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Introduction

It is well recognized that locomotor tasks are completed 
under continuous control based on visual information 
(e.g., Lee et  al. 1982; Patla 1998). When stepping over 
an obstacle, the first limb (leading limb) is visible in the 
lower visual field, and online visual information is used 
to control the lead limb trajectory (Patla et al. 1996; Patla 
1998; Mohagheghi et  al. 2004; Rietdyk and Rhea 2006, 
2011). However, when the trailing limb clears the obstacle, 
the limb and the obstacle are not visible, so the individual 
must rely on knowledge of obstacle characteristics to con-
trol the trail limb trajectory. These characteristics likely 
include spatial characteristics, such as height, position, and 
depth (Patla and Rietdyk 1993), and perceived characteris-
tics, such as fragility (Patla et al. 1996). This visuospatial 
knowledge has been termed as “stored obstacle representa-
tion” (Lajoie et al. 2012) or an “obstacle memory” (McVea 
and Pearson 2006, 2007; Whishaw et al. 2009; Shinya et al. 
2012).

The concept that a representation is used to guide motor 
output is controversial, especially when vision is available 
(e.g., Warren 2006; Anson et  al. 2010). However, when 
vision is not available, retained knowledge of spatial char-
acteristics of a target is used to control upper limb reaching 
tasks (Milner et al. 2003; Binsted et al. 2006; Heath et al. 
2010). Similarly, in locomotor research, it has been dem-
onstrated that quadrupeds retain obstacle characteristics for 
long period of time. In one set of studies, cats stepped over 
an obstacle with the forelimbs and paused to eat; during 
the pause, the obstacle was lowered. When gait resumed, 
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the hind limb trajectories clearly demonstrated that the cat 
remembered the obstacle and modified the trajectory based 
on the obstacle size and position (McVea and Pearson 2006, 
2007). Similar findings were observed in horses (Whishaw 
et al. 2009). In humans, Lajoie et al. (2012) demonstrated 
that the trail leg trajectory was scaled appropriately to 
obstacle height after straddling an obstacle for up to 2 min. 
In the preceding studies, the obstacle was visible prior to 
and during lead limb crossing, which may have helped 
establish the memory. However, participants also success-
fully crossed obstacles when an obstacle was viewed dur-
ing approach and when vision was removed during the last 
three steps before obstacle crossing (Mohagheghi et  al. 
2004). When vision was removed earlier (five steps before 
obstacle crossing), subjects were only 50  % successful 
(Patla and Greig 2006). In the latter study, the main cause 
of failure was not inappropriate limb elevation, but rather 
incorrect foot placement. The authors concluded that while 
initial visual sampling was adequate to provide obstacle 
height information, online visual update of distance to the 
obstacle was required to plan and implement appropriate 
foot placement. Our goal was to extend this line of research 
to determine whether action can be accurately guided by an 
obstacle memory when online visual distance to the obsta-
cle was available.

In the present study, subjects were instructed to step 
over an obstacle that was not physically present (termed a 
virtual obstacle), in the same manner as upper limb aim-
ing paradigms where the target is initially visible, but is 
not visible during the aiming movement (Elliott 1988; 
Binsted and Heath 2005; Heath 2005). Subjects stepped 
over an actual obstacle 25 times (epoch 1) before they 
stepped over the virtual obstacle 25 times (epoch 2). 
Obstacle clearance performance was quantified at two 
levels: (1) whether the subject would have contacted 
the virtual obstacle if it had been present and (2) differ-
ences in trajectory characteristics when crossing a real 
versus virtual obstacle. The average obstacle contact rate 
is about 1–2  % in young, healthy subjects in a research 
setting (Mohagheghi et al. 2004; Berard and Vallis 2006; 
Rietdyk and Rhea 2006; Rhea and Rietdyk 2007; Heijnen 
et al. 2012a), so we quantified successful performance as 
a virtual obstacle contact rate of 5  % or less. Given the 
empirical support for long-lasting obstacle memories, 
the hypotheses were developed in support of the obstacle 
memory successfully guiding action. We hypothesized 
that (1) subjects would successfully clear the virtual 
obstacle at least 95 % of the time and (2) trajectory char-
acteristics would be similar for the real and virtual obsta-
cles. Further, we hypothesized that failure rate and trajec-
tory characteristics would not change during the course of 
epoch 2. This would demonstrate that the obstacle mem-
ory did not decay over the 9-min epoch.

