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Navigation through apertures

1. Abstract

During everyday locomotion we encounter a rangebstacles which require specific motor
responses. One example of such an obstacle is@npassage or aperture which forces us
to rotate the shoulders to pass through. Reseacddémonstrated that the decision to rotate
the shoulders is body scaled (Warren & Whang, 188d)that the visuo-motor system
generates a shoulder rotation proportional to ithee &f the aperture (Higuchi, Cinelli, Greig,
& Patla, 2006). The current study considered howhraf a movement is tailored to aperture
size by measuring the shoulder angle and movernpeets Aperture sizes were classified
into shoulder/aperture ratios (SA ratio) and ineldidwo SA ratios for which participants had
to rotate (0.9 and 1.1) and two SA ratios for wipelnticipants could pass freely (1.5 and
1.7). Movement towards and through these apertuees measured in nine young adults.
During the initial approach phase (first three selsoof movement), shoulder rotation and
movement speed were invariant across SA ratiorliaténe movement, angle of shoulder
rotation and the magnitude and timing of the reidacin speed were all proportional to SA
ratio, even when no shoulder rotation was preSémd.timing of the reduction in speed was
progressively earlier in the movement as SA ragiordased. In fact, the timing of the
reduction in speed was different for the two SAorabnditions where no shoulder rotation
was needed. This suggests that early adjustmenatsnaivement, such as the timing of the
reduction in speed are tightly tuned to the ragtween aperture size and shoulder width,

even when no later body adjustments are needed.

2. Introduction
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In order to successfully interact with the envir@mhwe need to understand what actions are
possible in a given situation. Gibson (1979) defitiee opportunities for a given organism in
a given environment as tlaordances of that environment. Affordances are tied to the
interaction between the physical properties andlsgifies of the actor and the physical
properties of the environment (Gibson, 1979). Ad&ad chair might afford an adult to sit

but would afford an infant to steady themselvedevisianding. A rich, ever moving
environment, in a task such as navigating a busgstrequires constant monitoring in order
to use visual information to accurately perceive lliehavioural possibilities or the

affordances of the environment and then plan foessary adjustments (Turvey, 1992).

Warren & Whang (1987) considered how people decideether or not an aperture affords
passage. Participants passed through a variefyeofuae sizes, ranging from 35cm to 70cm
in 5cm increments; a number of these aperture siees smaller than shoulder width, thus
forcing participants to rotate their shoulders. Warand Whang (1987) found that the
decision to rotate the shoulders was based on calgd information (Warren & Whang,
1987). In fact, participants consistently left argia of 1.3 times shoulder width, rotating for
any aperture smaller than this. These results stigigat participants are able to accurately
perceive the affordance of an aperture in ordguide locomotion (Warren & Whang,
1987). Previous work has similarly indicated thatgements of stepping height are also
based upon body dimensions (Warren, 1984). Sinseséiminal work by Warren and
Whang, the flexibility of scaling to body size Hasen demonstrated by accurate judgements
even after changes in body size, such as durimghprey (Franchak & Adolph, 2007) or
when able bodied participants are asked to pasadghran aperture in a wheelchair (Higuchi

et al., 2006)
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In a recent study Higuchi et al. (2006) extendedvtiork of Warren and Whang by
considering how shoulder rotation while passingulgh an aperture is tailored to aperture
size. They used aperture sizes scaled to shouldén below the critical aperture ratio of 1.3,
thus forcing participants to rotate the shouldersafl aperture ratios. Higuchi et al. (2006)
found that as aperture size decreased, angle afdsraotation at the door increased. In fact
they found that shoulder rotation at point of do@ssing was proportional to the size of the
aperture. This tuning of shoulder rotation to ajersize suggests that the visuo-motor
system accurately judges the amount of shouldatioot needed to pass a specific aperture
rather than generating a maximum shoulder rotagdi@ry time. In addition to investigating
shoulder rotation at the aperture Higuchi et @00@) also considered the walking speed
throughout the movement. They observed a reduatispeed just prior to crossing the
aperture, they suggested that this change in mavespeed allows the visuo-motor system
more time to process visual information and pla@propriate behavioural response. This is
in line with more recent studies which have alamfiba reduction in speed prior to the
initiation of a shoulder rotation when approachasgillating doors (Cinelli & Patla, 2008).
However, Patla, Prentice, Robinson, & Neufeld ()9@port that in order to maintain control
of the body during a direction change a reductioggeed is needed, thus the decrease in
speed could be an artefact of the shoulder rotdteif and may not occur if no shoulder
rotation is needed. Alternatively, the reductiosjreed could simply be a protective
mechanism to minimise injury if a collision occuasid may be apparent when crossing any
threshold regardless of whether a body turn wadetkdt is unclear from the Higuchi et al.

