom the COP trajectories in the AP
and ML directions (only the area was estimated dasethe planar COP displacement (AP
versus ML)): 1) RMS [cm], 2) range [cm], 3) areaft, 4) MTP [cm?], 5) MPF [Hz], 6) CPs
[s], 7) CPmm2 [mm?], 8) Ds [mm?/s] and 9) DI [mn}¥see chapter 1.1.2.).

Data was subjected to 2 (between-participant fagtoup) x 6 (within-participant factor
condition) ANOVAs with repeated measures on the fastor. Normality was checked by
means of Kolmogorov-Smirnov tests. All significaliNOVA effects were further analyzed
using Newman-Keuls post-hoc tests (threshold ofiBgance atP<0.05). The eta-squared

( ? was used as a measure of effect siZzevalues of 0.01 to 0.03, 0.06 to 0.09 and >0.14
indicate a small, medium and large effect, respelgtiCohen, 1988].

4.4. Results

Table 1 shows a summary of the results (mean amtlatd deviation, F- and effective p-
values) of the main and interaction effects fordgpendent variables. Though the results of
the post-hoc tests are not reported in detail differences between experimental conditions
that are described below were all significant @mveéd a trendR=0.06).

4.4.1. Area of planar center of pressure displacerne

The analysis of the area revealed an effect of gemgbcondition. Older participants showed
larger areas than younger participants. The aréaeiconditions QS, LGh, LGr and LGs did
not differ significantly. In contrast, the area wa&gnificantly smaller in the condition LGf
when compared to the conditions QS, LGh and LGgerdency for a difference between the
conditions QS and LGb was also observed(.06), whereas the area in the condition LGr
did not significantly differ from the condition Q$he area in the three mentioned conditions

of haptic supplementation (LGf, LGb and LGr) did ddfer significantly from each other.

4.4.2. Analysis of center of pressure trajectoringhe antero-posterior direction

The analysis of the RMS revealed an effect of doodi The RMS observed in the conditions
QS, LGh and LGs did not differ significantly froraah other. In contrast, the RMS observed
in the conditions QS, LGh and LGs was significatiigher than in the conditions LGf, LGb
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and LGr. The analysis did not reveal a significdifference between the conditions LGf,
LGb and LGr.

The analysis of the range revealed an effect afigand an effect of condition. The range of
older participants was larger than those of younggeticipants (Figure 15 left). The range
observed in the conditions QS, LGh and LGs diddifér significantly from each other. In
contrast, the range observed in the conditionsL@®, and LGs was significantly higher than
in the conditions LGf, LGb and LGr (Figure 15 righ¥lo significant difference was observed
between the conditions LGf, LGb and LGr.

Figure 15: Range of the COP (means and standard diation) in the AP direction that is, in the most
unstable plane, of young and older participants (omhe left) and in the six experimental conditionsdn the
right)

The analysis of the MTP revealed an effect of grang@ an effect of condition as well as an
interaction effect of group and condition (Figure).18he post-hoc decomposition of the
interaction effect revealed significantly higher MTn the conditions QS and LGh than in the
conditions LGf, LGb, LGr and LGs in older particiga (Figure 16). MTP in the conditions

LGf, LGb and LGr was significantly lower than inetisondition LGs in older participants. No
significant difference was observed between theditmms QS and LGh, between the
conditions LGh and LGs and between the conditio@$§ LGb and LGr in the group of older

participants. In younger participants, no significadifference was observed between

conditions.
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The analysis of the MPF revealed an effect of dioordi The MPF observed in the conditions
LGf, LGb, and LGr was higher than in the conditi@S, LGh and LGs, which did not differ
significantly from each other. Similarly, the condins LGf, LGb and LGr did not differ

significantly from each other.

Figure 16: MTP of the COP in the AP direction thatis, in the most unstable plane, of
young and older participants (means and standard deation)

The analysis of the Ds revealed an effect of grama an effect of condition. Older
participants showed higher Ds than younger partitgpé-igure 17). The Ds was significantly
higher in the condition LGh than in the conditid@S, LGf, LGb, LGr and LGs, that did not
differ significantly from each other. The analysisthe DI revealed an effect of condition.
The DI was significantly lower in the conditions ,&Gb and LGr than in the conditions
QS, LGh and LGs, that did not differ significanthpin each other.

The analysis of the CPs revealed an effect of gr@igder participants showed greater CPs
than younger participants (Figure 17). The analgsithe CPmm?2 revealed an effect of group
and an effect of condition. Older participants shdwgreater CPmm?2 than younger
participants (Figure 17). The CPmm?2 in the condgi®@S, LGh and LGs was significantly

higher than in the conditions LGf, LGb and LGr,ttkigd not differ significantly from each

other nor from the condition LGs.
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Figure 17: Schematic representation of the stabilogm diffusion plot in the AP direction for the diff erent
age groups
The critical point of older adults is situated latén time and at larger critical mean squared disggements

4.4.3. Analysis of center of pressure trajectoringhe medio-lateral direction

The analysis of the RMS revealed an effect of grand an effect of condition. Older
participants showed higher RMS than younger paditis. The RMS observed in the LGf
condition was lower than those observed in the ¢mmdi QS, LGh, LGb and LGr, that did
not differ significantly from each other. Moreovehe conditions LGs and LGf showed a
tendency to differ significantlyR=0.06).

The analysis of the range revealed an effect ofigrand an effect of condition. The range
was larger for older than for younger participartse range observed in the LGf condition
was significantly lower than those observed in ¢baditions QS, LGh, LGb and LGs, that
did not differ significantly from each other. Thenalitions LGr and LGf showed a tendency
to differ significantly P=0.06).

The analysis of the MTP revealed an effect of grangd an effect of condition. The older

participants showed significantly higher MTP thaugger. The MTP was significantly lower
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in the condition LGf than in the condition LGh. Mawer, post-hoc decomposition of the
condition effect showed a tendency for a significdifterence between LGf and LGb
(P=0.06).

The analysis of the MPF revealed an effect of grangd an effect of condition. Older
participants showed lower MPF than the young pasditts. The MPF observed in the
condition LGf was higher than in the conditions Q&h, LGb, LGr and LGs, which did not

differ significantly from each other.

The analysis of the Ds revealed an effect of gr@ider participants showed higher Ds than
younger participants. The analysis of the DI resdaln effect of group, an effect of condition
and an interaction effect of group and conditiorhe Tpost-hoc decomposition of the
interaction effect did not reveal a significant feiEnce between conditions for young
participants. In contrast, for older adults, DI wesignificantly higher in the condition LGh
than in the conditions QS, LGf, LGb, LGr and LGheTatter conditions (QS, LGf, LGb, LGr
and LGs) did not differ significantly from each eth

The analysis of the CPs revealed an effect of gr@iger participants showed longer CPs
than younger participants in all conditions. Thalgsis of the CPmm?2 revealed an effect of
group and an effect of condition. Older particisashowed greater CPmm?2 than younger
participants in all conditions. Moreover, the CPnmwaés significantly lower in the condition
LGf than in the conditions LGh and LGb.

4.5. Discussion

This experiment aimed to test the effect of différeonditions of haptic supplementation
provided by a LG of a fixed or mobile stick of hisgl older adults during quiet upright
stance. The results confirmed our general hypathesit older adults can make use of haptic

cues provided by the LG of a mobile stick.

4.5.1. Age-related changes in postural control
Classical COP variables indicated that older padiats were less stable than their younger

counterparts. Indeed, they showed higher RMS @M direction), higher range (in the AP
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and ML directions) and larger area of the COP dispinent than young participants. These
findings are not surprising (see [Horak, 2006, Bacet al., 2007, Menz et al., 2006], for
consistent results) but they were a prerequisitdHerinvestigation of age-related effects of

haptic supplementation.

No difference was found between young and oldetigygaants concerning MPF in the AP

direction. In contrast, older participants in th& Mirection showed lower MPF than young

participants (0.36 Hz and 0.43 Hz, respectively)eSe results differed from previous studies,
which showed higher MPF and decreased body swalder participants, presumably due to
an age-related strategy of increased ankle joifihass [Carpenter et al., 2006, Vieira et al.,
2009]. Thus, our results suggested that the twogagaps use a similar postural control
strategy in AP direction, while only older partiaigs in the ML direction presumably use

slow lateral weight shifts to stabilize the upriglasition [McClenaghan et al., 1996].
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Table 1: Mean values of the variables extracted frm COP trajectories for the two age groups and theis experimental conditions

Note. Meand standard deviation in brackets, F- an@- values for significant (* p<0.05, **p<0.01, ***g0.001) main or interaction effect (cursive)
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The MTP was higher in older than in young partioigain the AP and ML directions. This
result suggested that postural control is more ggneronsuming in older participants
[McClenaghan et al., 1996], presumably due to ameise in muscle activity and/ or co-
contraction of antagonistic lower limb muscles [ghton et al.,, 2003]. The SDA also
suggested an age-related increase in muscle gcBpecifically, in older participants, the Ds
increased in the AP and ML directions. These figdiwere consistent with the results
previously observed by Collins and colleagues [€edins et al., 1995, Sullivan et al., 2009],
for consistent findings in old men). They indicateédher open-loop stochastic activity in
older than in young participants, presumably duaricage-related difference in the steady-
state activity levels of the ankle muscles durimegreloop postural control [Collins et al.,
1995]. In support of this hypothesis, Laughton kt(2003) found a positive correlation
between the increase in muscle activity and coractibn measured via electromyography
and the increase in the Ds. It is noticeable how#hat neither body sway decreased nor the
MPF increased in older participants, as expecteth iinkle stiffening strategy was used. A
possible explanation is that the increased musdgvity permits enhancing joint
proprioception [Laughton etal.,, 2003, Cordo et d996], rather than “mechanically”
stiffening the ankle joint. Nevertheless, this diot compensate for age-related perceptual
deficits, as longer critical time intervals and g critical mean squared displacement were
observed in older participants in the AP and Mlediions (see [Collins et al., 1995, Sullivan
et al., 2009], for consistent findings in old meihese results indicated a delayed switch
from open-loop to closed-loop mechanisms duringtyas control in older participants,
which could result from an age-related loss of pomeption [Collins et al., 1995, Goble
et al., 2009].

4.5.2. Effect of haptic supplementation on postuntrol

The results showed that haptic supplementation eeamlly effective to increase postural
stability in both groups of participants (see [Regdlia et al., 1999, Tremblay et al., 2004], for
consistent results with a fixed support). In the difection, a decrease of the RMS and the
range were observed in the three conditions ofibappplementation 1) LGf (fixed support),
2) LGb (mobile support in the ML but fixed on theognd in the AP direction) and 3) LGr
(mobile support on a rough surface). As alreadywshim the first study, no stabilization was

observed in two other conditions of haptic suppletaton (LGh and LGs), which challenged
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the interpretation of goal-oriented postural orgation toward the supra-postural task in
order to better achieve the LG of the stick [Alkert et al., 2010, Riley et al., 1999]. Instead,
they suggested that these conditions of haptic supgtation (i.e., including those delivered
by a mobile support) provide sway-related changesantact forces on the fingertip and
upper limb proprioception [Krishnamoorthy et al002, Lackner et al., 2001]. Similar to the
first study, the results suggested that when haqtpplementation is provided by a mobile
support (LGb and LGr), the cognitive process oftigparientation (with respect to a fixed
reference frame in the environment) may be sultetitby sensorimotor processes based on
the integration of additional haptic cues arisimgnf the light resistance opposed to body
sway by the support [Albertsen et al., 2010]. Thsutts observed in the ML direction are
consistent with this hypothesis. Indeed, postuaiBzation was only observed in the fixed-
support condition of haptic supplementation (LGfattis, in the only condition providing
sway-related haptic cues in the ML direction by agipg a resistance to ML body sway.
Finally, even though tactile acuity at the levetlod fingertip is commonly known to decrease
during normal aging [Tremblay et al., 2004], haphformation appeared to be efficiently
integrated by older participants in postural contrisldeed, they benefit from haptic
supplementation (from fixed or mobile supports}tie same extent as young adults, though

without fully compensating for age-related alteyasi of postural control.

The availability of haptic supplementation in thE Airection shifted the MPF towards higher
values (~ 0.4 Hz) in the conditions LGf, LGb andrL@lative to QS (~ 0.3 Hz). In the ML

direction, this shift only occurred in the fixed-gapt condition of haptic supplementation
(LGf). These results are consistent with those ofeske for other COP variables. They
suggested that this slight shift in MPF results frbaptic supplementation [Rabin et al.,
1999]. Taken together, the observed decrease in @@3Pplacements due to haptic
supplementation (LGf, LGb, LGr in AP and LGf in tML direction) and the shift towards

higher MPF may indicate that postural stabilizatiesults from an increase in muscle activity
around the ankle joint. However, the results obsgfor MTP challenges this interpretation.
In fact, in older participants, haptic supplemeotat(LGf, LGb, LGr and LGS) in the AP

direction was accompanied by a decrease in MTP[ks&lden et al., 1994, Jeka and Lackner,
1994], for consistent results). As a result, thevmusly observed age-related difference in
MTP during quiet stance was attenuated. Thus, dergbarticipants, haptic supplementation

appeared to improve postural stability by decreasiegenergy consumed to control body
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sway. To our knowledge, such positive effect oftltapupplementation in older adults has
never been reported in the literature. This deer@asenergy expenditure could presumably
be obtained by decreasing muscle activity arounchtikde joint. Results previously observed
by Jeka and Lackner (1995) strengthen this intéapom, as they showed reduced body sway
together with reduced levels of EMG activity (~50%) lower limb muscles due to LT.
Consequently, such changes in muscle activity mayng participants to tune postural
control on the frequency-specific sensors of sgnsgstems predominantly involved in the
postural task. In other words, the participants mdgpt an optimal sway frequency in order

to better perceive haptic cues.

A striking result was that, in older participantdTP significantly decreased in the AP
direction in the LGs condition, though no stabiigieffect was observed for classical COP
variables. Therefore, power spectral analysis mightbetter suited than classical COP
analyses to detect small improvements in postwatrol gained by haptic supplementation.
This result suggested that older adults are seasiti very small changes in contact forces
and proprioceptive cues evoked by the LG of the feokupport, even if it provides only
minimal resistance (LGs). Another possible explamamight be that older participants sway
more and consequently perceive larger changespticheues than younger participants (see
[Baccini et al., 2007], for a consistent interptieta).

The results of the SDA also suggested a decreasmuscle activity due to haptic
supplementation. Indeed, in the AP direction, leaptipplementation led to decreased critical
mean squared displacement in both age groups, endept of the nature of the support (LGf,
LGb and LGr). In other words, due to haptic supmatation, the COP travelled smaller
distances than in the reference condition (QS) reefdosed-loop corrections could be
accomplished. These results suggested that hagpglesnentation reduces the steady-state
activity level of the postural muscles around th&la to control the upright posture [Collins
and De Luca, 1993, Collins et al., 1995].

Furthermore, in the present study, the DI in the dMection decreased independent of the
stability of the haptic support (LGf, LGb and LGn) both age groups (see [Sullivan et al.,
2009], for consistent results). These findings sstgd that participants reduce the closed-

loop stochastic activity of the COP due to thegné¢ion of additional haptic cues, a sign for
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improved closed-loop feedback mechanisms of pdstangtrol. Taken together, our results
suggested that haptic supplementation affects dyotin-loop and closed-loop postural control
mechanisms and results in decreased body swaylyfithgs stabilizing effect is independent
of age and the stability of the haptic support.