After 19 subjects were collected, it was noted that the 
trail limb failure rate (47 %) was about four times greater 
than the lead limb failure rate (9 %). Therefore, we added 
a condition to the following 21 subjects to determine 
whether the high trail limb failure rate was due to inade-
quate instructions for the trail limb. We found that trail limb 
failure remained higher than lead limb failure. As the fail-
ure rate was substantially larger than hypothesized, we also 
completed a second study to determine whether subjects 
would scale the trajectories to different heights of virtual 
obstacles. We found that subjects scaled the lead and trail 
limb trajectories to the virtual obstacle height, confirming 
that an obstacle memory was being used to guide the trajec-
tory despite high failure rates.

Methods

Experiment 1

Forty-one subjects were recruited from a university popula-
tion, and two were excluded due to data collection prob-
lems, resulting in 39 total subjects (22.1 ±  2.4  years, 18 
males). Subjects were free from any impediments to nor-
mal locomotion, as verified by self-report. All subjects 
signed a consent form approved by the local institutional 
review board. Subjects were instrumented with eight infra-
red emitting diodes (IREDs). Six IREDs were placed on 
the lateral aspect of the left foot at the distal phalanx of 
the third toe, calcaneus, and malleolus and on the medial 
aspect of the right foot at the distal phalanx of the first 
toe, calcaneus, and malleolus. Two IREDs were placed 
on the lateral side of the head. One IRED was placed on 
the lateral side of the obstacle. Two Optotrak 3020 sensors 
(NDI, Canada) recorded the position data of the IREDs at 
60 H z. The obstacle was composed of masonite (painted 
flat black) with two supports (L-brackets) mounted on the 
leading face of the obstacle, such that if the subject con-
tacted the obstacle, it would fall forward without arresting 
the swing limb. The obstacle was 100 cm wide by 0.3 cm 
deep, and the height was 25 % of the subject’s leg length 
(range 19.5–26.0 cm in 0.5 cm increments). For each sub-
ject, before the experiment began, the starting position was 
adjusted such that the right foot was naturally the lead foot 
(first foot to cross obstacle). The right limb was set as the 
lead foot because we have previously observed that when 
subjects self-select the lead limb, occasionally a subject 
will switch between right and left as the lead limb; these 
intermixed trajectories were qualitatively different for 
some subjects (unpublished observations). These differ-
ences would have confounded the comparison across real 
and virtual obstacles if the subject used different lead limbs 
for the real and virtual obstacles; thus, we used the right 
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limb as the lead limb to eliminate this confound. After the 
starting position was determined, subjects were instructed 
to always cross the obstacle with the right foot first. The 
obstacle position was marked with masking tape (100 cm 
long). Two obstacle conditions were observed as follows: 
the obstacle was in place (real obstacle) or the obstacle was 
not in place (“virtual obstacle” located at masking tape).

Before data collection, subjects were instructed as fol-
lows: “The obstacle will be in place for the first 25 trials 
and will be removed for next 25 trials. When the obstacle 
is not there, you will be asked to step over the tape as if 
the obstacle was still there.” In the first 25 trials (epoch 1), 
subjects walked down an 8-m walkway at a self-selected 
pace, stepped over the obstacle in the middle of the walk-
way, and continued walking. The obstacle was removed 
in the second epoch of 25 trials, but the obstacle position 
tape remained (epoch 2). At the beginning of epoch 2, sub-
jects were instructed “Step over the piece of tape as if the 
obstacle was still in place and cross the obstacle with your 
right leg first.” The obstacle was returned to the walkway 
for the third epoch of 25 trials (epoch 3). Epoch 3 was used 
to ensure that any changes across real and virtual trajecto-
ries (epochs 1 and 2) were not a simple adaptation due to 
repeated crossings (Rhea et al. 2010; Heijnen et al. 2012a). 
A fourth 25-trial epoch was added for the latter 21 subjects 
to investigate the influence of instruction on the dependent 
variables (epoch 4). The obstacle was removed in epoch 4 
as in epoch 2, and subjects were instructed “Step over the 
piece of tape as if the obstacle was still in place. Make sure 
that you cross the obstacle with your right leg first and 
remember to also step over the obstacle with the left leg.”

Data were analyzed with MATLAB 2010a software 
(MathWorks Inc., MA, USA). Data were filtered off-line 
at 8 Hz with a fourth-order zero-phase-shift low-pass But-
terworth digital filter (Winter 2009). Dependent variables 
were minimum foot clearance (MFC), toe peak elevation, 
toe peak position relative to the obstacle, horizontal dis-
tance, stride length (SL), and failure rate. Variability meas-
ures were calculated as the standard deviation. High limb 
velocity during crossing can compromise clearance accu-
racy (up to 17 % error), so spatial resolution was increased 
with a cubic interpolation algorithm (Heijnen et al. 2012b). 
Failure could result from either the forefoot or rearfoot 
region of the foot passing through the obstacle (Chen et al. 
1991; Thies et al. 2011; Heijnen et al. 2012a; Loverro et al. 
2013; Telonio et  al. 2013). Therefore, both toe and heel 
clearances were calculated: Toe/heel clearance was the ver-
tical distance between the IREDs on the toe/heel and obsta-
cle as the toe/heel crossed the obstacle. The minimum of 
the toe and heel clearance for each trial was quantified as 
MFC. A negative MFC indicated failure; failure magnitude 
was quantified as the average of the negative MFC. Toe 
peak was the maximum vertical distance between the toe 

