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Introduction at the end of the stairs, which causes us to stagger. In such a case,
. ) o ) _we also feel we did not properly perform, but we are able to easily
We usually perform actions in daily life appropriately accordingatribute losing our footing to a self-prediction error caused by our
to the situations we encounter. However, despite our being in gninking there was an additional step. On the contrary, when we
situation where we adequately understand the external environstep onto a stopped escalator even with perfect knowledge that it is
ment and have a specific action intention and the motor skills tstationary, we are often surprised by the strange feeling
perform the action, we sometimes feel our movements are Noiccompanied by our own action. This feeling implies the
properly performed. A familiar example for urban people is thenyolvement of subconscious procesgess: conscious awareness
action of stepping onto a stopped escalator. When we encountgf the emergence of the odd sensation. Thus, this phenomenon
an escalator that is out of service, we recognize the escalator figises an intriguing question as to how implicit motor program-
certainly stopped and is not going to move; have the definitaning escapes from conscious top-down control and offers an
intention to step onto the stopped escalator (action to peculiabpportunity to studly it.
physical dimensions of stairs, see Fig. 1A), not a moving one (veryThis unique phenomenon experienced in a stopped-escalator
familiar action); and then step onto it. After doing so, despite thesjtuation has been a subject of general interest, but it has only been
proper awareness and intention, we frequently feel clumsy, as iifivestigated in its visual aspects, such as the potential effect of
our posture is awkward, our bodies heavier, and the steps argeriodical surface grooves in steps on depth perception [1,2], and
sometimes hard to climb. This clumsiness is associated with sorite motor ones (short-term adaptation in sled walking e.g., [3]). Ina
kind of odd sensation. series of studies by Bronstein and colleagues [3—6], participants in
This sensation would be different from the feeling one gets frona locomotor adaptation task using a mobile sled reported a
a simple action error. For example, when going up or down stairssensation similar to the one associated with a stopped escalator,
we sometimes extend the foot in expectation of an additional steput this sensation was just descriptive. That is, it remains unclear
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by the nonuniformity of the step-height or by the habitual action *
program. We also analyzed the subjective feeling of the od 5 [
sensation reported after trials on the stopped escalator and woode
stairs with a comparable step-height (i.e., smaller height of the fir:
step). The second explanation above predicts the emergence of t
odd sensation even when stepping onto the wooden stairs. The fir
and third ones predict that the odd sensation only occurs for ¢
stopped escalator, and the third one further predicts the
emergence of the habitual motor program as a necessary conditic
for the odd sensation. We further explored the causal relation by
statistical path analysis using structural equation modeling [7].
Our results show that i) the odd sensation emerges only in 1

Mean odd sensation score
[#]

.

stopped-escalator situation, ii) the habitual escalator-specific mot: LI L1
program emergesw: before but afler Stepping onto a stopped —
escalator, and iii) the habitual motor program triggers drastic SE1 SE2 SE3 WS1 WS2 SE3-B
forward postural sway, which is closely related to the odd sensatic Trial Order 1 2 3 1 2 3
score, suggesting that the odd sensation is tightly linked to th Session A B

automatic motor actions that implicitly emerge.

Figure 2. Perception of odd sensation. Significant differences

Results between SE1 and WS1 conditions and between SE2 and WS2 conditions
suggest participants surely felt the odd sensation when they stepped

First, we examined whether the stopped-escalator step-heigkito a stopped escalator. Mean scores in WS1 and WS2 conditions were
(the shorter first step) contributes to the emergence of the od@early 1, suggesting .the structural step nonuniformity (the shorter first
sensation. If it does, the odd sensation would be felt even on %ne) was not essential for the perception of the odd sensation. Mean

. . . . . . . score in the SE3 condition was significantly lower than in SE1,
wooden stairs (WS) with physical dimensions identical to those ofsgggestmg that the more we experience stepping onto a stopped

stopped escalator. We also verified how the perception of thigscalator, the less strongly we feel the odd sensation. There was also a
sensation varies with the repetition of stopped-escalator (SE) triadignificant difference between SE3 and SE3-B conditions. These
and with the insertion of a different situation (i.e., wooden stairs)observations suggest that the visual context (escalator vs. wooden

Second, we analyzed the behavioral properties for the Stoppeaairs) in which the action is taken, rather than the irregular step-height
' itself, is essential for the perception of the odd sensation. Asterisks

escalator by comparing them to those for the moving escalatorrepresent b, 0.05.

