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Mobility has been one of the most impacted aspects of human life due to the spread of the
COVID-19 pandemic. Home confinement, the lack of access to physical rehabilitation, and
prolonged immobilization of COVID-19-positive patients within hospitals are three major
factors that affected the mobility of the general population world-wide. Balance is one key
indicator to monitor the possible movement disorders that may arise both during the
COVID-19 pandemic and in the coming future post-COVID-19. A systematic quantification
of the balance performance in the general population is essential for preventing the
appearance and progression of certain diseases (e.g., cardiovascular,
neurodegenerative, and musculoskeletal), as well as for assessing the therapeutic
outcomes of prescribed physical exercises for elderly and pathological patients.
Current research on clinical exercises and associated outcome measures of balance is
still far from reaching a consensus on a “golden standard” practice. Moreover, patients are
often reluctant or unable to follow prescribed exercises, because of overcrowded facilities,
lack of reliable and safe transportation, or stay-at-home orders due to the current
pandemic. A novel balance assessment methodology, in combination with a home-
care technology, can overcome these limitations. This paper presents a computational
framework for the in-home quantitative assessment of balance control skills. Novel
outcome measures of balance performance are implemented in the design of
rehabilitation exercises with customized and quantifiable training goals. Using this
framework in conjunction with a portable technology, physicians can treat and
diagnose patients remotely, with reduced time and costs and a highly customized
approach. The methodology proposed in this research can support the development
of innovative technologies for smart and connected home-care solutions for physical
therapy rehabilitation.

Keywords: telehealth, physical rehabilitation, balance assessment, margins of balance, balanced region, center of
mass, balance perturbation, biped stability

INTRODUCTION

The COVID-19 pandemic and subsequent stay-at-home orders put in place have caused a general
reduction in physical mobility among countries across the globe (World Health Organization, 2020a;
World Health Organization, 2020b; World Health Organization, 2020c). The fundamentally altered
daily routine of the healthy young, adult, and elderly populations has been preventing them from
performing the usual daily motor exercise. A direct effect of home confinement is the alteration of
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normal muscle activation during daily motion, which can cause
muscular atrophy and other problems in motor function in
otherwise healthy people of all ages. The negative impact that
this reduction in mobility due to the COVID-19 pandemic has on
muscles, neuromuscular junctions, and nerves has been especially
stressed (Narici et al., 2020). As a secondary effect, the pandemic
has made it particularly difficult for the pathological populations
needing regular physical therapy and rehabilitation sessions to
receive treatment. This can cause a deterioration of physical
health in low-mobility patients, leading them to be more
prone to falls and injuries (Visser et al., 2008; Levinger et al.,
2017; Gandolfi et al., 2018). In addition, COVID-19 has also
caused prolonged immobilization of patients within the hospital
environment, leading researchers and medical professionals to
brainstorm proper treatment protocols for these “secondary”
mobility ailments (Iannaccone et al., 2020). The physical
rehabilitation during this bedridden stage takes on passive and
active modes, including resistance training and both static and
dynamic balance training exercises (Iannaccone et al., 2020). In
summary, sedentarism due to stay-at-home orders, lack of access
to proper physical therapy, and prolonged immobilization during
COVID-19-positive hospitalizations are the three main factors
causing reduced mobility of various populations during COVID-
19. These circumstances will continue to impact mobility in the
medium/long term after the pandemic and motivate the need for
alternative solutions for the delivery of physical therapy and
rehabilitation in remote settings.

The use of telehealth and telerehabilitation can help
counteract the above-mentioned challenges. Many benefits
exist within switching to remote care: increased access to
healthcare, reduction in overall cost, increased interaction with
providers and patient engagement, the ability to provide both
synchronous and asynchronous treatment, and the eventual
generation of large datasets for broader scientific investigation
and impact. Though many approaches to telemedicine currently
exist (Ruiz et al., 2020; Seshadri et al., 2020), proper telemedicine
for use in motor rehabilitation requires more functional
components in combination with a computational framework
that can systematically quantify specific aspects of motor
performance, such as balance control skills.