(2006) study which, if any, of these factors coekglain the reduction in speed.

Higuchi et al. (2006) indicated that the visuo-miaigstem can accurately tailor movements

to aperture size. In their study, timing of theuetibn in speed was not measured and so
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adjustments tuning the movement to the specifictapesize could have been made at any
point during the approach phase. Patla, NiechWag,co, & Goodale (2002) suggested that
full visual information is vital early in the apmoh phase and degrading visual information
during this stage, but not later in movement, isigental to stepping over an obstacle. In
agreement with this, Montagne, Buekers, de Rugmdchon, & Laurent (2002) have shown
that visual information is not translated to chanigemovement until a step or two before
they are needed. Therefore, it seems that fulldisdiormation is vital in the acquisition of
information about the environment early on, but th& information does not lead to
adjustments in the movement until the end of thr@gch phase. Whether this is the case

while approaching an aperture is unclear.

In the current experiment we considered the pattémovement while approaching an
aperture from the start point, across the initigdraach phase, up until the point of crossing.
We used an aperture range of 35cm to 70cm (ashys@¢arren & Whang, 1987), this
provided us with apertures through which partictparould pass freely (without a shoulder
rotation) and apertures that forced participantetate their shoulders. This study had two
main aims: 1. to consider how a movement towardspanture is tailored during the initial
approach phase of a movement (first three secdnyds)easuring shoulder angle (with
respect to the frontal plane) and movement speedghout the approach phase. Previous
studies have shown that movement is not adaptéidaustep or two before the adjustment is
needed (Montagne et al., 2002); however , thisoh&sbeen shown for a stepping task and
whether a similar pattern will be seen while pags$hmough an aperture remains to be seen;
2. to consider how a movement to an aperturelsréal after the initial phase during the
adaptive phase. Again, adjustment of movement wasidered in terms of shoulder angle

and movement speed. Previous studies have indidzéedhoulder rotation at the point of
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crossing is proportional to aperture size (Higwtal., 2006; Warren & Whang, 1987).
However, it was not known whether a reduction inveroent speed, would also be
proportional to aperture size. Both of these airesevaddressed by comparing within and

between apertures which force a rotation versusethich allow passage without rotation.

3. Methods

3.1. Participants

A group of nine male participants were includedhis study; this was an opportunistic
sample of postgraduate students and researctastafford Brookes University. The group
had a mean shoulder width of 41.5 (range: 40.0crBef2) and a mean age of 27 years (age
range: 21lyears-30years). All participants had nbonaorrected vision and were naive to

the purpose of the experiment.

3.2. Apparatus

Participants stood 5m away from the centre of artape (or doorway) formed by two
sliding partitions (2m x 1m). The partitions comstsof a single piece of wood attached to a
triangular base which was supported by castors.iWieved from the front neither the base
nor the castors were visible. The back wall ofrth@m lay 2m behind the partitions. See
Figure 1 for an illustration of the setup. A Prdle® 3D motion capture system (Qualysis)
running at 120Hz was used to track the movemetitret reflective markers (15mm in
diameter) placed on the left and right acromiorcpss (LAP and RAP respectively) and on
the seventh cervical vertebrae (C7). To deterntiegbint at which a participant passed

through a doorway two additional markers were alaged on the edge of the partitions.
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INSERT FIGURE 1 HERE