4.6. Conclusion

The present study showed that aging leads to mamieble body sway, to deficits in open-
loop control mechanisms and to increased MTP aat®stiwith postural control. In contrast,
they also showed that haptic supplementation islggaffective to improve postural stability
in both age groups. Consequently, the CNS can rategsway-related haptic cues from
transient contact forces and arm proprioceptiopastural control even in the absence of a
fixed reference point in the environment (LGb ar@r). This stabilizing effect occurs under
the condition that sufficient resistance is opposedody sway by the haptic support (by
blockade or rough surface). Moreover, our resultggested that haptic supplementation
reduces (over short time intervals) the relianceneneased muscle activity around the ankle
and leads (after longer time delays) to well-comatitd postural corrections. However, it only
permits older participants to spare energy durlmgy gostural task, even in case the haptic
support provides only minimal resistance (LGs) tdyposway. As compared to the first study
[Albertsen et al., 2010], the use of methods sichaver spectral analysis and SDA, together
with classical COP variables, significantly addedtite understanding of the influence of
haptic supplementation on sensorimotor processpesitiral control.

Postural control mechanisms have been rarely cadpaetween the two postural tasks of
standing and sitting. We will explore this issuethie following study by applying the light-

grip paradigm to an unstable sitting situationatidition, we aimed to investigate if haptic
supplementation provided by a mobile support canpemsate for missing visual cues during
unstable sitting. This kind of compensatory mechiasi between “posture-specific” (visual)
and “non-posture specific” (haptic) cues have aydaeen shown during quiet upright stance
by the use of a fixed light-touch support [Jeka &adkner, 1994]. The question however
remained if haptic cues from a mobile support cay @in equally important role as vision

during postural control.
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5. Study IlI: Postural control of sitting

5.1. Introduction

Postural control is a key function for both uprigetanding and sitting. Though
biomechanically different, both the standing and #iiting postural systems are currently
modelled as a single-link inverted pendulum rotatingund the ankle [Maurer and Peterka,
2005, Peterka, 2000] or hip [Cholewicki et al., @0Reeves et al., 2007], respectively.
Hence, similar feedback control models have beepqgsed to account for postural control in
both standing and sitting [Kiemel et al., 2008, ®=eet al., 2007]. These models include two
main components contributing to the system’s stgibila plant and a controller. The plant
represents the biomechanical structure that hée toontrolled. The controller generates the
input to the plant needed to achieve the desir¢pubthat is, upright standing or sitting, with
different time delays [Alexandrov et al., 2005].rkbis purpose it is provided with a variety
of signals (proprioceptive, vestibular and visudlp. study the functioning of the controller,
classical experimental manipulations are sensomphdrawal or perturbations as they are
currently used in studies of standing [McCollumakt 1996, Peterka, 2002, Black et al.,
1982] and sitting [Radebold et al., 2001, Silfigsale 2003]. Haptic supplementation is a
complementary experimental manipulation that hanhesed in the previous studies of the
present work and in various studies of standing dldolet al., 1994, Jeka and Lackner, 1994,
Krishnamoorthy et al., 2002, Albertsen et al., 20Aertsen et al., 2012]. In the present
study, we applied this technique to study the @drdf upright sitting. More specifically, we
explored the role of “posture-specific” visual asdpplementary “non-posture-specific”
haptic cues in the control of unstable sitting ougg and older adults. Thus, according to
Newell (1986)'s model, we manipulated the environtak(sensory cues), the subject-related
(age groups) and the task-inherent (sitting potiators of postural control. Findings of our
previous studies suggested the importance of selayed haptic cues from a mobile stick
that enhance self-motion perception and thereby awerpostural stability during quiet
upright standing. Following the lead of these stadihere we studied the effect of haptic
supplementation provided by a LG with a fixed omabile support on sitting postural

control.
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It is well known that aging alters the efficiencl sensory systems, central processing and
postural muscles, thereby leading to a deterioratfgostural control during upright standing
[Horak, 2006, Teasdale etal., 1991]. The influeméenormal aging on performance in
functional tasks such as sit-to-stand has beenvatflestudied [Mourey et al., 1998, Nadeau
et al., 2008]. However, age-related changes inngitpostural control mechanisms have
received almost no attention. Nevertheless, one ldhexpect age-related alterations of

postural control in this task as well.

In upright-standing studies, it has been demoredra¢peatedly that additional sensory cues
compensated for age- or disease-related postutabitigy of healthy older adults [Albertsen
et al., 2012, Baccini et al., 2007, Reginella et2399, Tremblay et al., 2004] and older adults
suffering from neuropathies [Menz et al., 2006, K3tein et al., 2001] or bilateral vestibular
loss [Lackner et al., 1999]. According to commomgples of postural control models for
sitting and standing, one would expect to observestabilizing effect of haptic
supplementation during unstable sitting as well. siering, however, the effective
complexity of the spine and the prominent role ofiscle spindlesand various other
mechanoreceptors embedded in the spinal tissueotdton spinal position and velocity
[Reeves et al., 2007], this expectation has toubeéqtest.

A particular focus of the present study was oneffect of haptic supplementation on postural
control mechanisms with different time delays. #os type of problem, the SDA is a suitable
COP analysis. It has been proposed by Collins aad_iira (1993) for postural control of
upright standing and applied to postural contrositting [Cholewicki et al., 2000, Radebold
et al.,, 2001, Silfies et al., 2003]. According tolliihs and De Luca (1993), an age-related
increase in Ds and DI indicate higher open-loop @onded-loop stochastic activity and can be
explained by higher activation of postural musceiesded to control a rather unstable system.
Conversely, smaller diffusion coefficients and thwexluced open-loop and closed-loop
stochastic activity have been found by Silfiesle{2003) when vision was available during
unstable sitting as compared to conditions withasibon and by Sullivan et al. (2009) when

vision or touch was available during upright staugdi
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5.2. Aims and hypotheses

Taken all considerations together, the presentrerpat was designed to test the following
hypotheses. First of all, we expected that posstedlility during upright sitting is reduced in
older adults and that visual deprivation would yostural stability of both young and
older participants, but more so in the older osexond, we expected that sway-related haptic
cues improve postural stability during unstablérgitand compensate for the effects of age
and visual deprivation. Third, haptic supplemeptatshould mainly influence feedback
control mechanisms that is, the long-term regiostabilogram diffusion plots so that DI are
reduced. However, as mentioned above, there iseaisence from postural control studies of
upright sitting and standing that available sensaugs can affect the short-term region of
stabilogram diffusion plots [Silfies et al., 20@&,llivan et al., 2009].

5.3. Materials and methods

5.3.1. Participants

Fifteen young (7 women and 8 men, mean age 25.% years) and fifteen older adults (7
women and 8 men, mean age 66.2 + 3.3 years) jpatid in the experiment. All participants
were right-handed, physically active, and had nédexlared musculoskeletal injuries, or

sensory, cognitive or motor disorders. Participduats no prior experience with the task or the
experimental apparatus. They had given informederangrior to the start of the experiment
which was done in accordance with the ethical stalsd&id down in the declaration of

Helsinki.

5.3.2. Cognitive and clinical tests

At the beginning of the experiment, the particigantere tested for fluid and crystallized
intelligence by means of the Digit Symbol Testld German version of the WAIS [Tewes,
1991] and the Vocabulary Test [Schmidt and MetzZl®92], respectively. In addition, two
clinical tests of cutaneous spatial acuity at timgdrtip were administered by means of a
device with two outer spikes of adjustable gap wiokt 1 to 25 mm (Touch-Test® Two-Point
Discriminator, NC12776, North Coast Medical, Ind.static and a moving test (tapping
slow- and fast-adapting mechanoreceptors, respégtivensisted each of four test series, in
which participants judged whether one or two spikad been applied to their skin in order to
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determine the minimal distance between two stimudaipoints that they were able to
segregate perceptually. A touch score in eachwest calculated as the mean of the four

minimal perceived distances [mm].

5.3.3. Task and experimental design

Six experimental conditions were tested (Figure fjjet sitting (QS), rocker-board sitting
(SIT) and four conditions of haptic supplementati@n fixed-pen and three mobile-pen
conditions). During QS, participants sat directhlythe center of the force platform. In all
conditions, participants were asked to maintaintaraherect sitting posture with their hips
and knees flexed by 90°, to sit as stable as pessithout moving their feet and legs and to
cross arms in front of the chest. Their feet wemsupported. They were asked to fixate a
point at eye height at 1.5 m on the wall. Adhediape was used to mark participant’s
buttocks position on the force platform so thatshene task configuration was repeated each
trial. During SIT, participants sat in the centéraorocker board on top of an elevated force
platform. The rocker board destabilized particiganth the ML direction. Haptic
supplementation was provided through the LG of m \p#h the right hand (chapter 2.4.2.).
Thus, in all conditions of haptic supplementatiartyahe left arm had to be held in front of
the chest and participants sat on the rocker ba#rdthe fixed or mobile support orientated
in the plane of greatest instability that is, ie L direction. The mobility of the pen and its
resistance against body sway were manipulatedundonditions of haptic supplementation:
3) a fixed- (LGf; Figure 18 left), 4) a blocked-ggot condition (LGb), 5) a slippery- (LGS)
and 6) a rough-surface condition (LGr).
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Figure 18: Sitting position of participants on therocker board in the LGf
condition (on the left) and the rocker board on theelevated force platform
(on the right)

Figure 18 (left) shows the posture of the straigim, holding the pen in contact with the
digitizer tablet. In all conditions, the pen was oot sight of participants. During
familiarization, participants could make use ofaamtine display of the applied pen force on a
monitor and an acoustic signal that sounded ifftinee threshold (< 1.2 N) was exceeded.
Participants did four trials of 45 s duration wil#O and four trials with EC. Half of the
participants started with the four trials with E@dahe other half with the four trials with EC.
Breaks between trials lasted 30 s, breaks betwerdittons 60 s. Two wooden blocks served
to immobilize the rocker board during these periddse total experimental session lasted 2 h

(about 1.5 h for the actual sitting task).

5.3.4. Apparatus and measures

A rocker board (41 cm x 41 cm of 1.2 cm thick Pigaxs®, bearing surface in 8.2 cm height,
27.9 cm radius of segment of circle, 1 DoF in thie direction, Figure 18 right) was placed

on a customized piezoresistive force platform (460xx 10 cm) that measured the three
components of the resultant ground reaction foaceldtermine the COP trajectories. The

force platform was mounted on top of a rigid taibl€8 cm height.
A digitizer tablet (Intuos4, Wacom Company Ltd.) svemmounted on top of a table with

adjustable height. The pen and digitizer were cotmateto a PC indicating by an acoustic

signal when applied forces exceeded a threshold2oi.
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Data were collected on a PC using the additiongtisolbox (Version 3.08) by means of an
AD-converter (NI USB 6009, National Instruments®@sAin, TX, USA) at a sampling rate of
100 Hz. Data were analyzed offline with Matlab {R2007b, The MathWork®, Inc.,
Natrick, MA, USA). The first 3 and the last 9 seazch trial were neglected and 33 s of the
sampled data were analyzed. The time-series of @8Rions were detrended, normalized by
subtraction of the mean and low-pass filtered (seéawder Butterworth, 10 Hz, dual-pass).
Classical COP variables (RMS for the ML and AP dians, MV) were calculated for each
trial and averaged across the four trials of eamidition. SDA was also performed on the
COP trajectories ([Collins and De Luca, 1993, @gllet al., 1995], for detailed methods).
Stabilogram diffusion plots were created by plajtthe mean squared displacements between
COP data points separated by certain time inteasbs function of those intervals (increasing
from 0.01 s to 8 s at steps of 0.01 s). Stabilogd#ifasion plots were averaged across the
four trials for each condition and the resultamitpiwere further analyzed. To find the critical
point, the time interval in the range of 0.5 to @as identified at which the summed residuals
of pairwise linear regressions were minimal. Thdélofeing dependent variables were
extracted from the COP trajectories: 1) RMS for Mk and AP directions [cm]; 2) MV
[cm/s]; 3) Ds [mm?2/s]; 4) DI [mm?/s]; 5) CPs [s]&aB) CPmm2 [mm?] (see chapter 1.1.2.). In
addition, the following dependent variables weré&rasted from the pen trajectories: 7) the
standard deviation of the pen positions both fer ML and AP directions [mm], 8) the area
covering 95% of the AP-ML pen displacement [mm2hfite and Zatsiorsky, 2002], 9) the
mean force applied by the pen [N].

The individual data were entered into statistiaahlgses. These were three-way ANOVAs
with the between-participant factor group (youngolder) and the within-participant factors
eyes (open vs closed) and condition (QS, SIT, U&b, LGr and LGs). Normality was
checked by means of Kolmogorov-Smirnov tests. énahalysis of mean force applied by the
pen only four of the six conditions were includdds{, LGb, LGr and LGs), and in the
analyses of the variability and the area of the gisplacement only two (LGr and LGS).
Significant effects were further analyzed using Nem-Keuls post-hoc tests (threshold of
significance aP=0.05). We used t-tests (or U-tests when data wer@ormally distributed)

for the analysis of the cognitive and clinical est
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5.4. Results

Mean performance of the two age groups in the adinand cognitive tests is presented in
Table 2. Performance of older participants wasiBggmtly lower in the Digit Symbol Test
and significantly better in the Vocabulary Testril@gerformance of young participants. The
static and moving Two Point Discrimination Tests wbd both a significantly lower

sensitivity of older participants.

Table 2: Comparison of the two age groups in two ¢mitive and two
clinical tests (means and standard deviation in brekets)

In the following, we will first present the effeaté the rocker board on postural stability of
young and older participants. Thereafter the effeaft visual deprivation and of haptic

supplementation will be described. Finally, we waport the effects of the variation of haptic
cues across the different support conditions. A many of the results (mean, standard
deviations, F- and p-values) is provided in TahldBough the results of the post-hoc tests
are not reported in detail, the differences betweguerimental conditions that are described
below were all significant or showed a treR=0.06). In the present study, there was no

generalized effect of age on any of the variabkegiuo characterize postural stability.
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Table 3: Results summary for variables extracted fom the COP trajectories, the pen displacements arttie applied pen force

*kk

*

*kk

*

ANOVA results
Variable Lewels of Condition Effect df F p Hfect df F p
factors
Qs SIT LGf LGb LGr LGs

RMS ML | Young EO 0.06 (0.01) 0.17 (0.10) 0.09 (0.03) q@mo3) 0.10 (0.04) 0.14 (0.07, A 1,28 1.46 AxC 5,140 0.41

