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Abstract
It is w ell known that balance control is affected by 
aging, neurological and orthopedic conditions. Poor 
balance control during gait and postural maintenance are 
associated with disability, falls and increased mortality. Gait 
initiation - the transient period between the quiet standing 
posture and steady state walking - is a functional task 
that is classically used in the literature to investigate how 
the central nervous system (CNS) controls balance during 
a whole-body movement involving change in the base 
of support dimensions and center of mass progression. 
Understanding how the CNS in able-bodied subjects 
exerts this control during such a challenging task is a pre-
requisite to identifying motor disorders in populations 
�Z�L�W�K���V�S�H�F�L�¿�F���L�P�S�D�L�U�P�H�Q�W�V���R�I�� �W�K�H���S�R�V�W�X�U�D�O���V�\�V�W�H�P���� �,�W���P�D�\��
also provide clinicians with objective measures to assess 
�W�K�H���H�I�¿�F�L�H�Q�F�\���R�I���U�H�K�D�E�L�O�L�W�D�W�L�R�Q���S�U�R�J�U�D�P�V���D�Q�G���E�H�W�W�H�U���W�D�U�J�H�W��
interventions according to individual impairments. The 
present review thus proposes a state-of-the-art analysis 
on: (1) the balance control mechanisms in play during gait 
initiation in able bodied subjects and in the case of some 
frail populations; and (2) the biomechanical parameters 
used in the literature to quantify dynamic stability during 
gait initiation. Balance control mechanisms reviewed in 
this article included anticipatory postural adjustments, 
stance leg stiffness, foot placement, lateral ankle 
strategy, swing foot strike pattern and vertical center 
of mass braking. Based on this review, the following 
viewpoints were put forward: (1) dynamic stability during 
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gait initiation may share a principle of homeostatic 
regulation similar to most physiological variables, where 
separate mechanisms need to be coordinated to ensure 
stabilization of vital variables, and consequently; and (2) 
rehabilitation interventions which focus on separate or 
isolated components of posture, balance, or gait may limit 
the effectiveness of current clinical practices.

Key words: Balance control; Anticipatory postural 
adjustments; Leg stiffness; Foot placement; Lateral ankle 
strategy; Foot strike pattern; Vertical center of mass 
braking; Dynamic stability; Gait initiation; Biomechanics
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Core tip: This review proposes a state-of-the-art on: (1) the 
balance control mechanisms in play during gait initiation 
in able bodied subjects and in the case of some frail 
populations; and (2) the biomechanical parameters used 
in the literature to quantify dynamic stability. The following 
viewpoints were put forward: (1) dynamic stability during 
gait initiation may share a principle of homeostatic 
regulation similar to most physiological variables, where 
separate mechanisms need to be coordinated to ensure 
stabilization of vital variables, and consequently; and (2) 
rehabilitation interventions which focus on separate or 
isolated components of posture, balance, or gait may limit 
the effectiveness of current clinical practices.
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!"#$%&'(#!%"
Gait initiation refers to the transient period between the 
quiet standing posture and steady state walking [1-5] . 
It is a functional task that is classically used in the 
literature to investigate how the central nervous 
system (CNS) controls balance during a whole-body 
movement involving change in the base of support 
dimensions and center of mass progression. Gait 
initiation is known to be a highly challenging task 
for the balance control system. Gait initiation indeed 
requires the integration of multiple sensory information 
arising from somatosensory, vestibular and visual 
systems, along with the coordination of multiple skeletal 
muscles distributed over the whole body. As such, it 
may potentially expose populations with sensory or 
motor deficits or disorders to the risk of fall [6-8] . Falls 
represent the second cause of mortality in the world, 
and one third of subjects over 65 years and 50% of 
those over 80 years living at home fall at least once 
a year [9] . Although being a very important issue gait 

analysis however received relatively little attention by 
orthopedic surgeons. This is particularly troublesome 
for understanding the pathogenesis of fractures, such 
as hip or wrist fractures, by those treating these highly 
frequent traumatic issues. 