(ME) and wooden stairs, focusing on whether specific MotoHei:10.1371/journal.pone.0005782.9002

behaviors that we empirically know (e.g., stumbling) appeares.

Finally, we examined the relationship between motor behaviors The gradual decrease of the odd sensation score from the SE1

and the odd sensation. _ _ _to SE3 conditions suggests that the more we experience stepping
We conducted two experimental sessions; each session consisigh a stopped escalator, the less we feel the odd sensation. This

of 16 blocks of eight successive trials as follows (Fig. 1C). In sessiggyit is in line with our intuition and may reflect adaptation to the
4, five consecutive ME trials (ME1-MES5) were followed by threeg; ation in which we step onto a stopped escalator.

consecutive SE trials (SE1-SE3). In sessipnparticipants
perform.ed five ME trials, two WS trials (WS, W.SZ)' and f!nally Motor behavior altered after stepping onto the stopped

a SE trial (SE3-B) sequentially. For data analysis, each trial was lat

grouped by the trial order in each session, and the grouped trialss\c/\?ha or ¢ i . lat . f walki
(i.e., 16 trials) in each condition determined by the session and trial | _fn vt\)/efs ep t?]n 0 6: moving estc_:a ator, a|r(; mt::rease 0 v(\j/aflng
order were named as follows: SE1, SE2, SE3 conditions in sessigfj oc!ty before the stepping action wou € required for
4 WS1, WS2, SE3-B conditions in sessirME5 condition in additional propulsion for the stabilization of posture after the

sessionl was analyzed as the typical condition of habitual moving?ﬁ.t'on' With t?e Incr eta§e tcr)1f vxé)alllqng velfoct?;]ty, pﬁslturrgl ;orw\?vrd
escalator situation (sé&éaterial and Methods for details). fting occurs 1o maintain the bajance ot the who'e body. Ve

therefore first examined whether the walking velocity before the
stepping action in the moving-escalator situation significantly
) increases compared to that in the wooden-stairs situation and
for wooden stairs whether postural forward tilting increases with walking velocity.
As shown in Fig. 2, participants reported lower scores (1 or Zyext, we examined whether walking velocity (Fig. 3A) and
which indicate no or almost no odd sensation) in most trials fOfposturaI forward tilting (Fig. 3D) in the stopped-escalator situation
WS1 and WS2 conditions [mean scores: 1.50 (SE=0.22), 1-r2rged line in each figure) as well as that in the moving-escalator
(SE=0.10) respectively; no significant differences between themjjtyation (blue line) significantly increase compared to that in the
indicating that irregular step-height itself does not cause the od¢,ooden-stairs situation (green line).
sensation. A significant interaction between session (A and B) andparticipants stepped onto an escalator or the wooden stairs with
trial order (1-3) was observed (two-way repeated measur@feir third step. The velocity of basis ossis sacri in the horizontal
ANOVA, F(2, 12)=60.52, p .001) and the mean odd sensation girection (BOS velocity; see Fig. 1B) was measured as the walking
score in the SE3-B condition was significantly higher than in the\/elocity, and the tilting angle (TA) and tilting angle velocity (TAV)
SE3 condition. These results suggest that the adaptation to thgere calculated as the indices of postural forward tilting (see
step-height itself did not completely eliminate the odd sensatiorgig. 1B). Mean values of walking velocity, TA, and TAV in 0.2 s
indicating the visual context (escalator vs. wooden stairs) in whigfine windows aligned by the heel strike of each step were
the action is taken is critical for the emergence of the oddcalculated (Figs. 3A—3E). Hereafter, the data at time T represents
sensation. the temporal mean value for the time window0.1 second. As

Odd sensation for the stopped escalator did not emerge
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Figure 3. Temporal variations of walking velocity (BOS), TA and TAV aligned by the time of each heel strike. Mean 0.2 s time window