[cm] EC 0.06 (0.01) 0.24 (0.14) 0.09 (0.03) 0.10 (0.05) .11@0.03) 0.14 (0.06) E 1,28 20.66  ** ExC 5,140 14.67
Elderly EO 0.06 (0.02) 0.18 (0.07) 0.13 (0.07) 0.124p.0 0.14 (0.05) 0.14 (0.05) ExA 1,28 0.01 EXCxA 5,140 1.48
EC 0.07 (0.02) 0.28 (0.13) 0.09 (0.02) 0.13 (0.04) Q0135) 0.16 (0.05) C 5,140 47.93  **
RMS AP | Young EO 0.12 (0.07) 0.11 (0.05) 0.08 (0.03) Q04) 0.09 (0.04) 0.09 (0.04; A 1,26 0.74 AxC 5,130 0.99
[cm] EC 0.13 (0.05) 0.11 (0.04) 0.08 (0.03) 0.10 (0.04) .09@0.04) 0.09 (0.03) E 1,26 0.01 ExC 5,130 0.64
Elderly EO 0.13 (0.08) 0.14 (0.08) 0.10 (0.08) 0.094p.0 0.12(0.11) 0.11 (0.08) ExA 1,26 0.09 EXCxA 5,130 0.71
EC 0.12 (0.07) 0.13 (0.08) 0.08 (0.05) 0.10 (0.06) Q0097) 0.12 (0.11) C 5,130 8.12 **)
MV Young EO 1.17 (0.2) 1.36 (0.3) 1.13(0.3) 1.18(0.3) 111(0.2) 1.19 (0.3) A 1,28 0.68 AxC 5,140 0.18
[cm/s] EC 1.18 (0.2) 1.38 (0.3) 1.12 (0.3) 1.15(0.3) 12%0.2) 1.19 (0.3) E 1,28 4.84 * ExC 5,140 2.20
Elderly EO 1.11 (0.2) 1.20(0.2) 1.09 (0.2) 1.07 (0.2) 07%0.2) 1.13(0.3) ExA 1,28 4.10 EXCxA 5,140 1.52
EC 1.09 (0.2) 1.40 (0.4) 1.10 (0.2) 1.10 (0.2) 1.08)(0.1 1.15(0.2) C 5,140 13.31  **¥
Ds Young EO 1.28 (0.6) 4.73 (4.6) 1.19 (0.9) 1.10(0.8) .2872.1) 1.93 (2.3) A 1,24 1.85 AxC 5,120 2.75
[mm?/s] EC 1.23 (0.8) 5.74 (2.7) 1.06 (0.7) 1.54 (0.8) 5432.3) 1.77 (1.2) E 1,24 17.01  ** ExC 5,120 8.62  *x*
Elderly EO 0.99 (0.6) 4.76 (3.8) 1.27 (1.0) 1.59(0.9) 8411.8) 1.87 (1.6) ExA 1,24 3.11 EXCxA 5,120 1,66
EC 1.15(0.7) 14.78 (16.9) 1.82 (1.6) 1.55 (0.8) 3493 2.02(1.9 (] 5,120 2212 **H
CPs Young EO 0.67 (0.6) 1.14 (0.5) 0.65 (0.6) 0.78 (1.1) .96 (D.6) 0.95 (0.9) A 1,10 0.45 AxC 5,50 0.79
[s] EC 1.03 (1.4) 1.26 (0.4) 0.86 (0.5) 0.55 (0.8) 0@aY 0.64 (1.0) E 1,10 0.03 ExC 5,50 0.72
Elderly EO 0.83 (1.0) 1.09 (0.6) 1.15(1.1) 0.43(0.8) 7700.9) 0.83(0.5) ExA 1,10 0.02 ExCxA 5,50 0.45
EC 1.21 (1.4) 1.47 (0.9) 0.92 (1.2) 0.67 (0.4) 1.99)(2.1 0.88 (1.1) [} 5,50 1.55
CPmm? Young EO 1.36 (1.2) 6.19 (7.8) 0.94 (1.0) 1.17)(1.2 3.03(3.1) 1.75 (1.7) A 1,24 0.28 AxC 5,120 0.24
[mm?] EC 2.34(3.1) 13.91 (16.2) 1.04 (1.0) 0.74 (0.9) 2942.2) 1.72 (1.1) E 1,24 23.76  ** ExC 5,120 12.84
Elderly EO 0.79 (0.6) 5.60 (4.4) 1.63 (2.0) 0.94 (1.1) 2042.3) 2.15(3.2) ExA 1,24 1.81 ExCxA 5,120 1.39
EC 1.35(0.8) 14.92 (11.4) 1.77 (1.3) 1.75 (1.6) 6.08)(4 1.13(2.6) C 5,120 20.09  **A
DI Young EO 0.27 (0.4) 0.53 (0.6) 0.23(0.2) 0.33(0.3) 4900.4) 0.24 (0.2) A 1,26 121 AxC 5,130 0.60
[mm?/s] EC 0.38 (0.3) 0.40 (1.2) 0.22 (0.2) 0.43 (0.4)  5900.6) 0.27 (0.2) E 1,26 1.56 ExC 5,130 0.64
Elderly EO 0.43 (0.5) 0.80 (0.7) 0.52 (0.6) 0.37 (0.3) 4700.3) 0.34 (0.3) ExA 1,26 0.55 ExCxA 5,130 0.79
EC 0.34 (0.3) 1.20 (2.4) 0.34 (0.4) 0.33(0.2) 1.14)(1.3 0.68 (0.7) [ 5,130 3.99 **
Mean Young EO _ _ 0.53(0.2) 0.53(0.2) 0.42 (0.1) 0.45 (0 A 1,28 1.07 AxC 3,84 326 *

pen force EC 0.55 (0.1) 0.55 (0.1) 0.43 (0.1) 0.45(0.1) E 1,28 0.009 ExC 3,84 0.17

[N] Elderly EO _ 0.46 (0.2) 0.45 (0.2) 0.50 (0.2) 0.42 (0.2 ExA 1,28 1.19 EXCxA 3,84 0.01
EC 0.44 (0.1) 0.45 (0.2) 0.48 (0.2) 0.39 (0.2 C 3,84 2.69
Area pen Young EO _ _ _ _ 9.48 (15.9) 26.99 (27]1) A 1,28 0.23 AXC 1,28 0.16
[mm?] EC 17.07 (20.4)  43.95(39.9 E 1,28 2.97 ExC 1,28 4.78
Elderly EO _ _ _ _ 18.67 (18.8)  35.07 (28.7 ExA 1,28 1.85 EXCxA 1,28 0.55
EC 10.60 (15.4)  46.05 (34.6 C 1,28 26.96 *4

RMS pen Young EO _ _ _ _ 1.70 (0.8) 2.71(1.4) A 1,28 3.32 AxC 1,28 2.26
ML EC 1.70 (0.8) 2.49 (1.0 E 1,28 0.54 ExC 1,28 0.31
[mm] Elderly EO _ _ _ _ 217 (1.1) 3.37(1.7) ExA 1,28 0.01 EXCxA 1,28 1.47

EC 1.73 (0.6) 3.52 (1.4 C 1,28 37.19  **

RMS pen Young EO _ _ _ _ 1.69 (1.2) 3.20 (1.9) A 1,28 0.81 AxC 1,28 2.35
AP EC 2.00 (1.2) 3.12 (2.0 E 1,28 1.45 ExC 1,28 0.001
[mm] Elderly EO _ _ _ _ 1.77 (1.0) 3.80 (3.3) ExA 1,28 0.42 EXCxA 1,28 0.67

EC 1.98 (1.7) 4.37 (1.9) C 1,28 35.60  **

Note. Mean values (standard deviation in brackets); * p < 0.05, ** p < 0.01, *** p < 0.001;

Main Effects: A = Age, E = Eyes, C = Condition; Interaction Effects: ExA = Eyes x Age, AxC = Age x Condition, EXC = Eyes x Condition, EXCxA = Eyes x Condition x Age
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5.4.1. Effects of the rocker board on postural cooltin young and older adults

In the SIT condition (i.e., sitting on the rockeyanod), RMS in the ML direction (Figure
19) and MV were significantly larger than in theigjsitting (QS) condition. In contrast,
RMS in the AP direction was not affected by thekevdoard. In the stabilogram diffusion
analysis, Ds (Figure 20), DI and CPmm?2 were sigaiftly larger in the rocker-board than
in the quiet-sitting condition. Differences betwettre two age groups were negligible.
Only Ds (Figure 20) was reliably larger in the algarticipants than the young ones in the

rocker-board condition, but not in quiet sitting.

0,45 -
0,40 -
0,35 4

0,30 +
0,25 4
0,20 -

- Hij Hﬂ Hij Hﬂ
i | | N IS I i

Qs SIT

RMS in ML [cm]

‘ young EO [ young EC molder EO DolderEC‘

Figure 19: RMS of the COP in the ML direction thatis, in the most unstable plane, for young and
older participants with EO and EC in six conditions(mean and standard deviation)

5.4.2. Effects of visual deprivation on posturalmool in young and older adults

The destabilizing effect of visual deprivation wasserved in the rocker-board condition,
as contrasted with all other conditions, with resge RMS in the ML direction (Figure
19). In contrast, RMS in the AP direction was nid¢cted by visual deprivation. MV was
significantly, though only slightly, higher whension was withdrawn than in conditions
with vision. In the stabilogram diffusion analysi®s (Figure 20) and CPmm?2 were
significantly increased by visual deprivation oiythe rocker-board condition. Notably,

the effect of visual deprivation in particular imetrocker-board condition was not reliably
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stronger in the older than in the young participaior any of the dependent variables.
Although the short-term diffusion coefficient forder adults in the rocker-board condition
with EC was markedly higher than all other mearisKigure 20), this difference failed to

reach statistical significance.

5.4.3. Effects of haptic supplementation on postuntrol in young and older

adults

As compared to the rocker-board condition, haptmpéementation delivered via a fixed or
mobile support (LGf, LGb, LGr and LGs) significantleduced RMS in the ML (Figure
19) and AP directions. MV also significantly desed with haptic supplementation (LG,
LGb, LGr and LGs). Indeed, it decreased down toléwel of the quiet-sitting reference
condition, that is, haptic supplementation fullyrqmensated the destabilizing effect of the
rocker board. In the stabilogram diffusion analydds (Figure 20) and CPmm?2 were
significantly reduced in all four conditions of Hepsupplementation (LGf, LGb, LGr and
LGs) as compared to the rocker-board conditionwB$ also significantly lower in three
conditions of haptic supplementation (LGf, LGb ah@s) than in the rocker-board
condition. However, in spite of the reduction redatto the rocker-board condition, the
means of Ds (Figure 20), DI and CPmm?2 observedh& four conditions of haptic
supplementation remained different from those olezkin the quiet-sitting condition. No
differences between the two age groups were fourd though older participants showed
significantly lower cutaneous sensitivity at thegertip. Accordingly, the effect of haptic

supplementation was the same for young and olddtsad

82



35

30 A

25

20 A

Ds [mmZ/s]

15 4

10 4

[
| T [ ﬂ Lo Lahmah TTHE TTEL
Qs SIT LGf LGb LGr LGs

‘ young EO young EC ® older EO DolderEC‘

Figure 20: Ds for young and older participants withEO and EC in six conditions (mean and standard
deviation)

5.4.4. Variation of haptic cues across differentgaort conditions

Young participants tended£€0.06) to apply smaller mean force of the pen inrthegh-
surface (LGr) condition than in the fixed-suppdrtGf) and the blocked-support (LGb)
conditions, whereas, in the older participants, firee applied with the pen did not vary
across the different conditions of haptic supplergm. The area of pen displacement
was significantly larger in the slippery-surfaces5@) condition than in the rough-surface
condition. Similarly, the variability of pen disglaments in the ML and AP directions was
significantly larger in the slippery-surface comalit than in the rough-surface condition.
Finally, visual deprivation led to a significanttirease in the area of pen displacement in

the slippery-surface condition.

5.5. Discussion

The present study aimed to test whether haptic lsogmtation is suited to improve
postural stability during unstable sitting and tompensate for age-related postural
instability and the destabilization induced by wakuweprivation. In addition, we were
interested in identifying the postural control medkms (open-loop or closed-loop) that
mediate the benefits of haptic supplementation.idgjaour expectations, there was no
generalized effect of age on postural stabilityhia present study. However, overall, we

found a remarkable benefit of haptic supplementatiwhich largely compensated the
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effects of visual deprivation and aging, and alnmestn the destabilization by the rocker

board. In the following, we discuss the findingsome detalil.

5.5.1. Effects of the rocker board on postural camitin young and older adults

As expected, the rocker board perturbed postuadlilgy. Specifically, variability of the
COP positions in ML, but not in the AP directiomdamean velocity of the COP were
larger than in quiet sitting on a stable base. Meee, higher short-term and long-term
diffusion coefficients were observed during the ligmying task when compared to the
quiet-sitting condition (see [Cholewicki et al.,@X) Silfies et al., 2003], for comparable
results). These results indicate higher open-laup dosed-loop stochastic activity of the
COP, respectively. Such increase suggested stramgscle activation to achieve the
challenging task going along with increased naise-fluctuations in the motor output
[Joyce and Rack, 1974].

The increase in critical mean squared displacenmetiite rocker-board condition (relative
to the quiet-sitting condition) suggested that @OP drifts further away from its
equilibrium point during open-loop control when whestem is challenged by the instability
of the rocker board. Critical time intervals, howewvere not affected, but remained in a
range around 1s in both the quiet-sitting and tieker-board condition. This suggested
that open-loop and closed-loop control mechanisorng sitting operate with the same

delays, no matter whether the stability of theesysis challenged or not.

5.5.2. Effects of visual deprivation on postural dool in young and older adults

In the absence of vision, instability was amplified the rocker-board condition as
reflected by a classical COP variable, the RMSha ML direction, and by parameters of
the SDA (Ds and CPmm?). However, the MV was highall conditions, and not only in
the rocker-board condition, when vision was withdra These effects of visual
deprivation on postural control in challenging @ske consistent with those observed by
Silfies et al. (2003) in an unstable sitting taskat on a hemisphere). Silfies et al. (2003)
suggested that sitting posture is controlled, atlen part, by means of visual cues and that

the proprioceptive and vestibular systems do ndy idmpensate for visual deprivation.
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In the present study, older participants were notenaffected by visual deprivation than
young participants. Such an age-related effect isflat deprivation could have been
expected because, in upright standing, older adwa#t® been shown to depend more on
vision than young adults [Simoneau et al., 1998 &bsence of such an age-related effect
in our study might be specific to the sitting tamkd perhaps to particular experimental

conditions.

5.5.3. Effects of haptic supplementation on postuntrol in young and older
adults

The instability provoked by the rocker board wasorsgly attenuated by haptic
supplementation in both age groups. Furthermore) exthdrawal of visual information
was compensated by haptic supplementation. Thesa@tgesuggested that the CNS
effectively reweights the available sensory cuesvipled by multiple sensory systems
(haptic, visual, proprioceptive and vestibular)oder to achieve intervertebral and trunk
postural adjustments. More importantly, under certaonditions haptic cues from
cutaneous mechanoreceptors and muscle spindlelseofintgers and arm, that are not
commonly relevant for postural control, come toyp& functional role in the postural
control of sitting. In order to preserve posturebdity when another (commonly used)
sensory source is withdrawn (here: vision), thecfiom of haptic cues actually becomes
comparable to that of the lacking sensory sourdeus] haptic cues improve sitting
postural control even though the biomechanicalesys{spine) involved in the task is
highly complex and usually is controlled predomimanbn the basis of spinal

proprioception [Reeves et al., 2007].

Haptic supplementation produced the same benefitgoung and older participants. Thus,
the capacity for sensory reweighting is preservédold age [Allison etal., 2006].

Furthermore, the higher open-loop stochastic agtiaf the COP observed in older
participants in the rocker-board condition was conspéed when haptic supplementation
was provided. Such compensation of the age-relatadges in open-loop postural control
mechanisms by haptic supplementation has been simotfva second study of this work on
upright standing [Albertsen et al., 2012]. In thanfiework of the SDA, these results
suggested that haptic supplementation helps toceedteady-state muscle activity and
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trunk stiffness during sitting. Without the addia sensory cues, stiffening of the trunk is
part of the strategy of older adults to masterdhallenging postural task ([Collins et al.,

1995], for consistent interpretation).

It is remarkable that older participants benefitedhe same extent as young participants
from haptic supplementation even though clinicatdef cutaneous sensitivity showed an
age-related decline of spatial acuity at the fitigefyoung: 2.8 mm, elderly: 3.8 mm).
Poorer spatial acuity presumably results from chamgennervation density of slow- and
fast-adapting mechanoreceptors of the fingertipgifiiblay et al., 2005], young: ~1 mm,
elderly: ~2.5 mm). In the present study, spatialitgovas reduced at older age, but not yet
pathological (fair: > 6 mm, poor: > 11mm, Touch-l®sTwo-Point Discriminator).
According to these results, the age-related dedtirspatial acuity does not suspend older
adults from the benefits of haptic supplementafibremblay et al., 2004]. The benefits

most likely originate at a central rather than agbeeral level of the nervous system.

