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Additional hand contact of external objects has been shown to reduce postural instability caused by a
deﬁciency of one or more senses. Little is known, however, if additional contact can help in an
environment where the senses are available but conﬂicting. This question was investigated by analyzing
the effect of different types of hand contact on postural stability perturbed by the moving visual scene.
While standing for 1 min on a rocker board in front of a screen, eight healthy young subjects observed a
projection of a virtual ship rocking on water to simulate standing on the ship’s deck. In randomly
assigned trials subjects were asked (a) to stand with arms at sides (with no contact); (b) to hold a
standard cane parallel to the ground; (c) to lightly touch a rocker cane handle with their index ﬁnger; or
(d) touch a standard quad cane handle with their index ﬁnger. Based on the kinematic data collected, the
displacement of the center of mass (COM) and angular displacements in the hip and ankle joints were
computed. Results showed that the moving visual scene perturbed body stability. However, additional
contact with support of varying stability reduced the destabilizing effect. The results can be potentially
used for practical purposes; when in an environment with visual perturbations simply holding an object
in hand may help stabilize the body when at risk for a fall.
Published by Elsevier B.V.

Keywords:
Postural control
Visual stimulation
Light touch
Virtual reality

1. Introduction
A moving environment mediates a self-motion toward a
stimulus to preserve a constant visual image on the eye retina,
and as a result destabilizes posture [1,2]. Maintenance of postural
stability in such situations is important and depends on how fast
the central nervous system (CNS) disregards a conﬂicting visual
input and relies on correct internal sensory signals [3]. Reweighting of sensory contribution to postural control can be stimulated
when the CNS receives additional afferent information from
cutaneous receptors and many other sources [4,5].
A great deal of evidence exists regarding the effect of additional
somatosensory input from the ﬁngers and hands on spatial
orientation and postural control in stable environments [4–11]. In
particular a light, mechanically insufﬁcient touch of an external
surface with the index ﬁnger has been shown to reduce postural
sway caused by a sensory deﬁcit (e.g. in patients with vestibular
deﬁcits, while standing with eyes closed or with reduced base of
support) [8,11,12]. Given the interdependent relationship of the
senses it is obvious that in these situations any additional source of
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information will be useful for stabilization [13–15]. However, it is
unclear how much additional somatosensation through ﬁngertip
contact will help when all senses are available but conﬂicting due
to a moving environment.
Moreover, the mechanisms of how light touch affects postural
stability are not fully understood even when the surrounding
environment is not moving. Speciﬁcally it is unclear what kind of
additional information is utilized by the CNS; ﬁxed spatial
references, non-spatially-related somatosensory stimuli, or a
combination of both. Overall, studies reported that regardless of
the subjects’ age, gender, hand dominance, type of stable support
surface and/or amount of ﬁnger/hand contact the somatosensory
input from a stable, ﬁxed in space surface is signiﬁcantly more
effective at stabilizing posture than input from an unstable surface
[4–11]. Kazennikov et al. [16] showed that a reduction in postural
sway velocity is possible in the absence of a ﬁxed reference and by
holding loads of different weights. In contrast Krishnamoorthy
et al. [17] observed no change in postural sway due to holding a
load in front of the body. However, authors reported a reduction in
instability when the load was suspended via pulley, which
provided modulation of the contact forces, but not a ﬁxed
reference point. Thus, it is important to consider the effects of
stable and unstable support on postural stability.
With this in mind we hypothesized that similar to a stable
environment, the additional somatosensory gain from ﬁnger tip
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contact with canes of varying stability and the input from holding a
cane in hand would help minimize postural sway which is
expected to be induced by a moving visual scene.
2. Methods
2.1. Subjects
Eight volunteer subjects (four male and four female) from 22 to 29 years of age
(M = 25.4) participated in this study after reading, agreeing to and signing an
institutional review board-approved informed consent form. All subjects were
reportedly healthy and had no known visual, cognitive, vestibular or movement
problems. Participants who wore corrective lenses were allowed to participate. All
subjects were right-handed according to the Edinburgh Handedness Inventory
Scale [18].
2.2. Equipment and experimental procedure
During an experimental session participants stood shoeless on a 46 cm  46 cm
rocker board which was placed 1 m from a 91 cm  122 cm screen (Fig. 1A). An
image of the bow of a ship ﬂoating on water with a land mass on the horizon was
projected on the screen in stereo format with the stereoscopic 3D visualization
system Geowall. This system renders images for the left and right eye separately
and displays them side-by-side on a computer screen. The computer’s desktop is
conﬁgured to span horizontally across two screens which are connected to
projectors. Polarized ﬁlters are attached to each projector lens and calibrated with
polarized 3D glasses such that the appropriate image reaches each eye. Thus,
watching a visual scene through polarized 3D glasses creates an illusion of actual
presence in the computer-generated environment. To reinforce the illusion the
participants observed the image in a darkened room and the water in the scene
ﬂowed at a realistic speed (as determined by the researchers). While standing,
subjects were instructed to focus on the railing of the bow of the ship as opposed to
the horizon or the water.
Two sets of trials (control and experimental) were performed by the participants.
During the 60 s control trials (20) the subjects stood on the rocker board and
observed the stationary virtual image in which the water was moving but the ship
was stable. During the experimental trials (20), visual stimulation was added by
displacement of the bow of the ship forward to backward, backward to forward,
angular up to angular down and angular down to angular up (Fig. 1B). Each type of
visual perturbation (ship displacement) occurred two times for a total of eight
perturbations per trial. Between each perturbation there was a 3 s rest period where
the bow of the ship remained stationary. To minimize the subjects’ ability to
anticipate the displacement and adjust their posture accordingly, three different
scenarios were executed randomly in which the displacements occurred in
different orders.
Each of the control and experimental trials were paired with one of the following
randomized conditions (Fig. 2A–D): (A) no contact (with arms at sides); (B) ‘‘air’’
cane (subject held standard 200 g cane, grasping it in the middle and parallel to
ground); (C) rocker cane; and (D) quad cane (both with tip of index ﬁnger at tip of

