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the processes underlying the generation of motor compensa-
tion strategies in response to an external perturbation under 
time uncertainty. A supplementary analysis revealed that 
“cued” responses were kinematically similar to the “adapted 
response” and remained invariant regardless of cue lead time 
(250, 500 ms before trip) and application location of the cue 
(arm, trunk, lower leg). It is posited that all responses (cued 
and non-cued) are the expression of a pre-existing motor pro-
gram derived from life experiences. Here, the cue significantly 
reduces time uncertainty and adaptation consists primarily in 
resolving time uncertainty based on the trial-by-trial learning 
of the stochastic property of trip occurrence in order to reduce 
the response delay. Hence, response time delay and motor pro-
gram parameters appear to stem from two distinct processes.

Keywords Timing uncertainty · Vibrotactile cuing · 
Induced trip · Rehabilitation · Fall recovery

Introduction

Motor responses to unexpected external perturbations 
require the adjustment of the motor program driving the 
ongoing activity. While walking, a trip or slip triggers a basic 
modification of the gait program to return the body dynamic 
equilibrium. Responses to these unpredictable externally 
generated perturbations have been used to investigate learn-
ing compensation strategies through practice (Mansfield 
et al. 2007; Pai et al. 2010). Uncertainty may concern the 
timing and pattern of corrective movements. Temporal 
uncertainty includes the instant at which a perturbation/event 
will occur as well as timing and duration variations of mus-
cle contractions driving the motor response. Pattern or motor 
program parameters uncertainty includes the sequence of 
actions, movement direction, amplitude/force, velocity as a 

Abstract Motor responses to unexpected external perturba-
tions require the adjustment of the motor commands driving 
the ongoing activity. Strategies can be learned with practice to 
compensate for these unpredictable perturbations (e.g., exter-
nally induced slips and trips). It has been hypothesized that 
response improvements reflect the adaptation of motor com-
mands through updates of an internal model. This hypothesis 
may be nuanced when a pre-existing motor response could 
be used. In that case, since a relatively adequate response is 
known, only the timing of the command needs to be deter-
mined. If so, then it could be inferred that the timing of move-
ment initiation and the specific sequence of motor commands 
can be dissociated. Previously, we quantified the benefits of 
cuing vs. learning on recovery motor responses resulting from 
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function of a context. A number of models based on decision 
theory employ a Bayesian approach to resolve the spatial and 
temporal uncertainty of motor behaviors (see Berniker and 
Körding 2011; Wolpert and Landy 2012 for review). As in 
many models attempting to predict human movements in the 
face of indetermination caused by degrees of freedom redun-
dancy/abundancy (e.g., Kim et al. 2014), these models also 
assume that the central nervous system minimizes a cost or 
gain/loss function (e.g., Hudson et al. 2008) to produce an 
optimal solution, which corresponds to an optimized motor 
program (Schmidt et al. 1975; Keele 1981).

The hierarchical structure of motor programs and thus 
the processes associated with motor program selection and 
motor program parameters, including time control, are still 
debated (Leuthold and Jentzsch 2009). The cuing or pre-
cuing paradigm (Rosenbaum 1980, 1983), latter associated 
with brain imaging (Riehle 2005), or event-related poten-
tials (Leuthold et al. 2004) have been extensively used to 
address these issues. The results yielded by this method 
show that prior information about time and/or pattern 
(Rosenbaum 1983; Requin et al. 1991; Riehle 2005) allows 
for a significant reduction in reaction time.

In real life, removing time uncertainty may facilitate the 
compensation of perturbations compromising the outcome of 
a movement. For example, balance disruption by an unpre-
dictable trip is a critical hazard, especially in the elderly 
population (Blake et al. 1988; Alexander et al. 1992; Mathers 
and Weiss 1998; Schiller et al. 2007). However, in our recent 
study (Lee et al. 2016) including two experiments with two 
distinct groups of participants, we compared learning trip 
recovery from an unpredictable perturbation by trial-by-
trial repetition with cuing by application of a brief vibrotac-
tile stimulus to a body segment. Our results demonstrated 
that on the very first trial with cuing the compensatory/trip 
recovery response was equivalent to the adapted response 
obtained after eight learning trials. All responses with vibro-
tactile cuing were similar regardless of its lead time (250 or 
500 ms) and location of application (arm, trunk, lower leg). 
The cue provided only a warning without specifying any 
movement parameters. Hence, the aim of the present work 
is to differentiate the processes underlying the generation of 
motor compensation strategies in response to an external per-
turbation under time uncertainty. Here, we report the results 
of a supplementary analysis that was applied to our previ-
ous kinematic recordings to test the hypothesis that when a 
motor response/motor program/pattern exists then timing 
only needs to be determined, regardless of the cue location.