and the ground. Toe peak position was the anterior–poste-
rior distance of the IREDs on the toe relative to the obsta-
cle at toe peak. A negative value indicated that toe peak 
occurred before the toe crossed the obstacle (e.g., subject 
19, virtual obstacle trajectories of lead limb, Fig. 1), and a 
positive value indicated that toe peak occurred after the toe 
crossed the obstacle. Horizontal distance was calculated as 
the anterior–posterior distance between the IREDs on the 
toe and obstacle at toe-off. SL was calculated as the ante-
rior–posterior distance between the toe marker at toe-off 
and the subsequent toe-off of the same limb. Overall failure 
rate was calculated as the percentage of obstacle contacts if 
the obstacle had been in place in the virtual obstacle con-
dition; failure was determined for the lead and trail limbs 
separately. Subjects were classified as successful, achieving 
a failure rate of 5 % or less, or not successful. If the obsta-
cle memory degraded during epoch 2, we would expect 
the failure rate and MFC to change. To quantify this, trial-
specific failure rate was calculated as the percent of sub-
jects who failed in each of the trials in epoch 2 and a linear 
regression was performed. Further, a linear regression of 
MFC for all trials in epoch 2 was calculated for each sub-
ject individually. All variables were calculated for both the 
lead and the trail limb.

Experiment 2

Twenty-four subjects were recruited from a university 
population (20.2 ± 0.9 years, 8 males). Subjects were free 
from any impediments to normal locomotion, as verified 
by self-report. All subjects signed a consent form approved 
by the local institutional review board. Instrumentation and 
methods were identical to Experiment 1 with the follow-
ing exceptions: two obstacle heights were examined, 15 
and 25 cm. The obstacles were presented in a blocked man-
ner, with order of presentation counterbalanced. For exam-
ple, when the small obstacle was presented first, epochs 
1–4 were as follows: real 15 cm, virtual 15 cm, real 25 cm, 
and virtual 25  cm, respectively. Toe peak was compared 
between the 15- and 25-cm virtual obstacles.

Rationale for using real and virtual obstacles in a series 
of epochs

The virtual obstacle approach was adapted from the com-
mon experimental paradigm to examine visual control 
of reaching: The target is initially visible but disappears 
before the target is reached (Elliott 1988; Milner et al. 2003; 
Binsted and Heath 2005; Heath 2005). In the same man-
ner, subjects here were instructed to step over an obstacle 
that was not physically present. This preserved vision of 
the environment and allowed the examination of memory-
guided action for both the lead and trail limbs. To create the 
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obstacle memory, the subject could simply have been shown 
the actual obstacle. However, walking upstairs facilitated 
the stair height memory compared to when information was 
obtained by vision alone (Shinya et  al. 2012). Therefore, 
to increase the likelihood of generating a robust memory, 
subjects stepped over an actual obstacle 25 times (epoch 
1) before they stepped over the virtual obstacle 25 times 
(epoch 2). The 25 trials in epoch 2 also allowed us to exam-
ine whether the memory degraded over time, as it takes 
about 9 min to collect 25 trials in young healthy adults.

A within-subject ANOVA was used to examine the effect 
of epoch (four levels) on each dependent variable. A gener-
alized linear mixed model was used to allow the residuals 
to vary (GLIMMIX in SAS 9.3, Cary, NC, USA). Due to 
the large number of dependent variables, the p value was 
set to 0.01. Tukey–Kramer post hoc analyses were used to 
determine whether behavior changed due to repeated expo-
sures within the real obstacle condition (epoch 1 vs 3), to 
determine whether behavior changed for real versus virtual 

obstacles (epoch 1 vs 2), and to determine whether toe peak 
changed for the virtual 25-cm obstacle versus the virtual 
15-cm obstacle (Experiment 2). A generalized linear mixed 
model was used to test for differences in failure rate.