Fig. 1. Experimental setup. Subjects standing on the rocker board in front of the
screen, at which an image of the ship rocking on the water is presented in stereo
format (A). (B) Is a schematic ﬁgure showing a portion of one scenario of the ship
displacement during a 1 min trial. Arrows and geometrical patterns below indicate
the direction of the ship displacement.
cane handle), for a total of ﬁve of each condition. While contacting the rocker and
quad canes, participants pointed at the tip of the handle sagittally (Fig. 2E).
Preliminary testing showed that this pattern of contact generated minimal sagittal
and other shear forces. A force greater than 0.3–0.4 N applied sagittally to the
handle of the canes resulted in the quad cane being knocked over and the rocker

Fig. 2. Different types of hand contacts used by the subjects: (A) no contact; (B) holding the cane parallel to the ﬂoor; (C) lightly touching rocker cane; (D) lightly touching quad
cane. Pattern of the ﬁngertip contact with the quad and rocker canes (E).
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cane being displaced more than 308. Neither of these situations occurred during the
experimental trials. The height of the standing canes was adjusted so that the
handle of the cane was parallel with the subjects’ wrist.
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Fig. 3 shows the sagittal displacements of the COM during
visually perturbed (black trajectories) and non-perturbed
(gray trajectories) trials in two representative subjects (A and B,
and C). Visual stimulation (represented by dotted line) affected
body stability and increased postural oscillations. Linear ship

displacements (dotted triangles) generated smaller postural
responses than the ship angular movements up and down (dotted
curves). No pronounced phase relationship between visual stimuli
and postural sway oscillations were found. Both linear and angular
displacements of the ship were followed by the COM shift in the
same direction, e.g. both ship movement forward and pitching
down (dotted curve directed down) caused forward postural
displacements. In some cases, however, the ship displacements
resulted in a postural shift in the opposite direction.
The COM displacements of the same subject (as in Fig. 3A and B)
standing with hand contact of the air, rocker and quad canes during
the perturbed and non-perturbed trials are presented in Fig. 4A–C.
Similar to the no hand contact trials, visual stimuli increased the
postural sway oscillations (black trajectories) compared to those
observed in trials without visual perturbation (gray trajectories). In
the perturbed trials additional hand contact reduced the amplitude
of the COM responses (Fig. 3A vs. Fig. 4A–C), especially with the
ship angular displacements up and down. The postural shifts
caused by visual stimuli had a similar pattern to that observed
during the no contact trials and could follow either the same or
opposite direction. No strong coupling between postural and
virtual boat oscillations was revealed. Similar tendencies were
revealed in all subjects. Overall, no signiﬁcant interaction between
type of visual perturbation and cane condition was found.
As demonstrated by Fig. 5A, visual perturbation affected
postural stability in all four conditions resulting in an increase
of the COM displacement in the subjects when compared to the

Fig. 3. Individual sagittal trajectories of the COM displacement in two
representative subjects standing without hand contact during control trials
(without visual stimuli, gray lines) and experimental trials (with visual stimuli,
black lines). Plots A and B present the data from the ﬁrst subject, while the plot C
reﬂects the data from the second subject. Dotted geometrical line represents the
different types of visual stimuli, as in Fig. 1C. Vertical arrows marked with letters F
and B indicate the forward and backward directions of postural displacements.