3.3. Procedure

This project was approved by the School of Socigi&es and Law (Oxford Brookes
University) ethics committee. On a given trial papants were asked to stand behind the
start point (5m from the apertures) and focus oroas marked on the floor 0.3m in front of
their feet. On initiation of a trial, participantere instructed to look up and walk, at a self-
selected pace, through the aperture to the stap (lobm past the partitions). On returning to
the start point (by passing around the back andeaight of the partitions) participants were
told once again to focus on the cross and not lgolntil instructed to do so. No specific
instructions were given on how participants sh@dtlwhen an aperture was too small for
them to simply walk through. While the participaeturned to the start point the
experimenter changed the aperture size by slidiegloors closer together or further apart in
accordance with a measure placed on the floor.tApesizes ranged from 35cm to 70cm in
5cm increments (8 apertures) and each apertur@reasnted four times (total of 32 trials
per participant). Apertures were presented in agseandomised order, whereby the same
aperture was not used on two or more consecuials &nd aperture size did not predictably
increase or decrease; two orders were used aridipants completed one of these two
sequences. Participants were prevented from viethi@@perture size prior to the start of

each trial.

3.4. Data analysis

All participants successfully passed through eggrtare size without colliding with either
partition. Pro-reflex movement data was filterethgsan optimised low pass Woltring filter

with a 12Hz cut-off point and was then analysedgsailored MatLab routines. Shoulder
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width and aperture width was calculated using xyapdsition of the LAP and RAP and the
door markers respectively. Actual aperture widthdatermined by the door markers) was
found not to deviate more than +0.5cm from desapelrture widths; this error was
considered small enough to be negligible. Sep&iagmatic measures were taken for the
initial approach phase (defined as the first 3 sds@f movement) this covered
approximately the whole movement time up to a stefvo before the aperture (a similar
method was adopted by Patla et al., 2002) and évement after this initial phase, the

adaptive phase. An illustration and a descriptibthese variables can be seen in Figure 2.

INSERT FIGURE 2 HERE

In order to address the aims of this study, to mm@ashoulder angle and movement speed, a
number of dependent variables were considerede thesdescribed below and are illustrated
in Figure 2.Measurements of shoulder angteshoulder angle was calculated with respect to
the initial frontal plane (at start point) from thend y coordinates of LAP and RAP.
Baseline rotation (°) is the mean angle rotation of the shoulders adhesapproach phase.
Shoulder angle at door (°) is the angle between the shoulders, with respetietinitial

frontal plane, as C7 passed the apertuiiese after shoulder rotation (ms) refers to the
amount of movement time remaining after the iniaiof a shoulder rotation, initiation of a
rotation was defined as the time of the inflecpmint prior to the rotation (Hollands, Ziavra,
& Bronstein, 2004)Distance from door (m) was the distance left between C7 and door after
a shoulder rotation started. These final two \@eis, time after shoulder rotation and

distance from door, were only calculated on trials where a should&tion occurred. A
shoulder rotation occurred on 100% of trials fad €h9 and 1.1 SA ratios and on 0% of trials

for the 1.5 and 1.7 SA ratios. Where reported thvasmbles are based on all available trials.
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Measurements of speed=or movement speed, the least-squares approximagbimod was
used to determine a trend line of a speed-timelpriar the movement of C7 during each
trial. All subsequent measurements of movementdspege taken from this trend line. A
reduction in speed occurred if speed after 3 secdmapped more than 3 standard deviations
below the approach speed (all in line with Higuehal., 2006)Approach speed (ms™)
describes the average movement speed from secmnsetond 3 of the movement.
Reduction in speed (ms™) was defined as the change in speed, if speed3rsetonds
onwards dropped more than 3 standard deviatioms\bitle approach speed. If no reduction
in speed was seen then the reduction is senas. 0ime after initiation of reduction in speed
(ms) refers to the amount of movement time remainingrahe initiation of the reduction in
speed. Initiation of reduction in speed was deteeahias the time of the inflection point prior
to speed dropping 3SD below the approach speed@uieised in line with the definition of
shoulder rotation onset). This variable was onlgwdated for trials where a reduction in
speed occurred, this accounts for 100% of trialsHe 0.9 SA ratio, 91% of trials for the 1.1
SA ratio, 80% of trials for the 1.5 SA ratio and@®f trials for the 1.7 SA raticpeed at

door (ms?) refers to the speed the participant was traveilihgn C7 passed through the

apertures.