Methods

A detailed account of the methods used to collect the cur-
rent data is provided in Lee et al. (2016). Briefly, Twenty 

healthy young adults were randomly assigned to one of two 
groups of ten (four females, six males). The University of 
Houston Institutional Review Boards approved the experi-
mental protocol, and informed consent was obtained from 
each participant. A split belt treadmill was controlled to 
produce a trip by the abrupt stop (within 100 ms) of one 
of the belts at the foot loading phase (as defined in Perry 
1992) and resume its motion (within 100 ms) after the first 
heel strike of the non-trip foot. Force plates located under-
neath each belt measured ground reaction forces, and an 
algorithm identified all gait events (e.g., heel strike, toe off, 
gait cycle, and loading phase). Trip occurrence was rand-
omized within a series of strides. Either a 250 or 500 ms 
vibrotactile stimulation at 250 Hz provided trip warning/
cues in one experiment while the other involved trips with-
out any cuing. The cue triggering time was determined 
using the average time of ten gait cycles prior to the trip 
(see trial sequence in protocol). Reflective markers were 
placed on body landmarks to record and quantify body 
segment movements with a 12-camera Vicon™ motion 
capture system. Force signals and movement data were 
synchronously sampled at a rate of 100 Hz. A safety har-
ness was worn to prevent falling incidents. All partici-
pants walked on the split belt treadmill adjusted to match 
their self-selected walking speed (speed = 0.99 ± 0.04 
and 0.98 ± 0.06 m/s for adaptation and cuing groups, 
respectively); these corresponded to gait cycle periods of 
1.14 ± 0.07 and 1.11 ± 0.08 s, respectively. Differences 
were not significant.

To characterize trip recovery kinetic and kinematic 
responses, seven outcome measures had been defined (Lee 
et al. 2016): response step time, maximum response step 
force, recovery time, maximum trunk flexion angle, maxi-
mum trunk flexion velocity, trunk flexion angular disper-
sion, and maximum whole body center of mass velocity. 
Additional measures of the non-trip/recovery side were 
processed and analyzed here to further assess and com-
pare motor compensation strategies: hip-upper leg joint 
angle (between the iliac crest to greater trochanter line and 
greater trochanter to femur lateral epicondyle line), knee 
included joint angle, knee and ankle joint path lengths, and 
peak-to-peak displacement and phase plane of the whole 
body center of mass from the instant of the trip to the 
recovery.

Experimental protocol and analysis

Experiment I (E1) evaluated trip recovery learning only 
from repeated exposure to perturbation over eight trials. In 
the second experiment (E2), another group of participants 
received vibrotactile cuing prior to the trips thereby ena-
bling the evaluation of recovery as a function of the stimu-
lus application location (upper arm, trunk, lower leg) and 



3525Exp Brain Res (2016) 234:3523–3530 

1 3

lead time (250, 500 ms before the trip). In this experiment, 
one control trial without cuing was followed by six trials 
with vibrotactile cuing and finally one trial (post-control 
trial) without cuing.

In each trial of each experiment, participants walked at 
their self-selected pace while maintaining their gaze on a 
target placed 4.5 m ahead at eye level. For each trial, the 
first ten steps (pre-trip) were used to obtain a steady-state 
cycle, prevent trip anticipation, and compute gait cycle 
parameters and average speed. Then, a trip was applied to 
the left foot at random to one of the steps between the 10th 
and 20th steps and the trial was terminated ten steps after 
the trip step (post-trip). The location of the cuing stimulus 
and lead time were randomized in the cuing experiment 
(E2). No feedback was provided to the participants; the sig-
nificance of the cue was known but not the delay of the trip. 
The duration of a trial was less than 1 min, and consecutive 
trials were separated by a 20-s rest period.

To determine the effect of the trip as a function of the 
group (cuing vs. learning/adaptation), we performed 
ANOVA and post hoc multiple comparisons for all addi-
tional dependent measures (hip-upper leg joint angle, knee 
joint angle, knee and ankle joint path lengths, and peak-
to-peak displacement of the whole body center of mass) 
derived from the existing data set (Lee et al. 2016). This 
analysis also enabled us to explore the effects of learning 
for the non-cuing group and the effects of lead time and 
location for the cuing group.