5.5.4. Variation of haptic cues across differentgaort conditions

Haptic supplementation improved postural stabilityependent of the stability of the pen
support (fixed or mobile). These results are cdestswith those of previous studies
presented in the present work on upright standstigd{es | and Il [Albertsen et al., 2010,

Albertsen et al., 2012], respectively). They stigrguggested that the haptic information,
which is provided by the mechanoreceptors of thgdis and the arm, is used to improve
postural control even in the absence of a fixedpettp Rather than a fixed support, it
seems critical that the haptic information relaieshe body sway of the sitting person.
This interpretation contrasts with those proposeéarlier light-touch studies using a fixed
support [Jeka and Lackner, 1994, Jeka and Lacki®85, Holden et al., 1994, Tremblay
et al., 2004]. There it was claimed that a fixethpm the environment provides a frame of
reference for spatial orientation and thereforeriscal for the beneficial effects of haptic

supplementation.

Although the rocker board in the present study atelted sitting only in the ML
direction, the variability of the pen displacemewss of the same magnitude in the ML
(unstable plane) and AP directions (stable plav®st likely, the pen displacements in
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both directions were functional with respect totpoa control, as we observed effects of
haptic supplementation on COP variability in bokle tAP and ML directions. In our
previous studies (I and Il) on upright standingédtsen et al., 2010, Albertsen et al.,
2012], and in contrast to the present study, thetlly touching arm was strapped to the
trunk. In mobile-support conditions, this led toagwarelated stick movements only in the
AP direction (unstable plane), and a gain in sitgbiluring upright stance was exclusively
observed in this direction. These results suggdsigidhe effect of haptic supplementation
is limited to those planes, in which variations aointact force and proprioception are
related to body sway [Albertsen et al., 2010].Ha present study, this was the case for pen
movements both in the ML and AP directions. Thugenethough the rocker board
predominantly destabilized sitting posture in the tdrection, body oscillations in the AP
direction that led to pen displacements and haatr@tions in this direction also served to

improve stability.

5.5.5. Effects of haptic cues on open-loop and el@doop postural control

mechanisms in young and older adults

The results of the SDA extend previous resultshenitfluence of haptic supplementation
on open-loop and closed-loop postural control dutiipright standing [Albertsen et al.,
2012] to sitting. For most parameters of the SD, eéffect of haptic supplementation was
independent of whether the pen support was fixednobile. The smaller long-term

diffusion coefficients in conditions of haptic sueplentation (with the exception of the
condition LGr) suggested that closed-loop stochastttivity is reduced thanks to

additional sensory cues. Comparable results hage tEported by Riley et al. (1997) for
haptic cues during upright standing and by Sili¢sal. (2003) for visual cues during
unstable sitting. The present findings confirmed ithpact of haptic supplementation on

closed-loop control of unstable sitting.

In addition to closed-loop control, open-loop cohtwas also affected by haptic
supplementation. The smaller critical mean squdisplacement and short-term diffusion
coefficient in conditions of haptic supplementatisnggested a reduced open-loop
stochastic activity. This observation is consistgith findings of Sullivan et al. (2009) on
upright standing, who observed a smaller open-ktophastic activity in older adults as a
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consequence of sensory supplementation (such els tywision) (see [Riley et al., 1997],
for comparable results). The only study on unstaiiieng, that produced comparable
results, supplemented participants with additioriabial rather than haptic cues [Silfies
et al., 2003]. In line with Collins and colleagyé&sllins and De Luca, 1993, Collins et al.,
1995], these findings indicate a decline of stesidye muscle activity in the presence of
haptic cues and, thus, reduced noise-like fluatmatin the motor output [Joyce and Rack,
1974]. Consistent with this interpretation, Jekal drackner (1995) observed reduced
myoelectric activity of postural muscles (~40-50%)iring upright standing when
participants lightly touched a fixed support as paned to conditions without touch.

5.6. Conclusion

In the present study, we demonstrated an impabapfic supplementation on both open-
loop and closed-loop mechanisms of postural comtreipright sitting in young and older
adults. In older adults the benefits of haptic sementation were observed in spite of their
reduced cutaneous sensitivity. Most likely, in batje groups, a less diffusive, more stable
COP due to haptic supplementation in the short-termge reduces the need for corrective
COP modulations in the long-term range (see [Colliind De Luca, 1993]). When put into
perspective with corresponding observations orctrerol of upright standing, the results
of the present study strengthen the notion of conatittes of the mechanisms involved in
the postural control of standing and sitting intsmf the different complex biomechanical
systems involved in the two postural tasks. In vadwotential future applications towards
portable haptic assistive devices, it still remdit@ explore the effect of haptic cues from a
mobile stick in dynamic situation that is, in stioas where the postural control system is

challenged.
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6. Study IV: Dynamic rocker-board stance

6.1. Introduction

After having demonstrated the effect of sway-relat@ptic cues from a mobile stick

during quiet upright stance and perturbed sittivg, explored their effect on perturbed
upright stance, especially, on coordinative pattbetsveen the lower and the upper body.
Successful postural control during perturbed uprigfaince might require coordinated
control of several body components [Kiemel et2008, Ting, 2007]. Thus, in the present
experiment, our analysis on the influence of haptipplementation on coordinative
patterns between the different body segments wasdban the model of a two-link

inverted pendulum (ankle and hip).

Some studies already tested the effect of a LT astypal stability of young participants
standing on a rocker board (1 DoF in the AP digxgti[Kazennikov et al., 2005,
Kazennikov et al., 2008, Hausbeck et al., 2009esk studies used fixed or mobile light-
touch supports (i.e., a classical fixed supportalsieads held in front of the body or
lightly-touched canes) to provide haptic suppleragon. The study by Hausbeck et al.
(2009) was the only one comparing canes of thréerdnt stabilities (horizontally-held
cane, rocker cane, quad cane) that provided sems®y during rocker-board stance in a
perturbing visual environment. The authors foundt tthe perturbation induced by the
visual environment (which caused an increase in Gl angular displacements of ankle
and hip) could be compensated by haptic cues framreror less stable cane-supports.
These results suggested that the CNS can disregmetiable visual information due to
additional orientation cues provided by a canergtepto improve the control of different
body segments during rocker-board stance. The tsediyy Kazennikov et al. (2008)
suggested that additional orientation cues candeel by the CNS to better control the
perturbed posture on a rocker board. The authoosvesth that holding a 1000-g-load
reduced the sway of the rocker board controlledth®y participants. The same authors
observed in an earlier study a less destabilizffeceof calf muscle vibration when a LT
on a fixed rail was simultaneously performed [Kazkav et al., 2005]. This gain in
stability through the LT was more pronounced whea platform underneath the rocker

board was stationary than when it moved very slobdgk- and forward. The authors
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concluded that the reliability of the haptic cuesedmines whether or not they can be used
to build a reference frame for postural controlthis perspective, they hypothesized that
haptic cues from a sliding finger are less appedprio build such reference frame and

thereby lead to a reduced stabilizing effect.

In summary, these studies suggested that hapti (@uertial forces by holding an object
in the hand or haptic cues by lightly touching xefl support) provided during rocker-
board stance can be integrated by the CNS. Constigudue to additional haptic cues
postural control can be improved, which resultsréduced COP sway and angular
displacement of body segments or the rocker bdetifgarticipants are standing on. The
availability of sway-related haptic cues changes twontribution of sensory cues to

postural control in favor of proprioceptive andangous cues.

However, in view of the transfer of useful haptiges to everyday-life posture and
locomotion, a “limitation” of all these studies wésat they did not vary haptic cues
delivered from a support that entirely moved witle tparticipants (except haptic cues
delivered by a load that was not in contact with ¢glheund as would be expected by a
cane-like device). According to Newell (1986)’'s mbdleey manipulated mainly the task-

inherent constraints of postural control (perturbthce).

In contrast, the mobile-stick experimental paraditrat was applied to a rocker-board
stance in the present study aimed to manipulate task-inherent (perturbed stance) and
environmental (sensory cues) factors while tesgiogng participants. It is of theoretical

interest to investigate if the effect of a LG ofrebile stick persists, when the user is
perturbed. More precisely, it is unknown if the fowal control system can deal with the
potential cognitive effort needed for sensory tfamaations of haptic cues from a mobile
stick to a common reference frame when the systemhallenged. Not only no fixed

reference point is provided to the user by the meosiick but even more, the postural
control system is challenged, which might precldidat the CNS can make use of the
haptic cues in this specific task. On the otherdhaincould be that the enhanced sway-
related stick movements in the present rocker-bteskl amplify orientation cues available

to the CNS that can thereby improve postural stgbil
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Concerning the effect of a LT on kinematics of kbwer and the upper body, few authors
observed decreased variability of both body segsgmiver and upper body) due to haptic
supplementation during quiet [Zhang et al., 2003l aluring perturbed upright stance
[Hausbeck et al., 2009]. Moreover, owing to thecs@aéd analysis of inter-segment body
motion, results by Zhang et al. (2007) suggestatlithphase (< 1 Hz) and anti-phase (> 1
Hz) patterns between segments co-exist even dunpgrturbed stance (see also [Creath
et al.,, 2005]). In addition, the authors suggestedt the in-phase pattern is more
influenced by the LT on a fixed support than the-phase pattern (transition from in-
phase to anti-phase at a lower sway frequency).alitleors concluded that the in-phase
pattern is presumably under higher amount of necwakrol and therefore sensitive to
haptic supplementation, in contrast to the antisghaattern that rather emerges due to the
plant dynamics. To our knowledge, however, anyysiadestigated the influence of a LG
of a mobile stick on coordinative patterns betwées leg and trunk segments during
rocker-board stance. As coordinative patterns batvwke lower and the upper body might
change when standing on the rocker board, it rerdaioeexplore if haptic cues from a
mobile stick could stabilize posture by compenggafor these behavioral changes. Two
possible changes when standing on the rocker mmand be imagined. If the rocker board
only slightly challenged the postural control systet might choose an in-phase pattern
between the two segments that corresponds to yalgHtorrelated segments [Almeida
et al., 2006]. If the rocker board was sufficientlyallenging, an anti-phase pattern might
emerge that corresponds to negatively-correlatepneats [Kiemel et al., 2008, Ting,
2007].

6.2. Aims and hypotheses

First of all, we expected that postural stabilityidg upright stance on the rocker board is
reduced and that coordinative patterns betweetethand trunk segments change. Second,
we expected that sway-related haptic cues improwtupal stability during perturbed
standing on the rocker board. This should be thee caven in the mobile-support
conditions, where the arm-stick system was moreptexnthan in studies | and Il. As, in
these conditions 1) the arms were not strappebedody, 2) the stick was free to move
on the ground and 3) the entire body was perturthed, G does not provide a fixed spatial
referent but presumably sway-related cues frommtbeements of the stick on the ground.
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Finally, we hypothesized that haptic cues can legnated by the CNS and serve to
compensate for changes in coordinative patterngdifierent body segments when

perturbed.

6.3. Materials and methods

6.3.1. Participants

Eight young participants (3 women and 5 men, me@n25%.8 + 2.1 years) took voluntarily
part in the experimenThey were right-handed, physically active and hadelf-declared
musculoskeletal injuries, or perceptive, cogniteved motor disorders that might affect
their ability to maintain balance or to understamgk instructions. The experimental
protocol was presented to all participants, whialiega written consent before undergoing
the experiment. The protocol was approved by al leitacs committee and has therefore

been in accordance with the ethical standarddiaidh in the declaration of Helsinki.

6.3.2. Task and experimental design

Six experimental conditions were tested with EQg@iFfé 21): 1) quiet stance (QS), 2)
rocker-board stance (STANCE) and four conditionshaptic supplementation (a fixed-
support and three mobile-support conditions). Duf@®) participants stood directly in the
center of the force platform. During the STANCE dibion, participants stood in the
center of a rocker board that was positioned onofop force platform. The rocker board
destabilized participants in the AP direction. Hagupplementation was provided through
the LG of a stick with the left hand (chapter 2).1AIl conditions of haptic
supplementation were tested on the rocker board thi stick orientated in the plane of
greatest instability that is, in the AP directidme mobility of the stick and its resistance
offered against body oscillations were manipulated four conditions of haptic
supplementation: 3) a fixed- (LGf), 4) a blockegysart condition (LGb), 5) a slippery-
(LGs) and 6) a rough-surface condition (LGr).
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Figure 21: Six experimental conditions of study IMsee Figure 12 left, for grip details)

In all conditions, participants were asked to maimt natural erect standing posture with
both arms held straight along the body. The feethef participants were placed at hip-
width, side-by-side and the toeholds were positioinea distance of 20 cm, in an angle of
30°. They were asked to fixate a point in eye hegyhl.5 m on a wall. In all conditions,
the left hand was to be held short behind a refeexnarker at the hip (chapter 6.3.3.). The
stick was always out of sight of participants.

Participants did four trials of 45 s in each coldit Breaks lasted 30 s between trials and
60 s between conditions. Each trial started whatiggaants were able to stand quietly
without exceeding the force threshold (< 1.6 N)eTibtal experimental session lasted

about 1 hour.

6.3.3. Apparatus and measures
A rocker board (40 cm x 40 cm of 1.1 cm thick Pigxs®, bearing surface in 4.4 cm
height, 53.5 cm radius of segment of circle, 1 Dofhe AP direction) was placed on a
force platform (AMTI, Advanced Mechanical Technojodnc., MA, USA) that measured
the three components of the resultant ground @actorce to determine the COP

trajectories. Kinematic data were recorded by mezna 6-camera 3D motion capture
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system (Vicon 624 Workstation, MCam2, software wners4.6, Oxford Metrics, UK).
Reflective markers, placed at specific anatomictaarks (ankle: lateral malleolus, hip:
superior aspect of greater trochanter and shouktmomioclavicular joint) and on the
rocker board (front left and back left), were usedletermine sagittal-plane kinematics of
the leg (ankle and hip) and trunk segments (hipstnodilder) and of the rocker board with
respect to vertical (0°, anti-clockwise). COP detahe AP direction and sagittal-plane
kinematic data were sampled at 100 Hz. They weleateld on a PC and analyzed offline
with the help of Matlab 7.0 (The MathWork®, Inc.atkick, MA, USA). The first 3 secs of
the COP and kinematic data were neglected andgf2le sampled data were analyzed.

Only COP data were low-pass filtered (second-oBigterworth, 10 Hz, dual-pass).

Based on COP trajectories, four dependent variates calculated for each trial: 1) RMS

[cm], 2) MV [cm/s], 3) MPF [Hz] and 4) MTP [mm?] s chapter 1.1.2.). Based on the
trajectories of the angular displacements of the dad trunk segments and the rocker
board, three dependent variables were calculateddah trial: 5) the weighted range (w.

Range) [°], 6) the MPF [Hz] and 7) the MTP [dedZhe weighted range was calculated by
subtracting the mean of the greatest values fromntban of the lowest values of the

angular displacements of each segment that werghteel by considering the number of

data points constituting each positive or negapeak (adapted from [Hausbeck et al.,

2009]). Individual data of the COP and kinematieyevaveraged across the trials of each
condition and used to carry out 6-conditions repeameasure ANOVAs.

Cross-correlations between the leg and trunk segmesmre calculated in order to
determine, at which time lag (lag [ms]) the two posegments were most strongly
correlated (cross-correlation coefficier@ofrLT)). Cross-correlations were performed at
each of 150 steps (10 ms/ step) in both the fonamaibackward directions from zero lag.
Cross-correlation coefficients were submitted toAacsine transformation [Abdi, 1987].
First, a t-test was carried out between the twalitmms QS and STANCE. Thereafter 5-
conditions repeated-measure ANOVA were carried bmitveen the STANCE condition
and all conditions of haptic supplementation (LG&b, LGr and LGs). Normality was
checked by means of Kolmogorov-Smirnov tests. Sicamt effects were further analyzed

using Newman-Keuls post-hoc test (threshold of ficamice atP=0.05).