Within the circumstances caused by the pandemic, there is a
focus on restoring motor function in the following areas:
deconditioning, strength, balance, and the ability to perform
daily activities (Iannaccone et al., 2020). In particular, static
and dynamic balance training must be performed to help
restore the compromised postural stability due to the reduced
exercise and exposure to proprioceptive stimuli (Iannaccone
et al., 2020; World Health Organization, 2020b; World Health
Organization, 2020c). Balance is influenced by many subsystems
of the body (i.e., musculoskeletal, vestibular, ocular). This
interconnectedness is why balance assessment within motor
rehabilitation is critical to understanding the components of
falling and how to prevent injury due to falls. Poor balance
capabilities are among the leading causes for falls in the
elderly (Visser et al., 2008; Levinger et al., 2017; Gandolfi
et al., 2018), often resulting in limited mobility and reduced
engagement in physical activities. Balance assessment methods

are useful in helping practitioners determine the proper
customized rehabilitation plan for their patients and allow
researchers to develop better technology to conduct these
assessments. Currently used methods range from subjective
observations performed by medical professionals to more
quantitative approaches, using medical devices specifically
designed for computerized dynamic posturography (CDP)
analysis. While many balance exercises are qualitatively
designed and assessed in the clinical setting (e.g., Berg Balance
Scale (Stevenson, 2001), Balance Error Scoring System (Bell et al.,
2011), Activities Balance Confidence Scale (Raad et al., 2013), Y
Excursion Balance Test (Kinzey and Armstrong, 1998), Star
Excursion Balance Test (Glave et al., 2016)), the score
subjectivity and variance across physical therapists can lead to
inconsistencies in the rehabilitation outcomes. Furthermore, this
qualitative approach is less feasible in a home-care setting, where
the physical presence of a therapist is removed. Many clinics use
CDP to determine a patient’s progress based on a quantitative
type of assessment. For example, the NeuroCom SMART Balance
Master can score a user’s performance through the sensory
organization test of equilibrium and motor control test
(Wagner et al., 2016). The sensory organization test evaluates
postural stability under various sensory conditions, where the
visual, proprioceptive, and vestibular senses are altered (Wagner
et al., 2016; Olchowik and Czwalik, 2020). A final “equilibrium
score” based on the center of gravity sway is associated to the
sensory organization test to evaluate postural stability.
Additionally, the motor control test uses a “latency score” to
quantify the user’s postural response time in reaction to platform
perturbations (Wagner et al., 2016).

Although the existing CDP devices are considered to be the
best currently available technologies, these machines are too
costly and substantial in size for in-home use, and they
require a trained clinician to supervise the machine setup and
operation. Technologies for home care rehabilitation must be
portable, compact, and must have a user-friendly interface so that
the general patient can operate the device with minimal training.
Commercial balance training technologies aimed for the home
environment are typically presented as “exergames” (exercise
games), which utilize the body’s motion as a method of
controlling gameplay and were developed to encourage activity
through fun activities. For example, Wii Fit uses the body’s weight
distribution on the balance board as a proxy indicator of balance
(Wikstrom, 2012); the Kinect’s balance training games, based on
body motion tracking, can provide a low-cost and accessible form
of rehabilitation (Sápi et al., 2019); Neofect’s Smart Balance
technology uses virtual environments and other visualizations
to aid in stroke recovery by measuring center of pressure (COP),
center of mass (COM), pressure distribution, and the traveled
path during walking (Neofect, 2020); the Togu Challenge Disc
made by MFT Bodyteamwork uses games and visual targets to
train balance and tracks the general motion of the user (MFT
Bodyteamwork, 2020); the Boditrak2 Balance Assessment System
also uses games to assist with training and tracks balance through
pressure mapping. These platforms have been proposed as
portable solutions for increasing physical activity and for
balance assessment and training (Kennedy et al., 2011; Goble
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et al., 2014; Sápi et al., 2019). However, they have limitations in
both their technology (e.g., sensor quality, resolution, processing
power) and assessment approach (e.g., simple tracking of body
motion and pressure distribution as proxies for the evaluation of
balance control). Research efforts are beingmade to developmore
accurate portable and wearable technologies for quantitative
balance assessment (Conforti et al., 2020; Torricelli et al.,
2020) by including, for instance, inertial measurement units or
electromyographic devices (Zampogna et al., 2020).