Results

Experiment 1

Contacts with the real obstacle

Ten contacts with the real obstacle were observed in nine 
subjects, for a contact rate of 0.5  %. Ninety percent of 
the contacts were with the trail limb. A large increase in 
toe clearance has been observed in subsequent trials after 
obstacle contact (Alexander et al. 2011; Rhea and Rietdyk 
2011; Heijnen et  al. 2012a), so these nine subjects were 
excluded from further analyses to ensure that any changes 

Fig. 1   Toe trajectories of the 
lead (left panel) and trail limb 
(right panel) for five subjects. 
Subjects stepped over a real 
obstacle in epoch 1 (black lines) 
and crossed a “virtual” obstacle 
in epoch 2 (gray dashed lines)
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in clearance were due to the independent variable manipu-
lation, and not in response to the contact. The remaining 30 
subjects were included in further analyses, 15 have obser-
vations in epochs 1–3, and the remaining 15 have observa-
tions in epochs 1–4.

Qualitative comparisons of real and virtual trajectories

Lead toe trajectories for the real and virtual obstacles were 
similar, but a generally lower elevation and an earlier peak 
are noted in most subjects (Fig. 1, right panel, subjects 8, 13, 
and 19). Failures are demonstrated by the trajectory passing 
through the obstacle (e.g., subject 8); note that failures also 
resulted from the heel trajectory passing through the obsta-
cle (not shown). Marked differences in the trail limb trajec-
tories were readily apparent, with high intersubject variabil-
ity (Fig. 1, right panel). Subjects 8 and 13 demonstrate large 
undershoot, and subjects 2 and 19 demonstrate large over-
shoot, with subject 2 pulling the limb backwards. When sub-
jects were given further instruction with the trail limb, some 
subjects improved (e.g., subject 22, Fig. 2, right panel), but 
the majority demonstrated the same general trajectories with 
the virtual obstacle (e.g., subjects 24 and 41, Fig. 2).

Failure rate with the virtual obstacle

Overall failure rates with the virtual obstacle (epoch 2) 
were 9 and 47 %, for the lead and trail limb, respectively 
(Table  1; Fig.  1). Therefore, hypothesis 1, that subjects 
would successfully clear the virtual obstacle at least 95 % 

of the time, was rejected for both the lead and trail limb. 
The failure rate was significantly higher for the trail limb 
versus the lead limb (p  <  0.001). Trial-specific failures 
did not change during epoch 2 for the lead limb, but trail 
failure increased 10 % in a linear fashion during epoch 2 
(p = 0.001; Fig. 3). Failures during epoch 2 were examined 
for individual subjects, and it was observed that the sub-
jects who were initially successful tended to remain suc-
cessful and subjects who were initially unsuccessful tended 
to remain unsuccessful; therefore, these two groups did 
not affect the failure rate. However, there were four sub-
jects (13 %) who changed from unsuccessful to successful 
during epoch 2, and these four subjects were responsible 
for the change in average trail trial-specific failure. There-
fore, although the significant increase in trail failure dur-
ing epoch 2 appears to indicate memory decay, it was being 
driven by only 13 % of the subjects.

Classification of successful and unsuccessful subjects

Nineteen subjects (63 %) were classified as lead limb suc-
cessful (achieved a lead failure rate of 5 % or less in epoch 
2 (e.g., subjects 2, 13 & 32 Fig. 1), and 11 (46 %) were clas-
sified as lead limb unsuccessful (e.g., subject 8, 19 Fig.  1; 
Table  1). Thirteen subjects (43  %) were classified as trail 
limb successful (e.g., subjects 2, 19 & 32 Fig. 1; Table 1), 
and 17 (67 %) were classified as trail limb unsuccessful (e.g., 
subjects 8 & 13 Fig. 1). Ten subjects (33 %) were classified 
as successful with both the lead and trail limb (e.g., subjects 
2 & 32 in Fig.  1; Table  1). For those subjects with failed 

Fig. 2   Toe trajectories of the 
lead (left panel) and trail limb 
(right panel) for three subjects. 
Subjects stepped over a “vir-
tual” obstacle in epoch 2 (black 
dashed lines) and epoch 4 (gray 
dashed lines); in epoch 4, sub-
jects received more instruction 
than in epoch 2
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trials, the average magnitude of the failure was 1.7 ± 1.0 and 
8.4 ± 2.4 cm for the lead and trail limb, respectively.

Failure rate as a function of instruction

This analysis included only the latter 15 subjects with 
observations in epochs 2 and 4, so epoch 2 average failure 
rates are slightly different from those reported above for all 
30 subjects. Lead limb failure rate decreased from 14 to 7 % 

from epochs 2 to 4, respectively (p = 0.004; Table 1; Fig. 2). 
Trail limb failure rate decreased from 57 to 47  % from 
epochs 2 to 4, respectively (p < 0.001). Therefore, hypothe-
sis 4, that trail limb failure rate will decrease with more spe-
cific instruction, was accepted. However, lead limb failure 
rate also decreased to a similar extent. Note the high vari-
ability in the improvement: trail limb failure rate improved 
more than 20 % with instruction for three subjects (subjects 
22, 23, and 38 improved 84, 60, and 27 %, respectively), but 
subject 41 had 20 % higher failure (Table 1; Fig. 2).

