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A B S T R A C T

Background: Studies on postural control have primarily focused on the maintenance of balance in quiet upright
standing on flat horizontal support surfaces that can reveal only a subset of the potential postural stability/
instability configurations in everyday contexts.
Objectives: Here we investigated the nature of dynamical properties of postural coordination in an upright
standing task as a function of the systematic scaling of seven support surface angles, +20°, +10° dorsiflexion
(+), 0 °Flat, −10°, −20°, −30°, −35° plantarflexion (−), mounted on a force plate.
Methods: The center of pressure (CoP) and virtual time-to-contact (VTC) were analyzed to examine the spatial
and spatio-temporal aspects of postural coordination dynamics, respectively. Recurrence quantification analysis
(RQA) was used to characterize the dynamic postural control strategies as a function of slope surface angle.
Results: The recurrence findings showed that on a flat surface the postural CoP dynamic are recurrent with a
largely deterministic process and higher Shannon entropy compared to elevated slope angles in dorsiflexion and
plantarflexion. There were asymmetrical patterns between similar slope angles for dorsiflexion and plantar-
flexion postures. The recurrence measures revealed that VTC operates on a higher embedding dimension than
that of CoP.
Significance: VTC showed an enhanced sensitivity to detection of postural instability in relation to the stability
boundary that was magnified on the flat surface but progressively reduced over larger surface angles for both the
dorsiflexion and plantarflexion postures.

1. Introduction

Maintenance of postural control in quiet standing is a complex task
that requires the integration of sensory-motor processes that collec-
tively organize to maintain postural stability [1,2]. Previous in-
vestigations on postural control have predominantly manipulated pos-
tural difficulty through changes in postural configuration [2] and foot
orientation [3] to examine the control processes. To further challenge
postural stability, sloped support surfaces [4] can be used to understand
how the vertical projection of the center of mass and center of pressure
(CoP) are preserved within the base of support [5]. Here, we examine
how different sloped surfaces influence the continuous, low-amplitude
but complex motion of the CoP during upright stance. The collective
organization of CoP has been shown to be a reflection of the synergies
encompassing joint coordination, sensorimotor processes and adaptions

to ongoing internal and external perturbations [2].
Typically during quiet standing, CoP exhibits non-stationary fluc-

tuations [6], and as a means to supplement traditional CoP spatial
metrics (e.g., CoP area, displacement and its derivatives), frequency
and non-linear analyses have been employed to investigate the time-
dependent CoP structures [7]. Moreover, analysis tools that can de-
lineate the underlying linear and non-linear dynamics have revealed a
blend of deterministic and stochastic processes in postural control [8].
Indeed, the dynamic fluctuations of CoP trajectories do not reflect the
properties of random noise but rather contain temporal structures in-
dicative to persistent and flexible postural control strategies [9].
Detrended fluctuation analysis [10] and RQA [11] have shown that

the nature of CoP fluctuations operates over an adaptable range of
behavioral dynamics in a number of actions (e.g., gait stride intervals,
finger tapping) and are governed by experimental constraints [3,12]. In
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particular, RQA reveals the dynamics of a higher-dimensional signal
depiction (i.e., phase-space reconstruction) to quantify several proper-
ties within the signal [13,14]. Specifically, the regularity and laminarity
of the reconstructed signal have been associated with the concepts of
flexible and rigid postural control strategies [12,15,16].
A complementary approach to understanding the mechanism of

postural control has been through the spatio-temporal CoP structures of
virtual time-to-contact (VTC) [17]. VTC extracts the instantaneous CoP
vectors, then projected towards the enclosed postural stability
boundary to calculate the estimated time it would take the CoP vectors
to reach the stability boundary should the motion of CoP continue with
the initial condition dynamics. A more stable postural control config-
uration would have more time to reach the stability boundary, whereas
an unstable posture would have reduced VTC values [18,19] and hence
limited temporal margins of stability.
This study examines the contrasting recurrent dynamics of the CoP

and VTC timeseries as a function of the task constraints of maintaining
upright postural stability across different sloped support angles. It was
hypothesized that deviation from the flat support surface will result in
more stable and regular dynamics of CoP and VTC trajectories that will
be reflected in the differential properties of recurrence dynamics.
Furthermore, we anticipated that the analysis of CoP and VTC would
reveal different embedding dimensions in the reconstructed state space,
that reflects their spatial and spatio-temporal postural control timescale
profiles, respectively.