The limitations on the CDP and exergames technologies
prevent simultaneous balance assessment and training from
being properly performed at home. Specifically, existing
assessment metrics and testing protocols need to be improved
to better understand the mechanisms that affect postural control
(Keshner and Fung, 2019). The theoretical/computational
framework employed in any given technology to quantify
rehabilitation outcomes must be both specific and
comprehensive enough to capture the balance skills across
multiple subjects and multiple exercises. At the same time, the
systematic outcomes evaluation must not be too computationally
intensive. Current balance assessments focus on selected specific
measures, which provide only partial information on human
balance control and may omit important components of
balance related to the risk of falls (Sibley et al., 2015). Few
specific indicators are typically captured in CDP or exergames
(i.e., reaction time, movement velocity, endpoint excursion, COM
and COP sway), whose deviation from a baseline only partially and
indirectly characterizes the balance control ability of a subject
(Chaudhry et al., 2004; Ganesan et al., 2015). Each of these
mechanical indicators alone do not capture the state of balance
of a system (i.e., whether the subject is balanced or not) nor do they
characterize the overall capability of the subject to recover from
general perturbations. As a result, the perspectives of quantification
of human balance have not yet reached a golden standard (Sibley
et al., 2015) and identifying a comprehensive set of quantifiable and
customized targets for balance rehabilitation remains a challenge.
Furthermore, the existing assessment metrics and technologies
pose a limit to the type of movements that can be analyzed. In
typical CDP protocols, movements are restricted to the device’s
narrow platform and postural stability is assessed during periods of
quiet standing (Glave et al., 2016). While numerous stability
analyses have been proposed during general movements (e.g.,
sit-to-stand (Holmes et al., 2020), walking (Young et al., 2012),
stair climbing (Herman et al., 2009), etc.), these have not been
translated into a unified approach for the design of exercise
protocols (and associated technology) involving multiple motor
tasks. Assessment sessions typically analyze balance during the
upright standing posture (postural stability) and tend to be
independent from the physical therapy training sessions, which
usually involve different types of dynamic motor tasks (Bayouk
et al., 2006; Marioni et al., 2013; Levinger et al., 2017). For effective
rehabilitation, assessment and training protocols should be
simultaneously performed and combined into a unified
technology-based framework for a broad range of balance
exercises with quantifiable custom targets.

Recent studies have addressed the limited scope of
quantification of existing balance assessment methods by

addressing the stability of biped systems from a dynamic
system perspective. In this context, balance is defined as the
ability to maintain the state of a dynamic system inside a defined
desired region of the state space (Pratt et al., 2017). The
quantification of balance capabilities consists in the
evaluation of a balanced region in the state space (Mummolo
et al., 2017), also called basin of attraction or viability kernel
(Aubin et al., 2011; Koolen et al., 2012; Zaytsev et al., 2015;
Smith et al., 2017). The resulting balance stability criterion is a
threshold that can discriminate between the conditions of
balance and imbalance of a given biped system (Koolen
et al., 2012; Mummolo et al., 2017; Koolen, 2019) by
considering all possible factors that could lead to a loss of
balance. These are more comprehensive approaches for
monitoring the state of balance of a system and predicting
fall, as opposed to tracking individual balance-related
indicators. Furthermore, they can be generalized to various
movements and translated into a broader range of static and
dynamic exercise goals for simultaneous balance assessment and
training.

In this study, a state-space balance criterion (Mummolo et al.,
2017) is used to formulate metrics of balance that can serve as
quantitative outcomes, as well as customized goals for the
simultaneous assessment and training of balance control skills.
This computational framework can be customized for a given
patient in a rehabilitation regimen that involves multiple motor
exercises. The evaluation of the proposed balance performance
metrics relies on computational models of the human subject and
associated balanced regions and requires capturing the subject’s
COM motion and foot stance during the performed balance
exercise. Based on these requirements, the proposed
framework has the potential to be integrated with an
affordable portable technology solution for customized tele-
rehabilitation needs, in which the novel performance metrics
can be evaluated on- and off-line to visually guide the patient
during the balance exercises. The outcome of this research can
contribute to tackling the issue of compromised mobility and
motor performance of people living at the time of the COVID-19
pandemic.