Change in minimum foot clearance during epoch 2

There was no change in lead MFC for the majority of the 
subjects (80 %) during epoch 2. Of the six subjects (20 %) 
with slopes that were significantly different from zero in 
epoch 2, MFC increased for four subjects and decreased for 
two subjects. Similarly, there was no change in trail MFC 
for the majority of subjects (83  %). Of the five subjects 
(17  %) with slopes that were significantly different from 
zero: MFC increased for two subjects and decreased for 
three subjects. Since there was no consistent change in lead 
or trail MFC for the majority of subjects, the average of all 
25 trials from epoch 2 was used for the remaining analyses. 
Therefore, there was no evidence of memory decay in the 
MFC of either lead or trail limb in epoch 2.

Adaptation effects for real obstacle; epoch 1 versus 3

Epoch 1 was not different from epoch 3 for all measures, 
demonstrating that subjects did not adapt their behavior as 
a function of repeated observations with the real obstacle 

Table 1   Individual subject 
failure rates for the virtual 
obstacle during epochs 2 and 4 
for the lead and trail limbs

Epoch 2 Epoch 2 Epoch 4

Subj Lead % Trail % Subj Lead % Trail % Lead % Trail %

2 0 0 20 8 100 0 100

3 0 0 21 8 16 12 8

4 0 100 22 12 100 16 16

5 0 4 23 44 100 50 100

6 16 84 24 4 100 0 96

8 16 100 25 71 100 20 100

9 0 100 26 0 16 0 0

10 0 64 31 0 0 0 0

11 0 0 32 0 0 0 0

12 12 0 33 16 60 4 0

13 0 100 37 0 77 0 93

14 0 0 38 0 83 0 56

16 0 0 39 0 100 4 100

17 0 0 40 0 0 0 0

19 17 0 41 46 4 4 24

Fig. 3   Failure rate calculated for each trial during epoch 2 (virtual 
obstacle). Closed circles represent percent of subjects who failed 
with the lead limb, and open circles represent percent of subjects who 
failed with the trail limb. Failures did not change for the lead limb 
during the epoch, but trail failure significantly increased (p = 0.001)
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(Figs.  4, 5). Therefore, any differences between epoch 2 
and epoch 1 are due to the virtual obstacle manipulation.

Real versus virtual obstacle; epoch 1 versus 2

Post hoc analyses revealed that the following measures 
all decreased for the virtual obstacle (p  ≤  0.001 for all 

measures): lead and trail MFC (Fig.  4a, b), trail toe peak 
(Fig. 4d), and lead toe peak position (Fig. 5a). The follow-
ing variability measures increased for both the lead and 
trail limbs (p  ≤  0.001): MFC variability (Fig.  4e, f), toe 
peak variability (Fig. 4g, h), and toe peak position variabil-
ity (Fig. 5c, d). There were no differences in horizontal dis-
tance or stride length.

Fig. 4   Mean (left panel) and 
variability (right panel) of 
dependent variables during 
epochs 1–4 (E1, E2, E3, and 
E4). E1 and E3 have a real 
obstacle, E2 and E4 have a 
virtual obstacle. Lead minimum 
foot clearance (a), trail mini-
mum foot clearance (b), lead 
toe peak elevation (c), trail toe 
peak elevation (d), variability 
of lead minimum foot clearance 
(e), variability of trail minimum 
foot clearance (f), variability of 
lead toe peak elevation (g), and 
variability of trail toe peak ele-
vation (h). Error bars indicate 
standard error. Different letters 
indicate significant differences 
(p < 0.01). NS indicates no 
significant effect of epoch
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Experiment 2

Contacts with the real obstacle

Six contacts with the real obstacle were observed in six 
subjects, for a contact rate of 0.5  %; all contacts were 
with the trail limb. These six subjects were excluded from 
further analyses, resulting in 18 subjects. Toe peak was 
examined to determine whether subjects elevated the foot 
the same amount for real and virtual obstacles. Similar to 
Experiment 1 (Fig. 4c), lead toe peak was not different for 
real versus virtual obstacles for both the 15- and 25-cm 
obstacles. Trail toe peak was not different for real versus 
virtual obstacles for the 15-cm obstacle, but was lower for 
the 25-cm virtual obstacle compared to the large real obsta-
cle (p  <  0.001), consistent with Experiment 1 (Fig.  4d). 
Next, toe peak of the virtual trajectories was compared for 
15- versus 25-cm obstacles, to determine whether the limb 
elevation when guided by memory was scaled to the obsta-
cle height. Toe peak was significantly higher for the 25-cm 
versus 15-cm virtual obstacle for the lead foot (38.7 ± 3.2 
vs 30.2 ± 3.1 cm, p < 0.001) and the trail foot (40.7 ± 5.5 
vs 32.3 ± 4.9 cm, p < 0.001). These changes confirmed that 
subjects were scaling the trajectory to the height of the vir-
tual obstacle.

