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Abstract
Previous studies suggest that visual information is essential for balance and stability of locomotion. We investigated whether 
visual deprivation is met with active reactions tending to minimize worsening balance and stability during walking in humans. 
We evaluated effects of vision on kinetic characteristics of walking on a treadmill-ground reaction forces (GRFs) and shifts in 
the center of mass (COM). Young adults (n = 10) walked on a treadmill at a comfortable speed. We measured three orthogonal 
components of GRFs and COM shifts during no-vision (NV) and full-vision (FV) conditions. We also computed the dynamic 
balance index (DN)—the perpendicular distance from the projection of center of mass (pCOM) to the inter-foot line (IFL) 
normalized to half of the foot length. Locally weighted regression smoothing with alpha-adjusted serial T tests was used 
to compare GRFs and DN between two conditions during the entire stance phase. Results showed significant differences in 
GRFs between FV and NV conditions in vertical and ML directions. Variability of peak forces of all three components of 
GRF increased in NV condition. We also observed significant increase in DN for NV condition in eight out of ten subjects. 
The pCOM was kept within BOS during walking, in both conditions, suggesting that body stability was actively controlled 
by adjusting three components of GRFs during NV walking to minimize stability loss and preserve balance.
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Introduction

Locomotion is an everyday behavior in which vision plays 
an essential role (Gibson 1998; Warren 1998), by influenc-
ing balance, stability, body orientation, and gait patterns in 
different environments (Patla 1997; Jahn et al. 2001; Hal-
lemans et al. 2010; Matthis et al. 2018; Miller et al. 2018). 
Vision also provides information about objects to avoid or 

specific targets to reach (Hollands et al. 2002). The loss of 
visual inputs during walking may affect different kinematic 
and kinetic characteristics of walking: speed, cadence, step 
length and width, duration of double support phase, shape of 
lower limb trajectory, foot clearance and foot placement on 
the ground (Hollands and Marple-Horvat 1996; Patla 1997; 
Rietdyk et al. 2005; Reynolds and Day 2005; Rietdyk and 
Rhea 2006; Rhea and Rietdyk 2007; Hallemans et al. 2009a, 
2010; Uematsu et al. 2011; Cho et al. 2013; Collins and Kuo 
2013; Maeda et al. 2017).

The influence of visual perturbations on gait stability was 
usually evaluated by recording kinematic characteristics of 
gait. Little is known regarding the effects of visual pertur-
bations on kinetic characteristics, such as ground reaction 
forces (GRFs) that play an essential role in the production 
of locomotion. Analysis of kinetic effects of visual pertur-
bations might be also important for understanding of gait 
stability. GRFs are directly related to the acceleration of the 
body’s center of mass (COM) (Karlsson and Frykberg 2000; 
Rose and Gamble 2006). Mechanically, locomotion can be 
defined as resulting from changes in neurophysiological 
parameters that translate body balance and stability in the 
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environment (Masani et al. 2002; Patla 2003; Feldman et al. 
2011). Therefore, GRFs may be essential characteristic of 
gait stability (Masani et al. 2002; Chockalingam et al. 2004).

To our knowledge, there is only one study (Oliveira et al. 
2017) in which only one vertical component of GRF was 
investigated during gait with and without vision. This GRF 
component was reduced during walking with eyes closed. It 
remains unclear whether the medial–lateral (ML) and ante-
rior–posterior (AP) components of GRFs are also affected 
in blindfolded walking. The deviation of COM within the 
base of support (BOS) might be another helpful variable in 
the evaluation of gait stability (You et al. 2001; Lugade et al. 
2011; Niiler and Janick 2017). Some gait modifications such 
as reduced speed, and step length, increased step width and 
limited movement of the hip and ankle may occur to keep the 
COM within the BOS and maintain gait stability (Redfern 
and Schumann 1994; Patla 1997; Hallemans et al. 2010). 
Condition-dependent changes in the GRFs could be respon-
sible for these adjustments. For example, Hsiang and Chang 
(2002) suggested that changes in the COM displacement are 
responsible for an increase in body stability by keeping the 
COM within the BOS. Hsiang and Chang (2002) did not 
quantify the COM displacement. Studies which investigated 
the COM motion in NV condition are limited by measuring 
the acceleration of upper body segments and of the pelvis 
(Iosa et al. 2012) without any relation to the BOS (Halle-
mans et al. 2009b, 2010).

