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List of acronyms

Acronym Meaning
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COM Center of mass

COP Center of pressure
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1 Executivesummary

This document provides an overview of various experimental studies conducted to
investigate foot placement strategigs neurologically impaired subjects, specifically stroke
survivors in the chronic stageelated to balance control duringvalking. The document
covers V.3 perturbations during standing and walking in neurological impaired subjects, but
will focus exclusively on walking studies.

The deliverable contains the results of tywatient studies, one performed by URI and one by
UTWEN.The former provides a detailed analysis of the individual responses of 4 stroke
survivors with varying gait pathologies These subjects received controlledelyas
perturbationsin 6 different directionsin the horizontal planeduring overground walki,
usingthe BAROG robotic device that was developedDii.1. The latterstudy providesan
analysis of a group dfO stroke survivorgeceivingmediolateral pelvis perturbations during
treadmill walking.Specificallythe differences in balance responsésat occur with the
paretic and the nofparetic legwere investigated

The presented results provide insight ingatient recovery strategieand their shortcomings.

For example, it is shown thatroke survivorcan still modulate their steps with the paretic
leg in response to lateral perturbations, and furthermore modulate with the perturbation
magnitude. Surprisingly, in thetroke group investigated by UTWENhere was little
difference between the legs in tersmof modulation with the perturbation magnitude. There
are, however, differences in steps made with either leg, with the paretic foot generally
placed further away from the body than the ngaretic foot.Such knowledge could be used
as astarting point for formulating control strategies for the robotic support of stroke
survivors during walking.

The results presented by URI are all contained in this docurkentthe study performed by
UTWEN however, this document providesa concise descriptignpublicly accessibleThe
complete manuscript presented in the annex contamesults which are scheduled for
publication in thenear future. The material in the annex should therefore be treated
confidentially until published Once published, the reka will be nade available in a publicly
accessibl®nline repository.
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2 Introduction

The effects of stroke can lead to a wide range of problems such as hemiparesis, sensory
impairments, and fear of falling. These complications can interfere with balance control
during walking, increasing the chances ofsfalthis patient groupSupporting stroke
survivorsduring gaitthrough a powered exoskeleton requiraa understanding athe

specific needs ahis group of usersWhat is the user still capable of doing hinerself, and
for which tasks or movements should support be providétd@ aim oD7.3is to gain more
insight into the balance strategies that stroke survivors, wsalo not usein comparison

with healthy subjectsTo realize thisvarious perturbatiorexperiments were conducted in
groups of stroke survivors in the chronic stage.

Stroke survivors often experience problems on only one side of their, hedyemiparesis.
During standing, these subjects are known to prefer weight bearing using thpareticleg
[1]. Furthermore, theymight have a leg preference for use in reactive stepping after a
disturbance2]. In walking, however, thigreferenceis notalwaysa possibility. Though
subjects prefer to spend more time standing on the spavetic legduring walking1],
subjects will have to traverse though a single support phase during witledr the non
paretic leg othe paretic leg bears all the weighis a result, depending on when a
perturbation is applied, recovery steps might be requirethveither leg. Understanding
whether stroke survivors can modulate their steps with either leg in response to
perturbationscould provide an indication of when to provide exoskeleton supprtour
best knowledge iterature on perturbed valking in strokesurvivors iscarce 3-4].
Furthermore these studies do not discriminate between stepping responseseititier leg
further motivating the presented research.

The waybalance and gait are impairdyy the effectsof stroke can greatly vary per subject.
Though group studies can give overall insight, there is also a need for-apEasic analysis

of subject responses to perturbationsurthermore, the conditions in which stroke survivors
are tested might also affect the way they maintain their balgmteelation to fear of falling.
For example, ubjects might not be comfortable with a treadmill and a-kddting. The
presented researctherefore alsoprovides 4 casstudies in stroke survivors using a robotic
device that allows foperturbations duringover groundwalking.The device allows applying

a variety of perturbations in the horizontal plane, including pelvis yaw. The presented
findingsmayprovide indications for exoskeleton support in stroke survivors by showing the
balanceimpairmentsof this group ofstroke survivors
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3 Scientific and technical progress

3.1 Paretic versus noiparetic stepping responses following pelvis
perturbations in walking chronic stroke subject& TWEN

The effects of a stroke, such as hemiparesis, can severely hamper the ability to walk and to
maintain balance during gait. Providing support to stroke survivors using a robotic
exoskeleton, either to provide training or dallfe support, requires an undstanding of the
balance impairments resulting from a stroke. In hemiparetic subjects one would expect
differences between both legs when making recovery steps to restore balance following a
disturbance during walking. In this study we perturbed 10 chrstage stroke subjects in

the mediolateral direction during walking, to investigate the differences in recovery steps
made with the paretic and the neparetic legs. Kinematic data as well as gluteus medius
muscle activity levels of the first recovery st@pre recorded and analyzed. The results show
that this group of subjects is able to modulate foot placement and gluteus medius muscle
activity in response to the perturbations regardless of the leg being paretic or not. In general,
however, the paretic lg was laterally placed further away from the center of mass than the
non-paretic leg, while subjects spent more time standing on the -paretic leg. These
findings suggest that, though such stredadated gait characteristics are present, the
modulation wth the perturbation magnitude remainsiostly unaffected.It appears that for
these mildly affected subject&voluntary pathwayghat likely contribute to the responses

are mostly unaffected by the complications after strokBor more details, please maf to
annex 1.
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3.2 Balancing responses to proximal perturbations during
overground walking(UR)

Abstract

The goal of this section is i) to explore balance responses to perturbations in transversal
plane in a group of neurologically healthy individuals during overground walking ii) to explore
balance responses to perturbations in transversal plane in a grdugtroke individuals
during overground walking. In both groups perturbations were delivered by balance
assessment robot (see D7.1 for detailed description) which we also used for tracking pelvis
position.