Discussion

The aim of this paper was to determine whether an obstacle 
memory could guide action. The obstacle was not present 
and thus did not provide online visual guidance. However, 

unlike previous research (Mohagheghi et  al. 2004; Patla 
and Greig 2006), vision of the environment was preserved, 
including a visible obstacle position cue, so that we spe-
cifically examined whether obstacle height memory could 
accurately guide action. No changes in foot placement 
were observed; therefore, the position cue provided sali-
ent online information to guide foot placement. However, 
the failure rates of 9 and 47 % for the lead and trail limb, 
respectively, indicate that the ability to successfully clear 
the virtual obstacle was compromised when relying on an 
obstacle memory. The higher variability of the trajectory 
characteristics demonstrate reduced precision when relying 
on an obstacle memory. In order to accept the preceding 
interpretations, it is important to demonstrate that subjects 
were genuinely attempting to clear the obstacle and that an 
obstacle memory was formed. Genuine attempts to clear 
the obstacle are confirmed by the observation that lead toe 
peak height was not different for real and virtual obstacles 
(Fig. 4c) and the clear attempts of subjects 2 and 19 to clear 
the obstacle (Fig.  1). The observation that both lead and 
trail toe peaks were scaled to the height of the virtual obsta-
cle in Experiment 2 confirms that an obstacle memory had 
been formed. Therefore, it appears that participants were 
using an obstacle memory to guide action, but the action 
was compromised, perhaps due to an imprecise obstacle 
memory. We first describe why subjects failed with the lead 
limb, why they failed more frequently with the trail limb, 
and then consider why action was not successfully guided 
by an obstacle height memory, given the empirical sup-
port for long-lasting obstacle memories (McVea and Pear-
son 2006, 2007; Whishaw et  al. 2009; Lajoie et  al. 2012; 
Shinya et al. 2012).

Fig. 5   Mean (left panel) and 
variability (right panel) of 
dependent variables during 
epoch 1–4 (E1, E2, E3, and E4). 
E1 and E3 have a real obsta-
cle, E2 and E4 have a virtual 
obstacle. Lead toe peak position 
(a), trail toe peak position (b), 
variability of lead toe peak 
position (c), and variability of 
trail toe peak position (d). Error 
bars indicate standard error. 
Different letters indicate signifi-
cant differences (p < 0.01). NS 
indicates no significant effect 
of epoch
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The lead limb trajectories were qualitatively similar for 
real and virtual obstacles (Figs. 1, 2), although differences 
in the kinematics appear to reflect a position misjudgment 
and reduced precision. While toe peak was not different, 
the position of the toe peak within the stride was shifted 
backwards (Fig. 5a), and the clearance was reduced for the 
virtual obstacle (Fig. 4a), due to a steeper descent after the 
peak (Fig. 1, subjects 8, 13, and 19). These changes may 
reflect a position misjudgment where the subject perceived 
that the virtual obstacle was closer to the stance foot. An 
obstacle position misjudgment was unexpected because the 
position of the lower edge was provided with a high con-
trast length of masking tape and there was no difference in 
foot placement. If information regarding obstacle height 
and position of the lower edge is available, it is reasonable 
to expect that the position of the top edge is also available. 
However, the 9 % failure, the decrease in clearance, and the 
shifted location of the toe peak are not consistent with this 
expectation. It should be pointed out that while the average 
lead limb failure rate was 9, 63 % of subjects did achieve 
5 % failure or less. However, the higher variability of clear-
ance, toe peak, and toe peak position (Figs. 4e, g, 5c) for 
the virtual obstacle demonstrate reduced precision. Further, 
the average clearance of the failed trials was 1.7 cm, which 
is moderately high (about 8 % of the obstacle height). Over-
all, these findings indicate that an obstacle height memory 
provided some success with the lead limb, although not as 
high as predicted, but the action was compromised.

The trail limb failure rate (47 %) was almost ten times 
greater than the predicted failure rate of 5  % (Table  1). 
What is most striking during trail limb crossing of a vir-
tual obstacle is the wide variety of behavior apparent 
in the trajectories (Figs.  1, 2). Subject 2 moved the foot 
backwards up to 25  cm after toe-off and elevated the toe 
up to 70 cm for a 19.5-cm obstacle. The peaks of subjects 
8 and 13 only reach about half the height of the obstacle. 
Subject 19 increased toe clearance 250 %, and subject 32 
adopted a trail limb trajectory with a triangular shape that 
was more similar to lead limb trajectories. The high trail 
limb failure rate, coupled with the qualitative changes in 
the trajectories (Fig. 1) and the large quantitative changes 
in the means and variability of the trajectory characteristics 
(Figs. 4, 5), clearly demonstrates that relying on an obsta-
cle height memory compromised the control of the trail 
limb trajectory.