94



6.4. Results

In the following, we present the effects of thek&rcboard on postural stability of young
participants. Thereafter the effects of the fixadd mobile-support conditions on postural
stability are described. Finally, we present thsults concerning the cross-correlation
between the leg and trunk segments. A summary saflteeis given in Tables 4 (mean,
standard deviation, F- and p-values). Even thohghrésults of the post-hoc tests are not
presented in detail, the differences between emmgrial conditions that are described

below were significant or showed a trei+(Q.06).

6.4.1. Effects of the rocker board on postural cooit

In the STANCE condition (i.e., standing on the recckoard) the RMS and the MTP of the
COP were significantly larger than in the QS candit In addition, the MV of the COP

was significantly larger at lower MPF in the STANG@®&an in the QS condition. In the
kinematic analysis, the weighted range of the led @unk angular displacements were
significantly higher in the STANCE than in the Q&ndition. Similarly, the MTP of the

leg and trunk angular displacements was signiflgangher when standing on the rocker
board than in the QS condition. These results \@epeerequisite to analyze the effect of

haptic supplementation.

6.4.2. Effects of the fixed-support condition ongtaral control

As compared to the STANCE condition, haptic supgetation provided by a fixed
support significantly reduced the RMS, the MV ahd MTP of the COP. In the kinematic
analysis, the weighted range and the MTP of the temk and rocker-board angular
displacements were significantly reduced. In catfranly the MPF of the rocker-board
angular displacements and the MPF of the COP wgnréfisantly higher due to this type
of haptic supplementation than in the STANCE caaditThe MPF of the leg and trunk
angular displacements were not affect by haptipkmpentation of a fixed support.

6.4.3. Effects of the mobile-support conditions pastural control
As compared to the STANCE condition and similath® effect of haptic supplementation

from a fixed support, haptic supplementation progitdg mobile supports (LGb and LGr)
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significantly reduced the RMS, MV and MTP of the EQn the kinematic analysis, the
weighted range and the MTP of the leg, trunk andkeprboard angular displacements
were significantly reduced in the mobile-supporhdaitions. In contrast, the MPF of the
COP and of the leg, trunk and rocker board wereaffected in the two mobile-support
conditions. Constituting an exception within thendtions of haptic supplementation, the
LGs condition had a less consistent effect througkatiables. In the LGs condition, only
the MV and the MTP of the COP were significantlgdueed. In contrast, neither the RMS
or the MPF of the COP nor the weighted range oM@ of angular displacements of the
leg, trunk and rocker board were influenced.

6.4.4. Cross-correlation between the leg and trisdgments

The analysis of the cross-correlation between élgeaind trunk segments (without taking
into account their corresponding sign) revealeansjr correlations between the two
segments in the different conditions (0.56 to 0 &6Glelatively constant time lags (363 ms
to 488 ms). Most of the trials (90.6% to 100%, Eab) were positively-correlated, which

explained why further analysis only consideredgbsitively-correlated trials.
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Table 4: Results summary for variables extracted fom the COP trajectories and the angular displacemerof the leg and trunk segments
and the rocker board

Note. Mean values (standard deviation in brackétpy0.05, ** p<0.01, ***p<0.001

97



First, within the positively-correlated trials, tloeoss-correlation coefficient in the QS
condition was significantly lower than in the STAECondition {(=-3.71,P<0.05**). No
significant difference was found between the tiagslin these two conditions. Second, the
analysis F(4,28)=0.45,P>0.05) did not show significant differences betwdlea cross-
correlation coefficients nor between the time lagsthe five experimental conditions
(STANCE, LGf, LGb, LGr and LGs, Table 5).

Table 5: Cross-correlation coefficients between thdeg and trunk segments (CorrLT) and
corresponding time lags (lag) in different experimatal conditions

Note. Percentage of the positively-correlated tsigl , corresponding CorrLT,.s and lag,.s,(means and
standard deviation in brackets)

6.5. Discussion

The present study aimed to test whether hapticleogmtation provided by a mobile stick
can improve postural stability during rocker—boatdnce and compensate for changes in
the coordinative pattern between the leg and tisetknents due to the destabilization of
the rocker board. Results confirmed our main hypsith about the stabilizing effect of
haptic cues from a mobile support when the balanbwdy is perturbed. In the following,

we discuss the findings of this study.

6.5.1. Effects of the rocker board on postural cooit
As expected, the rocker board increased posturtdhitisy. This instability was reflected
by higher variability, speed and higher MTP of @P. In addition, the weighted range
and the MTP of the angular displacements of theetcamd the upper body increased while

standing on the rocker board when compared to Bedhdition. These results indicated
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that the postural control system is challengedherocker board, which was a prerequisite

to test the effect of haptic supplementation.

The analysis of the cross-correlation between ¢lgeahd trunk segments showed a strong
correlation in the QS condition between the twonsewgts. Consistent with the literature

about postural control during quiet upright stapelaurer and Peterka, 2005, Peterka,
2000], this suggested an ankle strategy (with angtrin-phase coupling of both body

segments) used by participants to maintain uprigflaince when the system is not

challenged.

The rocker board significantly affected this cooglithat is, it increased the positive
correlation between the two segments even morthdrsame way, Almeida et al. (2006)
previously observed the use of an ankle strategydoticipants while standing on a rocker
board. The authors observed a co-activation ofgpmstand anterior muscles of the legs
and trunk and suggested that this co-activation achgeved to increase joint stiffness (of
the knee and hip) and to facilitate the balancaskton the rocker board. To corroborate
this interpretation, we found increased MTP of fileguency spectrum of the COP and of
the leg and trunk segments presumably due to aedse in muscle activity and/ or co-
activation of antagonistic lower limb muscles ($eaughton et al., 2003], quiet upright

stance).

6.5.2. Effects of haptic supplementation on postucantrol

The instability provoked by the rocker board wateratated by haptic supplementation
provided by the fixed- (LGf) and two mobile-suppoonditions (LGb and LGr). This gain
in stability was reflected by a decrease in all C@Aables along with a decrease in all
variables of the kinematic datBhese results are in contrast to results by Halisbeal.
(2009), in that they did not show a greater staipigj effect by a LT on a fixed support
when compared to a mobile one. They suggestediBaNS can use additional available
haptic cues provided by either a fixed or a mobilpport to stabilize the COP and the two
body segments. Even if an additional cognitive ieffeas required in order to transform
orientation cues provided by a mobile support twommon reference frame for sensory

integration, this did not prevent the CNS from takiadvantage of these cues.
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Furthermore, even without strapping the light-gapm to the body it appeared that
sufficient sway-related haptic cues are providedtiie CNS in the mobile-support
conditions to improve postural control. Thus, tlsults suggested that the increased

complexity of the stick-arm system does not redheestabilizing effect of haptic cues.

As reported in previous studies, it appeared torheial for effective postural stabilization
that haptic cues are related to body sway anddhfficient resistance is offered against
body sway. Under these conditions, the availabititya fixed reference point becomes
dispensable. The less consistent stabilizing effactthe slippery-surface condition
corroborated the above-mentioned interpretatiorduRed (but not absent) resistance in
the slippery-surface conditiorould explain why the CNS can make use of swayadla
haptic cues to better control the COP (reduced dspeel MTP) but not to reduce the
angular displacements of the body segments. Duleetgreat mobility of the stick on the
slippery surface another alternative explanatiarttie less consistent effect of haptic cues
in the slippery-surface condition could be that enoomplex sensory transformations are
needed to integrate these cues together with gtresory cues [Sozzi et al., 2012]. When
comparing these findings (during rocker-board stama those of the study | (during quiet
stance), there was a difference in the stabiliaffgct in the slippery-surface condition.
During quiet stance, the slippery-surface conditiahnot affect the COP, whereas, during
rocker-board stance, the slippery-surface condigstowwed a stabilizing effect. Two
possible explanations for the effect of haptic cpesvided by the interaction with a
slippery surface in the present study can be putdat. The amplified movement of the
stick due to the destabilization by the rocker Hoaight have amplified the haptic cues
provided by the mobile stick ([Rogers etal., 2Q0fgr a consistent interpretation
concerning the efficient effect of a PS appliedhtgh body parts). Alternatively, even
small sway-related orientation cues might beconmetfanal for postural control when the
system is challenged ([Hausbeck et al., 2009]afoonsistent interpretation concerning the
stabilizing effect of a horizontally-held cane omtya perturbing but not in a stable visual

environment).
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6.5.3. Cross-correlation between the leg and trisdgments

The present results did not confirm our third hyyesis that haptic cues compensate for
changes in coordinative patterns of different basbgments when perturbed. In all
experimental conditions strong, mainly positiveretations were observed. The rocker
board induced a stronger positive correlation betwthe leg and trunk segments when
compared to the QS condition. Even though the pesitorrelation between body
segments on the rocker board appeared to decre@s¢ochaptic supplementation, this
difference failed to reach significance. None c# ttonditions of haptic supplementation
significantly affected the correlation between th® body segments when compared to
the STANCE condition. These results were against expectations that we based on
findings by Zhang et al. (2007). The authors suggkthat the in-phase pattern between
segments during quiet upright stance (<1 Hz) isens@nsitive to haptic cues than the anti-
phase pattern (> 1 Hz). This was explained by #uot that the in-phase pattern is under
neural control, whereas the anti-phase pattern ggsedue to plant dynamics. As the
rocker board in our study induced a strong positiwgelation that suggested an in-phase
pattern between body segments, we expected théinatve pattern to be influenced by
haptic supplementation. However, we underline #etng and colleagues (2007) used the
method of spectral analysis of inter-segment bodbtion to analyze the coordinative
pattern at different sway frequencies. In contrastthe present study, we adopted a
classical time-domain analysis of the angular dispinents of the segments and did not
observe an influence of haptic supplementation lo& in-phase pattern adopted by
participants on the rocker board. We concluded thatcoordinative pattern and so the
postural strategy remained the same with or with@ydtic supplementation. At the same
time, the weighted range of angular displacemenftthe two segments and the COP
displacements were reduced due to haptic suppletn@mt which suggested a better
control when additional orientation cues are predidTo our knowledge, this study is the
only one to explore the effect of haptic cues frarmobile support on the coordinative
pattern between body segments during rocker-bdants.

As mentioned above, the strategy to maintain uprighnce on the rocker board in the
present study appeared to be an ankle strategyAteeida et al., 2006]), even though a
spectral analysis of inter-segment body motion (gK&eath et al., 2005, Zhang et al.,

2007]) might have led to different results. Accogly, in our study, the hip was not used
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in an anti-phase pattern with the ankle to moreatffely control the COM position. This
might be due to the fact that the rocker boardetesiere was not sufficiently challenging
to yield changes in coordinative patterns involvimgp DoFs (ankle and hip). However,
the light-grip paradigm obliged us to neglect tlossbility of very strong perturbations by
the rocker board (that could have provoked antsphaatterns) as they could also have
provoked a firm grip of the participants due to hhigostural challenge or fear.
Accordingly, the rocker board chosen for this studis a reasonable compromise. Further
research is needed to test if haptic cues from hilensupport are suited to change the
postural strategy when severly perturbed by a nobkard (reverse a perturbation-induced

hip strategy to an ankle strategy).

6.6. Conclusion

In summary, haptic supplementation from a fixedrmbile support can be used by the
CNS to better control rocker-board stance giveh shéfficient resistance is offered against
body sway. This is the case, even in the absenca fofed spatial referent. Reduced
resistance offered against body sway in the LGition leads to a less consistent
stabilizing effect. Though angular displacementsejments (and the COP) are reduced
when provided with haptic supplementation the cmgplbetween the body segments
remains unchanged. It should be explored if thial$® the case in conditions of abrupt

external perturbations.
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7. Study V: Perturbed stance on a sliding platform

7.1. Introduction

The results of the study IV suggested that, duniagker-board stance, haptic cues
delivered by a mobile stick change COP and angiilgslacements of the leg and trunk
segments. This results in a reduction of posturalllasons. To a certain extent, even
haptic cues arising from the interaction with a Jm@sistance surface (LGs) showed a
stabilizing effect. However, postural perturbatimauced by the rocker board resulted
from relatively slight continuous rotational movems of the support surface that
depended on the body sway of the participants. Aliegly, the question remained of

whether the benefit of haptic cues from a mobilepsupstill persisted in situations where
participants are suddenly and more severely pedurBeactive balance control can be
tested applying sudden support-surface translatiorthe standing participant [Nashner,
1977]. According to Reeves et al. (2007), the tesbustness (instead of the term stability)
iIs commonly accepted to refer to the ability of maining stable behavior in response to
this kind of external perturbation. From Reeveslet(2007)’'s point of view, the term

stability exclusively refers to the fact that thedly remains in its position or close to it.
The system is unstable when the body falls (ilee, projection of the COM moving

significantly outside the BOS). Enhanced robustrefsa system to perturbation can be
achieved due to the adjustment of different paramewithin the postural control system,

for example, stiffness and feedback gain.

Time delays are very important when achieving ugrigtance during sudden support-
surface translations. Efficient postural contros lta be realized within shortest possible
delays to prevent injury or falls. It has been shdhat, after a support-surface translation,
instantaneous muscle stiffness together with insisomatic muscle activation (functional

stretch responses at ~100 ms, postural reflex & #is) achieve a first postural reaction.
Actual feedback-based postural corrections appanahie body sway occur at around 300
ms [Nashner, 1976]. As suggested by Allison et(2006), older adults are able to

reweight sensory inputs in order to achieve poktewatrol in slowly changing sensory

environments. Horak [Horak et al., 1989, Teasdakd.e1991] observed that older adults
achieve deficient central integration, such as skmmsory processing, during severe
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(sensory) perturbations. However, the time coursenaftisensory reweighting is still

unclear [Allison et al., 2006]. Therefore, it issewvmore worth testing whether older adults
can make use of haptic cues from a mobile stickrjprove the postural response to a
sudden external perturbation. The perturbation might stance chosen in the present
study, sudden backward translations of the suppoface, has been formerly found to be
sensitive to age- or disease-related differencgsostural control [Dickstein et al., 2003,

Ghulyan et al., 2005]. Therefore, we considerexbisuitable to test if there are age-related
differences in the benefit of haptic cues medidtge mobile stick in response to a sudden

support-surface translation.

Only two studies examined the effect of additiomapbtic cues on reactive balance control.
One study tested healthy young adults [Johannsah, &€007] and the other compared
healthy older participants and older diabetic npatby patients [Dickstein et al., 2003].
Dickstein et al. (2003) compared the effect of lapties (no touch, light, or heavy touch)
on the response latency (initial EMG activationl dhe initial COP velocity (within first
75 ms) during sudden support-surface translatibns.platform moved backwards at three
different velocities (0.01, 0.02 and 0.03 m/s, amge 60 mm) and so the response scaling
to different platform velocities was studied. Réswhowed that the LT on a fixed support
did not affect the response latency of either grétgwever, the initial COP velocity in the
AP direction decreased with touch and touch impdovee response scaling of all
participants. More precisely, healthy older corgrobuld benefit from a LT and older
patients only from heavy touch. These results sstggethat haptic cues from a LT were
no reliable sensory trigger for postural resporimédsthat they increased the sensitivity of
the response scaling of older adults. Johannsah €007) aimed to extent the study by
Dickstein et al. (2003), which only focused on thigéial automatic response (first 75 ms)
following a perturbation. They explored the effett passive stimulus on the time course
of the postural response of healthy young partidpaduring and within 4 s after a
perturbation. The results showed that the varigbdf the COP velocity in response to a
passive pull to the participant’'s arm (held horizdlgtin front of the body) reduced more
quickly due to haptic supplementation by a PS. Thiaance was restored faster with

additional sway-related cutaneous cues than initiond without haptic cues.
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These two above-mentioned studies suggested tat@dtof haptic cues provided by a
fixed support to improve the reactive balance ofing and older participants. The
response scaling was improved (first 75 ms) andriza was restored more quickly within

the 4 s following a perturbation with the help aplic supplementation.