In group of healthy subjects responses to pertuityas were very consistent between
subjects with low variabilityStandard deviations of assessed responses were similar in
unperturbed and perturbed walking. Common to selected perturbations is that (with respect
to unperturbed walking) perturbation forceaused pelvis displacement in the direction of
perturbation which healthy subjects negotiated with appropriate adjustments in foot
placement in the same direction. Depending on the perturbation direction response to
perturbation may span over multiple gie before subjects were able to return to original
path. Statistical analysis showed that perturbations evoked statistically significant changes in
stepping responses.

Perturbations in frontal direction evoked substantial pelvis displacement and caused
statistically significant effest on step length, step width and step time. Likewise,
perturbations in sagittal plane also caused statistically significant sftecstep length, step
width and step time but with less explicit impact on pelvis movementantéd plane. On the

other hand, except from substantial pelvis rotation angular perturbations did not have
substantial effect on pelvis movement in frontal and sagittal planes while statistically
significant effect were noted only in step length and stewidth after perturbation in
clockwise direction.

wSadzZ a4 adza3sad OGKIFIG qadSLIAyYy3I &adGNFGS3eés A
perturbations in frontal plane, perturbations in sagittal plane are to greater extent handled
gAGK alyl1fS aidNraGS3aee¢ gKAES | y3dz | NIselLIS NI dzN
substantial challenge for balance. Results also show that specific perturbations in general
elicit responses that extend also to other planes of movement that are not directly
associated with plane of perturbation as well as to sp&timporal parametes of gait.

Due to distinctive movement constraints associated with the nature of neurological damage
after stroke we investigated the group of stroke patients individually and not as a group. How
they respond to perturbations greatly depends on the lomatof brain damage and how
these manifest in gait and balance functions. For this reason we selected patients with
different status which was determined by clinical tests. According to their status we adjusted
the amplitude of perturbation force. We noticéat patients in general and regardless of
perturbation amplitude were forced to shift their center of mass in the direction of
perturbation force followed by also appropriately adjusted foot placement also in the
direction of perturbation force. Howevepatients with better scores were able to respond to
perturbation with less variability and in not as many steps than patient with more severely

7
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impaired gait function. In addition, we noticabat perturbations in mediolateral direction
imposed considerably more challenge thperturbations in anterior posterior direction (as
with healthy subjects). Especially perturbation to the left (in the direction toward unimpaired
side) at the time of left fot strike (unimpaired side) required greatest effort from all
patients. This perturbation also determined the maximal amplitude of perturbation force
they could sustain and that they could comfortably negotiate. Other details of responses to
perturbationsare specific to eacpatient and are closely associated to the clinical status of
each individual patient.

Methods
BAROG

Balance assessment robot during over ground walking {B&A&RFigure 1)is composed of

two primary subsystems: i) mobile platform (MBnd ii) pelvic manipulator (PM). Primary
aim of mobile platform is to provide over ground mobility in two DoF (forward movement
and turning) and to ensure rigid support basis and appropriate attachment locations for the
pelvic manipulator. MP is designeals Ushaped rigid steel frame with steel angular
reinforcements designed to sustain loading associated with delivering perturbations. It is
supported at the front with two castor wheels at left and right side respectively that enable
angular motion of themobile platform and two motorized wheels that are positioned at such
location so that the line connecting their axes is aligned as close as possible with frontal
plane aspect of the subject. In this arrangement the subject may turn at spot without having
the need to step forward or backward. There are six universal joints located on the steel
frame thatfurther connecsto PM.

Figure 1. Th&AROG device used to apply perturbations during overground walking

Two universal joints are located in the cylinders on the left and right side of the MP and
connect to vertical rods of the PM. The remaining four universal joints are located at the
front of the MP frame and connect to distal ends of linear actuatorshbf Hnear actuators
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are composed of DC motors with absolute encoders that connect to linear ball bearings. The
proximal ends of the linear actuators are connected to vertical rods of PM via spherical ball
joints so that the left pair of linear actuatorsmueect to vertical rod on the left and the right

pair of linear actuators connect to vertical rod on the right. When actuated each pair of
linear actuators deliver two DoF actuated movement to vertical rod it is connected to. At the
top both vertical rods e connected by pelvic element (PE) with pelvic brace (PB) via
spherical ball joints that are kept free to slide along the narrower end of both vertical rods.
Both ends of PE are equipped with a pair of perpendicularly arranged load cells that are on
the inside attached to pelvic tubing made of carbon fibers i.e. PE and PB. When pelvis is
GA3IKGE& SYONF OSR SIFOK LI AN 2F f2FR OSffa YS
pelvis and the PM in anterior/posterior (AP) and mediolateral (ML) directiaagéther PM