3.5. Classification of shoulder to aperture ratios

In order to examine locomotor behaviour across@pants it was necessary to compare
aperture widths which were equivalent in termsadybsize. To do this we first calculated
shoulder to aperture ratio (SA ratio) across adrape widths and for each participant. The
ratio at which participants turned on 50% of thalsr(critical aperture ratio) was calculated
as 1.33 (in line with the Warren & Whang, 1987)dsf). Based on this we were able to

group trials into two SA ratios below the critieaderture ratio (0.9 and 1.1) and two SA
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ratios above the critical aperture ratio (1.5 ar).1As participants had varying shoulder
widths the SA ratios were not exact, but the averagrgin of error was no more than
+1.3cm. For example, for a SA ratio of 1.5, a ggvaant with a shoulder width of 42.5cm
would need to pass through an aperture width &d8; however, the closest aperture width
to this was 65cm, resulting in an error of 1.2cr.participants rotated their shoulders on
100% of trials in the 0.9 and 1.1 SA ratios (thersrited rotation SA ratios) and rotated their

shoulders on 0% of trials in the 1.5 and 1.7 SAosafthus termed no rotation SA ratios).

3.6. Statistical analysis

For each SA ratio data was averaged across panicsipUnless otherwise specified repeated
measures one-way ANOVA was used to compared egmndent variable across the four
levels of the independent variable (SA ratio; 0.9, 1.5, 1.7). Post hoc procedures were
carried out for all significant main effects, thaéseolved running all possible pairwsie
comparisons and using Sidak correction to corctife elevated risk of a type | error.
Partial-eta squared){) which is equivalent tai(Field, 2006) is reported as a measure of
effect size. Cohen (1992) reported a small effizet is indicated by r=0.10%0.01), a

medium effect size by r=0.30°40.09) and a large effect size by r=0.5&:(25).

4. Results

4.1. Movement during the initial approach phasengarison of all SA ratios

Measurements of speed and shoulder angle for threSA ratios (0.9, 1.1, 1.5 and 1.7) were
compared for the initial approach phase (firstétseconds of movement). These data can be
found in table 1. One-way ANOVAs (SA ratio) showmalsignificant effect of SA ratio for

baseline rotation or average approach speed [FLOB].

10
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INSERT TABLE 1 HERE

4.2. Movement during the adaptive phase: compai$ail SA ratios

Next the dependent variables relating to movemaring the adaptive phase (after the initial
approach phase), were considered across all fouaf#s (0.9, 1.1, 1.5, and 1.7). A
significant effect of SA ratio was found for theluetion in speed [F(3,24)=15.162 p<0.001
n°=0.655}, see Figure 3a. Post hoc tests indicated a signifidifference between 0.9/1.1
and 1.5/1.7, whereby the reduction in speed wasfwigntly larger for the 0.9 and 1.1 SA
ratio compared to the 1.5 and 1.7 SA ratio [p<&Bg Sidak correction], no differences
were seen within the shoulder turn SA ratios (@ &.1) or the no shoulder turn SA ratios
(1.5 and 1.7). An effect of SA ratio was also fodadangle at door [F(3,24)=62.292
p<0.001n°=0.886], see Figure 3b. Post hoc tests showedtthatngle at door was
significantly larger for 0.9 compared to 1.1, laré 1.1 compared to 1.5 but not different
between 1.5 and 1.7 [0.9>1.1>1.5=1.7; p<0.05 uSidgk correction]. No differences were
seen for speed at door, this data can be seegung=8c. Finally the timing of movement
adjustments was considered using the timing ofedection in speed and the timing of the
shoulder rotation, see Figure 3d. An effect of &fdorwas seen for time left after initiation of
the reduction in speed [lower bound correction udglto violation of sphericity:
F(1,8)=24.668 p<0.004°=0.711], post hoc tests indicated this differenees Wwetween all
four SA ratios, with 0.9 showing the greatest antairtime left after initiation of reduction

in speed, followed by 1.1, then 1.5 and then 1oivhg the least amount of time left after
initiation of reduction in speed [0.9>1.1>1.5>1p%0.05 using Sidak correction]. This

analysis indicated a linear trend suggesting angtrelationship between SA ratio and the

! variables relating to the reduction in speed wety calculated for trials where a reduction inepp@ccurred.
No significant difference was seen across SA ratterms of percentage of trials on which a reductn speed
occurred. In addition, approach speed was invaderuss trials regardless of whether a reductiepéeed
occurred [F<1].