In the present study, we aimed to apply the madiilek experimental paradigm to a
situation of sudden support-surface translations ithao reactive balance. Accordingly,
the role of relative movements of the mobile styeins even more importance than in our
previous studies as the stick movements were tarbplified in the mobile-support
conditions due to the translational perturbatioo.olr knowledge, the effect of this kind
of relative movement between the lightly-grippettistand the environment, when the
body is moved in space, has not been studied natil. Few studies simply tested the
effect of a LT during actual or simulated body mments in space, where the finger slid
on the stationary light-touch support ([Kazennikewal., 2005], slow support-surface
translation; [Dickstein and Laufer, 2004, Fung &etez, 2011], walking on a treadmill).
Kazennikov et al. (2005) observed a less stabilieifigct of a LT on a fixed rail when the
platform underneath the rocker board moved verwlsidback- and forward and, thus,
when the finger slid on the rail. The authors caded that the reliability of the haptic cues
determines whether they can be used to build aemte frame for postural control and
that haptic cues from a sliding finger are lessrappate to this end. Dickstein and Laufer
(2004) showed a stabilizing effect of a LT on aetixrail on locomotor performance of
young adults (which caused a decrease in COM vajaee also [Fung and Perez, 2011],
older adults and older chronic stroke patients)lgg®motor performance improved even
though a slip between the fingertip and the lighteh rail occured, the authors concluded
that haptic cues serve as a sensory anchor fosghagal orientation of the body to the
environment and earth vertical. The results of ¢hthsee studies encouraged us to further
investigate the effect of a mobile stick that mowedh the moving stick-user. Two
possible outcomes could be anticipated concerriageffect of relative stick movements
on the ground. The ability to maintain stable pratibehavior during sudden support-
surface translation that is, the system’s robustiesild change in two different ways due
to haptic cues. On the one hand, it could remaitamged when provided with additional
haptic cues as the increased complexity of thek-stim system would increase the

cognitive effort needed for multisensory integratiand sensory transformations to a
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common reference frame [Jeka et al., 2000, Sozai.,eR012]. This could be the case
especially in older adults with deficient centrabgessing [Horak et al., 1989, Teasdale
et al., 1991] and therefore preclude the efficiese of haptic cues. On the other hand, the
system’s robustness could increase as the amphf@ements of the stick would amplify
the sway-related haptic cues from the interactigh e environment, thereby facilitating

multisensory integration and postural control [Haaek et al., 2009, Rogers et al., 2001].

According to Newell (1986)'s model, we manipulated the present experiment the
environmental (sensory cues), the subject-relatagk (groups) and the task-inherent

(sudden support-surface translation) factors ofyrakcontrol.

7.2. Aims and hypotheses

We hypothesized that relative stick movements orgtbend provide useful sway-related
orientation cues that can be used to improve paistantrol and increase the system’s
robustness to sudden support-surface translatioms.goal in this challenging postural
task is to regain stable behavior as quickly asiptesand so we hypothesized that the time
to the first postural correction after the endha perturbation should be reduced by haptic
supplementation. If haptic cues during reactiveabed led to increased reliance on ankle
and hip stiffness to reduce body sway, as suggdstetbhannsen et al. (2007), then the
peak sway amplitude due to the perturbation (réfigcthe first COP response to the
perturbation) should be reduced when provided attitional haptic cues. If the contrary
was true, then the postural control system shouldalbe to reduce the reliance on
increased stiffness-control due to haptic suppleatiemt, as has been shown in studies II
and Ill of the present work. As a sign for a molexible use of DoF to cope with
disturbance [Nardone et al., 2000] and/ or for adidal delays needed to integrate haptic
cues, the peak sway amplitude should increase ditiadal haptic cues are available.
Based on findings by Dickstein et al. (2003), wedthesized that older adults can reduce
the time needed for the first postural correctioe tb additional haptic cues as a sign for

more rapid and efficient postural control.
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7.3. Materials and methods

7.3.1. Participants

Twelve young (2 women and 10 men, mean age 26.60+y@ars) and eleven older
participants (5 women and 6 men, mean age 74.5 ¥eai&) took voluntarily part in the

experiment. They were right-handed, physically active and haaol self-declared

musculoskeletal injuries, or perceptive, cogniteved motor disorders that might affect
their ability to maintain balance or to understamdk instructions. The experimental
protocol was presented to all participants, whiakiega written consent before undergoing
the experiment. The protocol was approved by al leitacs committee and has therefore

been in accordance with the ethical standarddiaigh in the declaration of Helsinki.

7.3.2. Task and experimental design

Five experimental conditions were tested: a traisiacondition (TRANS) on a sliding
force platform and four conditions of haptic suppéntation on the sliding platform (a
fixed- and three mobile-support conditions). Inalhditions, participants stood directly in
the center of the force platform and the forcefptat alternately moved forward and
backward (amplitude 62 mm, speed 0.1 m/s, 8 s betikeen successive perturbations).
Each experimental condition lasted 75 s, in whiabr fforward and four backward trials
were presented to the participants. Each triakthsiround 8.6 s. Each condition started
with a forward translation and finished with a baekavtranslation (Figure 22). A forward
translation of the platform resulted in a backwarostural reaction that had to be
counteracted by the balancing participants and ckvierd translation of the platform
resulted in a forward postural reaction of parécifs. Haptic supplementation was
provided through the LG of a stick with the riglatnia (chapter 2.4.1.). The fixed or mobile
support was orientated in the plane of greatesaliigy that is, in the AP direction. The
mobility of the stick and its resistance offeredbimdy oscillations were manipulated in
four conditions of haptic supplementation: 1) aefix (LGf), 2) a blocked-support
condition (LGb), 3) a rough- (LGr) and 4) a slippsurface condition (LGs). Participants
did each condition with EO and with EC. Half of tharticipants started with EO and the
other half with EC.

107



In all conditions, participants were asked to nmaimta natural upright standing posture
with both arms held straight along the body. Thet t& the participants were placed at hip-
width, side-by-side and the toeholds were positibinea distance of 20 cm, in an angle of
30°. They were asked to fixate a point in eye heaghl.5 m on a wall. The stick was

always out of sight of participants. In all condits, they were instructed to not move their
arms or feet and to regain stability as quicklypassible. In case of great instability or loss
of balance, participants could touch the safetys btire perturbation was interrupted and

the corresponding condition was rejected and regeat

Breaks lasted 120 s between conditions. Each dondgtarted when participants were
able to stand quietly without exceeding the forteeshold (< 1.6 N). The total

experimental session lasted about 1 hour.

Figure 22: The translation profile and an example ér the postural reaction
represented by the COP trajectory
The dotted lines indicateetheginning and the end of each backward trial
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7.3.3. Apparatus and measures

Data were collected by means of a force platforrf NAPSYS POSTUROGRAPHY
SYSTEM®, SYNAPSYS SA, Marseille, France, Figure 2Bat measured the three
components of the resultant ground reaction foocgetermine the COP trajectories. Data
were sampled at 100 Hz. Unfiltered data were aealyiffline with the help of Matlab 7.0
(The MathWork®, Inc., Natrick, MA, USA). COP trajecies were computed in the AP
direction and two dependent variables, a spatiabKpamplitude of the COP) and a
temporal one (time to first correction of the CORgre calculated from these data (see

Table 6, for calculation details).

Figure 23: SYNAPSYS POSTUROGRAPHY SYSTEM® with safty bars (on the left) and the two
possible directions of the platform translations (a the right)

To deal with the issue of habituation during th@esturbations (2 directions x 4 trials)
within each condition, we analyzed only the fingaltof each condition. Moreover, only
the COP reaction to backward perturbations wasyaedl (see [Dickstein et al., 2003]).
This choice was due to the fact that the study dinte test the effect of haptic

supplementation in the most natural visual envirenm(optic flow stimuli with radial

contraction as, for example, during locomotion) ama situation that was perceived as
unthreatening by the participants (especially oldéults might have fear of backward

body movements).
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Table 6: Variables extracted from the COP trajectoies in the conditions TRANS, LGf, LGb,
LGr and LGs

Variables Backward translation
Peak amplitude (PA) [mm]: Maximal forward displacement after the beginninghef
translation
Time to first correction (TC) [s]: Difference between the index of the local maximuithiw

10 data points after the end of the translationthadndex of
the local minimum between this point and 200 daiatg.

Thus, the COP data of the first backward trial acle condition was used to calculate the
PA [mm] and the TC [s] (Figure 6) and to carry tuee-way ANOVAs with the between-
participant factor group (young vs older) and théhin-participant factors eyes (open vs
closed) and condition (TRANS, LGf, LGb, LGr and DG8lormality was checked by
means of Kolmogorov-Smirnov tests. Significant effewere further analyzed using
Newman-Keuls post-hoc tests (threshold of signifoeaatP<0.05).

7.4. Results

In the following, we present the effects of haipplementation on the postural reaction
to backward translations of young and older paréints as reflected by the peak amplitude
and the time to first correction of the COP. Thiéedences described in the following were
all significant or showed a tren®£0.06), even though the results of the post-hos @&t

not presented in detail.

7.4.1. Peak amplitude

The analysis of the PA revealed an effect of ey4,21)=9.05,P<0.05**), condition
(F(4,84)=4.18,P<0.05**) and a tendency for an interaction effectcohdition and age
(F(4,84)=2.44,P=0.053, Figure 24). In conditions with EO, PA wagngiicantly larger
when compared to conditions with EC. Moreover, PAthhe TRANS condition was
significantly smaller when compared to three candg of haptic supplementation (LGf,
LGb and LGr). Similarly, the analysis revealed adency for a difference between the
TRANS and the LGs conditioP€0.053). The conditions LGf, LGb, LGr and LGs did no
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differ significantly from each other. We report thlhe PA occured at around 350 ms (after
the beginning of the translation) in both age groupgen though the time to peak

amplitude was not further analyzed in the prestrtys

Figure 24: Peak amplitude (PA) for young and oldeparticipants with EO and EC in five
experimental conditions (mean and standard deviatio)

7.4.2. Time to first correction

The analysis of the TC revealed an effect of dgd,21)=9.79,P<0.05**), condition
(F(4,76)=2.50,P<0.05*) and an interaction effect of condition angke af(4,76)=3.09,
P<0.05*, Figure 25). The post-hoc decomposition efititeraction effect of condition and
age revealed significantly higher TC in the TRAN&ndition when compared to all
conditions of haptic supplementation (LGf, LGb, L&nd LGSs) in young participants.
These latter four conditions (LGf, LGb, LGr and DGBd not differ significantly from
each other. Concerning older participants, no St difference between experimental
conditions (TRANS, LGF, LGb, LGr and LGs) was found
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Figure 25: Time to first correction (TC) for young and older participants with EO and EC in
five experimental conditions (mean and standard deation)

7.5. Discussion

The results of the present study confirmed our rhgpothesis that haptic supplementation
provided by the LG of a mobile stick increases Hystem’s robustness to a sudden
backward support-surface translation. However, #fisct applied prominently to young

adults. In this challenging task, older adults wless affected by haptic supplementation.

In the following, we discuss the findings of thiady in some detail.

In conditions with EC when compared to those wit®, Bve observed smaller peak
amplitude of the COP in all participants. In theANS condition, the peak amplitude was
also smaller when compared to conditions of hagiplementation (LGf, LGb, LGr and
LGs (P=0.06)). These results might suggest that particgppasé a strategy of a rigid body
in response to the backward translation when vigorestricted or no additional haptic
cues are available. This strategy appeared totresttéduced peak amplitude in response
to a perturbation. Thus, a rigid body, in challerggconditions (TRANS) or in absence of
vision (EC), might help to maintain balance withapproaching individual stability limits.
Nardone et al. (2000) observed a rigid behaviooldér adults in a similar challenging
postural task. The authors showed stronger positiveelations between the lower and the
upper body of older adults standing on a rotatigratform with EC when compared to

younger adults. Consistent with these findings, sults suggested that the observed
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behavior in young and older participants on thdis§ platform is a strategy to reduce
available DoFs in order to more safely counterhetgerturbation [Nardone et al., 2000].
Due to the lack of kinematic data about the respgrattern of the body segments, this

hypothesis remains to be confirmed.

Quiet the opposite, haptic supplementation resuitédrger peak amplitude in response to
the perturbation. The larger PA when haptic cuesaaailable might indicate that the CNS
presumably necessitates a short additional timeydel which the COP continues to move
away from equilibrium, in order to integrate adaiital haptic cues before the perturbation
can be counterbalanced due to feedback-based glosturections. This response pattern
did not appear to be influenced by higher ageréstangly, a similar reponse pattern of the
peak amplitude was observed when vision was aveaildhe CNS appeared to integrate
additional orientation cues in the same way, inddpat of whether they are “non-posture
specific” or “posture-specific’. The PA in this sjudccured at around ~350 ms, which
corresponds to the commonly observed delays betamatact forces applied during a LT

and the following COP reaction during quiet uprigithnce [Jeka and Lackner, 1994].
Thus, these results might suggest that haptic duee postural corrections but that to do
so a short additional delay is needed to integiaehaptic cues. Finally, they suggested
that all participants benefit from the four diffatetypes of haptic cues, independent if

provided by a fixed or mobile support.

Corresponding to a later postural response (dfterend of the translation, > 600 ms), we
observed that only younger participants reducedtiime needed to perform the first
correction of the COP (TC) due to haptic supplemgon (LGf, LGb, LGr and LGs, ~450

ms) when compared to the TRANS condition (~600 mdg)cordingly, these results

suggested that young participants shorten therstimawhen additional haptic cues are
available, independent of the stability of the supp®hese results are consistent with
results by Johannsen et al. (2007) who found aleeeauppression of postural sway in
young participants due to a passive stimulus duregagtive balance (reflex pull to the
horizontally-held arm). Thus, sway-related orielotaicues from a passive stimulus as well
as those from a LG of a mobile support appeareidhpyove the system’s robustness to
perturbation and enable it to perform earlier p@dtaorrections. As for haptic perception,

the CNS combines cutaneous and proprioceptive [¢resinamoorthy et al., 2002, Rabin
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et al., 2008], Sozzi et al. (2012) hypothesized th# associated to a computationally
heavy integration in order to locate the arm, thadchand the finger. Consequently, one
could have expected that the increased complexitheftick-arm system in the mobile-
support conditions would further increase the cthgmffort needed for the integration of
haptic cues. Quite the contrary, the benefit ofticagues in the mobile-support conditions
confirmed that the increased complexity of thekstiom system did not prevent the CNS

from integrating haptic cues in order to improvetpcs control.