Results

As detailed in previous results (Lee et al. 2016) and synthe-
sized in Fig. 1, simple repetition of trip trials (E1) showed 
that the values of all outcome measures (response step time 

and force, recovery time, maximum trunk flexion angle 
and velocity, maximum COM velocity) remained similar 
for trials 1–4 then decreased progressively to become sig-
nificantly smaller in trial 8 when compared to the 1st trip 
trial. In the cuing experiment (E2), trip recovery presented 
immediately (from the 1st trial) a response kinematically 
similar to the 8th response in E1, which remained quasi-
invariant regardless of cue lead time and application loca-
tion of the vibrotactile cue (Fig. 1). Differences between 
the control and post-control trials were not significant in 
either experiment. Note that the 1st trial of each experiment 
corresponds to an identical trip condition and the 2nd trial 
in E2 is the first cuing trial.

Furthermore, whole body kinematic responses from 
the instant of trip up to recovery presented in Fig. 2 illus-
trate representative results for one subject of each group. 
Time frames superimposition shows that body segments 
displacement magnitude/joint angles are reduced by eight 
practice trials in E1 (a, right panel) or any cuing in E2 (b, 
center and right panel). In addition, the analyses applied 
to lower body kinematic data (hip and knee angles and 
knee and ankle path lengths) show that in the adaptation 
groups (E1) all measures remained similar for trials 1–4 
(p > 0.1) then decreased progressively to become signifi-
cantly (p < 0.0001) smaller in trial 8 when compared to 
the 1st trip trial. In the cuing experiment (E2), trip recov-
ery presented immediately (from the 1st trial) a response 
kinematically similar (no significant difference, p > 0.1) to 
the 8th response in E1, which remained quasi-invariant (no 
significant difference, p > 0.1) regardless of cue lead time 
and application location of the vibrotactile cue. Finally, 
these measures were similar (no significant difference, 
p > 0.1) between the 8th trial in E1 and any cuing trial in 
E2. All these results can be represented by the same profile 
presented in Fig. 1. The center of mass (COM) trajectories 

Fig. 1  Synthesized representation of outcome measures (response 
step time and force, recovery time, maximum trunk flexion angle and 
velocity, maximum COM velocity) in arbitrary unit (AU) for each 
experiment [Adaptation (E1); Cuing (E2)]. All measures exhibit a 

similar profile that differs only between experiments. Statistical sig-
nificance indicated by **p < 0.0001 and *p < 0.05 is similar for all 
measures. Filled circle mean of an outcome measure for a trial; filled 
square mean of an outcome measure for any stimulus location
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(left) and phase plane contours (right) from the step preced-
ing the trip up to recovery for one subject of each group are 
presented in Fig. 3. Colors indicate the 1st, 2nd, and 8th 
trial. The phase plane contours show that in each experi-
ment the center of mass trajectories are significantly larger 
for the first trip trial than for the last adaptation or all cuing 

trials, respectively. In addition, marks on the trajectories 
(left panel) show that the delay of the response to trip is 
≈300 ms shorter for the 8th adaptation trial and the first 
cuing trial when compared to first trip trials. 

Figure 4 shows the peak-to-peak magnitude of the COM 
displacement between the instants of trip and recovery 

Fig. 2  Representative kinematic profiles obtained from the instant of 
trip up to recovery in the adaptation group (a) and cuing group (b) for 
one participant of each group. Green and red colors represent, respec-

tively, the right and left upper and lower extremities, other colors 
indicate the pelvis, trunk, and head (color figure online)
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across all participants in each group. The repetition effect 
was significant [F(7,72) = 8.61, p < 0.0001] for the adapta-
tion group (E1), as shown in Fig. 4a. Post hoc multiple com-
parisons showed that the peak-to-peak COM displacement 
was significantly smaller (49.38 %) for trial 8 than trials 
1–4. For the cuing group (E2), the ANOVA also indicated a 
significantly [F(2,77) = 57.78, p < 0.0001] lower (47.12 %) 

peak-to-peak COM displacement for cued than control tri-
als. In addition, this analysis also showed that this measure 
was not influenced by stimulus location (p > 0.87), lead time 
(p > 0.42), or by their interaction (p > 0.75), which equates to 
no difference between cuing trials in E2, as shown in Fig. 4b. 
Furthermore, the post hoc analysis showed no significant dif-
ference (p > 0.99) between control and post-control trials.