alone provides six DoF movement: i) four DoF from vertical rods are diminished by one DOF
due to PE connecting both tops to finally provide actuated pelvis AP displacement, actuated
pelvis ML displacement and actuated pelvis rotation, ii)rsfjanotion of spherical ball joints
extends three active DoF with three passive DoF i.e. pelvis tilt in sagittal plane, pelvis list in
frontal plane and passive pelvis vertical displacement. Operation characteristics €@@BAR
are determined throughadmittance-based scheme which enables rendering of desired
mechanical impedance. Mechanical impedance can be set to minimal values (transparent
mode) or can be programmed to provide desired level of assistive forces to a walking
adzo 2S00aQ LISt avioBBARDS $ampdsifios & well@Sdddirdl Scheme design
and implementation is available in Deliverable D7.1. Furthermore the developed control of
BAROG enables imposition of mechanical perturbations in various directions at the level of
pelvis thus fadiating studying of postural responses during walking.

EXPERIMENT DESIGN

In current deliverable we used balance assessment robot during walkingDBAfRat was
developed within deliverable D7.1 to identityalancing responses to selected proximal
perturbations.In particular we were interested in characteristics of

1 pelvis movement in transversal plafgelvis displacement in ML and AP directions
and pelvis rotation about vertical axis)

1 interaction forces/moment between subject and B&IS in transversal ahe

1 stepping responses in terms of step length, step width and step time

after being subjected to repeating perturbation pushes at the level of human pelvis. Pelvis
movement in transversal plane (pelvis displacement in ML and AP directions and pelvis

rotation about vertical axis in CW/CCW direction) were directly obtained from movement of

central point of pelvis element of BARG. Since this point is approximately aligned with
ddzo2SoiQa OSYGSNI 2F Yl aa ¢S gAff wNEBRFSNI 2 Al
FOONBDAIGUSR a S/ had LYGSNIOGAz2zYy F2NOSa o0Siays
OG were measured by two pairs of force sensors.

Beside tracking pelvis position (eCoM) through the kinematic model of pelvis manipulator of
BAROG and inteaction forces between subject and pelvis element of BAB> & dzo 2 S Ol Q&
were equipped with reflective markers (medial malleol Metatarsal joint and %

metatarsal joint) and BARG was equipped with Optitrack camera (NaturalRoint.) to

also investigate stepping responses in terms of step length, step width and step time. Since

the Optitrack camera was not aligned with the coordinate frame of BAR four additional

9
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markers were placed to a known positions on moving platform of-B&Rto determine
transformation matrix between the coordinate frame of B&& and the Optitrack camera.

We then calculated left (right) step length as AP distance between ankle markers at the
moment of left (right) foot strike while left (right) step widthias defined as the ML distance
between the same markers at the moment of left (right) foot strike. Similarly, left (right) step
time was defined as the time between consecutive right (left) foot strike and left (right) foot
strike. Since all experimentsene conducted during over ground walking we were not able to
measure center of pressure.

Perturbation parameters

Given the design and control characteristics of the pelvic manipulator BAR is capable to
deliver perturbations in all actuated D@fad in all of their combinations i.e. BAR is capable

G2 RSEtADGSNI RSAANBR FT2NDS YR Y2YSyid LISNI dzND |
we consider the available range of force/moment amplitudes the parameter space of
available perturbationssi enormous. For this reason in all experiments we confined
perturbation space to principal axes of human body (left/rightLR pelvis shift,
forward/backward - FB pelvis shift and clockwise/counter clockwiseCW/CCW pelvis

rotation). Perturbation directias with respect to human body are illustrated in Figure 2.

Tforward
B ccw
et 7 Y right
— @ o) 9>
CW
backward

Figure 2Perturbation directions. Schematic representation of perturbation directions with respect t
human body.

When selecting perturbations parameters our goal was to select such pertarbati
amplitude that would elicit substantial balancing responses while not creating fall
threatening situations. Also shortest possible perturbation period was selected to avoid
substantial responses before perturbation ended. Appropriate perturbation aogditwas
experimentally determined and for healthy subjects set to 15 % of bodyweight for LR and FB
perturbations and to 1.5 % of bodyweight for CW/CCW rotation perturbations, where
normalization ensured that all subjects were exposed to same similar aatefes during
perturbation period. In neurological patients perturbation amplitude was individually
adjusted to conform with patients capabilities. Similarly, perturbation period was
experimentally determined and was for healthy subjects as well as f@molmgical patients

set to 150 ms which was the level at which perturbation of selected amplitude could be
accurately and repeatedly delivered. Foot switch in left shoe was used for triggering
perturbations in all selected directions at the time of lefofstrike as well as for tracking the

left foot contacts and stance phases.