SIMULTANEOUS BALANCE ASSESSMENT
AND TRAINING METHOD

A computational framework is proposed in which novel
balance performance measures are formulated and
implemented in exercises for simultaneous balance
assessment and training. The use of the balance
performance measures is twofold: 1) they are used as
quantitative outcomes for general balance assessment and 2)
they define customized and quantifiable balance training goals
across multiple exercises. This novel rehabilitation paradigm
requires the integration of the following components: 1) the
theoretical formulation of the novel balance performance
measures, 2) the design of exercises for which the balance
performance is quantified, 3) a computationally tractable
model of the user (human subject).
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Theoretical Formulation of Balance
Performance Measures
A stability criterion based on the concept of balanced regions in
the COM state space (Mummolo et al., 2017) is adopted in this
study for the formulation of two categories of balance
performance measures. This criterion uses nonlinear
optimization for the numerical construction of a balance
threshold in the state space of biped systems; it can be applied
to general bipeds in various stance configurations, as well as to
generic three-dimensional dynamic motor tasks.

The balanced region is the set of all possible COM balanced
states from which a given subject can reach an upright rest state,
while avoiding a change in foot stance (Mummolo et al., 2017).
The balance stability criterion states that a COM state located
within the balanced region, i.e., balanced state, is the necessary
condition for dynamic balance in generic biped models
(Mummolo et al., 2017). A COM state outside of this region is
defined as unbalanced and it predicts an inevitable change in foot
stance at some time in the future. The boundary of the balanced
region, called boundary of balance (BoB), represents the
maximum limits of balance recovery of a subject while
maintaining a given foot stance and is quantified in terms of
maximum feasible range of COM velocity perturbations. The BoB
is formed by the COM velocity extrema (minimum and
maximum) calculated iteratively at various COM sampled
positions, Pi, i � 1, . . ., N, and along any specified direction;
hence the balanced region is a partition of the six-dimensional
state space of COM Cartesian position and velocity. For practical
analysis and visualization, the BoB can be evaluated for a specified
plane (e.g., sagittal plane) and projected onto a single direction of
interest (e.g., anterior/posterior) (Figure 1).

The BoB is generated numerically by solving a series of
constrained optimization problems. For each sampled COM

initial position Pi, optimization finds the limiting balance
recovery trajectories in the joint space that drive the biped
system from its extreme initial conditions (i.e., sampled COM
initial position and minimum/maximum COM initial velocity) to
a rest state, without a change in foot stance. The extremized COM
initial state of each trajectory solution represents a point of the
BoB. From any point of the BoB, there exists at least one
controlled trajectory from which the subject can reach upright
quiet stance without changing contacts. Alternatively, if the
optimization finds no solution at a given Pi, the feasible range
of COM initial velocity that guarantees the COM will return to a
stationary upright position without altering foot stance is null; in
this case, any COM state at that specified Pi is unbalanced,
i.e., outside of the BoB. The balancing trajectories generated
from each point of the BoB satisfy the following constraints:
1) a final rest state (e.g., upright static posture), 2) various system
and physics constraints (e.g., joint and torque limits, COP
constraints), and 3) the preservation of the original stance
(i.e., base of support). The resulting BoB is a stance-specific
threshold that is customized using subject-specific body and
joint parameters in the modeling, capturing the balance
capabilities of a subject as predicted by the model. Details of
the numerical optimization algorithm and its solution via
sequential quadratic programming can be found in previous
work (Mummolo et al., 2018b). The construction method of
the balance threshold has been demonstrated for the study of gait
and posture stability of human, robot, and exoskeleton systems
(Mummolo et al., 2017; Mummolo et al., 2018a; Mummolo et al.,
2018b; Mummolo and Vicentini, 2020; Mummolo et al., 2021).