Fig. 3  Representative center of mass trajectories and phase plane 
contours obtained from the step preceding the trip up to recovery for 
one subject of each group. a Blue, green, and red indicate the 1st, 
2nd, and 8th trial in the adaptation experiment. b Blue, green, and red 

indicate the 1st trip trial, first and last cuing trial in the cuing experi-
ment. Circle and cross marks indicate the instant of trip and first step 
response, respectively (color figure online)
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Discussion

The data included in the current analysis clearly show that 
vibrotactile cuing immediately triggers a trip corrective 
response kinematically similar to the progressively adaptive 
response that results from eight trials when learning by rep-
etition. Furthermore, the immediate compensatory response 
neither varies with the cuing lead time nor with the location 
of application of the vibrotactile cuing stimulus. These three 
major features suggest a difference between learning and 
cuing in the processes leading to a “unique” recovery action 
(motor program) and emphasize that resolving time uncer-
tainty may be the critical issue in movement programming.

Learning compensation strategies through practice has 
been demonstrated for a large variety of tasks, including 
adaptive responses to unpredictable (Shadmehr and Mussa-
Ivaldi 1994; Kawato 1999) and delayed (Levy et al. 2010) 
perturbation of force or repeated-trip or slip perturbations 
(Mansfield et al. 2010; Pai et al. 2010; Bieryla and Madigan 
2011; Wang et al. 2012). In these contexts, improvement of 
responses to force perturbation is proposed to be primar-
ily associated with the adaptation of motor command(s) 
(Shadmehr and Mussa-Ivaldi 1994; Karniel and Mussa-
Ivaldi 2003; Bestmann et al. 2008) through the update of 
an internal model (Wolpert et al. 1995; Wolpert and Ghah-
ramani 2000). The evolution of the internal model is pre-
sumed to allow a progression from primarily feedback to 
primarily feedforward correction of perturbation-induced 
error as feedback control is too slow to engender effective 
corrective movements. This adaptation evolving with prac-
tice is necessary to build a control strategy/motor program 
that reduces the movement outcome error when the motor 
response to changing environmental conditions is not pre-
determined (no pre-existing motor program/internal model 
for such conditions). However, in the present case, it is rea-
sonable to postulate that a feedforward internal model for 
trip compensation derived from life experiences (learning) 
is already available. And this model is more generic than 
specific since treadmill trip is a most likely unknown expe-
rience for the participants in the present study.

Several results support the pre-existence/availability of 
an internal model and associated motor program to com-
pensate the trip perturbation. First, the acquisition of pos-
ture compensation in response to changes in body’s extrin-
sic frame of reference (solid contacts) appears to occur 
early in life and supports posture reorganization induced 
by perturbation of proprioceptive information (Martin et al. 
2015). Second, the motor response in the cue experiment 
is immediate (1st trial) with very short lead times (250 or 
500 ms) and exhibits narrow variability in kinematic char-
acteristics with repetition and random selection of cue 
parameters. Hence, it is proposed that in the present context 
of a not-so unfamiliar perturbation, all successive responses 
resulting in an adapted response on the 8th trial and cued 
responses (any trial) illustrate the execution of the same 
motor program primarily based on a feedforward motor 
command. When compared to cued trials, differences in 
kinematics observed in the early trials of the non-cuing 
experiments are only due to a longer delay, as predicted 
by control theory. Nevertheless, the availability of a motor 
program/internal model may present a paradox/dilemma 
since its utilization is not revealed earlier in the non-cuing 
experiment. Hence, it is logical to assume that if the two 
experiments lead to the same solution for trip recovery then 
the respective processes leading to this motor outcome may 
be different.