These failures and high trajectory variability are strik-
ingly different from the successes observed in the previ-
ous literature (McVea and Pearson 2006, 2007; Whishaw 
et  al. 2009; Lajoie et  al. 2012). The main difference with 
the preceding studies is that the obstacle was visible dur-
ing approach and/or lead limb crossing. Therefore, for both 
the lead and trail limb, it appears that the obstacle must 
be viewed during approach to form a memory that can 

successfully guide the action. It was not adequate to view 
the position (masking tape) and combine that information 
with obstacle height memory. Memories formed during 
approach and memories formed from previous experience 
may reside in separate systems for spatial representation 
(Milner and Goodale 1995; Milner et al. 2003); these sepa-
rate systems would explain the differences between this 
study and previous obstacle crossing research. The dorsal 
system is responsible for the immediate guidance of action, 
while the ventral system is involved in delayed guidance of 
action. Previous research, where the obstacle was viewed 
during approach, would likely involve memory related to 
the dorsal visual stream. The dorsal visual stream projects 
to the parietal cortex, and neurons in the parietal cortex are 
active transiently when an animal steps over an obstacle 
(Drew et al. 2008) and remain active when an animal strad-
dles the obstacle (Lajoie et al. 2010). The current paradigm 
would have relied on visual information that lasts longer 
than the transient information available within the dor-
sal stream. The more persistent—and less precise—visual 
information of the ventral stream would be used (Milner 
et al. 2003), leading to a high failure rate and reduced pre-
cision in trajectory control. This interpretation is similar 
to that of Shinya et al. (2012): Climbing stairs after vision 
was diverted for a few seconds appears to involve the less 
precise ventral system.

There is little evidence that the obstacle memory 
degraded during the course of epoch 2 (about 9 min), which 
likely reflects that participants were already relying on the 
less precise ventral system from the first trial in epoch 2. 
The only support for memory decay was the increase in 
trail failure (Fig.  3), but the increase was driven by only 
four subjects (13 %). The lack of decay was likely due to 
the relatively long interval, approximately 30  s, between 
crossing the last real obstacle in epoch 1 and the first virtual 
obstacle in epoch 2. In a similar approach with stair climb-
ing, maximum toe clearance increased most within a 2-s 
period between diverting vision from the stair and step ini-
tiation. Therefore, the paradigm adopted here did not allow 
for evidence of decay. The lack of change reflects that the 
less precise obstacle memory, presumably from the ventral 
system, was relatively stable over the 9-min interval.

The high failure rates in the virtual obstacle condition 
support Gibson’s argument that dynamic visual sampling, 
achieved during the approach to the obstacle, is benefi-
cial for the guidance of action (Gibson 1958, 1966). The 
obstacle memory would likely be a static representation 
and would likely be devoid of the rich information gained 
by viewing the obstacle while moving through the environ-
ment. These observations also build on previous research 
that demonstrated that vision of the interface of the obsta-
cle and walkway (the lower edge) is important for success-
ful crossing (Rietdyk and Rhea 2011). Therefore, it appears 
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that the full obstacle must be visible, top and lower edge, 
at least three steps before crossing the obstacle in order to 
successfully guide the limb trajectory.

If the lead limb trajectory was used to calibrate or con-
trol the trail limb, one would expect that the failure rates 
would be similar for the two limbs, but substantially dif-
ferent failure rates were observed (Table  1; Figs.  1, 3). 
These differences add to the converging evidence that the 
limbs are controlled independently during obstacle crossing 
in humans (Patla et al. 1996; Niang and McFadyen 2004; 
Yang et  al. 2004; Rhea and Rietdyk 2011). The observa-
tion that an obstacle memory was more successful at guid-
ing the lead than the trail limb can be interpreted two ways. 
First, the instructions in epoch 2 reminded the subject to 
cross the obstacle with the right (lead) limb first, but did not 
specifically refer to the trail limb. In dual-task paradigms, 
subjects perform better in the task that they are instructed 
to attend to (Siu and Woollacott 2007; Kelly et  al. 2010; 
Yogev-Seligmann et  al. 2010). Since the original instruc-
tion referred to the lead limb, but not the trail limb, the 
instruction may have resulted in the subject paying more 
attention to the lead limb. When instruction referred to both 
lead and trail limb in epoch 4, failure rate decreased signifi-
cantly for both limbs (Table 1; Fig. 2). Therefore, subjects 
apparently perceived that both lead and trail trajectories 
were not adequate and compensated with both limbs. How-
ever, the trail limb failure rate was still higher. Therefore, 
the observations do not support instruction as a plausible 
explanation for the high trail limb failure rate. The second 
explanation is that information of limb position relative to 
the obstacle (termed exproprioception) was compromised 
more for the trail limb than the lead limb. The trail limb 
action is guided by obstacle memory combined with kin-
esthetic information regarding current limb position and 
motion. The lead limb action is also guided by memory 
combined with kinesthetic information, but online visual 
information (the thigh is visible in the lower periphery) is 
also available and is likely used to update and calibrate the 
movement during the swing phase (Patla 1998; Rietdyk 
and Rhea 2006). Therefore, viewing the obstacle during 
approach is more critical for successful trail limb crossing 
than lead limb crossing.