Understanding how the CNS in able-bodied su bjects 
controls balance during such a challenging task is a pre-
requisite to identifying motor disorders in populations 
with specific impairments of the postural system or 
fear of falling, such as the elderly or patients with 
neurological/orthopedics conditions. It may also provide 
the clinicians with objective measures to assess the 
�H�I�¿�F�L�H�Q�F�\���R�I���U�H�K�D�E�L�O�L�W�D�W�L�R�Q���S�U�R�J�U�D�P�V���D�Q�G���W�R���E�H�W�W�H�U���W�D�U�J�H�W��
interventions according to individual impairments. Hence, 
beside a basic interest per se , it is therefore important 
to identify the different balance control mechanisms 
available to participants that ensure stabilization during 
whole-body progression. It is also important to define 
adequate biomechanical measures of stability to evaluate 
the efficiency of these mechanisms. Recent studies in 
�W�K�H���E�L�R�P�H�F�K�D�Q�L�F�D�O���¿�H�O�G���E�U�L�Q�J���Q�R�Y�H�O���L�Q�V�L�J�K�W�V���R�Q���W�K�H�V�H���W�Z�R��
aspects and open new research avenues, some of which 
will be mentioned in the present paper. 

The present review thus proposes a state-of-the-art 
on: (1) the balance control mechanisms in play during 
gait initiation in able bodied subjects and in the case 
of some frail populations; and (2) the biomechanical 
parameters used in the literature to quantify postural 
stability during gait initiation. Before considering these 
aspects, let us first recall why balance is challenged 
during gait initiation.

)*+*"(,-!.-&!.#'$),&-&'$!"/-/*!#-

!"!#!*#!%"
During quiet standing, stability requires that the 
vertical projection of the center of mass falls within the 
base of support [10,11]  (Figure 1). The center of mass 
corresponds to the point where the mass of the whole 
body is concentrated. It is the point of application of 
the gravity force vector. In the standing posture, the 
base of support refers to the area that includes every 
point of contact that the foot (or the feet) make(s) with 
the supporting surface. When one lifts the foot from 
the ground to step in the desired direction, balance is 
potentially challenged along the mediolateral direction 
because the base of support width in this direction 
is then drastically reduced. If the center of mass is 
not repositioned above the new base of support, a 
mediolateral gap between the center of mass and 
the center of pressure will be created. The center of 
pressure corresponds to the barycenter of the ground 
reaction forces. As a consequence of the mediolateral 
gap between the center of pressure and center of 
mass, the whole body will fall towards the swing leg 
side during the unipodal (or ÒexecutionÓ) phase of gait 
initiation. The amplitude of this mediolateral fall can 
be estimated from the center of mass displacement 
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and velocity at the time of swing foot contact, i.e ., the 
greater these two quantities, the larger the mediolateral 
fall [12-15] . 

Although a recent modelling study reported that an 
attenuation of this mediolateral fall may theoretically 
occur during the execution phase of gait initiation via  
an action on the stance leg stiffness [15]  (cf. paragraph 
Òstabilizing features of gait initiationÓ), this fall towards 
the swing leg side seems mainly to be braked by the 
swing foot landing. Swing foot landing indeed acts 
to provide an immediate enlargement of the base of 
support size so that the center of pressure may then 
be shifted laterally beyond the center of mass and 
thus create a counterbalancing torque oriented toward 
the stance leg side. Now, this lateral fall may be too 
�V�L�J�Q�L�¿�F�D�Q�W���W�R���E�H���E�U�D�N�H�G���E�\���V�Z�L�Q�J���I�R�R�W���F�R�Q�W�D�F�W����e.g ., if 
the hip musculature of the swing leg becomes too weak 
to ensure this braking. This may be the case with aging 
or neurological/orthopedic conditions. In these cases, 
the center of mass may then be shifted laterally beyond 
the base of support with potential risk of the body 
falling onto the ground if appropriate actions are not 
undertaken. 