In the present study, we measured the COM motion using 
normalized dynamic balance index (DN) that evaluates vari-
ability of the COM with respect to a dynamic reference (the 
feet) or a fixed reference (laboratory frame) as suggested by 
Niiler et al., (Niiler and Janick 2017; Niiler 2018a, b). We 
measured DN as the deviation of COM relative to the line 
between the midpoints of the feet, which is approximately 
passes through the center of BOS (see “Methods”). Fur-
thermore, DN is a variable that might be more sensitive to 
changes in experimental conditions (e.g. due to perturbation) 
than the medial–lateral/vertical displacements of the COM 
in the detection of changes in balance (Niiler 2020).

The goal of this study was to examine whether the three 
orthogonal GRF components changed during walking in no-
vision (NV) compared to full-vision (FV) condition. In addi-
tion, we determined the COM motion to better understand 
gait balance and stability control. Step length and step width 
were measured as general kinematic outcome parameters. 
Although the anticipated effect of NV is worsening balance 
and stability, we addressed the question of whether or not 
the nervous system has the capacity to actively minimize 
destabilizing effects in NV conditions.

Methods

Participants

Ten subjects (4 males and 6 females, 31.5 ± 3.8 years) par-
ticipated in the present study. Participants were asked to sign 
informed consent forms approved by the ethics committee of 
the Centre for Interdisciplinary Research in Rehabilitation 
(CRIR). After filling out a general medical history question-
naire, they reported to be in generally good health, with no 
history of neurophysiological and musculoskeletal problems.

Experimental procedure

Prior to the experiment, participants were given enough time 
to warm up and familiarize with walking on a motorized 
treadmill (Bertec’s Fully Split-Belt Instrumented Tread-
mill, Bertec Corp., USA). They walked at their comfort-
able speed during the actual tests. Comfortable speed was 
determined by gradually increasing the belt speed until a 
comfortable speed was reported by the participant. The belt 
speed was then increased beyond the reported comfortable 
speed until it was found to be uncomfortable and subse-
quently was gradually decreased until a comfortable walking 
speed was reported again, and the latter speed was used in 
test trials. The average of comfortable speed for ten subjects 
was 1.095 ± 0.183 m/s. During the actual test, subject wore 
portable liquid crystal glasses that can be made transparent 
or opaque by an electrical signal. To familiarize with visual 
deprivation, a trial with three perturbations was performed 
by participants. To avoid adaptation, participants received 
gradually increasing vision occlusion during 1, 3 and 5 s. 
Two trials were recorded: (1) 1-min walk, FV, (2) NV walk-
ing, until participants approached the edges of the treadmill 
and the experimenter deactivated the glasses to prevent fall-
ing, which was also ensured by overhead safety harness worn 
by participants. The average duration of NV walking was 
15.82 ± 3.52 s.