11
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timing of the reduction in speed. This relationshges further examined by conducting
Spearman correlations between exact SA ratio®(chtaperture size and participant
shoulder width) with the time left after reductionspeed. Significant negative correlations
were found for all but one participant [r=-0.7030p301, r=-0.811 p<0.001, r=-0.297
p=0.169, r=-0.582 p=0.006, r=-0.753 p<0.001, r=6Q.$<0.001, r=-0.613 p=0.009, r=-0.734
p=0.004, r=-0.834 p<0.001]. A paired samples taemt used to compare time left after
initiation of shoulder rotation for SA ratios off0and 1.1, see Figure 3d (this variable could
only be calculated for shoulder rotation trialsh tfferences were seen between the 0.9 and

1.1 SA ratio for time left after shoulder rotatistarted [p>0.05].

INSERT FIGURE THREE HERE

4.3. Relationship between shoulder rotation andermmmnt speed

The reduction in speed has three possible functioredlow more time for motor planning;

to allow a shoulder rotation; or minimise risk allsion when passing through an aperture.
The temporal ordering of the reduction in speedtaedshoulder rotation allowed a close
comparison of these functidng -tests were used to compare the time left aftéation of

the shoulder rotation with time left after initiai of the reduction in speed. For both 0.9 and
1.1 SA ratios the initiation of the reduction iresp occurred significantly earlier in the
movement compared to the initiation of the shoutdéation [0.9, t(8)=5.562 p=0.001 and
1.1, t(8)=4.607 p=0.002]. In order to examine tHationship between the magnitude of the
reduction in speed and the magnitude of the shoutdation we carried out a correlation
between the reduction in speed and shoulder angjie @oor. As before, only those trials

where a reduction in speed was seen were useklisacdmparison. Individual correlations

2 Time left after a reduction in speed could onlych&ulated on trials where a reduction in speeized. A
reduction in speed was not seen on all trialsetioee, only trials where both a reduction in spaed a
shoulder rotation occurred were used in this amalys

12
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for these two variables were carried out for eaattigpant. Fisher’s z transformation was
then used to normalise the r values and an averagkie was calculated. A significant
positive correlation between time left after iniga of a reduction in speed and angle at door

was found (z'=1.83 p=0.034).

5. Discussion

This study considered measurements of movement speemeasurements of shoulder
angle while participants passed through aperturgarging sizes. In terms of the initial
approach phase (first three seconds of movemengrtts an aperture we have demonstrated
that baseline rotation and approach speed do fiet dcross aperture size. This finding
suggests that participants initiate a generalisaiting pattern which is later updated and
adapted to aperture size. Other studies have stt@atwisual information during the initial
approach phase is vital for an accurate movemésttdam (Patla et al., 2002) and that
adjustments are made to locomotor movements ditmmtpst few steps (Montagne et al.,
2002) or in the last 2 seconds (Cinelli, Patla, kad, 2008) of a movement, even when
visual information about the adjustments neededaslable well ahead of this time.
Therefore, it seems that this visual informationafiected during the initial approach phase

but is not translated to movement adaptations thdifinal stage of movement.

When considering the adaptive phase (movementthianitial three seconds) our study has
demonstrated that the angle of shoulder rotatigdheatloor is proportional to the ratio
between the size of the door and shoulder widtkhiagatio decreases the shoulder angle at
the door increases, as indicated by Higuchi €2806). However, it is the measurements of

speed that yielded the most interesting resuligally, these findings confirmed those of