More frequent trail contacts, observed here with virtual 
obstacles, are also observed with real obstacles. Therefore, 
the current findings may provide insight into the causes 
of trail limb failures with real obstacles. Trips can occur 
due to unexpected changes in surface height, but they also 
occur when an individual perceived an obstacle, but failed 
to elevate the limb adequately. In the lab setting, when 
young, healthy adults contact a visible, stationary obstacle 
under the conditions of normal lighting and full vision, the 
contact rate is about 1–2 % (Rietdyk and Rhea 2006; Rhea 
and Rietdyk 2007), and the trail foot is the contact foot 

67–100 % of the time (Mohagheghi et al. 2004; Berard and 
Vallis 2006; Rietdyk and Rhea 2006, 2011; Rhea and Riet-
dyk 2007, 2011; Heijnen et al. 2012a). Note that the con-
tacts with the real obstacles in the current paradigm have 
a similar rate (0.5 %) and were also mostly trail limb con-
tacts (90 & 100 %). One potential mechanism behind these 
trail limb contacts with a real obstacle is that visual fixa-
tions during approach were absent or inadequate. There is a 
fair amount of inter and intrasubject variability in obstacle 
fixations during approach to an obstacle, and in up to 33 % 
of the trials, subjects did not fixate on the obstacle at all 
(Patla and Vickers 1997). This would result in insufficient 
visual information to successfully guide the action with 
the dorsal system, and the individual would presumably be 
forced to rely on the less precise ventral system. Lack of 
adequate visual information should compromise both lead 
and trail limb trajectories, but the lead limb trajectory can 
be updated by online visual information while the trail limb 
cannot, ultimately resulting in higher trail limb contact 
rates.

The virtual obstacle trail limb trajectories reported here 
for young healthy subjects have similarities with real obsta-
cle trajectories described in balance-compromised subjects 
in two studies. First, subject 2 (Fig. 1) and another subject 
(not shown) demonstrated backwards displacement of the 
trail limb after toe-off for the virtual obstacle. A similar 
backward horizontal overcorrection has been observed in 
older women when taking a single step over an obstacle, 
and this was interpreted as a larger clearance margin to 
maintain safety (Berg and Blasi 2000). Extrapolating the 
interpretations described here for young adults with virtual 
obstacles to older adults with real obstacles, it is also pos-
sible that the backwards foot displacement of older women 
may be related to compromised ability to gather, store, and/
or use obstacle information in the single step task. Second, 
subject 32 (Fig. 1) and another subject (not shown) had tri-
angular shaped trail limb trajectories for the trail obstacle; 
the shape is similar to the trail limb trajectory of a 4-year-
old girl with early bilateral lesion of the occipital cortex 
(Amicuzi et  al. 2006). It was concluded that the lesion 
eliminated the detection of visual information that specified 
how to interact with the obstacle. This conclusion could be 
extended to the current findings that vision of the obstacle 
during approach specifies how to interact with the obstacle; 
while an obstacle memory may provide height information, 
it is not adequate for guiding the trail limb trajectory.

In summary, when an obstacle memory was not formed 
during the current approach, the control of the trajectory 
was impaired, ultimately resulting in a high failure rate. 
The failure rate was four times higher for the trail limb than 
the lead limb. Since the lead limb is visible in the lower 
periphery during crossing, vision of the limb, combined 
with stored height information, can be used to guide the 
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lead limb more successfully than the trail limb. However, 
9  % lead limb failure is relatively high, given that lead 
limb failures in young, healthy adults are rarely observed 
(Mohagheghi et al. 2004; Berard and Vallis 2006; Rietdyk 
and Rhea 2006; Rhea and Rietdyk 2007; Heijnen et  al. 
2012a). Action was impaired to a greater extent for the trail 
limb, which is likely due to the fact that the trail limb is not 
visible during crossing. These results emphasize that the 
dynamic visual input gained during approach is critical for 
success.
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