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alling is one of the most common and most serious

problems associated with aging. Falls are the leading

cause of accidental death and the leading cause of in-

jury admission to acute-care hospitals in seniors. In the
United States alone, falls result in nearly 300,000 hip fractures
per year, with associated health care costs of US$10 billion
[1]. In addition to the injuries and other serious medical
sequelae, psychosocial problems such as fear of falling lead to
social withdrawal, inactivity, and immobility. Falling is cited
as a major reason for 40% of nursing-home admissions [2].
With the “graying” of the baby-boom generation, projections
indicate that fall-related problems such as hip fractures will
quadruple over the next 40 years. These problems will heavily
burden our healthcare systems unless more effective ap-
proaches to prevent falls and promote safe mobility and inde-
pendence can be developed.

There is little doubt that difficulty in controlling balance is
a major contributor to an increased risk of experiencing falls
and sustaining fall-related injuries in older adults. Numerous
studies have demonstrated associations between falling risk
and measures pertaining to the control of balance during
stance, both unperturbed (spontaneous postural sway) and
perturbed (reactions to support-surface motion or forces ap-
plied to the body) [3]. Because subjects are instructed not to
move the feet, such balance tests reflect the capacity to regu-
late the position and movement of the body’s center of mass
(COM) with respect to a fixed, or unchanging, base of support
(BOS). While such “fixed support” (FS) balancing reactions
are important in providing an early defense against loss of bal-
ance, it has become clear, in recent years, that the capacity to
avoid falling is likely to be highly dependent on a second, fun-
damentally distinct type of balance control, which involves
rapidly moving the limbs so as to alter the BOS, either by tak-
ing a step or by reaching and grasping an object for support
(Figure 1).

Biomechanically, these “change-in-support” (CS) reac-
tions have the potential to provide a much greater degree of
stabilization than FS reactions [4], [5]. However, the control
of CS reactions is likely to be more demanding, because of the
need to initiate and execute, at rapid speed, a complex limb
movement that is appropriate to the characteristics of the bal-
ance disturbance and the constraints of the surrounding envi-
ronment (location of unobstructed space to step and hand-
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holds to grasp). The demands of controlling these complex
reactions may create difficulties for older adults, due to
age-related impairments in the neural and musculoskeletal
systems, leading to an increased risk of falling. In this article,
we provide an overview of our own recent research in this area
(see [4]-[6] for comprehensive literature reviews).

Methodological Approach

Traditionally, CS reactions have received relatively little at-
tention in the balance-and-falls literature, in comparison to FS
reactions. One likely reason is that many of the approaches
used to study balancing reactions have tended to constrain the
use of CS reactions. Implicit constraints commonly occur due
to a lack of space to step or an absence of handholds to grasp.
Explicit instructional constraints to avoid moving the limbs
are also common practice. Under such conditions, subjects
may well be able to inhibit the natural tendency to move the
limbs. It is also important to note that traditional approaches
to studying balancing reactions have typically allowed the
subject to stand quietly, in an unchanging environment, and to
focus attention on the balance task, prior to perturbation. In
contrast, balance control during daily life is often complicated
by ongoing activity (physical and cognitive) and by variation
in environmental constraints and affordances (e.g., space to
step, objects to grasp for support). We believe that these
heightened task demands, in daily life, are critical factors that
may contribute to an increased risk of falling in older adults;
hence, it is very important to study the effects of these height-
ened task demands on balance control.

Our approach to testing balance and studying the control
has been developed with the express aim of better understand-
ing how falls are prevented in daily life. In daily life, there is
seldom opportunity to practice the response to a given pertur-
bation. In the laboratory, we minimize opportunity for learn-
ing and adaptation by testing naive subjects, by focusing on
early trials where the perturbations are most unfamiliar and
responses are unpracticed, and by making the characteristics
of the postural perturbations (direction, amplitude, timing,
waveform) as unpredictable as possible. To study natural be-
havior, instructional and physical constraints are relaxed: sub-
jects are simply told to do whatever comes naturally to
recover balance, sufficient space is provided to allow the op-
tion of stepping, and handholds are provided to allow the op-
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tion of grasping. Heightened demands of controlling balance
in daily life are simulated by perturbing balance while sub-
jects engage in ongoing movement and/or cognitive tasks and
by modifying the testing environment to impose a variety of
constraints on limb movement (e.g., obstacles to interfere
with stepping or grasping). To circumvent the limitations of
commercial perturbation systems, we developed our own
moving-platform system (Figure 2) [7]. Moving platforms
use horizontal acceleration of the support surface as a conve-
nient means of inducing relative motion between the body’s
COM and BOS. Our system differs from conventional plat-
forms in terms of the large surface area (2 m X 2 m) and the ca-
pacity to administer a wide range of perturbations
(acceleration up to 5 m/s%, velocity 1.5 m/s, displacement 0.6
m) along any horizontal axis. This latter feature allows the
perturbation characteristics to be varied in a highly unpredict-
able manner.