13
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Higuchi et al. (2006) by demonstrating that wheprapching an aperture a reduction in
speed is seen. What is novel in this study isahr@duction in speed is seen regardless of
whether a shoulder rotation is needed. We havdaqusly suggested that the function of the
reduction in speed could be three-fold: 1. allowting visuo-motor system more time to
process information and plan a response (suppbstétinelli, Patla, & Allard, 2008); 2. is
directly linked to the shoulder rotation, (Patlaakt 1991) reported that a change in direction
is linked to a reduction in speed and the samelmayue for a shoulder rotation; 3. a
protective mechanism to minimise injury if a cabis occurs. This third option seems a
likely explanation given that a reduction in spaexs seen on 78-80%. Therefore, the
reduction in speed must have a function which p@este from the need to rotate the
shoulders. On shoulder rotation trials the reducitiospeed is greater, suggesting an
additional factor is involved. Our results suggest it is unlikely that the larger reduction in
speed seen on shoulder rotation trials was caus#tetactual rotation itself as these events
did not occur simultaneously. However, this eledatduction in speed on shoulder rotation
trials could allow additional time to process visumdormation and produce a suitable
response as suggested by Cinelli & Patla (2008)}gdchi et al. (2006). This conclusion
would support previous findings that movement sgsetbwer on trials that are obstructed

compared to unobstructed trials (Lowrey, Reed, 8li¥/a2007; Vallis & McFadyen, 2003).

Measurements of speed in the adaptive phase aisndcegrevious findings and indicate that
the timing of the reduction in speed was very tighglated to the ratio between aperture size
and shoulder rotation. The reduction of speed @edyprogressively later in the movement
as aperture size increased; reduction in spee@aréisst for apertures 0.9 times shoulder
width (~1800ms), followed by apertures 1.1 timesustier width (~1500ms), followed by

apertures 1.5 times shoulder width (~940ms) arallfinlatest for apertures 1.7 times

14
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shoulder width (~700ms). In fact, a strong negatelationship was seen between the
aperture to shoulder width ratio and the timinghef reduction in speed, in all but one
participant. This strongly suggests that the timohthe reduction in speed is finely tuned to
the exact aperture size rather than being of argemagnitude. Movement characteristics
(such as approach speed) of the one participantdichnot show a significant relationship
were examined; no obvious differences betweenathisother participants could be
identified to explain. Therefore, the reason thagipipant did not tailor the timing of the

reduction in speed to aperture size is unclear.

To our knowledge this is the first study to showatttihe temporal aspects of the reduction in
speed are linked to the relative size of the apeguven when no major adjustments to body
position are needed. In order to consider whyitheny of the reduction in speed may be so
tuned to the aperture size, we must first condtaierin terms of shoulder rotation vs. no
shoulder rotation trials. Shoulder rotation triaMontagne, Cornus, Clize, Quaine, & Laurent
(2000) showed that the timing of the reductionpgaed is linked to the size of the subsequent
adjustment, thus we would expect that large shoutatations would need an earlier
reduction in speed compared to smaller shouldatioots. Furthermore, Higuchi et al. (2006)
and Cinelli & Patla (2008) suggest that a reductiospeed prior to crossing the threshold of
an aperture allows more time to process visuatimé&tion and produce a suitable response,
this could be extended to say that both the madaitf a reduction and the timing of a
reduction in speed maybe linked to the size ofdjustment thus allowing more processing
time. No shoulder rotation trials: Higuchi et &006) suggested that a reduction in speed
may occur when crossing a threshold regardlesslobf collision, however, this does not
explain why the timing of the reduction in speedndobe linked to aperture size when no

shoulder rotation was needed. Shoulder angle atdbewas invariant for the two no

15
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shoulder rotation aperture ratios, indicating rféedences in the final adjustment of
movement. Maybe, the adaption to movement spetaiésl proportionally to the aperture to
shoulder width size before the decision of whethsstation is needed is made. Thus a
reduction in speed is always made, which is tenlydiaked to obstacle size, regardless of

whether any overt adaption is needed.

This study has provided evidence that movementarsvan aperture are finely tuned to the
ratio between aperture size and shoulder rotaBboulder width across participants in this
study any varied by only 2.5cm, making a comparisetween ‘large’ and ‘small’

participants impossible. The results from this gtubderefore, cannot be used to determine
whether participants tailor movements to extringidables or to body size. However,
previous studies, which specifically aimed to ansies question, suggest that when passing
through an aperture the degree of shoulder rotéitumed to body size rather than aperture

size (Higuchi et al., 2006; Warren & Whang, 1987).