It is noteworthy that such lateral falls are common in 
older adults and are associated with a 6-fold greater risk 
of hip fracture, compared with falls in other directions, 
i.e ., anterior and posterior falls ( e.g. , Ref [16-19] �������'�H�¿�F�L�W�V���L�Q��
the capacity to overcome the mediolateral perturbation 
to balance due to gravity force is thus thought to be 

of m ajor importance in the aetiology of falls in frail 
populations [20,21] .

Beside mediolateral instability, it is well known 
that the collision of the swing foot with the ground 
generates a large peak vertical ground reaction force. 
The amplitude of this peak may reach approximately 
twice body weight during barefoot walking at maximal 
speed (approximately 2 m/s). This peak, and probably 
most important, the slope of the vertical ground rea -
ction force rise following the swing foot contact, may 
potentially cause discomfort or pain to body joints with 
task repetition ( e.g .,  Ref [22,23] ). This perturbing effect is 
due to the transmission of the vibration from the swing 
foot to the whole body via  bones and soft tissues. When 
walking with shoes at a normal speed (approximately 
1.3 m/s) onto an unobstructed track, the amplitude of 
this vibration can easily be supported by any subject 
with either pathology or frailty. This may not be the 
case if participants have to clear a large obstacle ( e.g .,  
Ref[15,24] ), which may then increase the fall duration 
of the center of mass and therefore the vertical peak 
impact force and the associated slope. This perturbing 
effect may also be exacerbated if participants initiate 
gait barefoot and on a hard surface, if they descend 
large stairs, or if they suffer from knee joint pain or 
knee hypomobility, e.g ., due to the use of an orthosis or 
to pathology. 

�.�Q�H�H���M�R�L�Q�W���P�R�E�L�O�L�W�\�����À�H�[�L�R�Q����post  swing foot contact is 
known to play an important role in damping these vertical 
ground reaction forces ( e.g. , Ref [25,26] ). Mechanisms 
�R�W�K�H�U���W�K�D�Q���V�Z�L�Q�J���O�H�J���N�Q�H�H���À�H�[�L�R�Q���D�U�H���D�O�V�R���G�H�Y�H�O�R�S�H�G���L�Q��
anticipation of swing foot contact. These mechanisms act 
in combination to attenuate these disturbing forces and 
thus avoid body collapse on the ground. As such, they 
also contribute to maintaining stability. These stabilizing 
mechanisms are described in the paragraph below. 

To summarize, balance is disturbed during gait 
initiation because the act of lifting the swing foot from 
the ground induces a gap between the center of mass 
and the center of pressure. This gap is responsible for 
generating body disequilibrium and a fall towards the 
swing leg side. In addition, the collision of the swing 
foot with the ground generates a peak vertical ground 
reaction force which is transmitted from swing foot 
to the whole body via  bones and soft tissues. These 
perturbations may be responsible of falls if not properly 
coun terbalanced.

.#*)!+!0!"/-1,(2*"!.1.-!"#%-3+*4-

&'$!"/-/*!#-!"!#!*#!%"
�2�Q�F�H���W�K�H���G�L�I�I�H�U�H�Q�W���V�R�X�U�F�H�V���R�I���G�L�V�W�X�U�E�D�Q�F�H���D�U�H���L�G�H�Q�W�L�¿�H�G����
the question arises as to what the nature of the different 
mechanisms allowing able-bodied subjects to progress 
safely ( i.e. , without falling) in the desired direction is. 

Anticipatory postural adjustments
Gait initiation is classically divided in three successive 