horizontal velocity of basis ossis sacri (BOS) (as walking velocity) in three conditions (blue, red, green lines indicate ME5, SE1, WS1 conditions,
respectively) were aligned by the heel strike of the (A) second, (B) third, and (C) fourth steps. Time 0 indicates the time of the heel strike of each step,
each time (abscissa axis) 0.1 s represents a 0.2 s time window. Note that the 0.6 in Fig. 3A and the 0 in Fig. 3B and the 0.5 in Fig. 3B and the 0 in
Fig. 3C were temporally overlapped. Blue dotted lines in Figs. 3B and C indicate the actual BOS velocities in the ME5 condition after stepping which
were calculated by subtracting escalator speed itself (0.5 m/s) from measured BOS velocity. Tilting angle (TA) and tilting angle velocity (TAV)
temporally averaged in each 0.2 s time window, aligned by the heel strike of the (D) third and (E) fourth steps. As in Fig. 3B and C, time 0 indicates the
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time of the heel strike of each step, and 0.5 in Fig. 3D and 0 in Fig. 3E were temporally-overlapped. Action sequences are shown by stick figures above
each figure. 2nd HS, 3rd HS, 4th HS, and 5th HS in Figs. 3A-3E indicate the approximate time of the heel strikes of the second, third, fourth, and fifth
steps in each figure.

doi:10.1371/journal.pone.0005782.g003

shown in Fig. 3A, the velocity in the SE1 condition (indicated by avelocity, and found that the index in the SE1 conditions£An

red line) before stepping onto the escalator, which is of primaryig. 4B) was significantly greater than that in the WS1 condition

interest in this experiment, showed no significant differences frorfA,s in Fig. 4B) as compared in Fig. 4C [F(1, 6)=7.75,.05].

that in the WS1 condition (green) in all phases f@Mm3to 0.6 in  This suggests that, in the stopped-escalator situation, a habitual

Fig. 3A and was significantly lower than that in the ME5 condition escalator-specific motor program anticipating the step elevation

(blue) from the2 0.2 in Fig. 3A. That is, the SE1 velocity pattern emerged regardless of the full awareness that the escalator was

(red) before stepping is remarkably similar to that in the WSistopped. The actual downward movement of the heel was

condition (green). As for postural forward tilting (Fig. 3D), thetherefore too short to arrive at the step, so corrective lower limb

mean TA, like the walking velocity, in the SE1 condition (red) is nomovement was required.

different from that in the WS1 condition (green) and is already In summary, motor behaviors before stepping were properly

significant from those of the ME5 condition (blue) at 0. Theseadjusted to the external world, reflecting conscious awareness that

results suggested that, before we step onto a stopped escalator, the escalator was stopped (from visual cues). Yet, contrary to this

visuomotor system performs appropriately in accordance with the€onscious awareness, the habitual motor program (i.e. the program

external environment (i.e., with the fact that the escalator ifor moving one) subconsciously emerged after stepping very

stopped). similarly whether the escalator was moving or stopped. As a result,
However, such appropriate motor behavior, which wasthe actual movements were inconsistent with the current

consistent with the current external environment, changed afteenvironment when the escalator was stopped, resulting in

the stepping action. Walking velocity in the SE1 condition (red ininappropriate motor responses (postural forward sway and heel's

Fig. 3C) significantly decreased compared to that in the WSxdownward approach to the strike).

condition (green) just after the fourth step (at 0 in Fig. 3C) and

approached that in the ME5 condition (blue dotted line calculatedThe upper body movement mainly contributes to the

by subtracting escalator speed itself (0.5 m/s) from measuregerception of the odd sensation