In this study, the BoB is constructed point by point, by
calculating the feasible range of COM velocity at various COM
positions Pi sampled in the sagittal plane at a selected COM
height, i.e., Pi � (xi, y) (Figure 1A). The COM initial velocity is
extremized along the anterior/posterior direction of interest (X)

FIGURE 1 | (A) Illustration of the balanced region concept (blue volume) and its boundary (BoB) in the sagittal plane of a biped system. At each sampled COM
position (circles), themaximum feasible range of COM velocitiy perturbations are calculated and shownwith respect to local velocity frames. Examples of balanced states
at positions P1 and P2 and unbalanced states at positions P3 and P4 are shown, whose COM velocities fall inside and outside of the BoB, respectively. (B) The BoB is
projected onto the (X, _X ) plane to illustrate the concepts of viable and reachable boundary margins and their relationship with the base of support. The
instantaneous state margin (eMOS) is also illustrated.
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and the BoB results into the following set of limiting COM initial
conditions in the sagittal plane: (xi, y, _x

ANT/POS
i,lim , _yANT/POSi ), for i �

1−N. The three-dimensional BoB can then be projected onto the
state space of COM X position and velocity (Figure 1B) for
practical analysis.

Two categories of balance performance metrics are formulated
in the COM state space, based on the balanced region concept
described above:

1) Boundary Margins are numerical indicators that characterize
the dimension of a balance region relative to the base of
support (Figure 1B). These indicators include the reachable
(ΔR) and viable (ΔV ) boundary margins, which quantify the
capability of a subject in a given stance to recover from
internal and external perturbations, respectively, along a
specified direction. Similar to the balanced region, both
boundary margins do not depend on a specific motor task
but are a property of the selected models for both the subject’s
body and the desired stance configuration.

The reachable boundary margin ΔR is the distance between the
point of the BoB with zero velocity and the edge of the base of
support, measured in both anterior and posterior directions. It
predicts how far the body can displace its COM outside of the
footprint and then invert its motion (hence, zero velocity) to
recover balance without any external impulse or change of
contact. This margin identifies a limit to the amount of self-
induced perturbations (i.e., internal) that a subject can sustain
from a given stance; hence it is analogous to a maximum
voluntary COM sway in dynamic conditions (i.e., out of the
base of support (Mummolo et al., 2013)).

The viable boundary margin ΔV is the distance between the
point of the BoB with maximum COM position and the edge of
the base of support, measured in both anterior and posterior
directions. It quantifies the range of COM positions outside of the
footprint for which a feasible COM velocity exists. The balanced
states included in between the reachable and the viable margins
cannot be attained through the body internal dynamics alone, but
they are viable initial conditions resulting from an external
impulse. Therefore, the viable margin identifies a limit to the
amount of externally induced perturbations that a subject can
sustain while in a given stance.

2) State Margins are numerical indicators that characterize the
instantaneous state of balance for a given trajectory, by
measuring its relative distance to the BoB. Depending on
how this distance is measured in the state space, these
indicators can include position, velocity, or mixed margins.
In this study, the extended Margin of Stability (eMOS)
(Mummolo et al., 2021) is used as a position margin that
quantifies the distance from a given state to the BoB along the
position coordinate of the state space (Figure 1B). The eMOS
is equivalent to the Margin of Stability (MOS) for a linear
inverted pendulum (LIP) model (Hof et al., 2005; Mummolo
et al., 2021), but it can be applied to any generic biped system.
This indicator, unlike the boundary margin, is specific to the
motor task performed by the subject in a given stance,

allowing for the continuous evaluation of the COM state of
balance.

Design of Balance Assessment and Training
Exercises
The application of the balanced region and balance performance
measures within the rehabilitation context is presented. The two
categories of balance performance measures are used as design
criteria for rehabilitation exercises in which balance performance
is simultaneously quantified and trained. For a given subject and
foot stance, the balanced region and boundary margins predicted
by the optimization-based algorithm provide a reference map for
defining customized target states across multiple exercises.

The intersections of the BoB with the edges of the base of
support and the boundary margins in both anterior and posterior
directions identify three partitions of the balanced region
(Figure 2):

1) The portion of the balanced region characterized by a COM
ground projection within the edges of the base of support
(Mummolo et al., 2013) is the set of statically balanced states: a
state in this partition can be driven to a static equilibrium
configuration by controlling the COP position within the
given base of support and/or through the regulation of
whole-body linear and angular momentum. From a
statically balanced state the motion could in theory be
stopped instantaneously without causing the system to lose
balance.