Fig. 4. Sagittal trajectories of the COM displacement during standing with hand
contact at the air (A), rocker (B), and quad (C) from one representative subjects
during control trials (without visual stimuli, gray lines) and experimental trials
(with visual stimuli, black lines). Dotted geometrical line represents the different
types of visual stimuli, as in Fig. 1C. Vertical arrows marked with letters F and B
indicate the forward and backward directions of postural displacements.

2.3. Data analysis
During the task performance, kinematic data were recorded by the optical
motion analysis system ReActor Ascension Inc. (30 Hz) with 28 infrared markers
placed on the major bony landmarks. Using kinematic data, the amplitude of
displacement of the center of mass (COM) of the whole body and the angular
displacement in the right and left hip and ankle joints in the sagittal plane were
computed to analyze postural stability. The amplitude of angular and COM
displacements was calculated as the difference between the maximum and
minimum means of values within 60 s of each trial. Postural oscillations were
analyzed in the sagittal plane only, in which the greatest amount of sway naturally
occurs during normal stance [13]. The rocker board movement in the anterior–
posterior direction increased the destabilizing effect due to a qualitative change in
postural responses involving increased use of knee and hip joint muscles [19].
Two-way repeated measures ANOVAs with appropriate post-hoc test (least
signiﬁcant difference, LSD) were used to analyze the displacement of the COM and
angular displacements in the hip and knee joints in different conditions. Factors
were: perturbation (no visual stimulus, with visual stimulus) and conditions (no
contact, air cane, rocker cane, quad cane).

3. Results
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35% for rocker and quad canes). No differences between the left
and right sides of the body were revealed when subjects used the
air cane (Fig. 5B). Angular displacements during the non-perturbed
trials repeated the tendency observed in the trials with no visual
stimuli, but without signiﬁcant difference. An exception was
observed only for the ankle joints in which angular motions were
decreased on both sides of the body with quad cane contact and on
the left side of the body during the rocker cane contact (p < 0.05).
4. Discussion

Fig. 5. Averaged means (M  SE) of the COM sagittal displacement (A); angular
displacement in the right (R) and left (L) hip (at the top) and ankle (at the bottom) joints
(B), during perturbed (with visual stimuli, open bars) and control trials (without visual
stimuli, gray bars).

control. A two-way ANOVA showed a signiﬁcant effect of visual
perturbation on COM oscillations (F1,14 = 29.2, p < 0.001). Overall,
the effect of visual perturbation on the postural sway depended on
the type of hand contact (F3,42 = 19.4, p < 0.01). The minimal
destabilizing effect was observed when subjects pointed at the
quad cane, (about 45% of the COM sway decrease vs. the no contact
condition, post-hoc test, p < 0.001) compared to the air and rocker
canes (p < 0.001) which had a similar inﬂuence on the COM
oscillations (p > 0.05, Fig. 5A). Contact with the rocker cane caused
a postural sway decrease of about 22%, while the contact with the
air cane reduced the COM oscillations of approximately 15%. In the
non-perturbed trials, only quad and rocker cane contact stabilized
posture signiﬁcantly (p < 0.05) while holding the air cane showed
less tendency to increase stability.
Similar to the COM oscillations, visual perturbation affected
the angular displacements in the hip and ankle joints (Fig. 5B,
F1,14 = 19.2, p < 0.05 for hip; F1,14 = 21.4, p < 0.01 for ankle).
Contact with external objects decreased angular motions
(F7,98 = 11.2, p < 0.01 for hip; F7,98 = 15.2, p < 0.01 for ankle).
During the perturbed trials, contact with the rocker and quad canes
caused a decrease of angular displacement in the hip on the side of
contact (right) of 25% and 33% compared to the opposite hip joint
(left, p < 0.01), on which the ranges of motion remained
unchanged relative to those during perturbed trials without
support. Angular displacement in the ankle joints was characterized by a reverse relationship. Hand contact increased angular
displacement on the ipsilateral side (97% increase with quad cane)
with a respective decrease on the opposite side (p < 0.01, 24% and