walking velocity at 0.1, 0.2 in Fig. 3C). In addition, as shown in" As described above, we found that the perception of the odd
Fig. 3D, postural forward sway (TAV) in the SE1 condition (red)sensation only occurred in the stopped-escalator situation and that,
increased more than it did in the WS1 condition (green) afteronly after participants had stepped onto the stopped escalator did
stepping (TAVs at 0.1 and 0.2 in Fig. 3D), and the TAs in the SElspecific motor behaviors of both lower limb and upper body
condition (red) were significantly greater than those in the WSlemerge. Such averaged phenomena, however, do not guarantee
condition (green) from 0.5 in Fig. 3D. The increase of TAV in the the causal relationship between the emergence of the odd
SE1 condition was remarkable after the heel strike of the fourthsensation and such behavioral properties. To investigate this
step. Specifically, TAVs in SE1 condition (red) at 0 and 0.1 inrelationship, we developed a structural equation model, which uses
Fig. 3E are significantly larger than those in the WS1 conditiona statistical multivariate technique [7] (sédaterial and
(green). In summary, a drastic postural forward sway occurreqiethods for details).
with decreasing of walking velocity in the SE1 condition, but not The center panel of Fig. 5 illustrates the model we used. Here,
in the WS1 condition, regardless of the identical step-height (thgve adopted four variables as representatives of behavioral changes:
smaller height of the first step). Therefore, this postural forwarcheel's downward approach to strike (HDAS), tilting angle velocity
sway was not due to the structural nonuniformity of steps but taat 0.1 aligned by the heel strike of the third step (TAV at 0.1 in
stepping onto thexscalator itself, which triggered the escalator- Fig. 3D; TAV,), tilting angle velocity at 0.1 aligned by the heel
specific motor program, resulting in TAs in the SE1 condition strike of the fourth step (TAV at 0.1 in Fig. 3E; TA) and BOS
(red) at 0.4 and 0.5 in Fig. 3E comparable to those in the MESyelocity at 0.1 aligned by the heel strike of the fourth step (BOS at
condition (blue). 0.1 in Fig. 3C; BO9). All these behavioral indices showed
Since the steps continuously move in the normal movingsignificant differences between SE1 (SE2) and WS1 (WS2)
escalator condition, leg movements could be also affected by thsynditions as shown in bar graphs of Fig. 5. For model simplicity,
behavioral context as well. Therefore, we next focus on whethewe excluded the tilting angle at around the heel strike of the fifth
there were any behavioral differences between the SE1 and WSgtep, because this tilting angle could be regarded as an event
conditions or not. subsequent to BQSand TAV,. In the center panel, the paths
Fig. 4A shows typical temporal profiles of heel height (uppeifrom each behavioral event to odd sensation score (OS) enable us
panel) and heel vertical velocity (lower panel) aligned by theo identify which kinematics feature is essentially correlated with
maximal heel velocity of the fourth step along with stick figuresperception of the odd sensation. This path design would reveal
illustrating the action sequences after stepping. The motokwhether escalator-specific motor behaviors cause the odd sensation
behavior in the SE1 condition was apparently similar to that inor not. The paths between each kinematic variable were also
the WS1 condition but was actually different in phase immediatelydesigned to examine the kinematic chain, especially that between
before the heel strike (at 0.4 in Fig. 4A). Namely, the heel'sower limb and upper body movements. Total fitting scores
downward approach to the strike (HDAS) of the fourth step (sedgoodness of the model fitting) were GFI=.979, CFI=.979,
the right stick figure in Fig. 4A) was modified online specifically inRMSEA =.039.
the SE1 condition (red curve indicating double downward From this analysis, we found a significant causal contribution of
decelerations before the heel strike in Fig. 4B), despite ththe upper body movements to the odd sensation. Table 1
identical step height. As the index, we adopted heel's downwardummarizes the standardized path coefficients from each kine-
approach to the strike using the time-integral of heel verticaimatic variable to the odd sensation in the model of Fig. 5 for each
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Figure 4. Behavioral properties of lower limbs in moving-escalator, stopped-escalator and wooden-stairs conditions. (A) The

representative temporal profiles of heel height, heel vertical velocity aligned by the maximal heel velocity of the fourth step. The magenta symbols
(inverted triangle, circle, and square) above the stick figure indicate the time point shown by the same symbol in the temporal profile figure. Each
stick figure shows the action sequences to the step elevation in the ME5 condition with those without step elevation in SE1 condition (left) and to the
heel’'s downward approach to the strike (right). (B) Schematic profile of heel vertical velocity in stopped escalator (SE) and wooden stairs (WS) before
the heel strike of the fourth step. The time window [0.3-0.5] corresponds to the gray area in Fig. 4A. The temporal profile in stopped-escalator
situation showed double decelerations, which may reflect corrective movement before the heel strike (the area Ase indicated by the hatched lines
diagonally right downward), while that in wooden-stairs condition showed a single deceleration (the area Ays indicated by the hatched lines
diagonally right upward). On the basis of the data aligned by the maximal heel velocity of the fourth step (see black dotted vertical line in Fig. 4A), we
calculated area Asg as heel’'s downward approach to strike (HDAS) for the stopped escalator and area Ays as that for the wooden stairs. (C) The HDAS
index in the SE1 and WS1 conditions (see also the stick figure in Fig. 4A). The HDAS in the SE1 condition showed significantly larger than that in the
WS1 condition. Asterisks represent p, 0.05.

doi:10.1371/journal.pone.0005782.g004

participant. Five participants (participants 1, 2, 3, 4, 5) out of 7and upper body movements. Six participants (participants 2, 3, 4,
showed significant and the highest path coefficients from JfAV 5, 6, and 7) showed significant path coefficients from HDAS to
although participant 5 also showed a significant path coefficienTAV 4, and from HDAS and BOS.