Data collection

The GRFs were sampled at 600  Hz recorded from the 
force plates embedded under the belt of the treadmill. The 
force platforms were able to measure the orthogonal forces 
according to the three components (Fx, Fy, and Fz). Kin-
ematic data were recorded using a three-dimensional motion 
analysis system (Optotrak Certus, Northern Digital Inc., 
Waterloo, ON, Canada). Three to six infrared markers posi-
tioned bilaterally on each body part which were captured by 
four Optotrak acquisition cameras (two sides, one front and 
one back) at a frequency of 30 Hz. All markers installed on 
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the lateral aspect of the extremities and back of the trunk 
(Fig. 1). Therefore, their movements were easily tracked by 
cameras. Because the markers do not determine specifically 
the spatial relationship between segments, we completed 
the definition of each segment by adding some anatomical 
points (Fig. 1). In this way, a digitizing probe was applied 
to determine anatomical points relative to the markers. The 
relative position of markers to the joint axes is used to make 
a rigid body. Consequently, a 3D-link chain model is built 
which determines the position of each segment in a series of 
joints. Furthermore, anthropometric measures (body weight 
and height, lengths and circumference of body segments) 
were used to modify this biomechanical model to estimate 
COM motion. Finally, using regression equations, which 
take into account the length, diameter and, total weight of 
the body, a software (homemade) calculated the segmental 
and global position of COM (Winter 2009; Dubreucq et al. 
2017).

Data analysis

The fourth-order Butterworth filter (6 Hz cut-off frequency) 
was used to filter kinematic data. The force data were low-
pass filtered (10 Hz, fourth-order, zero-lag Butterworth) and 
normalized to the body weight. For data alignment, the force 

and kinematic data re-sampled to 60 Hz. The walking cycles 
were defined from the vertical GRF using 10 N threshold for 
detecting heel contact (HC) and toe-off (TO). Stance phase 
was normalized from 0% as HC to 100% as TO. Nine cycles 
were selected for each subject to further analysis.

Step width and length

Step width was defined as the ML distance, and step length 
was calculated as the AP distance between right and left heel 
markers during consecutive heel contacts.

Ground reaction force

For assessment of difference between two conditions, we 
used the method of LOESS Alpha-Adjusted Serial T test 
introduced by Niiler (2017). Data of three GRF components 
were modeled by locally weighted regression smoothing 
(LOESS), and then the modeled mean and standard devia-
tion curves of Fy, Fz and Fx were compared at each 100 
points by paired sample t test with adjusted alpha. The 
adjusted alpha was calculated using the correlation coef-
ficient between one point time-shifted of adjacent P values 
time series and itself (Niiler 2017; Nicholson et al. 2018; 

Fig. 1   Graphical view of marker set. Position of the markers on body parts, I indicates left side markers and II indicates right side markers (a). 
Anatomical points, which were determined by digitizing probe (b)
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Kruger et al. 2019). Based on correlation, a new adjusted 
alpha was introduced:

where N is the number of comparisons and � is the cor-
relation coefficient in adjacent P values. When adjacent P 
value curve falls below the new adjusted alpha, it means 
significant difference between two conditions.

In addition, variability of the peaks of three components 
were calculated as the percentage coefficient of variation 
(%CV) across nine cycles. The CV was defined as

where SD is the standard deviation and X is the mean of 
distribution of peak values. For the vertical direction, first 
peak or weight-acceptance peak (Fz1), valley (Fz2) and sec-
ond peak or push-off peak (Fz3) were calculated. For the 
anterior–posterior direction, the magnitude of deceleration 
peak (Fy1) and acceleration peak (Fy2) were measured. From 
the medial–lateral component, the magnitude of negative 
peak (Fx1), the first positive peak (Fx2) and second positive 
peak (Fx3) were calculated for CV analysis.

Dynamic stability index, DN

Dynamic base of support was defined as the inter-foot-line 
(IFL)—the line extending through the midpoint of heel and 
toe markers of each foot. Then, the shortest distance between 
projection of the COM (pCOM) and the IFL was defined as 
DIFL. The DIFL was normalized to half of the foot length to 
account for different foot size and different base of support:

In which DN represents a normalized gravitational 
moment arm (Fig. 2). It should be noted that DN is positive 
when the moment arm is in the front of the IFL and negative 
if the moment arm is located behind the IFL (Niiler 2020). 
The zero DN indicates a complete balance and when the DN 
is greater than 1 or − 1 it means that the COM does not lie 
within the base of support. The LAAST method was also 
used to compare entire DN curve between two conditions.