10
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Experimental protocol

At the beginning of session subjects completed approximately seven minute acclimation
period. At first subjects were walking without being perturbed and thesy were subjected

to perturbations of the same amplitude and duration as in subsequent experiment that were
delivered randomly in selected directions and always at the time of left foot contact as well
as in no less than six second intervals. Afteriaatlon period the subject was equipped
with reflective markers and firmly fastened within PB. The experiment began with
approximately one minute unperturbed walking period to obtain baseline data. Afterwards
each perturbation was repeated five times whetee sequence of perturbations was
randomly generated prior to first perturbation. There was at least six seconds recovery
period between two perturbations that allowed each subject to fully recover from
perturbation. Throughout the experiment each subjees given visual feedback on laptop
screen that in real time graphically illustrated current pelvis position with respect to the
center of available range of PM movement. During the first three seconds after perturbation
onset the visual feedback was wiltawn by temporarily suspending graphical display of
current pelvis position in order to leave the subject to cope with the perturbation and to
respond solely to regain balance and not to worry about current pelvis position during
response. Afterwards thsubject was again presented with graphical display of current pelvis
with respect to the center of available range of PM movement which the subject was
instructed to consider as guidance to-a#gn pelvis position with the center of available
range of PMmovement. Walking velocity was set to 0.85 m/s primarily because this velocity
represents a value at which stroke survivors are considered as community walkers.

DATA PROCESSING

In this study typical reference data assessed during walking in BAR wéipolied

perturbations as well as a response to perturbation was in this study composed of pelvis
movement in transversal plane (pelvis displacement in ML and AP directions and pelvis
rotation about vertical axis), interaction forces/moment between subgead PM in

transversal plane and stepping responses in terms of step length, step width and step time
that were extracted from marker positions. First all data were segmented into strides where
gait cycle was defined with two consecutive foot strikes ofghame leg. Left foot strikes

were determined by foot switch whereas the right foot strikes were determined as the local
maxima of the ankle marker positions in the anterior/posterior direction [24]. Then linear
length normalization was applied to convehig stride time axis to an axis representing
percentage of stride so that in the duration of one stride 0 % represented the opening foot
strike and 100 % represented the closing foot strike of stride. Since responses to some
perturbations span over seversieps all data were segmented into observation interval that
covered second half of the stride that preceded the perturbation%at%) followed by two

and a half strides that started with perturbation at the time of left foot strike (at 0 %) and
finishedapproximately at right foot strike at 250 %. For consistency, the same observation
interval was considered also when determining reference natural gait without perturbations.

Responses in pelvis movement and interaction forces/moment

Pelvis movement in &amsversal plane (pelvis displacement in ML and AP directions and
pelvis rotation about vertical axis in CW/CCW direction) and associated interaction
forces/moment were obtained from movement of central point of pelvis element and forces

11
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as measured from tw pairs of force sensors. Representative reference values and responses
to each perturbation for each subject (that span over selected observation interval) was then
calculated by averaging across five trials.

Stepping responses

Stepping responses were mstigated in terms of step lengths, step widths and step times.
We calculated left (right) step length as AP distance between ankle markers at the moment
of left (right) foot strike while left (right) step width was defined as the ML distance between
the same markers at the moment of left (right) foot strike. Similarly, left (right) step time
was defined as the time between consecutive right (left) foot strike and left (right) foot
strike. Since we assumed that balance reactions would span over selecieuatxsn

interval single stepping response consisted of a series of alternating left and right step
lengths, step widths and step times. For each subject series of steps related to the same
perturbation (or unperturbed walking) were then averaged across ffiepetitions to obtain
adzo 2S00 Qa NBLINBaSyidliA@®S aASNASa 2F aidsSL tSy3
gait and for each type of perturbed gait.

Finally responses to perturbation of healthy subjects were averaged across all subjects to
obtain group series of step lengths, step widths and step times for unperturbed gait and for
each type of perturbed gait. Due to specific impairments (gait and balance constraint)
associated with individual neurological patient that inevitably result in sukgpetific

balance strategies we were not able to average responses to perturbations also across
patients. Instead we approached to identification of perturbation responses separately for
each patient.

Statistical analysis (healthy subjects only)

To determne whether selected perturbations had significantly affected stepping responses
one way repeated measures ANOVA was conducted to separately compare step lengths,
step widths and step time between successive steps in selected observation interval (one
stepprior and five steps following perturbation) separately for each experimental condition
(normal walking and selected perturbations). Bonferroni adjusted-postpairwise
comparisons were conducted when a main effect or interaction was detected. Thefevel
statistical significance was set<0.05. We used Shapuwilk test of normality to verify
normal distribution of data in all experimental conditiong ¢ value remained above the

level ofp >0.05 indicating normal distribution. To visuatlyaluate stepping responses
footprints at left and right foot strikes were generated directly from averaged step lengths
and step widths and timaligned at the onset of perturbation i.e. at 0 %.

SUBJECTS
Healthy subjects

In this study participated seveneurologically and orthopedically intact adults of similar
stature and average age of 33.4 + 8.5 years, average body weight of 80.1 + 11.6 kg and
average height of 180.6 £ 5.3 cm.

12
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Patients

Four patients with different pathologies and gait functionalities were invited to participate in
this study. Their information are listed in Table 1.

Table 1. Neurologically impaired subjegtgathologies, functional test and gait parameters.