2. Materials and methods

2.1. Participants

Sixteen healthy participants (height range: 163–182 cm, age range:
from 23 to 37 years old, and body-mass range: 55–89 kg), provided
written informed consent for their participation and were recruited
according to an experimental protocol approved by the Institutional
Review Board. All participants were healthy and self-reported no ap-
parent neurological disorders and musculoskeletal injuries that could
influence postural control.

2.2. Instrumentation

An AMTI force platform (OPT400600-1000, Watertown, MA) was
used to derive the displacement of the CoP. Pre-fabricated wooden
platform wedges of different angles, +20°, +10° dorsiflexion (+),
0 °Flat, -10°, -20°, -30°, -35° plantarflexion (-) were mounted on the
force platform to provide slope surfaces. The slope angles were based on
pilot tests of the biomechanical limits of ankle angle range of motion for
the population group. The platform wedge surfaces were covered with
commercial sand paper of grain size 100 to standardize the coefficient
of friction across all platform wedge angle conditions. The data were
sampled at 100 Hz and were digitally low-pass filtered with a second
order Butterworth filter with a cut-off frequency of 5 Hz based on
previous techniques to reveal inherent physiological information [20].

2.3. Experimental procedures

Participants were instructed to maintain upright postural balance
while standing on the force platform with bare feet, eyes open. They
focused on a visual target placed 2m away from the platform at eye
level and maintained foot placement on the wedge for 40 s. The order of
the platform angles was assigned randomly, with the baseline (0° hor-
izontal) as the first trial. Each platform condition had 2 trials with
2min. rest between each trial. There was 4min. of recovery time be-
tween each platform condition. For each platform condition a supple-
mentary trial was used to evaluate the functional stability boundary,
where the participant was asked to lean as far as they could in 8 equally
spaced directions within an ellipse surrounding the center of the base of

support while maintaining the same foot placement throughout the
entire trial [4].

2.4. Calculation of CoP and VTC

CoP was analyzed from the force plate along both x (ML: medio-
lateral) and y (AP: anterior-posterior) directions on which the platform
wedges were mounted [5]. CoP area represents the area enclosed with
the CoP trajectories with 95% confidence interval, CoP length is the
total length of the CoP sway for the trial duration, and the functional
stability boundary area is that area enclosed within the CoP while doing
maximum excursion. postures across 7 directions. VTC was computed
as in Slobounov et al. [17] and provides a direct measure of the relation
of the CoP kinematics to the functional stability boundary. The VTC (τ)
at each time (40 s at 100 Hz) was computed (Appendix A). All analyses
were performed in custom written scripts with MATLAB (2017b).

2.5. Calculation of recurrence measures

In the recurrence plots, data points form darkened diagonal lines and
the organization of these data points is used to quantify the structural
properties of the reconstructed signal (Appendix B & Fig. 1). The
spatial organization reflects several dynamic properties of the signal
and the current investigation focused on: %REC (percent recurrence),
ENT (Shannon entropy), %DET (percent determinism), and %LAM
(percent laminarity) [13].
%REC is the amount of recurring points, expressed as a percentage

of the number of possible recurring points. It is a measure of the relative
density of recurrence points in the sparse matrix and is related to the
definition of the correlation sum:

=REC
N N

R% 1

i j

N

i j2 ,
(1)

where R is the Euclidian radius that was used as a measure to calculate
the tolerance in the state space, and N is the number of considered
states. We predicted that during quiet standing on a flat surface, the %
REC would be significantly higher than other ankle angle conditions
[21].
The %DET is defined as the fraction of recurrence points that forms

diagonal lines and reflects the probability that states will occur (Eq 2).
Systems possessing deterministic dynamics are characterized by the
diagonal lines and can be interpreted as the predictability of the system
more so for periodic behaviors than chaotic process.
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We predicted that the CoP and VTC signals would be highly sta-
tionary with longer quasi-periodic balance strategies at the flat surfaces
and lower slope angles as reflected by higher %DET.
The ENT measure is computed with respect to the deterministic

structure of the recurrence plot and reflects the complexity of the de-
terministic structure (Eq 3). Entropy should be highest for flat support
surfaces when compared to sloped surfaces [4].

=
=

ENT p l p l( ) ln ( )
l d

N

min (3)

where = =p l H l H l( ) ( )/ ( ))D l d
N

Dmin
, and H l( )D is the histogram of the

diagonal lines.
%LAM was defined as the relative amount of vertical structuring

over the entire recurrence map that is analogous to %DET for recur-
rence points in diagonal lines. The vertical line structures are used to
compute the %LAM and mark time intervals in which the system does
not change or changes very slowly. For postural control, a CoP signal
that consists of longer, more rigid states may be less flexible in
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maintaining its trajectory within the base of support when faced with
sloped surfaces.