Statistical analysis

Statistical analyses were conducted on GRFs and DN using 
LAAST method. CV for each component were quantified 
by multivariate analysis of variance (MANOVA). A paired 
t test was also used to analyze SL and SW data to identify 
differences between conditions.
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Results

Step length and width

Step length significantly increased under the NV condition 
(t = 5.741, P = 0.000). Similarly, participants walked with 
wider steps in the NV condition (t = − 6.650, P = 0.000), 
(Fig. 3).

Ground reaction force

No significant differences were identified between two 
conditions for AP direction (Fig. 4). For vertical direc-
tion, only points of 97–99 fell below the adjusted alpha 
line (Fig. 5). However, ML direction was significantly 
different between FV and NV conditions in more regions 
across the stance phase (10–13 and 30–66%) (Fig. 6). The 
CV was greater for Fy2 (P = 0.012) for NV condition. For 
the vertical GRF, the CV was greater for Fz1 (P = 0.035), 
Fz2 (P = 0.021) and Fz3 (P = 0.000) in NV condition. The 
CV was greater for Fx1 (P = 0.033), Fx2 (P = 0.000) and Fx3 
(P = 0.048) for NV condition. Table 1 shows the CVs for 
each condition at the three axes.

Fig. 2   Graphical calculation of the projection of center of mass 
(pCOM) relative to inter-foot line (IFL) at each point within the 
stance phase. DIFL was measured as perpendicular distance from 
pCOM to IFL. The DIFL was normalized to half of the foot length 
(L/2)
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Dynamic stability index, DN

Figure 7 shows mean and SD of DN curve and adjacent P 
values curve for ten subjects in two conditions. P value curve 
shows that DN is similar entire the stance phase between 
FV and NV conditions. Since DN curves are asymmetrical 
and subjects could be affected in different area of the stance 
phase, it may wash out any effects while we average the 
curves. Therefore, we also used the LAAST method for data 
in each subject. Value of DN increased during NV condi-
tion compared to FV condition in eight out of ten subjects 
(Fig. 8, panel a).
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Fig. 3   Mean values (± SD) of step length and step width for full-
vision (FV) and no-vision (NV) conditions. *Indicates significant dif-
ference compered to NV condition (P < 0.0001)

Fig. 4   Anterior–posterior component of GRF. Nine cycles from illus-
trative subject for FV (a), and NV (b) conditions. Mean (± SD) AP 
direction for FV and NV conditions across all ten subjects (c). Adja-

cent P values between FV and NV conditions (d), red line shows a 
log (P value) of -5.7365, which is equal to adjusted alpha of 0.0032. 
There was no significant difference between two conditions
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Discussion

The aim of present study was to investigate the effects of vis-
ual deprivation on three orthogonal components of the GRF 
and dynamic stability index, DN, in healthy adults during 
walking on the treadmill. The results revealed that walking 
with eyes closed increased step width, decreased step length 
and changed kinetic gait variables. There was no difference 
between NV and FV conditions in Fy and Fz. (except for 
those between 97 and 99% of stance phase), However, for 
Fx, we found significant difference in more areas of stance 
phase compared to Fy and Fz (11–12% and 31–66%). The 
CVs of magnitudes for all peaks (except Fy1) increased in 
the NV condition. These data may confirm that the loss of 
visual information changed the GRF in all three directions.