Control Characteristics

Basic Principles

Essentially, maintaining balance involves regulating the
static and dynamic relationships between the COM of the
body and the BOS. Reactions to balance perturbations must
therefore involve deceleration of the COM motion (as in FS
reactions) and/or change in the BOS (CS reactions). A tradi-
tional view has been that CS reactions only emerge as a last
resort when earlier FS reactions (e.g., torque generation at
the ankle and/or hip) fail to keep the COM within the stabil-
ity limits of the BOS. However, we have found that compen-
satory stepping and grasping are commonly initiated very
early, with the COM well within the stability limits, and in
fact appear to be the preferred response in many situations
[4]. For example, subjects almost always take a step and be-
gin to move the arms (toward the nearest available handhold)
when the perturbation is unexpected or novel, even if the per-
turbation is relatively small.

motion unexpectedly induced by the perturbation, as well as
environmental constraints on limb movement (e.g., location
of handholds or obstacles). Another key difference in compar-
ing compensatory and volitional stepping pertains to the
mechanism by which lateral stability is controlled. Invariably,
when stepping volitionally, an anticipatory postural adjust-
ment (APA) acts to propel the COM toward the stance leg
prior to lifting the swing foot. These APAs are typically ab-
sent or severely truncated during compensatory stepping reac-
tions [8]. As a result, the tendency of the COM to fall toward
the unsupported side, during the swing phase, must be coun-
tered after landing the swing foot.

Control Mechanisms

There is, at present, limited understanding of the control of CS
reactions. It does, however, seem clear that the control is more
complex than the simple “release” of an immutable, re-
flex-like reaction. We recently used a dual-perturbation
method to reveal evidence for online modulation of the step
trajectory. In this study, a second lateral perturbation was de-
livered during specific phases of a forward stepping reaction
evoked by an initial forward perturbation [9]. By analyzing
muscle activation and comparing the measured swing-foot
displacement to that predicted by a passive mechanical model,
we found evidence that “reprogramming” of step direction
can, in fact, occur during early stages of the reaction; i.e., prior
to foot-off.

Another key question pertains to control objectives. For a
given perturbation, there exist numerous combinations of step
parameters (swing leg; step distance; timing) that could rees-
tablish equilibrium, but it is not clear how the central nervous
system (CNS) selects the specific response characteristics.
The control is further complicated by the fact that the stepping
reaction is typically initiated well before the full influence of
the perturbation on the COM motion has taken effect [4], [10].
One possible control strategy is to maximize the speed of
completing the step. This would facilitate execution of multi-