2.6. Statistics

A two-way repeated measures ANOVA (7 slopes x 2 trials) was
employed on the CoP and VTC standard discrete variables to study the
main effect differences of slopes, trials and the interaction effect be-
tween slopes and trials. A 2nd order polynomial was fit to predict the
overall trend line for each RQA variable to test for the effect of slope for
each trial, where p p p, ,1 2 3 are the co-efficients with 95% confidence
interval (Eq. (4)).

= + +f x p x p x p( ) * *1
2

2 3 (4)

We evaluated the general linearity and homogeneity of variances to
test statistical assumptions. The dependent variables were computed
from CoP (AP and ML) motion as well as the VTC trajectories. Standard
goodness of fit output consisting of root mean square error (RMSE), and
adjusted R2 were reported for each dependent variable on each trial.
Significance was assumed when there was less than 5% chance for Type
I error. When appropriate, Tukey’s post hoc analysis was performed to
test for significance between the sloped surface conditions. For clarity
purposes only, single trial graphs were illustrated for the recurrence
measures.

3. Results

3.1. CoP and VTC across platform slope conditions

The main effect of platform condition was significant for CoP area, F
(6224)= 13.88 (p < 0.001), CoP length, F(6224)= 75.53
(p < 0.001), functional stability area, F(6224)= 142.85 (p < 0.001),
and VTC, F(6224)= 125.91 (p < 0.001). Post-hoc Tukey analysis

showed that CoP area and length on the flat condition were sig-
nificantly lower than other slope angles, and the stability boundary area
and VTC on flat were significantly higher than other slope angles
(Table 1). The main effects for trials and the interaction between slope
conditions and trials were nonsignificant (p > 0.15).

3.2. Recurrent dynamics parameters for CoP and VTC

Our custom written automated algorithm was designed to fit a nth

order regression that would minimize the cost-function (root mean
square error and adjusted R2). The resultant output showed that a 2nd

order polynomial regression provided the highest goodness of fit.
Table 2 provides for each trial the 2nd order polynomial regression
equation along with their standard goodness of fit for each recurrent
dynamics’ parameter (%REC, %DET, ENT, and %LAM) for CoP (ML and
AP) and VTC values as a function of platform slope conditions.
Fig. 2a shows the mean %REC for CoP-ML, CoP-AP, and Fig. 2b the

VTC together with their corresponding 2nd order polynomial fit for each
dependent variable as a function of slope condition for a representative
trial. Similarly, Fig. 3a shows the mean %DET for CoP-ML, CoP-AP, and
Fig. 3b the VTC and their corresponding 2nd order polynomial fit.
Fig. 4a shows the mean %LAM for CoP-ML, CoP-AP, and Fig. 4b the
VTC and their corresponding 2nd order polynomial fit.
In general, CoP-ML had a higher adjusted R2 values (0.95 - 0.81)

than CoP-AP (0.93 - 0.51) for %REC parameter. The RQA findings can
be summarized as follows: a) on a flat surface the postural CoP dy-
namics is recurrent with a largely deterministic process and higher
Shannon entropy compared to elevated slope angles in dorsiflexion and
plantarflexion; b) there were asymmetrical patterns between similar
slope angles for dorsiflexion and plantarflexion postures; and c) the
recurrence measures revealed that VTC operates on a higher embedding
dimension than that of CoP consistent with its enhanced sensitivity to
detection of postural instability in relation to the stability boundary.

Fig. 1. Representative recurrence plots of CoP motion. Example of CoP (blue), time delay of 10ms (red), and time delay of 20ms (green). Thereafter, phase space was
reconstructed by plotting the time-delayed templates across the three axes. Note it is a 3D plot, but analysis was done for 5D in CoP, and 8D for VTC. Finally, the
recurrence plot represents the recurrence dynamics in the reconstructed phase space. See Appendix B for detailed methods (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).
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4. Discussion