Our result showed that the GRFs were affected by visual 
deprivation in three directions. It has been shown that local, 

and lower level sensory feedback and spinal reflexes are suf-
ficient for stabilizing walking in the AP direction (Grillner 
and Wallen 1985). However, in the ML direction, the active 
control is necessary to integrate visual, vestibular, propri-
oceptive and other sensory inputs by higher levels of the 
nervous system mediated, in particular, by the brain stem 
and cerebellum (Forssberg 1982). Previous studies suggest 
that the sensitivity of COP to visual perturbations in differ-
ent directions is different. For example, O’Connor and Kuo 
(2009) showed that the variability of COP displacement in 
ML direction, in contrast to AP direction was affected by 
virtual loss of vision. In our study, the variability of GRF 
displacement in all three directions was affected in NV con-
dition. One explanation for the differences in results is that 
the control of stability along AP and vertical directions is 
more challenging when vision is completely blocked (Iosa 
et al. 2012). Conversely, reactions to perturbations in the 

Fig. 5   Vertical component of GRF. Nine cycles from illustrative sub-
ject for FV (a), and NV (b) conditions. Mean (± SD) vertical direc-
tion for FV and NV conditions across all ten subjects (c). Adjacent 
P values between FV and NV conditions (d), red line shows a log (P 

value) of − 5.6607, which is equal to adjusted alpha of 0.0035. There 
was no difference between NV and FV conditions (except for those 
between 97 and 99% of stance)
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virtual reality environment (O’Connor and Kuo 2009; 
McAndrew et al. 2010, 2011), can still rely on visual infor-
mation, especially about the direction of walking that can 
only be obtained from (Hollands et al. 2002). Reflex control 
might be sufficient to neutralize effects of small perturba-
tions without involving higher centers of the nervous system 
(Donelan et al. 2004). However, our findings suggest that 
the CNS must actively adjust GRF parameters to control 
balance along AP and ML, or even vertical directions, and 
to reduce the negative effects of restricted vision and facili-
tate balance when encountering large perturbations resulting 
from visual deprivation. Nevertheless, our results confirm 
the hypothesis that the ML direction is more sensitive to 
visual perturbation than the AP axis. Because our finding 
showed that not only the CVs but also the magnitude of 
Fx in more regions of stance phase affected by vision loss. 
Consistent with our findings, Iosa et al. (2012) showed that 

although three directions are affected by visual deprivation, 
however, the acceleration of body in the latero-lateral axis 
was the only variable influenced by the interaction between 
vision and environment.

In terms of variability, according to the Fitts and Posner 
(1967) three-stage model, high variability of performance is 
one of the specific characteristics of the first stage of learn-
ing a new task, indicating no consistency from one trial to 
the other. During the second stage, performance becomes 
more consistent due to the practice and features of consecu-
tive attempts become more similar. Therefore, it seems that 
in our study, the lack of participant’s experience in the task, 
may explain the higher variability of the GRFs during eyes 
closed condition compared to normal walking (eyes open).

Regarding dynamical stability analysis, this study used 
a novel method for quantification of the COM motion. 
During normal walking, the pCOM fluctuates between the 

Fig. 6   Medial–lateral component of GRF. Nine cycles from illus-
trative subject for FV (a), and NV (b) conditions. Mean (± SD) ML 
direction for FV and NV conditions across all ten subjects (c). Adja-
cent P values between FV and NV conditions (d), red line shows a 

log (P value) of − 6.8252, which is equal to adjusted alpha of 0.0011. 
The regions between 10–13 and 30–66 percent of stance phase were 
significant
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feet over the whole gait cycle (Winter 1995). As a result, 
the nervous system is needed to ensure using an appropri-
ate method to measure the COM deviations, which takes 
into account the position of the pCOM relative to the feet 
(Niiler 2020; Niiler 2018a). Results showed significant 
increase in DN for NV condition for eight of ten subjects, 
indicating that blindfolded walking may challenge postural 
stability. DIFL has a larger lateral component than anterior 
component for the majority of the gait cycle. This may 
explain why previous studies mainly focused on this com-
ponent in predicting instability during locomotion (Niiler 
2020; Niiler 2018b). Results of DN and medial–lateral 
GRF analysis may support each other, confirming that 
ML direction is more sensitive to perturbation than other 