Distinctions Between
Compensatory and Volitional
Movement

CS reactions appear to differ in some
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fundamental ways from volitional
limb movement. One key difference
pertains to the quicker initiation and
more rapid speed of execution of the
compensatory movements [4]. For ex-
ample, a compensatory step is com-
pleted in about half the time that it
takes to complete the most rapid voli-
tional step. Compensatory arm reac-
tions are initiated even more rapidly
and coincide with the earliest FS reac-
tion (80 ms after perturbation onset).
Despite the rapid speed of the com-
pensatory reactions, the control is re-
markably  sophisticated. =~ Whereas
volitional limb movements can be pre-
planned, the direction, amplitude, and
speed of compensatory limb reactions
must be modulated, in “real time,” to
account for the unpredictable body
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Fig. 1. Balance-recovery reactions: fixed-support (a) versus change-in-support [(b) and
(©)]- The postural reaction must generate a horizontal ground-reaction shear force (H)
in order to decelerate the horizontal motion of the center of mass (COM). Note that
the stepping (b) and grasping (c) reactions can greatly amplify the moment arm (D)
between the COM and the contact force (V), which allows greater shear force to be
generated (H is approximately proportional to D). In addition, the increase in
base-of-support (BOS) allows a larger range of COM motion to be accommodated
without loss of stability. Adapted from [6].
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ple steps and thereby allow “more adjustments to be made to
correct for ill-chosen early responses” [11]. Another possibil-
ity is that the CNS attempts to maximize the stability of the
initial step. Biomechanical modeling indicates that there is a
trade-off between the speed of compensatory step execution
and the stability of the resulting step, and that maximizing dy-
namic stability normally takes precedence [12]. Further mod-
eling has demonstrated that the static stability margin
(horizontal distance between COM and BOS perimeter) does
not predict the need to initiate stepping and has confirmed the
importance of addressing dynamic stability; i.e., taking into
account the influence of the COM momentum [13].

Control of impact force at landing may also be an impor-
tant control objective, serving not only to avoid musculoskele-
tal injury but also to aid in controlling the stability of the
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Fig. 2. The multi-axis moving-platform perturbation system.
The platform floor surface and walled enclosure seen in the
photograph are supported by an undercarriage (which slides
on two orthogonal pairs of ball-bushing rails) as well as castors
mounted under each corner of the floor surface. The platform
undercarriage is driven by a dc motor and ball screw under
computer control (a D/A signal is inputted to an analog pro-
portional+derivative control circuit). The drive train is mounted
on a motor-driven turntable, underneath the undercarriage,
which is rotated to set the direction of the platform motion
prior to perturbation onset. Three force plates, embedded in
the surface of the moving-platform floor, measure the
ground-reaction forces and are used to characterize the re-
actions that are evoked by the platform motion, along with
motion-analysis systems (video-based and/or electromag-
netic) and surface electromyographic recordings.
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landing. The latter is supported, indirectly, by apparent asso-
ciations between high rates of contact loading and the need to
take additional steps to recover equilibrium [14]. Modeling
work by Hsiao et al. [15] has demonstrated that step length
can be controlled to minimize impact force; however, more re-
search is needed to determine the relative importance, in com-
parison to the other control objectives described above. We
have recently performed simulations to examine the role of
the stance-leg hip abductors: activation of these muscles dur-
ing swing phase retards downward COM acceleration and
hence reduces impact force; however, there is a trade-off. Ac-
tivation of the hip abductors also causes the COM to be accel-
erated laterally toward the unsupported side, which
exacerbates the problem of controlling lateral stability.

Effects of Environmental Constraints

We have recently begun to investigate the effect of obstacles
to foot movement on the control of compensatory stepping.
Remarkably, young adults were well able to step forward over
a high obstacle placed in front of the feet and recover equilib-
rium, in response to an unpredictable perturbation, even in the
very first trial. Clearance of the obstacle required a doubling
of the swing duration and therein presented significant chal-
lenge to lateral stability. Surprisingly, in view of previous
findings that the APA is normally absent or truncated during
compensatory stepping, a large APA was used to counter lat-
eral instability when stepping over the obstacle [16]. A more
lateral foot placement was also used to provide lateral stabili-
zation; however, it was found that the APA could be further
up-regulated to maintain lateral stability, without need for lat-
eral stepping, when barriers were used to prevent lateral
placement of the swing foot [17]. The above findings suggest
a hybrid control combining both predictive (APA) and reac-
tive (foot placement) elements. Ongoing work is directed at
determining how the CNS deals with unpredictable variation
in obstacle location.