This study used recurrence quantification analysis on the postural
metrics of CoP and VTC trajectories to investigate their underlying
control dynamics as a function of slope of the surface providing postural
support. The attractor dynamic properties of recurrence (%REC), reg-
ularity (%DET), complexity (ENT) and laminarity (%LAM) of the CoP-
ML, CoP-AP and VTC trajectories showed differential scaling of postural
control strategies as a function of slope for upright quiet standing. The
findings clearly showed that upright postural control strategies on
sloped surfaces are adapted qualitatively from those of quiet standing
on flat horizontal surfaces – postural organization was a product of
slope inducing enhanced dispersion of CoP motion and reduced area of
the stability region [19,27].
An inverted-U shaped trend over slope angles was found for all re-

currence measures with deviations from the flat support surface con-
dition altering both the CoP and VTC dynamics. Consistent with pre-
vious studies, directional changes of CoP dynamics were associated
with specific task constraints. For example, King et al. [3] found that
the directional change of CoP regularity and complexity depended on
the AP and ML stability, particularly in the most challenging postural
stances (e.g., staggered and tandem). Here, the similar polynomial fits
for CoP-ML, CoP-AP revealed that sloped surfaces altered AP and ML
stability in a comparable manner, which is consistent with previous
evidence regarding the regulation of postural control under manipula-
tions of visual information structure [21], and altered sensory input
[15].
The recurrent properties of both CoP trajectories differed con-

sistently across the sloped conditions, more prominently at the most
elevated dorsiflexion angles. This trend was present across all recur-
rence measures. For both CoP trajectories and VTC, the flat support
surface yielded the most recurrent, deterministic, and complex trajec-
tories while the inclined and declined angles resulted in more stochastic
but less complex signals. The obtained inverted-U shaped function for
the deterministic and complexity properties of the CoP trajectories re-
flects: (i) the adaptive nature of postural control solutions to the ex-
ternal changes of the support surface, and (ii) the changing within-trial
variability of CoP motion. Collectively, the adaptive mixture of de-
terministic and stochastic variability present in the signals supports the
notion of stable and flexible postural solutions as a function of angle of
postural support.
Consistent with the CoP findings, the VTC dynamics showed similar

directional changes between the different slopes of the support surface.
It has been shown that VTC is more sensitive in revealing postural
modulations than traditional CoP variability measures due to VTC
capturing a higher order dimension (i.e. velocity and acceleration) of
control relative to a stability boundary [19]. Here, the results revealed
deterministic and stochastic structures within VTC trajectories that
were also dependent on the slope of the support surface. A methodo-
logical limitation of our approach to creating a slope is that for our
model the wedged structure is viewed as a part of the subject and not
the force-plate, though we did not find any data trend that reflected a
problem.
The platform slope manipulations induced asymmetrical changes of

the organization of the musculoskeletal properties pertinent to postural
control. Given the simple hinge mechanisms of the ankle joint, where
the range of motion is typically between +25° (dorsiflexion) to - 45°
(plantarflexion) [22], we were able to capture a range of slopes that
approached the anatomical limits of the ankle motion range. Also,
during quiet standing an ankle strategy is typically used to maintain
postural stability [5] and, therefore dorsi- and plantar-flexion devia-
tions from the flat surface alter the proprioceptive information arising
the ankle joint, sensory feedback from muscle length change in the
plantarflexion/dorsiflexion position of the postural stance [23]. None-
theless, postural stability was maintained presumably in part due to the
multiple feedback control loops as well as feedforward signals thatTa
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operate over various time scales and were adaptable to both internal
and external perturbation [1,12].
The modulation of the recurrent dynamics for both CoP and VTC

trajectories may be a mechanism to stabilize posture with increasing
constraints without a detrimental loss of information. The sloped sur-
faces induced a more rigid control strategy (specific variable findings)
compared to the flat surface for both signals. This rigidity potential
relates to a safety mechanism designed to reduce the active degrees of
freedom and to maintain the center-of-mass within the stability
boundary. Other postural manipulations, such as foot orientation [3]
and visual input [21], have also produced rigid postural control stra-
tegies.
Secondly, the trajectories of both CoP and VTC showed decreased %

LAM in the sloped surfaces independent of postural stability on slope
angles. The %LAM quantifies the vertical line structure of the recur-
rence plot and indicates the duration of specific states of the system.
The finding of fewer laminar states for the sloped surfaces suggests that
the postural control system may be using these changing states to ex-
plore the reduced stability boundaries of the sloped surfaces. This is
consistent with the notion that small-scale postural variability reflects a
search strategy of the perceptual-motor workspace to facilitate the
maintenance of upright standing [24,25]. The manipulation of the slope
of the surface of support in real time would provide a more direct ex-
amination of the adaptive potential of dorsiflexion and plantarflexion in

postural control.
Overall, the experimental findings revealed that the dynamics of the