In contrast, older adults did not behave in theesaray. Indeed, they showed shorter TC
than young adults in all conditions (older: ~300 aml young: ~500 ms) and did not
further reduce the TC due to haptic supplementafitrese results suggested that older
participants did not take advantage of additiongiticacues to perform earlier postural
corrections in the present perturbing postural tdgbst likely, this was due to the already
shortened TC in older adults without haptic sup@etation that suggested an age-related
strategy to perform the challenging task when nditemhal cues were provided. Taken
together, these results suggested that older achullsl integrate haptic cues to modify the
initial postural reaction but not to further redube time to the first postural correction. It
appeared to be the case that older adults choseatagy (different to that of younger
adults) that enabled them to react earlier thamgadults once the perturbation stopped.
The parameter TC, however, does not indicate ifghdier first postural correction of
older adults led to an equally efficient reductiorbody sway than of young adults. This
faster reaction of older adults was presumablytdueacreased stiffness of the system by
means of muscle co-contractions [Allum etal., J002ost likely, this age-related
difference in stiffness-strategy was due to ancgrdtion of the perturbation by older
adults as part of a cautious or fearful behaviothe presence of a potential risk to fall
[Maki etal.,, 1991]. This hypothesis about a sefs-strategy chosen by older adults
should, however, be tested in futur studies byssssg the activation and the level of co-

contraction ot the involved postural muscles.
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8. General discussion

8.1. Objectives and hypotheses of the present work

The present work aimed at systematically explotimg effect of a LT provided by a
mobile support on postural control of young anceoladults in different situations, such as
standing and sitting. At the very beginning of awrk, there was evidence in the literature
for the effect of a LT (light touch on a fixed suppamr a PS (externally applied passive
“scratch” to the skin) on postural stability of etdadults during quiet upright stance
[Baccini et al., 2007, Reginella et al., 1999, Rsget al., 2001]. Moreover, some studies
suggested that older adults even benefited mora fiaptic supplementation than their
younger counterparts [Baccini et al., 2007, Rogsral., 2001]. Therefore, and despite
findings about alterations of the sensory syste@able et al., 2009, Sturnieks et al., 2008]
or central integration [Zec, 1995] with higher ag& hypothesized that older adults can
make use of haptic cues from a mobile support tprave self-motion perception and
thereby postural control. In particular, we hypasiked that increased resistance offered by
the (mobile) support increases the stabilizing atffef haptic cues since it amplifies the

sensory information associated to body sway.

In spite of the evidence supporting the benefiaof T on various supports (fixed and

mobile) and in various postural tasks (quiet stamoeker-board stance and treadmill-
walking), uncertainty still remained about whetlaemobile support that moves with the
swaying body can provide orientation cues that famectional for postural control.

Similarly, the underlying mechanisms of these (pb&t) effects remained to be explored.
The remaining uncertainty was presumably due talitierent experimental setups and the
various types of light-touch supports that havenbesed (fixed support, filaments, loads
and canes). Finally, this inconsistency in expentakestrategies precluded a systematic
exploration of the effect of a mobile light-touclipport and the comparison of the

different existing results.

Several authors suggested that the availability foted reference point in the environment
provided by a LT on a fixed support is of crucialiortance to provoke a stabilizing effect
on postural stability [Holden et al., 1994, Jeka &ackner, 1994]. Others, however, put
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forward that a fixed reference point is dispensabkwvay-related changes in cutaneous
and proprioceptive cues are available provided byLTa on a mobile support
[Krishnamoorthy et al., 2002, Lackner et al., 20(Résults observed in studies using the
passive-stimulus paradigm also underlined the itypoe of sway-related cutaneous
information for postural stabilization [Menz et,&006, Rogers et al., 2001].

In order to compare the effect of a LT on eith&edi or mobile supports, a prerequisite of
the present work consisted in the design and usenobbile-stick experimental paradigm.
We combined the light-touch paradigm (light contagth the environment via a mobile
support) and the passive-stimulus paradigm (swiaye scratch stimuli of the mobile
support). Owing to this new paradigm, we explordtetier and how the CNS of healthy
young and older adults can make use of haptic puegided by the LG of a mobile
support in order to improve postural control. Aaiogly, we expected to contribute to the
better understanding of multisensory integratiarcpsses. Inspired by the effect of the PS,
we hypothesized that sway-related information camiediated by a mobile support that is
free to move with the oscillating body and thavwat the quasi-static or moving user to
“interact” with the environment. Thus, if the LG af mobile support was shown to be
effective in reducing body sway this would corradterthe interpretation in favor of sway-
related orientation cues that facilitate posturaitml and challenge the one in favor of a
fixed reference point. In addition, we hypothesizkdt the stabilizing effect of haptic
supplementation is independent of the stabilityhaf light-grip support. More precisely,
even in absence of a fixed reference point, a L& ohobile support was expected to
improve postural control if the support providedfisignt resistance to body sway and

thereby created sufficient sway-related haptic ieed.

Our motivation to undertake the present work waso dbased on the fact that both
researchers and clinicians have evoked the potdrareefit of haptic cues provided by the
LT of a cane in everyday life of older adults otigats [Bateni and Maki, 2005, Jeka et al.,
1996]. Nevertheless, portable assistive devicesh(sis a cane) that could provide sway-
related cues via their interaction with the enviremtnremain rare. Classically, in the
clinical routine, the reinforcement of postural tohmechanisms consists (among others
such as physiotherapy) in the prescription of wajkaids to preserve postural stability

([Bateni and Maki, 2005], for review). These waliaids are currently prescribed as a
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mechanical support to severely impaired older adolt fallers. However, one could
speculate that most people suffering from infraichl alterations of postural control
might benefit from “light” haptic assistance in ord® improve postural stability and

locomotor performance in everyday life.

Taken these theoretical and clinical aspects togethappeared to be a crucial step to
explore the effects of sway-related haptic supplgaten provided by a mobile support in
order to understand whether additional haptic ¢pesvided by a cane-like support) could
be useful for older adults, and whether these @eoedd potentially be provided by a

portable haptic assistive device.

We were also interested in the potential effecthaptic supplementation on postural
control of sitting. The effect of a LT or a PS dwgisitting has not been explored in the
literature. In general, even though standing [Kiereeal., 2008] and sitting postural
control [Reeves et al., 2007] are currently modkilethe same way, only few works have
tried to compare postural control mechanisms irn llasks (see [Preuss and Fung, 2008,
Vette et al.,, 2010], for exceptions). Moreover,od df work in the domain of sitting
postural control focused on deficient postural canbf patients with low back pain
[Radebold et al., 2001, Van Daele et al., 2009%tavke [Genthon et al., 2007, Perimutter
et al., 2010] but scarcely studied the postural robrgystem during normal aging. The
main common principle of standing and sitting padtwontrol models is that the CNS
uses feedback mechanisms to maintain posture inm bioimechanically different tasks
[Kiemel et al., 2008, Reeves et al., 2007]. Consat]y, another objective of the present
work was to explore the effect of haptic suppleragan on postural control of sitting in
healthy young and older adults. In addition, weednto investigate if haptic cues from a
mobile support can compensate for missing visuak.cBased on the assumption of
similar feedback control principles during sittiagd upright standing, we hypothesized
that additional haptic cues can improve posturatrb of sitting and that the CNS can use

haptic cues to compensate for missing visual cues.

Finally, the present work represented a prelimirsigp to better understand whether and
how the CNS can use haptic cues from a cane-ligp@tito control posture in different,

more dynamic postural tasks (i.e., standing onckeoboard or during sudden support-
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surface translations). Besides its theoreticak@ste this work was also conducted to clear
the way for future research about the effect ofticagssistive devices during locomotion.
In this perspective, we hypothesized that, evennwdegturbed, the postural control system
can integrate haptic cues from a mobile supportumedthem to improve the recovery from
perturbation. As time delays are very important mvinegaining stability during support-
surface translations and as the integration of ibapies might necessitate additional
cognitive effort [Sozzi et al., 2012] and therefadditional time, it was worth assessing
this issue. We hypothesized that participants @tuce the time to the first postural
reaction due to haptic cues.

To achieve these objectives and to test the abam@iomed hypotheses, the mobile-stick
experimental paradigm was used in different postiagks. In contrast to classical light-

touch studies, in which fixed or “mobile” (nonetbet never cane-like) supports were
used, a lightly-gripped stick or a pen was utilizedhe present studies to provide haptic
supplementation. The manipulation of the mobilitydaresistance of these supports
(mainly in the direction of greatest postural itlity) permitted us to vary the types of

sensory cues (related to a fixed spatial referestvay-related cues) available to the CNS

of participants.

8.2. The effect of haptic supplemention on posturalontrol

The results observed in all five experiments glybabnfirmed our general hypothesis
about the effect of haptic supplementation on pasttability of healthy young and older
adults. We will concentrate on five aspects to ulscthe effect of haptic supplementation
in detail: 1) the stability of the light-grip suppo2) the benefit of older adults from haptic
supplementation, 3) the resistance offered by tippart against body sway, 4) the benefit
of haptic supplementation during sitting and 5) thenefit of haptic supplementation

during perturbed standing on coordinative pattefrthe leg and trunk segments.

8.2.1. The stability of the light-grip support

The results of the different studies in the preseatk (older participants in study V
represented an exception) confirmed that all ppeits increase both postural stability

and the system’s robustness to perturbation whé® avas provided. This effect was
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independent of the mobility of the light-grip supps expected, even in absence of a
fixed reference point, the light contact with a n@lsupport improved postural stability
during quiet stance (studies | and Il), during abkt sitting (study IIl), during rocker-
board stance (study 1V) and to a certain extentavgd the system’s robustness to sudden
support-surface translations. These results chabbtige classical interpretation about the
necessity of a fixed reference point in the enwiment to build a reference frame for
postural stabilization [Holden et al., 1994, Jekd adackner, 1994]. In contrast, our results
suggested that the sway-related cues provided byighecontact with the environment
(even if mediated by a mobile support) can be ssgfadly integrated by the CNS together
with other sensory cues and can be used for péstomérol [Krishnamoorthy et al., 2002,
Lackner etal.,, 2001]. Thus, under certain condgjohaptic cues from cutaneous
mechanoreceptors and muscle spindles of the fingedsarm that are not commonly
relevant for the control of upright posture (“noospure-specific’) come to play a
functional role in postural control. Interestinghgsults of the study on sitting postural
control (study Ill) suggested that, in order to gme stable behavior when another
commonly used “posture-specific’ sensory sourcwithdrawn (vision), the function of
haptic cues actually becomes comparable to thaheofacking sensory source (see also
[Hausbeck et al., 2009, Jeka and Lackner, 1994i¢. dffect of haptic cues from a mobile
support presumably reflects the efficiency of sepseweighting processes that enable the
CNS to flexibly combine different sensory cues,ludig those that are not commonly
used for postural control. The effect of haptic sue young healthy participants during
quiet stance with available vision (study |) strignguggested that additional haptic cues
enrich the sensory environment, improve self-motp@rception and thereby postural
control. In contrast to this “supplementation-effeinterpretation, the benefit of haptic
cues in older adults (study Il) or in conditionsvigual restriction (study Ill) rather led us
to a “substitution-effect” interpretation. This nmsathat additional haptic cues can help the
CNS to disregard inaccurate or missing sensory nmébion and to use haptic cues instead
[Hausbeck et al., 2009, Jeka etal., 2000, Pete&zkA?2, Oie et al., 2001]. These two
interpretations, even if presented separatelynateexclusive and it seemed reasonable to
state that the CNS can integrate “posture-spediiaf “non-posture-specific” sensory cues
to take advantage of sensory redundancy or compiemiey depending on the postural

task and the sensory environment.
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Following the line of argumentation by Lackner &t(@001), our results would suggest
that haptic cues provided by the mobile supportrowed postural control due to the
interaction of the stick or pen with the stable emwinent. This means that the support
plays the role of a “mobile mediator” but that tb#ective light-touch support that
represents a spatial referent is the stable sudaderneath the support. Lackner et al.
(2001) defended the point of view that useful hapties can be provided by the LT of a
mobile support if this support did not move beyaedtain spatial limits. In this way, the
authors extended the notion of a ‘fixed referendatp{_T on a fixed support) to a ‘fixed
reference region’ (LT mediated by a mobile supploatt does not move beyond a certain
stable region). Several findings in the domain ehsdry supplementation, however,
challenged this interpretation. For instance, figdi about the stabilizing effect of hand-
held loads are to be mentioned [Kazennikov et2008, Krishnamoorthy et al., 2002].
Sway-related inertial forces in the hand due to lbhed-held load appeared to improve
self-motion perception and postural stability withocontact with the stationary
environment. Similarly, sensory-substitution desi¢e.g., BrainPort Balance Device) have
been shown to provide useful sensory cues andligeakbie user without a contact of the
user with the stationary environment. Biofeedbab&ua the head orientation from these
devices substitutes the system via another semsodgality (i.e., vibration as a modality of
cutaneous receptors on the tongue) and has beed toustabilize, for example, older
adults with chronic balance dysfunction during gptistance [Danilov et al., 2007]. In
summary, these findings demonstrated that the CiiSbe supplemented or that missing
sensory cues can be substituted in multiple wayst. tNe contact with the stationary
environment but the sway-related character of autdit sensory cues appeared to be the
decisive factor for postural stabilization througgptic supplementation. We hypothesized
that the light grip of a cane-like mobile supportaur study owed its stabilizing effect,
first, to the sway-related haptic cues createdhatlével of the fingers (and arm) and,
second, to the resistance provided by the suppait rfot to the availability of a fixed

reference region underneath the support).

8.2.2. The benefit of older adults from haptic supmentation

In three of our studies (studies II, Ill and V) wempared the effect of haptic cues on
postural stability or the system’s robustness tdupeation of young and older healthy
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participants. Results confirmed (studies Il and that young and older participants
benefited to the same extent from haptic suppleatient It is noticeable that this was the
case even though clinical tests of cutaneous sétsishowed an age-related decline of
spatial acuity at the fingertip (study Ill). Thesleanges in spatial acuity that presumably
result from changes in innervation density of sl@ane fast-adapting mechanoreceptors of
the fingertip [Tremblay et al., 2005] were, howeweot pathological. According to these
results, the age-related decline in spatial acaityhe fingertip does not suspend older
adults from benefits of haptic supplementation fiiléay et al., 2004]. Consequently,
these benefits presumably originate at a centtiaérahan a peripheral level of the nervous
system (see also [Dickstein et al., 2001], neutopaitients). During postural control of
standing (study II) and sitting (study Ill), ourstéts suggested that haptic supplementation
has an effect on open-loop and closed-loop postoatrol mechanisms of young and
older adults. More precisely, in the framework @llids and De Luca (1993), these results
suggested that haptic supplementation reduces &hat time intervals) the reliance on
increased muscle activity of involved muscles (@yestate muscle activity) and leads
(after longer time delays) to well-coordinated posk corrections. In older adults, the
higher age-related open-loop stochastic activityhef COP could even be compensated
due to haptic supplementation [Albertsen et al1220Without additional sensory cues
during unstable sitting, stiffening the trunk apehto be part of the strategy of the older
adults to master the challenging sitting task ([@sl etal., 1995], for consistent
interpretation). In conclusion, haptic cues appgare decrease leg stiffness during
standing (study Il) and trunk stiffness duringisdt (study Ill) and improve feedback

control mechanisms of young and older adults.

However, the effects of haptic supplementation ostyral control of older adults during
sudden support-surface translations (study V) domstl an exception. Older adults did
not take advantage of haptic cues in the same hay their younger counterparts in this
challenging task. More precisely, they did (justyasinger participants) increase the peak
amplitude of the COP after perturbation due to icagpiipplementation. On the contrary,
they did not reduce (as did younger participaritg)time to the first correction of the COP
after the end of the perturbation. More precisell, participants showed larger peak
amplitude of the COP due to haptic supplementatiben compared to conditions without

additional cues. As all participants successfudligiaved the challenging postural task, the
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larger peak amplitude might not exemplify highesstability. These results rather
suggested that the CNS effectively integrates bapties. However, to do so it needs
slightly more time, in which the COP continues touwa away from equilibrium, before the
perturbation can be counterbalanced via feedbas&ebgostural corrections. On the
contrary, the reduced peak amplitude in the TRANSBddion (without additional cues)
presumably is due to higher amounts of muscle iagtor co-contraction to stiffen the
system and to resist the perturbation. In conclyseo strategy of reduced stiffness and
therefore a more flexible system seemed to be rappeopriate (less energy-consuming)

in situations where precise motor control is regghifReeves et al., 2007].