P1 P2 P3 P4
Age (years) 51 30 41
Time after injury 11 months 11 months 10 months 2 years
Diagnosis Rightside Discrete rightside Rightside Rightside
hemiparesis hemiparesis hemiparesis hemiparesis
KPSS / / 27/30 > 25/30
BBS 56/56 56/56 50/56 53/56
6 min test / / 267 m (with cain) 185 m
10 m test / / 138 s 21.27s
Up and go test / / 108 s 16.22 s
FAC 5 5 5 5
mFIM 76 75 82 75
cFIM 22 34 33 22
Four step square test 15.4 s 11s 18 s 19.62 s
Speed of walking ir 0.8 m/s 0.8 m/s 0.55m/s 0.3m/s
tests
Perturbation force 100 N 130N 80 N 60 N
Stiffness of BARG 25 N/m 25 N/m 150 N/m 150 N/m
in tests

Appropriate speed of BARG i.e. gait velocity and perturbation force/moment were in
patients determined experimentally for each individyzdtient separately and were not
changed afterwards.

13
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Results
Healthy subjects

Perturbations in frontal plane

Figures 5 and 6 show pelvis movement and interaction forces/moment as well as foot
placement after perturbation was delivered in ML direction i.e. left/right. Both perturbations
caused desired interaction forces during the perturbation period that enfor€xmM
displacement in the direction of the perturbation force. When perturbed to the left pelvis
was displaced gradually over two steps (from 0 to 100 %) by approximately 20 cm to the left
and gradually returned to neutral position by the end of the obstovaperiod. After
perturbation to the right pelvis was displaced by approximately 10 cm to the right majority of
which was achieved during the first stance phase of the right leg after perturbation
(approximately from 50 to 100 %). Compared to perturbatio the left subjects recovered

to normal pattern already in the next step. In sagittal plane a minor backward pelvis shift was
recorded in both cases that however did not change alternating pattern of pelvis AP
movement. On the other hand except from thiketback in CCW pelvis rotation after
perturbation to the right none of the two perturbations evoked any substantial response in
pelvis rotation.

Perturbation in the left direction had substantial effect on stepping responses (Figure 7). The
first two steps after perturbation were considerably shorter than the remaining three steps.
In their first step after perturbation subjects placed their right foot in front of their left foot,
hence resulting in almost zero step width, in the next (left step) theyeesed step width by
placing their left foot even more to the left but kept it still well below step width of
unperturbed walking, finally they responded by placing the right foot far to the right thus
increasing the step width to return to original lired walking and to restore normal step
width thereafter. We also notice that the immediate (right) step after perturbation to the left
was the fastest and that normal step time was restored early after perturbation. The effect of
left perturbation on stepdngth and step width is graphically illustrated with footprints in
Figure 5. Statistical analysis showed that after perturbation to the left step length, step width
and step time responses in observation period changed significantly anehpogtairwise
analysis found that statistically significant interactions between steps in observation period
exist in step length and step width responses but not also in step time responses. Main
effects and pairwise interactions are listed in Table 2. In their respmngerturbation to the

right subjects considerably shortened the first step after perturbation (right step), they
doubled their step width and almost halved step time by rapidly placing their right leg more
outward (Figure 7). In the following step thegstored usual step length, they continued with
somewhat shorter step time and increased step width by placing their left leg more outward
and settled at approximately the same pace and line of walking as before perturbation. The
effect of right perturbatiom on step length and step width is graphically illustrated with
footprints in Figure 6. Statistical analysis showed that after perturbation to the right step
length, step width and step time responses in observation period changed significantly and
post-hoc pairwise analysis found that statistically significant interactions exist between steps
in observation period in step length, step width and step time responses. Main effects and
pairwise interactions are listed in Table 2.

14
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Table 2 F- test values ang values from one way repeated measures ANOVA and Bonferroni adjustetigogiirwise analysis atep length, step width and step time

for unperturbed walking and for selected perturbations

No perturbations  Left Right Forward Backward CW CCwW
Step Within-subjects effect Ftest 2.518 10.597 47.874 6.667 2.724 4.331 0.551
length
p-value 0.051 0.000* 0.000* 0.000* 0.038* 0.004* 0.736
1-2(0.003*)
1-2 (0.034*) 2-3 (0.002%) 1-3 (0.055) 2-4 (0.004%)
Pairwise comparison / 2-5 (0.068) 2-4 (0.003*) 3-5(0.074) / 2-5(0.013%) /
StepStep p-value)
2-6 (0.033%) 2-5 (0.003*) 3-6 (0.085)
2-6 (0.004*)
Step width  Within-subjects effect Ftest 0.826 38.288 43.304 2.793 2.426 8.021 1.328
p-value 0.541 0.000* 0.000* 0.035* 0.058 0.000* 0.279
1-2 (0.017%) 1-2 (0.001%)
1-4 (0.000%) 1-3 (0.046%*) 1-3(0.116)
2-4 (0.000%) 2-4 (0.000%) 2-3 (0.045%)
Pairwise comparison / 2-5 (0.020%) 2-5 (0.001%) 2-3(0.195) / 3-5(0.040%) /
StepStep p-value)
2-6 (0.018%) 2-6 (0.002*) 3-6 (0.136)
4-5 (0.002%) 3-4 (0.001%)
4-6 (0.003%) 3-6 (0.016%)
4-6(0.009%)
Step time  Within-subjects effect Ftest 1.778 5.046 21.077 11.346 12.662 1.373 0.734
p-value 0.148 0.002* 0.000* 0.000* 0.000* 0.262 0.604
1-2 (0.008%) 1-4 (0.063) 1-2 (0.068)
1-3 (0.099) 2-3 (0.058) 2-3 (0.026%)
Pairwise comparison / 2-6 (0.055) 2-3 (0.000%) 2-4 (0.041%) 2-4 (0.024%) / /
StepStepp-value)
4-6 (0.088) 2-4 (0.003*) 2-5 (0.062) 2-5 (0.063)
2-5(0.011%) 2-6 (0.062) 2-6 (0.009%)
2-6 (0.001%)