The findings of this study provide strong evidetitat the timing of the reduction in speed
and the size of the shoulder rotation at the deacldsely linked to shoulder to aperture ratio
and participants do not simply generate a stanslawdlder rotation movement or a standard
no shoulder rotation movement. Tailoring early atspef movement like the timing of the
reduction in speed is functional if subsequent stdjents are also tailored, such as shoulder
rotation at the door. However, it seems the tinohthe reduction in speed may be tailored
even when no subsequent adjustment or no shoution is needed. These findings
suggest that, initially a generalised movement td&an aperture is programmed which is
later updated and these adjustments are tightiyerelto the ratio between aperture size and

body size. This happens even when no overt adjugsnte direction are needed or forced by
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an obstacle. We conclude that humans are constteiyng the kinematics of movement in
anticipation of an adjustment even when no obstadleour pathway. Further research is
needed to strengthen this conclusion and to determhether it extends to other types of

obstacle avoidance.
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Navigation through apertures

A. SHOULDER ROTATION Shoulder rotation: occurred iff at door > three
’ standard deviations above baseline rotation

If a shoulder rotation occurred:
Distance from door: distance between C7 and doors when
shoulder rotation started

a 6=Sin —b Time after shoulder rotation: time doors were reached — time
Shoulder width shoulder rotation started
Shoulder
rotation—>

I
1
X (frontal movement) startet |
1
]
1

Shoul der rotation at door: 6 as
Baseline rotation: Average of over first 3 C7 crosses the door
seconds

If a slow down occurred (speed after 3 seconds drppd more
B. MOVEMENT TIME than 3 SD’s below approach speed) :
Approach speed: average speed between Reduction in speed: change in speed from approach speed to speed

Initial planning time: second 1 and second 3 after reduction in speed.

time between participant Time |eft after initiation of reduction in speed: movement time
seeing aperture and the between initiation of reduction in speed and apertuossing
initiation of movemer AL Speed at door: movement speed as C7 passed through the doors
Speed r I
Approach

speed

Initiation of reduction in
speed: inflection point
prior to speed falling 3SD
below approach speed

Theoretical point
at which drop in

speed was 3SD

below approach

speed

f Time
Trial started: first time point at which
participants could view aperture size

Figure 2.A. lllustration of shoulder rotation. Variables:basdline rotation (°), average 06 during normal
walking over the first 3 secondshoulder angle at door (°), 8 as C7 passed through the door ashdulder

rotation (yes or no), defined as when shoulder rotation at door extess standard deviations above baseline
rotation. If a shoulder rotation did occur two datdial variables were calculatedistance from door (m),

distance between C7 and the door at the pointrofititiation andtime after shoulder rotation (s), the time left
after the initiation of a shoulder rotatidd. lllustration of movement time. Variables:initial planning time

(ms), time between participant first seeing aperture start of movemengpproach speed (ms*), average

speed from the®t2" second. If a reduction in speed did occur (if spe®pped more than three standard
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Navigation through apertures

deviations below approach speed) three additiomahbles were calculatereduction in speed (ms*), change
in speed from approach speed to speed after reduatispeedtime after initiation of reduction in speed (s),
amount of movement time between reduction in speelthe point of aperture crossing; apeed at door (ms

1), movement speed at the point at which C7 passeddhrthe threshold of the apertures.
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A Reduction in speed C. Speed at door
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Figure 3. Data from the crossing phase of the mavenA. Reduction in speed across the four SA stk
Angle of the shoulders at the point of crossingaperture. C. Data showing the speed when C7 péssadyh
the apertures. D. Data showing the timing of movenaeljustments. Time left after the initiation afegluction
in speed is illustrated by the hollow diamonds #Hredtime left after initiation of a shoulder rotatiis illustrated
by filled squares. Significant post-hoc comparisaresindicated above and below the axis, * indeake0.05.
Error bars illustrate standard error.
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Table 1: Means for kinematic data describing thigairapproach for all dependent variables acrdisSA
ratios. Standard deviation given in parenthesis.

Aperture Approach Baseline

ratio speed rotation
(ms?) @)

0.9 1.48 3.51
(0.10) (1.00)

11 1.47 3.50
(0.08) (0.99)

15 1.47 3.94
(0.10) (0.99)

1.7 1.50 3.56
(0.11) (0.32)
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