As a later postural response (after the end ofttheslation), we observed that only
younger participants reduced the time needed tcerttak first correction of the COP when
supplemented. Older adults did not behave in theesaay. They initially showed shorter
time to the first correction of the COP than youragticipants (older: ~300 ms and young:
~500 ms) and did not further reduce this time duédptic supplementation. This might
suggest a strategy chosen by older adults consistingcreasing stiffness to maintain
stable behavior after the end of perturbation whigls not influenced by the presence or
absence of additional haptic cues. Young partidggamowever, appeared to make use of
haptic cues to shorten their response delay. Mksty| this age-related difference in
stiffness-strategy was due to the anticipatiorhefgerturbation by older adults as part of a

cautious or fearful behavior [Maki et al., 1991].

8.2.3. The resistance offered by the light-grip gaot against body sway

By using the mobile-stick experimental paradigmt t@mbined the two main features of
the LT and the PS the results confirmed that higegistivity of the surface underneath the
mobile support increases its stabilizing effect.this perspective, the effects of haptic
supplementation in the rough- and the slipperyesi@fconditions were of special interest.
In the literature, the study by Jeka and Lackne®$)%s the only to compare the effect of
a LT on a slippery or a rough surface. In both d@ionks, postural stability improved.

Moreover, Rogers et al. (2001) showed a more pnoced stabilizing effect of a PS when
the “scratch” stimulus was provided at higher paftshe body. From these observations,

we expected to amplify sway-related haptic cuesutjn the interaction of the mobile
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support with a rough surface (when compared toigpedly one). Consequently, the
stabilizing effect should increase in this conditiof increased resistance against body
sway. The actual difference between the effect abtic cues in the rough- and the
slippery-surface conditions confirmed, at leastpart, the above-mentioned hypothesis.
The effect of haptic cues in the rough-surface d¢ardwas similar to the one in the fixed-
support condition, which suggested that the prowmisof a fixed spatial referent is
dispensable to improve postural stability if swalated cues are provided. In contrast, the
less consistent effect of haptic cues from theraai®on of the mobile support with a
slippery surface deserves to be discussed. Yourigipants during quiet stance (study I)
did not benefit from haptic supplementation in #tippery-surface condition. Only older
adults during upright stance (study Il) reducedrtiean total power of the COP frequency
spectrum in all different conditions of haptic sugpentation, including the slippery-
surface condition. During unstable sitting (study), lyoung and older participants
benefited from all four types of haptic cues, inghgdthe slippery-surface condition.
During rocker-board stance (study 1V), the slippsuyface condition showed a less
consistent stabilizing effect when compared to alher conditions of haptic
supplementation. Only the variability of the COPswaduced in this condition (not the
angular displacements of the two body segments)l. fkrally, as reported above, during
sudden support-surface translations, only youngagieints could make use of all types of
haptic supplementation, including the slippery-acef condition. Taken together, the
results of studies | to IV suggested that, whervigled in complex postural tasks or when
provided to older adults presumably with infra-aadi alterations of the postural control
system, even very slight changes in cutaneous agdipceptive information can improve
postural control [Hausbeck et al., 2009, Kazennikbsal., 2008]. Nevertheless, the results
suggested that higher resistance offered by thalensipport against body sway amplifies
haptic cues available to the CNS and thereforeajuees their stabilizing effect ([Lackner
et al., 2001], rigid filaments more effective th#lexible ones; [Krishnamoorthy et al.,
2002], stable support more effective than mobile; PHausbeck et al., 2009], stable quad

cane more effective than mobile cane).
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8.2.4. The effect of haptic supplementation onisitf postural control

The results confirmed our hypothesis that haptiescimprove postural control of sitting
even though the biomechanical system (spine) ireebin the task is highly complex and
predominantly controlled on the basis of spinalppiaception [Reeves et al., 2007]. When
put into perspective with corresponding observationshe control of upright standing,
these results strengthened the existence of coniesmaf the mechanisms involved in
postural control of standing and sitting. These cmmalities seemed to exist in spite of
the different biomechanical systems that come g in the two postural tasks. Thus, we
can conclude that the effective integration of swelgted haptic cues enhances self-
motion perception in both tasks. An important ramra question is whether
proprioceptive loss of low-back pain patients [Ramld et al., 2001] and associated
postural deficits [Radebold etal., 2001, Van Daeteal., 2009] could potentially be
compensated by haptic supplementation. As haptipleogntation appeared to reduce
intervertebral and trunk muscle activation durihig fpostural task, we hypothesized that it
could potentially also reduce adverse consequenicpsolonged sitting postures such as

persistent low-level muscular activity and musetggue of sitting workers.

8.2.5. The effect of haptic supplementation on cdmrative patterns between the
leg and trunk segments

The results of the study about rocker-board stdetely V) confirmed our hypothesis
that haptic supplementation, independent of the ilibplof the support, reduces the
displacements of the leg and trunk segments. Tistabliéization by the rocker board
appeared to further increase the strong positiveelation between the two body segments
that was apparent during quiet stance. These saselte consistent with those by Almeida
et al. (2006) and suggested that participants @aosankle strategy to maintain stable
behavior on the rocker board (with an even stromggrhase coupling of body segments
than during quiet stance). Haptic supplementationndt change the coordinative pattern
during rocker-board stance even though angularlatisments of the body segments

decreased when provided with additional haptic cues

In order to study if haptic cues can “reverse” atyrbation-induced hip strategy to an

ankle strategy (as a sign of a less challengeesystwe would have had to increase the
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difficulty of the rocker-board task. To justify, Wever, our choice of rocker board, one has
to point at the fact that it was a challenge to b a high difficulty of the postural task
with the basic principle of a LT that is, to natostgly grip the support. This kind of strong
grip could have been provoked due to a more chgilignrocker-board task. In this regard,
the chosen rocker board (study 1V) was a reasornabigromise. Owing to the digitizer-
pen in the sitting study (study IIl), we were albteincrease the difficulty of the rocker
board as the manipulation of the pen might haven begsier for participants (when
compared to the manipulation of the instrumentek)stThe pen could be gripped in an
individual way and forces were measured at itstfextremity by the digitizer, whereas
the grip of the instrumented stick had to corresptimthe three badges mounted to the
stick handle that controlled the light grip. A foet study with a new haptic assistive
device (cane) that measures applied forces atrtime¢ éxtremity could enable us to more
liberally choose the difficulty of the postural kasVe are currently implementing such

kind of device.
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9. Conclusion and perspectives

We considered the present work as a prerequisitdha@ostudy of the effect of haptic
supplementation in more complex tasks. In view le# prevention of falls, extending
experiments about the effect of haptic supplememtab locomotion will certainly help to

determine whether the LT phenomenon is transfertdbleveryday life. Based on the
encouraging results presented in this work, one speculate that portable haptic
supplementation could enhance mobility and autonomglder adults by enriching the
sensory environment, improving self-motion peraapind enhancing postural control of
the upright standing or moving body. Accordinglge tquestion still remains of whether
sway-related cutaneous and proprioceptive cues thamnteraction with the environment
mediated by a cane may also facilitate the cordfahultiple DoFs and, especially, the
control of the COM during locomotion.

The perspectives of the present work will be stmed along the remaining questions
concerning the transfer of the theoretical knowledgeut haptic supplementation to the
implementation of a portable haptic assistive deviwat could be potentially useful during
locomotion. We will present some possible directiotts follow concerning the
implementation of a portable haptic assistive dewnd the use of such a device by older
adults during locomotion. In addition, we will bifie present a study in process, in which
we applied the mobile-stick experimental paradigmvéstibular patients suffering from
postural deficits and reduced mobility.

1) Haptic assistive device and locomotion

As confirmed by the results of the present work, tisistance offered by a mobile haptic
support is of crucial importance to guarantee a isters effect of the provided haptic
cues. During locomotion, the resistance by a caighthmot be provided by a rough
surface that would have to be available at any timgerneath the cane extremity. On the
contrary, we speculate that a cane should ideigihtly resist to the forward moving user/
or to the COM displacements in order to createibagtes at the hand throughout the gait
cycle. Before developping this idea we will introdusome information about the gait

cycle and meaningful parameters extracted duriggitaanalysis.
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The gait cycle is defined by the interval betwesn successive heel contacts of the same
foot. It comprises a single-support phase, durifgciv one foot is in contact with the
ground and the contralateral leg swings above thengl (about 40% of the total duration
of the gait cycle) and a double-support phase,nduwhich both feet touch the ground
(about 60%). During this latter phase, the bodglasved down and balanced before the
COM is again propelled. Thus, the COM is constaatigelerated and decelerated during
locomotion. Changes in certain parameters of the @ale and, thus, in the dynamic
control of the COM are indicative of impairments @uaptations) within the postural
control system and instability or falls can res@ltgait analysis is a systematic method to
extract meaningful spatio-temporal parameters alibat gait pattern. Corresponding
parameters are (among others) 1) the walking speédtride frequency, 2) the step length
and its variability, 3) the step width, 4) the dioa of the double-support phase and 5) the
symmetry of steps. It is known that older adultslkwalower than their younger
counterparts, that they widen their steps and tihey spend more time in the double-
support phase, as part of a more cautious gait[[sed et al., 2007]). Also higher trunk
variability has been found in older walkers. In@rdb “reverse” this cautious gait pattern
of older (unstable) adults to a more confident aneight be beneficial to improve self-
motion perception due to additional haptic cues #rateby the dynamic control of the
COM acceleration and deceleration. Inspired byfoutings about the crucial role of the
resistance offered by the support against body swayspeculate that this knowledge
could be used in the design of a portable hapsestige device. Even if technical details
are still unclear, it might be possible to conceavévertical) cane that “lightly” resists to
the COM displacements. As the handle of the canelase to the COM (when held
vertically), this might be the appropriate locatwhere to provide meaningful haptic cues
[Kazennikov etal., 2008]. This kind of resistanfeg., based on a specific mass
distribution inside the device) and the light camtef the device with the ground could

facilitate the detection of the COM position angnove locomotor performance.

The design of a portable assistive device providgwgy-related haptic cues as well as the
exploration of its use by older adults in everytitgyare future challenges of our research
group and, more generally, of gerontechnologies.ifkgtance, it is still unclear whether

older adults or patients would use the portableaibalevice (cane) by alternating between

a swing and ground contact phase considering adyential haptic cues during specific
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moments of the gait cycle (see [Boonsinsukh et2009], stroke patients). Another
guestion is whether the three dimensional movenaasportable device and its pendular
movements during locomotion provoked by rhythmimaand body movements would
alter haptic cues over the gait cycle precludingetfieial effects. Encouraging results of
the present work were that the highest tested aaxiiplof the stick-arm system during
sudden support-surface translations (without strappghe arms to the body) did not
prevent the CNS (of young participants) from usivaptic cues in order to improve the

postural response to perturbation.

Finally, one should determine the optimal levefate cues that has to be generated in the
hand to improve haptic perception during locomotibnthis regard, studies using the
light-touch paradigm during quiet upright stance yioung adults suggested that the
function of cutaneous mechanoreceptors of the haglt be optimized if about 0.4 N was
applied during the LT to a fixed support [Jeka &adkner, 1994]. Supplementary data
from the study Il of the present work (that ha$ been presented here) confirmed about
0.4 N applied by the mobile pen on the digitizevek though forces up to 1 N were
allowed in both studies, participants appeared depkcontact at this specific level to
improve the function of cutaneous mechanorecemodsthereby haptic perception. It has
also been shown that older participants appliegh8{i more fingertip force (~0.2 N)
during a LT than their younger counterparts to pk®v/a comparable postural benefit
[Tremblay et al., 2004]. Tremblay et al. (2004) doded that this might be a sign for a
compensatory strategy of older adults to overcone# toss in tactile sensation. Future
studies are necessary to find a technical solutoefficiently provide haptic information
to healthy and sensory-impaired individuals. Evesugh our findings on older adults with
reduced spatial acuity at the fingertip (study Idee also [Dickstein etal., 2001],
neuropathy patients) suggested that the benefit thaptic cues originates at a central
rather than a peripheral level of the nervous syst®e speculate that a haptic assistive
device could use the technique of stochastic resmnt enhance haptic perception. This
technique has been found to enhance the effecggesfea LT on a stable support in young
participants during quiet upright stance [Magalh&esl Kohn, 2011]. The principle
objective of stochastic resonance is to activateonty supra-threshold mechanoreceptors
but also sub-threshold ones via vibration and gnant the sensory cues available to the

CNS. Equipping, for example, the handle of a pdetdiaptic assistive device with this

128



technique could potentially increase the propritigepsensitivity of older adults or
patients. Also very low-intensity stimuli (suchtag ones provided in the present study by
the interaction with a slippery surface) could paidly be amplified by stochastic
resonance [Magalhdes and Kohn, 2011, Priplata.,e@03]. In conclusion, stochastic
resonance could be a possible way to optimize hbgpérception of orientation cues

provided by a portable haptic assistive device.

2) Clinical applications

From a clinical point of view, a better understangdof the plasticity of sensory integration
processes may improve the care and comfort of @dalts or patients that are at risk of
falling due to peripheral or central (sub-clinical severe) impairments. In collaboration
with clinicians at a hospital in Marseille, we emtly study the effect of haptic cues from
a mobile stick on vestibular patients during quiptight stance. In this study, the same
mobile-stick experimental paradigm is used asudist | and II. This work, which is still
in process, will help to further understand thduefice of haptic supplementation on
multisensory integration mechanisms of impairedtypa$ control systems. For example,
vestibular patients after neurotomy (one of theugsoof vestibular patients tested in the
mentioned study) are known to compensate for ttssing vestibular input (after surgery)
frequently in favor of proprioceptive cues. Thismgmensation exemplifies the neuro-
plasticity of the CNS of patients. Thus, we speteuthat haptic cues should be effectively
integrated by these patients to substitute fontiesing sensory cues and improve postural
stability and mobility in everyday life.

Hypothetically, research on these remaining questioould lead to the design of a
portable haptic assistive device of a new typeofmftional, biomechanical or both),
more adapted to needs and deficits of people thatod (or not exclusively) need a firm
biomechanical support. Indeed, haptic supplememtappears to have a potential to be
easily incorporated in a low-cost assistive devimjch immediately could enhance
postural stability. This kind of haptic assistivevite would, most likely, have advantages
over electrotactile biofeedback devices that aseegkample, used in the rehabilitation of
vestibular or unstable patients and that necess#aearning period before their use in
order to decode the provided electrotactile cueg.,(&vibration on the tongue). The

advantage of haptic cues could be that no learparipd has to be undertaken, as the
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effect of haptic cues occurs naturally and immediyatThus, the cognitive effort needed
to use haptic cues when compared to the use ofr@iactile devices might be reduced
(precluding thereby a potential reduction in watkspeed when used during locomotion
or fatigue). We speculate that, beside its poteht@nechanical benefit, a portable haptic
assistive device could incorporate spatial oriemtatues through a LG of the device that
is in contact with the environment. Both, the mewbal and the informational function,
could at last enhance postural stability in oldéults in a variety of everyday-life tasks.
Thus, a continuation of the present work will cehsin applying this mobile-stick
experimental paradigm to locomotor tasks whileetirg different groups of participants.
It would be beneficial to approach everyday-lifeuations, in which a haptic assistive
device could potentially be of assistance. Of oeurattentional, neuromuscular,
metabolic, physiological (fatigue) and psychologicansequences of such a device
should be determined before being proposed tage kandience.
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