GAP

COM

COP

VCOM

Foot off

BOS BOS

Figure 1  Representation of selected basic notions for balance analysis in 
biomechanics.���1�R�W�H���W�K�D�W���L�Q���W�K�H���T�X�L�H�W���V�W�D�Q�G�L�Q�J���S�R�V�W�X�U�H�����O�H�I�W���¿�J�X�U�H�������W�K�H���Y�H�U�W�L�F�D�O��
�S�U�R�M�H�F�W�L�R�Q�� �R�I�� �W�K�H�� �&�2�0�� �R�Q�W�R�� �W�K�H�� �J�U�R�X�Q�G�� �I�D�O�O�V�� �R�Q�� �W�K�H�� �&�2�3���� �:�K�H�Q�� �W�K�H�� �V�X�E�M�H�F�W��
�O�L�I�W�V���W�K�H���I�R�R�W���W�R���V�W�H�S���I�R�U�Z�D�U�G�����U�L�J�K�W���¿�J�X�U�H�������W�K�H���E�D�V�H���R�I���V�X�S�S�R�U�W���V�L�]�H���L�V���G�U�D�V�W�L�F�D�O�O�\��
�U�H�G�X�F�H�G�����$���J�D�S���E�H�W�Z�H�H�Q���W�K�H���&�2�3���D�Q�G���W�K�H���&�2�0���P�D�\���W�K�H�Q���R�F�F�X�U�����W�K�X�V���F�D�X�V�L�Q�J��
�D���G�L�V�H�T�X�L�O�L�E�U�L�X�P���W�R�Z�D�U�G�V���W�K�H���V�W�D�Q�F�H���O�H�J�����&�2�0�����&�H�Q�W�H�U���R�I���P�D�V�V�����&�2�3�����&�H�Q�W�H�U���R�I��
�S�U�H�V�V�X�U�H�����%�2�6�����%�D�V�H���R�I���V�X�S�S�R�U�W�����9�&�2�0�����&�2�0���Y�H�O�R�F�L�W�\����
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phases: A postural phase which precedes the swing 
heel off (this phase corresponds to the so-called 
anticipatory postural adjustments, APAs, described in 
this paragraph), followed by the foot lift phase that ends 
at the time of swing toe clearance (the mass of the 
body is transferred to the stance leg during this phase), 
and an execution phase that ends at the time of swing 
foot contact with the supporting surface (Figures 2 and 
3).

It is now well established that dynamical and 
electromyographical phenomena are developed du -
ring APAs. Their functional role depends on the axis 
considered. APAs along the anteroposterior axis 
are predictive of motor performance [2,27]  while APAs 
along the mediolateral axis are predictive of postural 
stability [14,15,28-31] . 

Along the anteroposterior axis, APAs include a 
backward center of pressure shift which promotes 
the initial forward propulsive forces (prior to toe off) 
required to reach the intended motor performance, in 
terms of step length and progression velocity [2,27] . The 
anticipatory backward center of pressure shift is due to 
bilateral inhibition of the ankle plantar-flexors activity 
�I�R�O�O�R�Z�H�G���E�\���D�F�W�L�Y�D�W�L�R�Q���R�I���D�Q�N�O�H���G�R�U�V�L���À�H�[�R�U�V[32,33] . 

Along the mediolateral axis, APAs include center of 
pressure shift toward the swing leg which promotes 
center of mass shift in the opposite direction, i.e. , towards 
the stance leg [15,24,31]  (Figure 3). These mediolateral APAs 
thus reduce the gap between the center of mass and the 
center of pressure at the foot off time. This gap reduction 
attenuates the mediolateral fall of the center of mass 
toward the swing leg during the execution phase due to 
gravity [12,15,28,29]  (cf. paragraph above).

The anticipatory mediolateral center of pressure 

shift has been classically attributed to the loading of 
the swing leg associated with the activation of swing 
leg hip adductors [1,11] . Recent studies further reported 
�W�K�D�W�����W�K�H���V�W�D�Q�F�H���N�Q�H�H���D�Q�G���K�L�S���D�U�H���V�O�L�J�K�W�O�\���À�H�[�H�G���G�X�U�L�Q�J��
APAs[31,34] , which acts to unload the ipsilateral leg and 
therefore complement the action of swing hip abductors. 
EMG analysis revealed that the flexion of the stance 
knee is favored by bilateral soleus silencing and a 
greater ipsilateral tibialis anterior activity with respect 
to contralateral activity, while stance hip flexion was 
associated with activation of the stance rectus femoris. It 
is to note that, due to biomechanical constraints, initiating 
gait from a wider stance decreases the effectiveness of 
hip abductor activity and increases the reliance on stance 
�N�Q�H�H���À�H�[�L�R�Q���D�Q�G��vice versa [31] . 