CoP within the functional stability boundary (VTC) reflected an adap-
tive mix of dispersion and regularity through asymmetrical modulation
of deterministic and stochastic properties to produce stable, yet flexible
postural solutions. The recurrent dynamics of VTC operate on a more
fine grained dimensional scale than that of CoP and may relate to its
enhanced sensitivity to determining stability [26] but showed a similar
pattern of change over the reduced stability region of the sloped con-
ditions as the CoP. We speculate that these outcome measures in the
context of the functional stability region may serve as a biomarker for
the onset of postural instability in pathologies or populations with
chronic ankle instability.
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Table 2
CoP and VTC recurrence dynamics parameters for trial 1 and trial 2 across sloped platform conditions.

Recurrence Parameter %REC %DET ENT %LAM

Regression
Values

adjusted R2 RMSE adjusted R2 RMSE adjusted R2 RMSE adjusted R2 RMSE

Trial Number 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2

CoPML 0.88 0.90 0.74 0.62 0.95 0.89 0.09 0.39 0.86 0.81 0.28 0.12 0.95 0.88 0.22 0.56
CoPAP 0.76 0.81 0.57 0.58 0.51 0.69 0.23 0.29 0.96 0.85 0.09 0.05 0.93 0.92 0.13 0.37
VTC 0.94 0.91 0.30 0.29 0.90 0.88 0.13 0.14 0.67 0.12 0.71 0.09 0.81 0.87 0.28 0.21

RMSE: Root Mean Square Error. CoPML (medio-lateral) is along x direction, and CoPAP (anterior-posterior) is along y direction of force-plate.

Fig. 2. Mean ± SD for percent recurrence (%REC) of (a) CoP-ML & CoP-AP and (b) VTC for Trial 1.
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Appendix A

Virtual Time-To-Contact

The general algorithm to calculate VTC and determine the functional stability boundary was primarily replicated from Slobounov’s work [17]. To
calculate the VTC value for each instantaneous measured position of the CoP (object in our case), the real time was stopped at a current moment (τi)
and the virtual motion of the object with constant acceleration was simulated. The resultant force as well as acceleration a(τi) were constant while

Fig. 3. Mean ± SD for percent determinism (%DET) of (a) CoP-ML & CoP-AP and (b) VTC for Trial 1.

Fig. 4. Mean ± SD for percent laminarity (%LAM) of (a) CoP-ML & CoP-AP and (b) VTC for Trial 1.
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the object was moving along its virtual trajectory from the current initial position r(τi) with instantaneous initial velocity v(τi) until it would collide
with the stability boundary. Here, (x y,c c) denotes the point on the stability boundary where the virtual trajectory intersects it for the first time. If the
end points of the corresponding boundary line segment are (x y,1 1) and (x y,2 2) the slope (s) of the line connecting the two points is

=s y y x x( )/( )2 1 2 1

Assuming constant slope in the differential segment between (x y,1 1) and (x y,2 2), the slope can subsequently also be computed as

=s y y x x( )/( )c c1 1

Assuming a point massless model for the CoP with constant acceleration, the point of virtual time-to-contact can be written as

= + +x r v a( ) . . 2c x x x
2

= + +y r v a( ) . . 2c y y y
2

Substituting xc and yc from = + +x r v a( ) . . 2c x x x
2

and = + +y r v a( ) . . 2c y y y
2

in =s y y x x( )/( )c c1 1 , and equating it to
=s y y x x( )/( )2 1 2 1 , gives a quadratic equation in τ. VTC (τ) is the lowest positive solution of this quadratic equation.

Appendix B

Recurrence Parameter Selection

The CoP sway along both x (ML) and y (AP) directions, and VTC were analyzed using recurrence measures. Standard approaches, as outlined by
[12,27] were used to determine the input parameters of the recurrence analysis. In brief, the time-series pertaining to CoP and VTC were re-
constructed phase space trajectories using the standard time delay method. We used the false nearest neighbor method and average mutual in-
formation approaches to determine the appropriate embedding dimension (m) and time-delay (τ), respectively. Thereafter, a sphere with a radius of
25% of the mean distance separating points in reconstructed phase space was used to ensure that the percent recurrence remained below 5%. These
input parameters (CoP, m = 5; VTC, m = 8 and τ=10) were used to create recurrence plots for each signal independently (Fig. 1).
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