from HDAS. Participant 7 showed a significant path coefficient To sum up, for most of the participants, the specific behavioral
from TAV, but his coefficient from TAY was highest. change of the upper body (i.e. TA)V rather than inadequate leg
Participant 6 showed a significant path coefficient from BOS movement, was essential for the perception of the odd sensation.
but the positive influence implies that the more the BOS velocityWe therefore conclude that the perception of the odd sensation is
increased the more he felt the odd sensation. Additionally, aittle induced directly by inappropriate lower limb movement, but
shown in Table 2, we found a kinematic chain between lower limbis dominantly induced by upper body behavioral change.
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Figure 5. The causal path model and behavioral changes in different conditions. The adopted behavioral properties are as follows: Mean

tilting angle velocity (TAV) at 0.1 aligned by the heel strike of the third step (TAV3), The heel’'s downward approach to strike (HDAS), mean TAV at 0.1
aligned by the heel strike of the fourth step (TAV,), mean horizontal velocity of the basis ossis sacri (BOS) at 0.1 aligned by the heel strike of the fourth
step (BOS,). Stick figures show the action sequence and the adopted motor actions schematically. Bar graphs show the mean values of each
behavioral index in each condition. Blue lines indicate paths from the behavioral index to the odd sensation score, and red lines indicate paths
between behavioral indices, and the width of the path indicates the strength of relationship (the number of participants who showed significant path
coefficient, see also Tables 1 and 2). OS stands for the odd sensation score, and error 1-4 is the error term. The inappropriate lower limb movements
(HDAS) did not directly induce the perception of the odd sensation (except for one participant) but upper body movements (mainly TAV,) induced it,
although there is a kinematics chain between lower limb and upper body movements (from HDAS to BOS,, and from HDAS to TAV,).
doi:10.1371/journal.pone.0005782.g005

peculiar step-height. Instead, we found that the postural forward
sway after stepping (TAY, which appears to be the consequence
This study demonstrated that the odd sensation surely emergeef the subconsciously triggered habitual escalator specific motor
in a stopped-escalator situation, but not in the wooden-stairgprogram, is highly associated with the odd sensation. These results
situation. In addition, we found the non-reduction of the odd suggest that the odd sensation would not be a phenomenon that
sensation in the SE3-B condition (the stopped-escalator situatiasimply occurs concurrently with motor actions (i.e., not a sensation
after two trials on wooden stairs). These results suggest that itis ndie to a simple unfamiliarity with encountering a stopped
step-height but stepping on an escalator itself that is essential fescalator), but would be a sensation resulting from the discordance
the emergence of the odd sensation. Statistical path analysis usihgtween the motor intention for the perceived current external
a structural equation model further demonstrated the perceptiorsituation (the escalator is stopped) and the actual movements
of the odd sensation is directly associated with upper bodgmerging from the subconsciously triggered habitual motor
movement (i.e. postural forward sway), which was escalatoprogram.
specific motor behavior and appeareglier but not before The conflict between the motor intention and the sensory
participants had stepped onto a stopped escalator. This suggeststcome would be the important factor for the emergence of some
that the prerequisite for the emergence of the odd sensation is &atind of strange/peculiar feeling. Fink et al. [8] generated such
inappropriate  motor behavior against the current situation conflict by producing incongruence between the visual feedback of
resulting from the habitual motor behavior forraving escalator.  participant's hand and his/her action intention, and showed that
People may not be able to suppress this behavior despigarticipants felt “strangeness/peculiarity” as the extent of the
completely understanding the current stopped escalator situatiorgonflict. Although it remains unclear whether this feeling is
identical to the odd sensation in this experiment, such conflict
Odd sensation emerges according to the visual context,  would be the necessary condition for the emergence of the odd
but not the step-height sensation whether or not sensory outcome is externally manipu-
This study clearly showed that the odd sensation was not atated or internally and subconsciously modified (see also last
unfamiliar sense as a result of unfamiliar action towards thesection).