15



BALANCE Deliverable DB
Perturbations during standing and walking in neurological impaired subjects

B/AEANCE

Figure 5 Perturbation to left direction.Left - pelvis movement and interaction forces/moment associated w
actuated DoF in transversal plane for unperturbed and perturbed walking over selected observation inter
sinde typical subject was averaged across five single respoRsgist- graphical illustration of foot placement a
left (approximately at 0, 100 and 200 %) and right (approximatelb@t 50, 150 and 250 %) foot strikes fi
unperturbed and perturbed walkmover selected observation interval for a group of subjects was generated
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Figure 6 Perturbation to right directiorLeft - pelvis movement and interaction forces/moment associated
actuated DoF in transversal plane for unperturbed and perturbed walking over selected observation int
single typical subject was averaged across five single respdrighs- graphia@l illustration of foot placement a
left (approximately at 0, 100 and 200 %) and right (approximateRp@t 50, 150 and 250 %) foot strikes fi
unperturbed and perturbed walking over selected observation interval for a group of subjects was gemrare
averaged group step lengths and step widths anddiigreed at the onset of perturbation at 0 %
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Perturbations in sagittal plane
Figures 8 and 9 show pelvis movement and interaction forces/moment as well as foot placement

after perturbation was delivered in AP direction i.e. forward/backward. We notice that both
perturbations caused desired interaction forces in the AP directiomnduhe perturbation period

that enforced CoM displacement in the direction of perturbation force. When compared to
unperturbed walking pelvis displacement increased by approximately 10 cm in forward direction
when perturbed in forward direction and 10 cim backward direction when perturbed in
backward direction and took more than two gait cycles to recover. However either forward or
backward perturbation had any substantial effect on pelvis movement or interaction force in ML
direction or pelvis rotatioror interaction moment in transversal plane.

Both perturbations demanded adjustments in stepping responses (Figure 7). After perturbation
was imposed in forward direction the first two steps were slightly shortened; normal step length
was recovered in th@ext two steps. Additionally, step width was slightly reduced in the first step
immediately after perturbation which indicates somewhat more inward placement of the right
foot; normal step width was recovered in the next two steps. Similar pattern wasiprés step

time where we again recorded shorter step time in the step immediately after perturbation, in the
following two steps step time was increased and exceeded step time of unperturbed walking and
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settled in the last two steps. The effect of forwgpdrturbation on step length and step width is
graphically illustrated with footprints in Figure 8. Statistical analysis showed that after perturbation
in forward direction step length, step width and step time responses in observation period
changed sigficantly and poshoc pairwise analysis found that statistically significant interactions
between steps in observation period exist in step time response but not also in step length or step
width responses. Main effects and pairwise interactions are listedable 2. In response to
backward perturbation subjects slightly decreased step length in the first step following
perturbation then increased the next step length and gradually stabilized the following steps at
approximately the same step length asunperturbed walking. On the other hand step width
shows very small increase in the first two steps after perturbation compared to unperturbed
walking and only minor changes thereafter. Finally, step time rises to its maximal value in the first
step after gerturbation, decreases in the next step and then recovers to approximately the same
step time as in unperturbed walking. The effect of backward perturbation on step length and step
width is graphically illustrated in Figure 9. Statistical analysis shohedafter perturbation in
backward direction only step length and step time responses changed significantly in observation
period but not also step width responses and pbhet pairwise analysis found that statistically
significant interactions between g8 in observation period exist only in step time responses but
not also in step length responses. Main effects and pairwise interactions are listed in Table 2.
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Figure 8 Perturbation to forward directioheft - pelvis movement and interaction forces/narhassociated witt
actuated DoF in transversal plane for unperturbed and perturbed walking over selected observation int
single typical subject was averaged across five single respRigd&s. graphical illustration of foot placement ¢
left (approximately at 0 , 100 and 200 %) and right (approximatelb@t 50, 150 and 250 %) foot strikes f
unperturbed and perturbed walking over selected observation interval for a group of subjects was genere
averaged group step lengths and stephgidind timealigned at the onset of perturbation at 0 %
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Figure 9 Perturbation to backward directioreft - pelvis movement and interaction forces/moment associated
actuated DoFin transversal plane for unperturbed and perturbed walking over selected observation intel
single typical subject was averaged across five single respdrighs- graphical illustration of foot placement ¢
left (approximately at 0, 100 and 200) %nd right (approximately a60, 50, 150 and 250 %) foot strikes fi
unperturbed and perturbed walking over selected observation interval for a group of subjects was genere
averaged group step lengths and step widths anddiigieed at the onseff perturbation at 0 %