Fig. 4  Peak-to-peak COM displacement from the instant of trip up to 
recovery across all participants in the adaptation group (a) and cuing 
group (b). In b, Red, green, and blue bars correspond to vibrotactile 
cuing applied to upper arm, trunk, and lower leg, respectively, for 
each lead time (i.e., 250 and 500 ms). Gray bars correspond to con-
trol and post-control trials without cuing. Error bars indicate stand-
ard error of the corresponding average (**p < 0.0001 and *p < 0.05) 
(color figure online)
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Cuing: Preparation for action triggered by “precues” 
(Rosenbaum 1980, 1983) is a well-known process benefit-
ing from prior information about parameters of the move-
ment to be executed and/or reduction in time uncertainty, as 
in the current experiment (Requin et al. 1991; Riehle 2005). 
This a priori knowledge contributes to a significant reduc-
tion in reaction time. In our second experiment, the cue 
removes time uncertainty as it indicates the imminence of a 
trip, with the exception of the first and last trial. Hence, the 
relatively short 250 ms lead time of the cue enables a sub-
stantial (about 200 ms) reduction in response time and shows 
that 650 ms (lead time + response time) is sufficient to select 
and initiate an adequate motor program. This response may 
be considered optimal or at least sufficiently efficient by the 
sensorimotor system since it is not improved by repetition, 
while learning is possible, as discussed below. Furthermore, 
the side to be tripped (left or right) is not indicated to the par-
ticipant and thus completely unknown on the first trial. If this 
knowledge were to be inferred after a few trials then it would 
contribute to a further reduction in the response time (Rosen-
baum 1980), which is not the case. Hence, it can be assumed 
that limb selection (a parameter not included in the cue) is 
most likely triggered by the trip and thus after the pre-selec-
tion of the action goal (trip recovery) triggered by the cue. 
This perspective is consistent with the well-supported inde-
pendence of program dimensions/features (see for review 
Rosenbaum 1983; Leuthold and Jentzsch 2011).

Non-cuing: Recent studies based on Bayesian theory 
have shown that the occurrence of external events can be 
estimated from prior knowledge of their stochastic behav-
ior in time (Miyazaki et al. 2005; Wolpert and Landy 
2012). Similarly, the stochastic properties of a moving 
target can also be learned to predict hand (Neilson et al. 
1988) and eye–hand tracking movements (Martin et al. 
1991). Therefore, in the absence of cues, the probabilis-
tic structure of trip occurrence is likely learned to allow a 
progressive reduction in response time. Furthermore, tem-
poral uncertainty may also be compensated (Hudson et al. 
2008). It is of note that in the current task, five trials are 
necessary to observe “anticipation”, as indicated by the 
first reduction in response time, and eight trials are suffi-
cient to predict the delay necessary to obtain a “sufficiently 
efficient” response. Indeed, “functionally good enough” is 
the alternative to an optimization process, especially when 
the cost function is most likely unknown (de Rugy et al. 
2012) and requires computation. In the present case, learn-
ing does not consist of updating the internal model/feedfor-
ward motor command per se but rather update the response 
delay compatible with the internal model. This perspective 
is in agreement with the reduction in cost (loss function) 
associated with the motor programming effort (Kibbe and 
Kowler 2011; Wolpert and Landy 2012) and behavior opti-
mization based on the expected value of motor outcome 

(Trommershauser et al. 2003). Furthermore, our hypothesis 
is congruent with a recent work proposing that the update 
of feedforward motor commands with repetition to succes-
sively correct previous errors is performed by adding time-
shifted responses to the previous motor command (Albert 
and Shadmehr 2015). This time shift is the correlate of the 
reduction in response time in our experiment.

In both cases, reduction in time uncertainty is the key. 
Furthermore, assistance to the feedforward motor com-
mand by spinal reflexes is expected since anticipation and 
attention (as driven by the vibrotactile cue) contribute to an 
increase in the gain of the stretch reflex via an increase in 
fusimotor sensitivity (Al-Falahe and Vallbo 1988; Hospod 
et al. 2007; Ribot-Ciscar et al. 2009). In addition, prepa-
ration to action and attention also increases corticospinal 
excitability (Mars et al. 2007; Bestmann et al. 2008), which 
in turn increases motoneuron accessibility, or in other 
words, also increases the gain of peripheral loops. Finally, 
postural threat also enhances the gain of vestibular reflexes 
(Horslen et al. 2014), which are implicated in balance con-
trol. Therefore, the integration at spinal level of all these 
facilitatory influences is likely to enhance peripheral reflex-
based corrections of perturbation, whose latencies are com-
patible with walking at a natural pace.

To conclude, we propose that compensatory responses 
for the cuing and non-cuing groups are based on the 
retrieval of a motor program/stabilization strategy via two 
different processes. The results strongly suggest that motor 
response timing (when) and motor program structure and 
parameters (how) stem from distinct processes. Hence, 
“when” is a significant component of adaptation. Finally, 
cuing presents a definite advantage over learning in terms 
of time (immediacy), robustness, and flexibility (delay and 
application location). Wearable technology is likely to be 
available in the near future to allow trip prediction compati-
ble with vibrotactile cuing as 250 ms lead time is sufficient.
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