As a direct consequence of this muscle synergy, when 
mediolateral balance control is examined in patients 
suffering from motor problems during gait initiation, 
hip abduction, stance hip and knee flexion should be 
considered. Knee flexion control in the frontal plane 
during APAs could be inadequate in patients suffering 
from gait problems such as cerebral palsy, ParkinsonÕs 
disease [35-39] , stroke, amputees [40] . For instance, freezing 
of gait in Parkinsonian patients is associated with knee 
trembling [41-45] . Jacobs  et al [46]  found that during gait 
initiation, knee trembling causes multiple APAs that are 
observable as a right-left leg loading-unloading cycles 
(cf. also [47] ). Interestingly, the alternating unloading 
and loading of the legs was accompanied by similar 
alternating activation and deactivation of right-left tibialis 
anterior  (Figure 2 in Jacobs et al [46] ). Therefore, knee 
trembling in Parkinsonian patients may be preventing 
them from correctly displacing their center of mass 
towards the stance leg and thus not allowing them to 

Body progression

Heel off Toe off
Foot contact

QS                          APA                      Foot lift                                    Execution

Gait initiation

Figure 2  Stick representation of the different phases and temporal events of gait initiation.���$�3�$�����$�Q�W�L�F�L�S�D�W�R�U�\���S�R�V�W�X�U�D�O���D�G�M�X�V�W�P�H�Q�W�V��
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initiate gait properly. Indeed, the smaller mediolateral 
center of pressure displacement during APAs and larger 
step width of the first step at gait initiation have been 
observed in ParkinsonÕs disease [37,38] . This could be in part 
�D�V�V�R�F�L�D�W�H�G���W�R���L�Q�D�S�S�U�R�S�U�L�D�W�H���N�Q�H�H���À�H�[�L�R�Q�����7�K�H�U�H�I�R�U�H�����L�W���K�D�V��
been proposed by Honeine et al [31]  that correcting the 
�N�Q�H�H���À�H�[�L�R�Q���D�Q�J�O�H���R�I���W�K�H���V�W�D�Q�F�H���O�H�J���G�X�U�L�Q�J���$�3�$�V���Z�L�W�K���D��
smart orthosis could be an effective solution to enhance 
gait initiation and possibly steady-state gait in such 
patients. Future studies should investigate this aspect.

To summarize, lifting the swing foot for stepping 
forward induces a potential lateral body imbalance. This 
imbalance is partly countered is advance before swing 
foot off, i.e. , during APA. This APA includes center of 
pressure shift towards the swing leg which act to move 
the center of mass towards the stance leg. This lateral 
postural dynamics is due to motor synergy involving 
swing hip adduction, combined with stance knee and 
stance hip flexion. Deficits in this motor synergy with 
aging or pathology may increase the risk of imbalance. 

Stance leg stiffness 
To investigate the link between mediolateral APAs and 
postural stability during the execution phase of gait 
initiation (from toe off to foot contact), a recent study [15]  
modeled the human body as a single conic inverted 
�S�H�Q�G�X�O�X�P���Z�K�L�F�K���U�R�W�D�W�H�V���D�E�R�X�W���D���¿�[�H�G���S�R�L�Q�W�����)�L�J�X�U�H����������

This model was based on work carried out in 
earlier studies [3,12,13,48] . During the execution phase, 
it was considered that the center of mass was falling 
�O�D�W�H�U�D�O�O�\���X�Q�G�H�U���W�K�H���L�Q�À�X�H�Q�F�H���R�I���W�Z�R���I�R�U�F�H�V�����7�K�H���J�U�D�Y�L�W�\��
force P = mg (where m  is the mass of the solid, and 
g is the gravitational acceleration) and an elastic 
�U�H�V�W�R�U�L�Q�J���I�R�U�F�H���7���W�K�D�W���U�H�À�H�F�W�V���D�F�W�L�Y�H���P�X�V�F�X�O�D�U���F�R�Q�W�U�R�O���R�I��
movement [49,50] , with T = k|yM| (where k  is the stiffness 
of the stance leg muscles during the execution phase [11]  
and |yM| is the absolute value of the mediolateral 
center of mass shift, which was systematically oriented 
towards the swing leg (positive values) during the 
execution phase. The initial position and velocity of the 
cone corresponds to the position and velocity of the 
subjectÕs center of mass at toe off. The addition of a 
restoring force on the conic model was necessary in 
order to control the initial velocity at toe off. A visual 
�D�Q�D�O�\�V�L�V���R�I���)�L�J�X�U�H�������L�O�O�X�V�W�U�D�W�H�V���W�K�H���H�[�F�H�O�O�H�Q�W���¿�W���E�H�W�Z�H�H�Q��
the experimental traces obtained during gait initiation 
and those obtained with the mechanical model. The 
best fit between experimental (dashed line) and 
theoretical (full line) data was obtained for stance leg 
stiffness in the frontal plane of about 1000 N/m. This 
corresponded to a restoring force of approximately T = 
50 N, applied at the center of mass of the participant.

The results obtained in this latter study [15]  suggested 
that changing the stance leg stiffness during the 
execution phase of gait initiation has the potential to 
influence the amplitude of the mediolateral fall of the 
center of mass. Stance leg stiffness can theoretically be 
�P�R�G�L�¿�H�G���E�\���F�K�D�Q�J�L�Q�J���W�K�H���F�R���D�F�W�L�Y�D�W�L�R�Q���O�H�Y�H�O���R�I���D�J�R�Q�L�V�W�L�F��

Figure 3  Example of biomechanical traces obtained for one representative 
subject initiating gait at a maximal velocity (one trial).���$�Q�W�H�U�R�S�R�V�W�H�U�L�R�U��
�G�L�U�H�F�W�L�R�Q���[�¶�0���� �F�H�Q�W�H�U���R�I�� �P�D�V�V�����&�2�0���� �Y�H�O�R�F�L�W�\���� �[�3���� �&�H�Q�W�H�U���R�I�� �S�U�H�V�V�X�U�H�����&�2�3����
�G�L�V�S�O�D�F�H�P�H�Q�W�����)�����)�R�U�Z�D�U�G�����%�����%�D�F�N�Z�D�U�G�����0�H�G�L�R�O�D�W�H�U�D�O���G�L�U�H�F�W�L�R�Q���\�¶�0�����0�H�G�L�R�O�D�W�H�U�D�O��
�&�2�0�� �Y�H�O�R�F�L�W�\���� �\�0���� �0�H�G�L�R�O�D�W�H�U�D�O�� �&�2�0�� �G�L�V�S�O�D�F�H�P�H�Q�W���� �\�3���� �0�H�G�L�R�O�D�W�H�U�D�O�� �&�2�3��
�G�L�V�S�O�D�F�H�P�H�Q�W�����6�7�����6�W�D�Q�F�H���O�L�P�E�����6�:�����6�Z�L�Q�J���O�L�P�E�����9�H�U�W�L�F�D�O���G�D�V�K�H�G���O�L�Q�H�V�����W�����R�Q�V�H�W��
�Y�D�U�L�D�W�L�R�Q���R�I���E�L�R�P�H�F�K�D�Q�L�F�D�O���W�U�D�F�H�V�����+�2�����6�Z�L�Q�J���K�H�H�O���R�I�I�����)�2�����6�Z�L�Q�J���I�R�R�W���R�I�I�����)�&����
�6�Z�L�Q�J���I�R�R�W���F�R�Q�W�D�F�W�����+�R�U�L�]�R�Q�W�D�O���D�U�U�R�Z�V�����$�3�$�����$�Q�W�L�F�L�S�D�W�R�U�\���S�R�V�W�X�U�D�O���D�G�M�X�V�W�P�H�Q�W�V����
�)�/�����)�R�R�W���O�L�I�W�����(�;�(�����(�[�H�F�X�W�L�R�Q���S�K�D�V�H��
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