Discussion
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possible reason is a difference in the manner of control: limkattribution’ in motor control studies has been used to refer the
movement (e.g., lower limb movement for foot clearance) i®rigin of an action to its proper agent (i.e., oneself or another
controlled by a voluntary component (although an automaticperson), and the ability of action attribution appears to hinge on
component also exists) with action intention, while posture ishe sense of agency, which is the sense of controlling events in the
controlled mainly in an automatic fashion [16—18]. This difference external world [6,28]. Considering these previous studies, we will
in the manner of control could reflect a difference in the further focus on “confidence level (reliability)” of both the internal
“interpretation” (attribution, see the last part of Discussion) ofmotor command and external environment as the sources of
action error. That is, inappropriate motor behavior of lower limbs action attribution. In addition to the growing evidence of the
could be easily misinterpreted as an action error caused by one&vareness of action [29-31], further research of the odd sensation
own voluntary motor control. This lower limb movement involved in action will contribute to revealing the interaction
therefore would not be tightly associated with the odd sensatiormechanism between conscious and subconscious processes
On the contrary, participants could not properly interpret why
postural forward sway occurred, which cannot be attributed topMaterials and Methods
voluntary action because of automatic postural control. Recently,
Bunday and Bronstein [19] showed that even participants devoidParticipants
of vestibular function still reported a sensation similar to the odd Seven males (21-44 years of age, mean age =J133years)
sensation when stepping onto a stopped escalator in thejparticipated in the experiment. All participants reported normal or
locomotor adaptation task, suggesting that the vestibular systenorrected-to-normal vision and none of them had any motor or
itself does not seem to be essential for perceiving this sensation. \8&nsory abnormalities. Participants reported, before the experi-
need to further clarify the odd sensation generation process iment, that they had many opportunities to step onto a moving
relation to the automatic and voluntary motor controls in future escalator in their daily life. They also had stepped onto a stopped
studies. escalator at least a few times (e.g. at train stations after midnight)
and had indeed felt the odd sensation. They gave informed

Potential conflict for the odd sensation when prediction ~ consent to participate in the study, which was approved by the
is betrayed NTT Communication Science Laboratories Research Ethics

Participants consciously understood that the escalator wa ommittee.
stopped, so it is plausible that their sensory prediction after they
had stepped onto it would be similar to that they had stepped ontd\PParatus
the wooden stairs, because the objects to be stepped onto wereThe escalator used (800EX-EN, Hitachi, Ltd., Tokyo, Japan) is
stationary in both situations. This sensory prediction is misinstalled inside an NTT building (see Fig. 1A). Escalator velocity in
matched with actual sensory consequence because of tfiBe depth direction is 0.5 m/s; that in the height direction (except
subconscious emergence of the habitual escalator-specific motitial elevation) is 0.25 m/s. To investigate the effect of the
program. The mismatch would result in the feeling that we did notstopped escalator’s step-height itself on behavioral properties and
properly perform. odd sensation, custom-made wooden stairs with an approach that
This schema seems to be in line with recent motor controlduplicates the physical dimensions of a stopped escalator (i.e.
theory focusing on an internal model [20—23], but can this schemgshorter first step) were prepared (the wooden stairs have four steps
fu”y explain the emergence of the odd sensation when Stepp"']%nd no hand I‘ail). The WOOden Stairs were set near the escalator.
onto a stopped escalator? In other words, is feeling of improper Reflective 30 mm markers were attached at four locations on
performance a sole origin for the odd sensation? As briefifhe body as follows; C7 of spine, basis ossis sacri (BOS), right and
discussed above, we speculate that an additional factor is requirégft heels (Tuber calcanei) (See Fig. 1B). These markers were
in order to produce the odd sensation; difficulty in attributing our recorded with a 3D motion capture system (ProReflex, Qualisys,
inappropriate motor behavior to exogenous and endogenou$weden) at a frequency of 250 Hz. Three infrared cameras were
events. As mentioned in Introduction, when we lose our footingused to record of movements towards the escalator and wooden
(i.e. make a motor error), we are able to attribute this motor errorstairs.
to a self-prediction error caused by our misperception of the
external world (exogenous event) or by misgeneration of the motd?rocedure
program (endogenous event). Participants started their self-paced walking to the escalator or
On the contrary, the inappropriate motor behavior after wooden stairs after an experimenter's cue. They were not
stepping onto a stopped escalator can hardly to be attributed tinstructed to initiate their gait with a certain leg. Six participants
either misunderstanding of the situation (exogenous event) or err@tarted their gaits with the right leg, and one participant started
in the volitional motor program (endogenous event) because ouwith the left leg. There were three situations in the experiment:
conscious awareness makes us “believe” that our visuomotamlking toward and stepping onto a moving escalator (ME), a
system is working properly on the based of our completestopped escalator (SE), and wooden stairs (WS). The task was walk
knowledge of the situation (i.e., that the escalator is stoppedio forward for six steps and stop, aligning both legs at the last step
and this awareness cannot access the emergence of tiiig. 1A). Participants were asked to score the extent to which they
subconscious motor program. That would be why we feel thdfelt some kind of odd sensation after each trial for the stopped
odd sensation. Such inability of conscious awareness to access #sealator and wooden stairs on a five point-scale (5 indicating very
subconscious motor control would imply the dissociation betweestrong and 1 (almost) none).
declarative and procedural systems as previous studies haveThe experiment consisted of two sessions (sessians B),
suggested [3,24-26]. each divided into two subsessions (A1, A2, B1, B2). In a block of
Cognitive psychology studies have demonstrated how peopleessiont, five consecutive ME trial (ME1-MES5) were followed by
attribute and evaluate actions in various situations (e.g., [27]), buhree consecutive SE trials (SE1-SE3). In a block of seBsion
the situation of attribution difficulty (or loss) and its accompanyingparticipants performed five ME trials, two WS trials (WS1, WS2),
odd sensation have not been focused on. The term ‘actiorand finally a SE trial (SE3-B) sequentially. Our primary interest
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was the behavioral properties and the score of the odd sensatidhe basis of the alignment of each step. Window T represents time
for the stopped escalator. However, participants’ performance anevindow T =0.1 s. As for BOS velocity, we set windows fid®.3