Perturbations in transversal plane

Figures 10 and 11 show pelvis movement and interaction forces/moment as well as foot
placement after perturbation was delivered in CW/CCW directions. Both perturbations caused
desired interactionmoments during the perturbation period that enforced pelvis rotation in the
direction of the perturbation moment. From pelvis rotation trajectory we see that the CW
perturbation moment disturbed natural rotation movement of the pelvigistead of contining

with alternating CW/CCW movement pelvis followed large perturbation moment by rapidly
increasing CW rotation until reaching maximum within the same left stance phase immediately
after perturbation. Likewise, when perturbation was applied in CCW direc@CW rotation
increased substantially. On the other hand, neither of the two perturbations caused any
substantial pelvis displacements in frontal or sagittal planes.

Compared to perturbations in sagittal and frontal planes perturbations in transvelsaé ghad
minor effect on stepping responses (Figure 6). After perturbation in CW direction the first step
after perturbation was slightly shorter whereas in the following steps step lengths settled in the
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proximity of step length of unperturbed walking. ML direction we notice increase in step width

in first three steps after perturbation which indicates three consecutive more outward foot
placements. On the other hand CW perturbation did not have any substantial effect on step time.
The effect of CW peutbation on step length and step width is graphically illustrated with
footprints in Figure 10. Statistical analysis showed that after perturbation in CW direction only step
length and step width responses changed significantly in observation period batswostep time
responses and posgtoc pairwise analysis found that statistically significant interactions between
steps in observation period exist in step length and step width responses. Main effects and
pairwise interactions are listed in Table 2. Whperturbation was applied in CCW direction
changes in step length, step width and step time responses are comparable to those of
unperturbed walking. The effect of CCW perturbation on step length and step width is graphically
illustrated with footprints n Figure 11. Statistical analysis found no statistically significant changes
in step length, step width or step time responses in observation period only after perturbation in

CCW direction and in unperturbed walking. Main effects are listed in Table 2
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with actuated Dokn transversal plane for unperturbed and perturbed walking over selected observation inte
single typical subject was averaged across five single respdrighs- graphical illustration of foot placement ¢
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unperturbed and perturbed walking over selected observation interval for a group of subjects was genere
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Figure 11 Perturbation to counter clockwise directidreft - pelvis movement and interaction forces/mome
associated with actuated DoF in transversal plane for unperturbed and perturbed walking over selected ok
interval for single typical subject was averaged across five single respétighs- graphical illustration of foot
placement at left (approximately at 0, 100 and 200 %) and right (approximat&l, &80, 150 and 250 %) foc
strikes for unperturbed and petbed walking over selected observation interval for a group of subjects
generated from averaged group step lengths and step widths araditjneal at the onset of perturbation at 0 %

Patients

After analysing responses to perturbations in healtbjscts it was our estimation that compared

to sagittal and frontal perturbations, perturbations in CW/CCW directions posed least challenging
task for the subjects. We believe the most likely explanation for such result is that that CW/CCW
perturbation inBAR OG does not contribute to linear acceleration of center of mass but only to
angular acceleration of human pelvis around vertical axis that passes through center of mass. After
observing the same characteristic in preliminary testing with patients veeddd to omit CW/CCW
perturbations from experiments with patients. Nevertheless we recognize potential benefits of
having available also this actuated degree of freedom in cases whel®BARKOuld be used in gait
training, in particular training of swing mement of paretic leg.

In addition, die to specific impairments (gait and balance constraint) associated with individual
neurological patient that inevitably result in subjesptecific balance strategies we did not average
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responses to perturbations als@mss patients nor were results statistically assessed. We rather
approached to identification of perturbation responses separately for each patient where
representative response was obtained by averaging responses across five repetitions.

Patient 1
Perturbations in frontal plane

Figures 11 and 12 show pelvis movement and interaction forces/moment as well as foot
placement after perturbation was delivered in ML direction i.e. left/right. Both perturbations
caused desired interaction forces during the perturbation period that esfd€oM displacement

in the direction of the perturbation force. When perturbed to the left pelvis was displaced
gradually over two steps (from 0 to 100 %) by approximately 15 cm to the left and gradually
returned to neutral position by the end of the obs@tion period. After perturbation to the right
pelvis was displaced by approximately 5 cm to the right. Compared to perturbation to the left
subjects recovered to normal pattern already in the next step (when impaired side was in stance
phase). In sagittgblane there was no substantial pelvis shift present in both cases. In transversal
plane perturbation in left direction induced increased pelvis rotation in the two strides following
perturbation (peak to peak value approximately doubled compared to unpeed walking) that

to great extent remained in phase with unperturbed walking. On the other hand perturbation to
the right somewhat flattened the first peak in CCW direction when impaired side was in stance
phase but did not affect the range of pelvisation.