As expected, the results showed that the movement of a
virtually-generated scene perturbed body stability by increasing
the COM oscillations and angular displacements in the hip and
ankle joints. Four visual stimuli had different effects on the
amplitude and direction of postural responses, but without strong
phase relationship. All the types of additional contact helped to
minimize postural sway when compared to the no contact
condition. The least stabilizing effect was provided when holding
a cane parallel to the ground, while the greatest stabilizing effect
was provided by touching a stable spatially ﬁxed quad cane
(decreasing instability by 45%). The decrease in postural instability
due to contact with the quad and rocker canes was mainly
achieved by stabilization of body oscillations in the ipsilateral hip
joint, while releasing angular motions in the ankle on the side
contralateral to contact.
While standing, we visually perceive the environment as
stationary despite the shift in the visual image on the retina of eye.
To preserve such environmental constancy during visual ﬁeld
motion, the CNS mediates postural reorganization adequate to the
new environmental position [2,12,20]. In our study, however, not
all visual stimuli followed expected responses and might be
accompanied by postural shifts in the direction opposite to the
visual stimulus movement. This can probably be explained by the
inﬂuence of postural response preceding the perturbation. If initial
body position was not restored completely, the next postural
response was determined by a limit of body stability, but not
direction of visual stimulus. The second, more speculative
explanation is that postural control in a moving environment is
driven by not only optokinetic reﬂexes, but involves higher neural
processing. For example, the ship pitching down might cause the
participant’s displacement in the opposite backward direction to
preserve ‘‘his imaginary upright position on the deck’’.
Postural stabilization by additional hand contact with
relatively stationary support was expected. A number of
previous studies showed similar effects in environments with
stable visual inputs [4,5,16,17]. However, the effect of holding a
cane on postural stability in a moving environment is a new
ﬁnding of the study and can be explained by sensory reweighing for postural control. Additional stimulation of the
somatosensory receptors makes the CNS disregard visual input
and control upright posture based on intact somatosensation
[21,22]. Our ﬁnding demonstrates that the mechanisms of the
sensory reorganization providing the postural stability may
work similarly for different types of perturbation, whether it is a
sensory deﬁcit, reduced base of support, or moving environment. This could probably suggest that simply holding an object,
similar to a light cane, in hand might help reduce postural
instability caused by any other types of perturbation, e.g.
conﬂicting vestibular or proprioceptive inputs.
Greater postural sway reduction was observed when subjects
were provided with the reference frame when touching a
stationary object. Previously Krishnamoorthy et al. [17] suggested
that a ﬁxed reference frame is more crucial for postural
stabilization than just locking a kinematic chain. Authors [17]
also concluded that ﬁnger touch in front of the body was more
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efﬁcient than ﬁnger touch at the side, which could partially explain
the smaller effect the air cane had on postural sway in our study as
compared to the rocker and quad canes. Although obtained in
different environments, the results of our study are consistent with
those mentioned above. The touching of a stable quad cane
reduced postural sway more than the less stable rocker cane, in
which its handle could move together with the tip of the ﬁnger.
Of interest is that contact with both the quad and rocker canes
altered the angular motions in the hip and ankle joints. It has been
shown that motions at these joints are used for maintenance of
upright posture and are known as postural synergies [19].
According to the idea of Keshner et al. [3] the bending at the
hip rather than an inverted pendulum (at ankle) was the strategy of
choice when the visual world conﬂicted with the support surface,
while ankle strategies were utilized better during support surface
motion only. The shift of the body oscillations from around the
ispilateral hip to around the contralateral ankle joint in our study
can be interpreted as evidence of modiﬁcation of postural control
mechanisms due to the additional ﬁnger contact. Although the
distribution of motion occurred differently at each joint, the total
net result of angular oscillations in the hip and ankle joints
remained approximately the same. Such non-equal distribution
can be explained by body asymmetry due to unilateral hand
contact. Another possible explanation is a formation of a closed
kinematic chain on the side of cane contact. This closed kinematic
chain might be considered as an essential stabilizing factor, since
movement of the distal upper and lower body segments (hand and
foot) was constrained by contact with supporting surfaces. In
contrast the release of the angular oscillation in ankle characterized the contralateral body side, acting as an open kinematic chain.
It should be noted that such asymmetry was not observed when
the subject simply held a cane.
5. Conclusion
The results of this study suggest that simply holding an object
(having intrinsic properties similar to the light cane) in hand might
help reduce postural instability in healthy individuals when faced
with perturbing situations (a crowded room/store). This effect will
be tested in individuals with postural instability due to sensory
deﬁciency or multisensory integration problems in a future study.
If positive, the results might serve as a tool for rehabilitation.
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