the perception of the odd sensation would adapt soon due to théo 0.6, at every 0.1 s, on the basis of the alignment of the second
repetition of the stopped-escalator experience, so we aimed ftep as depicted in Fig. 3A, and windows from 0 to 0.5 on the basis
maintain specific motor behaviors and the odd sensation in thef the heel strike of the third and fourth steps respectively, as
stopped escalator by inserting the ME trials in both sessions. Idepicted in Figs. 3B and 3C. Note that windows 0.6 in Fig. 3A and
other words, the ME trials are not adaptation tasks in the sense afindow 0 in Fig. 3B, and window 0.5 in Fig. 3B and window 0 in
the typical adaptation experiment paradigm, because steppingig. 3C were temporally overlapped. From window 0.2 based on
onto a moving escalator is already a highly habituated actionthe alignment of third step, spontaneous BOS velocity in the ME5
Each subsession (i.e. Al, A2, B1, B2) consisted of eight block®ndition was calculated by subtracting escalator speed itself (i.e.
Three participants did the experiment in the order A1, B1, B2, A2, 0.5 m/s) from the measured BOS velocity, and we used this
and the rest of them did it in the order B1l, Al, A2, B2. velocity for the analysis. Mean TAs and TAVs of 0.2 s time
Accordingly, a total of 16 blocks were done for each session. Favindows were calculated (i.e., windows 0-0.5, from the alignment
data analysis, each trial was grouped by the trial order in eaclof the third and fourth steps).

session, and the grouped trials (i.e., 16 trials) in each condition We also analyzed leg movements to the heel strike on Step 1
determined by the session and trial order were named as followgFig. 1A) to investigate whether any specific motor behavior
SE1, SE2, SE3 conditions in sessidn WS1, WS2, SE3-B influenced by the step-height appeared or not. For this purpose,
conditions in sessioB (See Fig. 1C). ME5 condition in sessitn  heel's downward approach to strike (HDAS) was computed using
was also analyzed as the typical condition of the habitual action dfeel vertical velocity as follows. First, the data were aligned by the

stepping onto a moving escalator. maximal heel vertical velocity of the fourth step (in this case, time
0 s indicated this alignment time). Second, in the phase of [0.3—
Data processing and analysis 0.5] with this alignment, we detected negative values of the

The odd sensation scores reported on the 5-point scale (seglocity from 0.3 s to the zero-crossing point (i.e., the heel strike of
Procedure subsection above) was regarded as the interval scée fourth step) and computed the difference between the negative
[32]. Our interests are (i) whether the odd sensation certainlyvalue and zero at each sampling point. Finally, the summation of
emerged in a stopped escalator situation, and if so, (i) whether tibese differences was divided by the sampling frequency (i.e. 250)
perception of the odd sensation varied according to the repetitionn each trial, and we averaged these values in each condition as the
of trials (i.e., the difference among the scores in the SE1, SE2, ariddex. We did not calculate HDAS in the ME5 condition, because
SE3 conditions), and (i) whether the odd sensation variedhe situation of the heel strike was different from those in other
according to given contexts (i.e., the difference between those gpnditions due to the elevation of the moving step. We therefore
SE1 and WS1, in SE2 and WS2, and in SE3 and SE3-B). Thdust compared the values between the SE1 and WS1 conditions.
mean data were analyzed with a two-way repeated measures Finally, we investigated whether the perception of the odd
ANOVA with session (sessiodsand B) and trial order (first, sensation is associated with any behavioral properties in the stopped
second, and third trials after ME trials). If we found an interaction, escalator, and whether there is a kinematic chain between lower
the simple main effect was examined. Tukey's HSD procedure walémb and upper body movements. For this purpose, we introduced
used for post-hoc comparison of means (alpha level =.05). path analysis using structural equation modeling (SEM) [7].