Perturbation in the left direction had substantial effect on stepping responses (Figure 13). The first
three steps after perturbation were considerably shorter than the step just prior to the onset of
perturbation. Additionally, the width of firstwo steps after perturbation to the left were
diminished before Patient 1 again assumed normal step width by stepping further to the right
(hence larger step width). We also notice that after being perturbed to the left step times assumed
alternating patten with step time when impaired side was in stance phase was considerably
smaller that when unimpaired side was in stance phase. The effect of left perturbation on step
length and step width is graphically illustrated with footprints in Figure 11. In tesponse to
perturbation to the right Patient 1 considerably shortened the first step after perturbation (right
step), whereas the remaining steps in their response were of the same length. In addition
perturbation to the right induces larger step width two steps after the onset of perturbation
before restoring normal step width (by placing the right and left foot more in lateral direction).
Beside being shortest the first step after perturbation is also the fastest with step time being
almost halved, Isorter step time persists also in in the following two steps. The effect of right
perturbation on step length and step width is graphically illustrated with footprints in Figure 12.
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Fig. 11 Perturbation to left direction.Left - pelvis movement and ieraction forces/moment associated witl
actuated DoF in transversal plane for unperturbed and perturbed walking over selected observation inter

Patient 1was averaged across five single respondigiht - graphical illustration

of foot placement aeft

(approximately at 0, 100 and 200 %) and right (approximately5@f 50, 150 and 250 %) foot strikes fi
unperturbed and perturbed walking over selected observation intervaPftient 1was generated from averaget

step lengths and step widthef Patent 1and timealigned at the onset of perturbation
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Fig. 12 Perturbation to right direction. Left - pelvis movement and interaction forces/moment associated w
actuated DoFn transversal plane for unperturbed and perturbed walking over selected observation interve
Patient 1was averaged across five single respondeigiht - graphical illustration of foot placement at lef
(approximately at 0, 100 and 200 %) and rigapdroximately at-50, 50, 150 and 250 %) foot strikes fi
unperturbed and perturbed walking over selected observation intervaPftient 1was generated from averaget
step lengths and step widthsf Patient land timealigned at the onset of perturbatioat 0 %
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Fig. 13 Step responses. Step length, step width and step time responses in unperturbed walking and afte
perturbations in transversal plafer Patient 1 Step length and step width responses correspond to dist:
between anterioand posterior ankle marker at the time of left (approximately at 0, 100 and 200 %) anc
(approximately at 50, 150 and 250 %) foot strikes. Step time responses correspond to time intervals
consecutive foot off and foot strike of the same leg, left step times (approximately fro#s0 to 0 %, from 50 to
100 % and from 150 to 200 %) or right step times (approximately from 0 to 50 %, from 100 to 150 % and fr
to 250 %) feet respectively

Perturbations in sagittal plane

Figures 14 and 15hew pelvis movement and interaction forces/moment as well as foot
placement after perturbation was delivered in AP direction i.e. forward/backward. Both
perturbations caused desired interaction forces during the perturbation period that enforced CoM
displacement in the direction of the perturbation force.

When perturbation was delivered to forward direction pelvis was displaced by approximately 10
cm in the direction of perturbation (with respect to unperturbed walking) in the first (right) step
whereas inthe next (left) step the trend already restored to pattern similar to unperturbed
walking. Likewise when Patient 1 was perturbed in backward direction pelvis was again displaced
by approximately 10 cm with respect to unperturbed walking in the directibpesturbation in

the first step (rightimpaired side in swing phase) and reversed back toward unpertuliked
pattern in the next (left) step. Neither forward nor backward perturbations had induced
substantial responses in pelvis movement in frontal planhis is partly true for pelvis rotation in
transversal plane. On one hand we recorded adjustments in peak pelvis rotation in first two steps
after perturbation after Patient 1 was perturbed in forward direction where in the first step (gght
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impairedside in swing phase) we notice greater CW rotation whereas in the next (left side in swing
phase)somewhat smaller CCW peak compared to unperturbed walking. On the other hand pelvis
rotation in transversal plane did not substantially deviate from unpertdriaalking when Patient

1 was perturbed in backward direction.

Perturbation in the forward direction had substantial effect on stepping responses (Figure 13). The
first two steps after perturbation were shorter compared to step length of the precedingastep

the steps that conclude observation interval. While there was also minor adjustments also in step
width ¢ after perturbation in forward direction step width slightly reducedthese were not
substantial. Similar is true also for step time respondse €ffect of perturbation in forward
direction on step length and step width is graphically illustrated with footprints in Figure 14. In
their response to perturbation in backward direction Patient 1 gradually shortened the first two
steps after perturbatn (right and left step), whereas the raining steps in their response again
restored similar step length as before perturbation. In addition perturbation in backward direction
induced somewhat smaller step width only in first step after perturbation. Tise step also the
slowest one compared to other step times in stepping response of Patient 1. The effect of right
perturbation on step length and step width is graphically illustrated with footprints in Figure 15.
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Fig. 14 Perturbation to forward direction. Left - pelvis movement and interaction forces/moment associated w
actuated DoF in transversal plane for unperturbed and perturbed walking over selected observation inter
Patient 1 was averaged across five single respondeight - graphical illustration of foot placement at left
(approximately at 0, 100 and 200 %) and right (approximately5@t 50, 150 and 250 %) foot strikes fi
unperturbed and perturbed walking over selected observation intervaPfatient 1was generated from avaged
step lengths and step widthef Patient 1land timealigned at the onset of perturbation at 0 %
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