Effects of Ongoing Activity
Although balancing reactions are often considered to be “au-
tomatic,” there is growing evidence that high-level attentional
and cognitive processing may be involved in controlling spe-
cific aspects of these reactions [18] and that the CNS can
quickly switch attention from an ongoing activity to the bal-
ancing task when necessary. To study attention switching, we
have developed a dual-task paradigm where a balance pertur-
bation is delivered while the subject performs a secondary
cognitive task that involves continuous visuomotor pursuit
tracking (Figure 3). Switching of attention to the balancing re-
action is inferred to occur at the onset of pauses or other large
errors in tracking. This apparent shift of attention invariably
occurs after the earliest phase of the FS reaction, suggesting
that it is the later phases of the reaction that require cognitive
resources [19]. Moreover, it appears that compensatory step-
ping can be initiated with minimal attentional involvement;
however, attention switching invariably occurs prior to lifting
the swing foot, suggesting that control of foot lift and/or foot
trajectory requires significant cognitive involvement [20].
Ongoing physical activity could potentially affect ability
to execute CS reactions through a number of mechanisms.
One possibility is that it becomes more difficult for the CNS to
detect onset of instability amidst the ongoing movement-re-
lated sensory discharge. Our results suggest that sensory dis-
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charge arising from rhythmic ongoing movement does cause
delays in initiating compensatory grasping reactions [21]. The
specific effects of the sensory discharge were isolated from
other effects of ongoing movement by using a seated
lower-limb movement task (pedaling) while restricting the
balancing reactions to the upper limbs (evoked via rapid tilts
of the chair). Compared to no-pedaling trials, both active and
passive (motor driven) pedaling resulted in similar delays in
the initiation and execution of grasping reactions. These re-
sults indicate that the sensory discharge associated with the
lower-limb movement was the primary mediating factor. On-
going studies are investigating effects of competing demands
for muscle activation; e.g., to determine if initiation of com-
pensatory grasping is delayed when the ongoing movement
involves activation of agonistic or antagonistic arm muscles
(e.g., due to swinging the arms or holding a cane).

Age-Related Changes and Falling Risk

Age-Related Changes

Even healthy and relatively young seniors (ages 65-75) ex-
hibit marked differences in the control of CS reactions when
compared to young adults (ages 20-30). One of the most con-
sistent findings is that older adults are much more likely to
take multiple steps to recover balance or to reach to grasp ob-
jects for support [11], [22], [23]. When stepping in response to
forward or backward perturbation, the average temporal and
spatial characteristics of the initial step and COM motion, up
to time of foot-contact, are remarkably similar in young and
older subjects [22], suggesting that the need to take additional
steps arises from difficulty in controlling the landing phase
rather than the earlier phases of the response. There appears to
be a particular problem in dealing with the tendency of the
COM to fall toward the unsupported side during forward or
backward step execution, as evidenced by the tendency to take
additional steps in the lateral direction [22]. When stepping
laterally in response to lateral perturbation, the main problem
appears to be avoiding collisions between the swing foot and
stance limb, particularly when the perturbation occurs during
ongoing motion (e.g., walking in place on the moving plat-
form) [23]. When using grasping reactions to regain balance,
older adults exhibit a delay in onset of muscle activation and
slowing of arm movement [24].

Do the Age-Related Changes Predict

Increased Risk of Falling?

To address this question, we monitored falling in 64 older
adults prospectively for one year after balance testing [24].
Half of the subjects experienced one or more falls: 24 subjects
had one or more falls in the antero-posterior (a-p) direction
and eight subjects had one or more lateral falls. Most of the
measures described above that showed age-related differ-
ences were also associated with risk of falling in the a-p direc-
tion. One of the best predictors of a-p falling was the tendency
to rely on using the arms to recover balance. The a-p fallers
moved the arms in twice as many trials as the nonfallers, yet
their arm movements were significantly slower. In fact, slow-
ing of arm reactions was the one measure that predicted fall-
ing risk regardless of fall direction. Only one measure
predicted lateral falls: the tendency to take a lateral step after
taking an initial forward or backward step. However, finding
this predictor is important, given that it is primarily the lateral
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falls that result in debilitating, and life-threatening, hip-frac-
ture injuries [1].

What Are the Causes of the Age-Related Changes?

The control of CS reactions is dependent on a number of fac-
tors: the CNS has to be able to use sensory information from
an array of receptors (vestibular, visual, somatosensory) to de-
tect instability and to monitor the motion of the body; neural
processing is also required to process and integrate the sen-
sory data and to select appropriate responses; and the
musculoskeletal system must have sufficient strength and
range of motion to generate the required movements. All of
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Fig. 3. Dual-task paradigm involving visuomotor pursuit track-
ing. The subject uses the thumb to control movement of a
cursor to track the target, which moves continuously and un-
predictably up and down on the computer screen. Tracking
during a postural-perturbation trial (thick line) is superimposed
on the confidence interval (Cl) for unperturbed baseline
tracking (thin lines). Note the pause in tracking (circled),
which occurred approximately 300 ms after perturbation on-
set (200 ms after the onset of the postural reaction in tibialis
anterior, TA). This pause is inferred to reflect switching of atten-
tion to balance recovery.
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these factors are affected adversely by aging. Although the
causes underlying age-related slowing of grasping reactions
remain to be determined, we have begun to explore a number
of factors that may contribute to impaired control of compen-
satory stepping.