For motion data analysis, each marker data point was filtered Path analysis is a statistical approach for exploring causal
offline using a fourth-order Butterworth filter (double sided) with arelationships among measured variables. On the basis of the
cutoff frequency of 10 Hz and then differentiated to obtain theory or researchers’ hypothesis, a model is depicted by path
velocity and acceleration. BOS velocity in the horizontal directiondiagrams, which are designed to show variables interconnected
(BOS velocity) was calculated as walking velocity. As indices #fith lines to indicate causal flow (see center panel of Fig. 5). The
postural sway, we used tilting angle (TA) defined as the angle madeodel is evaluated using SEM goodness-of-fit tests to determine if
by the line from C7 connecting the BOS and gravitational line andthe pattern of variances and covariances in the data was consistent
tilting angle velocity (TAV) obtained by differentiating the TA with the model specified. We used the Goodness of Fit Index
(Fig. 1B). There were two steps in the analysis. First, we aimed {&Fl), Comparative Fit Index (CFl), Root Mean Square Error of
identify the basic behavioral properties of the stopped escalator bfpproximation (RMSEA) as the indices of goodness-of-fit. Values
comparing the mean data (see below) among MES5 (in sedgion of GFl and CFI greater than 0.9 and a value of RMSA about .05
SE1, WS1 conditions. The mean values were analyzed with aor less were considered to be well fitting.

ANOVA with the condition (ME5, SE1, WS1) as within- The hypothesized path model is shown in the center panel of
participant factors. Next, if the values showed the significanFig. 5. We have the assumption that the behavioral properties
differences between SE1 and WS1 conditions, mean data werghowing significant differences between SE1 and WS1 conditions
analyzed with a two-way ANOVA with session (sessibasd B) would contribute to the emergence of the odd sensation. From
and trial order (first, second, third trials after trials of moving such data, we selected four behavioral events, taking into account
escalator) as within-participant factors. If we found an interactionthe temporal phases in which the events occurred: TAV at 0.1 in
the simple main effect was examined. Tukey’s HSD procedure waBig. 3D (i.e., TAV immediately after stepping; TA\ih Fig. 5),

used for post-hoc comparison of means (alpha level=.05). HDAS (i.e., leg movement before the heel strike of the fourth step),

To prevent increases in data variability by the deviation of theBOS at 0.1 in Fig. 3C, and TAV at 0.1 in Fig. 3E (i.e. motor
action phase, the BOS velocity, TA, and TAV were aligned by thebehaviors immediately after the heel strike of the fourth step;
times of each heel strike of the second, third, and fourth steps, arBOS, and TAV, in Fig. 5). We adopted the TAV as the index of
we analyzed the aligned data until the phase around the heel strikgostural movement because the TAV is more suitable for detecting
of the next step, as shown in Fig. 3. The alignment time waghe transient behavioral changes than TA. Furthermore, the tilting
defined by the zero-crossing of heel vertical velocity (from negativengle around at the heel strike of the fifth step was assumed to be
to positive) of each step. We defined the alignment time of eacthe subsequent event to BQ&nd TAV,, so we did not adopt this
step as 0 s, and calculated mean values of a 0.2 s time window emovement as the variable for model simplicity. The odd sensation
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score was regarded as an interval scale again [33]. The data in aluthor Contributions
the SE conditions (SE1, SE2, SE3, and SE3-B) were analyzed f%ronceived and designed the experiments: TF TK KK HG. Performed the

the path analysis, and we focused on the standardized patByperiments: TF TK KK HG. Analyzed the data: TF. Contributed
coefficients between variables. Standardized path coefficientsagentsimaterials/analysis tools: HG. Wrote the paper: TF TK KK SS

indicate the relative effect of variables within the model.
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