components (O’Connor and Kuo 2009; McAndrew et al. 
2010, 2011). Note that DN values were between 1 and − 1, 
for both NV and FV conditions (Figs. 7 and 8, panel a), 
implying that subjects were able to keep the pCOM within 
the BOS. It is clear that adults can preserve stability when 
there is no visual information. The goal of locomotion is 
to translate the COM forward stably in space (Masani et al. 
2002; Patla 2003). To achieve this goal, and maintaining 
the COM constantly, individuals adjust some gait charac-
teristics, like step length and width, GRFs or movement 
speed to keep the COM within the BOS. For example, 
Iosa et al. (2012) suggested that individuals restricted the 
upper body acceleration by reducing the speed of walk-
ing to control dynamic stability. Other studies (Hallemans 
et al. 2009b, 2010) also found that visual deprivation cause 
individuals to walk at a slower speed, lower cadence and 
restricted movements of the hip and the ankle and limited 
pelvis movement compared to gait in FV condition. The 
present results are consistent with these studies implying 
that adult use conservative strategies to keep the COM 
within the base of support, allowing them to reduce uncer-
tainty and overcome the fear of falling. According to the 
uncontrolled manifold hypothesis (UCM) (Scholz and 
Schöner 1999; Latash et al. 2007), the CNS may employ 
a variety of different solutions to meet the task demands. 
Consistent with this assumption, some research on gait 
investigated the COM stabilization during load carriage 
and fatigue (Qu 2012), among preadolescents with and 
without Down syndrome (Black, Smith, Wu, & Ulrich, 
2007), and among adults with and without neuropathol-
ogy (Papi et al. 2015). The results showed that the COM is 
the variable controlled by the CNS (performance variable) 
using various combinations of lower and upper body joint 
angles (elemental variables) that together stabilize the 

Table 1   The coefficient variation (CV) results for each peak magni-
tude of the three GRF components

Values expressed as mean ± SD
*Significant difference (P < 0.05), **significant difference (P < 0.01)

CVs of GRF Condition

FV NV F P value

Anterior–posterior (Fy)
Fy1 − 8.97 ± 4.45 − 13.84 ± 6.6 3.73 0.069
Fy2 5.21 ± 2.36 8.24 ± 2.45* 7.908 0.012
Vertical (Fz)
Fz1 1.99 ± 0.66 3.46 ± 1.92* 5.231 0.035
Fz2 2.27 ± 0.89 3.64 ± 1.45* 6.446 0.021
Fz3 1.66 ± 0.53 3.43 ± 1.07** 21.821 0.000
Medial–lateral (Fx)
Fx1 − 43.13 ± 27.45 − 84.75 ± 50.07* 5.311 0.033
Fx2 8.93 ± 1.81 14.48 ± 3.16** 23.317 0.000
Fx3 8.18 ± 2.44 11.45 ± 4.21* 4.522 0.048

Fig. 7   Mean (± SD) DN curve of all subjects in FV and NV conditions (a). Adjacent P values between FV and NV conditions (b); red line shows 
a log (P value) of − 5.4807, which is equal to adjusted alpha of 0.0042. There was no significant difference between two conditions
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COM in a certain position (Papi et al. 2015). Therefore, 
it is possible that in the present experiment, subjects used 
the variability of GRF components as elemental variables 
to stabilize the COM as a performance variable under 
no-vision condition. Moreover, individuals with no expe-
rience in the task employ considerable number of solu-
tions and body configurations to stabilize a task-related 
variable. As learning progresses, they can achieve the goal 
efficiently by fewer solutions (Black et al. 2007).

Conclusion

In summary, we measured the three components of GRF 
and the COM motion during walking on the treadmill 
with eyes closed. The variability of GRFs in the three 
directions increased in no-vision condition and the ML 
direction was more sensitive to visual deprivation. Nor-
malized gravitational moment arm, DN, increased during 
NV condition. However, individuals were able to control 
balance and keep the COM within the base of support 
during visual deprivation. Our results suggest that reduced 
visual information involves control reactions to minimize 
the influence of visual deprivation on balance and stabil-
ity of walking.
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