One way to delineate the importance of age-related change
in the different sensory systems is to study the effect of either
attenuating or facilitating a particular sensory input. We have,
in our initial studies, focused on sensory contributions from
the cutaneous mechanoreceptors on the soles of the feet.
These receptors are quite likely to play an important role in
controlling stepping, by providing information about foot
contact and limb loading. Another compelling reason for
studying these receptors is that age-related loss of cutaneous
sensation is very prevalent. To study the effects of loss of cuta-
neous sensation, we attenuated the sensation, in young adults,
by cooling the soles of the feet in ice water [25]. In a separate
experiment, involving older adults, we facilitated cutaneous
sensation from the foot sole by adhering plastic tubing (3 mm
diameter) to the perimeter of the sole [14]. The idea was to se-
lectively promote sensation from the stability boundaries of
the foot. The results of the two experimental approaches, at-

tenuation and facilitation, tended to provide complementary
information. For example, during forward stepping, attenua-
tion caused younger adults to take multiple steps more fre-
quently, while facilitation reduced the frequency of
multiple-step reactions in older adults. Overall, the results
suggested that cutaneous sensation from the heel plays an im-
portant role in controlling: 1) the landing during forward step-
ping, 2) step initiation during backward stepping, and 3)
stability during the prolonged swing phase of lateral “cross-
over” steps.

Does age-related loss of strength compromise the ability to
execute compensatory stepping reactions? In a pilot study, we
used an inverse dynamics approach to estimate the net joint
torques during compensatory stepping and found that older
adults often exhibited lower stance-leg hip-abductor torques
during swing phase, in comparison to young adults [5]. As
noted earlier, this reduction in hip-abductor torque is likely to
lead to higher impact forces at landing, which could require
increases in the knee-extensor and hip-flexor torques in the
contacting leg; such increases often did appear in the older
subjects. Furthermore, these age-related differences in torque
production appeared to be associated with the tendency to

take multiple steps. In view of these
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findings, and the fact that the required
torques were often close to the
strength limits that were measured in
these subjects, it is possible that prob-
lems in generating and controlling
such large torques may lead to diffi-
culty in controlling the landing. The
importance of leg strength also ap-
pears to be supported by a study in
which we used cluster analysis and
multiple regression to identify
whether age-related changes in sen-
sory, neural, or musculoskeletal func-
tion could predict stepping per-
formance [26]. Reduced strength and
slowing of reaction time were found to
be the strongest predictors of the ten-
dency to take multiple steps to recover
balance.

Another way that aging could af-
fect control of CS reactions is through
changes in cognitive function. Several
studies have demonstrated that con-
current cognitive demands affect pos-
tural reactions to a greater extent in
older adults, in comparison to young
adults [18]. One possible explanation
is impaired attentional dynamics; i.e.,
impaired capacity to reallocate atten-
tion (or other cognitive resources) to
the balancing task when required. We
studied this using the dual-task
visuomotor-tracking paradigm de-
scribed earlier and discovered that

Fig. 4. Examples of new balance-enhancing products developed as a consequence
of our research into stepping and grasping reactions: (a) SoleSensor footwear insole,
(b) SturdyGrip™ safety pole, and (c) LifeRail handrail system. SturdyGrip is commercially
available; we are currently seeking industrial partners for the other two products. Pat-
ents are issued on SoleSensor and SturdyGrip and are pending for LifeRail.
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older adults are, indeed, slower than
the young in switching attention to the
balance-recovery task [27]. Moreover,
delay in attention switching correlated
with subsequent delay in generating
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the peak FS response, suggesting an adverse effect on postural
stabilization.

Implications for Fall Prevention

Clearly, clinicians need to be able to assess compensatory
stepping and grasping. In view of the evidence that the control
of volitional and compensatory limb movements differs in
some fundamental ways, it appears that it is necessary to ap-
ply controlled perturbations during testing. Furthermore, to
extrapolate the assessment findings to the natural behavior
that occurs in potential falling situations in daily life, the per-
turbation should be as unpredictable as possible, subjects
should be allowed to respond in a natural manner, and ongo-
ing physical or cognitive tasks should be included. In terms of
performance measures, expensive instrumentation (electro-
myography, force plates, motion-analysis systems) may not
be necessary. Rather, it appears that simple, observable behav-
ioral measures (e.g., number of steps taken, pattern of foot
placement, frequency of collisions between swing foot and
stance limb, frequency of arm movements) may be useful pre-
dictors of impaired control and falling risk.

What interventions are available to improve the effective-
ness of stepping and grasping reactions in recovering balance
and thereby reduce falling risk? Ongoing studies in our labo-
ratory are investigating different balance-training approaches,
as well as effects of visual factors and side effects of antide-
pressant medications. From an engineering perspective, we
have focused on the design of footwear, handrails, and mobil-
ity aids. The cutaneous-sensation studies described earlier, for
example, have led to the design of a footwear insole
(SoleSensor) that is intended to facilitate sensation when loss
of balance is imminent, and thereby help to compensate for ef-
fects due to age-related loss of cutaneous sensation [Figure
4(a)]. A clinical trial is currently underway to determine
whether the balance-enhancing benefits of wearing such foot-
wear, as demonstrated in our laboratory experiments, will per-
sist over a longer term (i.e., three months of daily use).

Handrails and grab-bars need to be designed so that they
can be grasped effectively. Our early studies looked at the ef-
fect of the handrail design (height, shape, size, etc.) on abil-
ity to generate stabilizing forces and moments when pushing
and pulling on the rail. More recently, we have begun to use
our moving-platform system to investigate the effect of the
design on the ability to reach and grasp the rail during a sim-
ulated stairway loss of balance [28]. Based on these studies,
we recommend a handrail that is considerably higher than
many existing building codes (to increase the moment arm of
the rail reaction force relative to the feet) and also mounted
farther from the wall (to allow the hand to attack the rail with
fingers fully extended). Spinoffs of our handrail research in-
clude the development of a graspable vertical-pole system
(SturdyGrip™) that can be easily installed (without tools)
wherever needed [Figure 4(b)] and a novel stairway handrail
(LifeRail), which is positioned and shaped so it can be
“grasped” in the manner of an underarm crutch [Figure 4(c)].
The latter may be particularly useful for persons with poor
hand strength.

Although canes and walkers are generally thought to in-
crease stability, it is also possible that they may interfere with
the ability to recovery balance via lateral stepping reactions in
situations where the user is unable to stabilize the body by
pushing on the device. In an initial study involving healthy
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young adults, we found that collisions between the swing foot
and walker occurred frequently during trials in which the sub-
ject attempted to recover lateral stability by stepping [29]. An
ongoing study is examining the possibility that holding a cane
may inhibit or impair ability to grab a more stable handhold
when loss of balance occurs. These studies may ultimately
lead to safer designs for mobility devices.

Conclusion

Compensatory stepping and grasping are critical reactions for
preventing falls. These reactions are much more rapid than
volitional limb movements and can be very effective in decel-
erating the COM motion induced by sudden unpredictable
perturbation, despite environmental constraints on limb tra-
jectory and additional demands imposed by ongoing physical
or cognitive activity. However, even healthy older adults expe-
rience difficulty in controlling these reactions, and they ap-
pear to have particular problems in controlling lateral stability
and lateral leg movement. These problems may be particu-
larly relevant to the problem of hip fractures, which are most
likely to occur as a result of a lateral fall. Older adults also ap-
pear to be more reliant on grasping reactions than young
adults, but they are less able to execute these reactions rapidly.
From a clinical perspective, it is important to assess compen-
satory stepping and grasping. Such tests could be used as a
screening tool to identify high-risk individuals and could also
serve to pinpoint specific control problems to target for bal-
ance training or other intervention. More effective use of step-
ping and grasping reactions can be promoted through
improved design of footwear, mobility aids, handrails, and
grab-bars.
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