FIGURE 2 | The reachable and viable boundary margins in both the
anterior (ANT) and posterior (POS) directions divide the balanced region into
three partitions, each identifying a type of balanced states: statically,
reachable, and viable balanced states. For each type of balanced state,
an illustration of the corresponding balance control strategy is shown using a
simple legged system with a point mass, flywheel, and foot link.
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2) The portion of balanced region included within the reachable
margins is the set of reachable balanced states: each of these
states has a COM position outside of the footprint, hence is
dynamically balanced. Because this partition contains both
positive and negative COM velocity, the COM can enter it
from a statically balanced state using internal dynamics and
then invert its motion to recover balance. Balance recovery
from reachable balanced states is only possible through the
rotation of multiple body segments about the COM that
generates a stabilizing angular momentum and its derivative,
similar to the effect of a flywheel.Within this partition, the COP
cannot be controlled and balancing must rely on a combination
of favorable (i.e., balanced) COM initial conditions and whole-
body inertial effects over a finite interval of time.

3) The portion of balanced region characterized by COM positions
that are outside of the reachable margins, but within the viable
margins, is the set of viable balanced states: similar to the
reachable states, they are also dynamically balanced and must
rely on favorable initial conditions and whole-body inertial
effects in order to reach a static equilibrium within a finite
interval of time. The difference from reachable states is that the
system’s COM can enter this partition only through externally
imposed perturbations, e.g., external impulse. However, once the
COM state is inside this partition (i.e., it becomes viable) the
external push can cease and the system in the given stance can
recover balance by means of its initial conditions and actuation
capacity.

The above partition-based analysis of the balanced region
provides a reference map that characterizes the different
stability nature and means of control for a COM state
within each partition (Figure 2). Statically, reachable, and
viable balanced states are three categories of exercises
targets that can be assigned to the subject’s COM during a
rehabilitation exercise. The amount of sustainable perturbations
and recovery strategy associated with each target category is known
a priori; this constitutes a novel approach to the design of balance
exercise as compared to traditional balance perturbation
experiments, in which there is no a priori knowledge of the
effects of a given perturbation on the COM stability, hence no
clear and meaningful balance target can be established.

Two types of balance exercises (perturbation-based and motor
task-based) are proposed in which the requirements of a desired
user’s motion are imposed in terms of COM initial, target, and
final states. For each exercise, the final state is a statically balanced
state, while the initial and target states are assigned to the different
partitions of the balanced region, based on the exercise desired
outcome. In addition, each exercise has a prescribed foot contact
(or sequence of contacts), used to evaluate the associated contact-
dependent balanced region.

The first type of balance exercise consists in perturbation
experiments guided by target states placed progressively closed to
the boundaries of the balanced region (i.e., the BoB) (Targets A and
B, Figure 3). This exercise has the purpose of determining the
amount of internal and external perturbations that can be attained
by the subject in experimental conditions (i.e., experimental
reachable and viable margins), where internal perturbations are

the impulses generated by the subject when initiating or
performing a movement, whereas external perturbations require
the impulse generated through contact with another object, such as
pushing off from a wall or the ground. The experimental boundary
margins are then compared with the exercise targets, i.e., themargins
predicted by the simulated numerical boundary (i.e., numerical
boundary margins).

Two examples of perturbation-based balance exercises during
standing posture are described:

1) Example training exercise to reject internal perturbations
from upright stance—Starting from rest, the subject is
asked to initiate a forward/backward motion, come as close
as possible to reachable Target A, and then invert its motion to
reach a final rest state, all while maintaining a double stance
configuration. Experimental reachable margins resulting from
this exercise are quantified as the maximum anterior/posterior
position reached by the subject’s COM before inverting its
motion. The experimental and numerical reachable margins
are compared to have a relative measure of the subject’s
maximal COM sway capacity along a specific direction.

2) Example training exercise to reject external perturbations
from upright stance—Starting from rest, the subject is
asked to perform a pre-balancing task in which the COM
should attain initial conditions as close as possible to viable
Target B using the external impulse generated, for instance, by
a hand-push on a fixed handle. The subject’s state at the end of
the push-off motion is recorded as the initial viable state of the
balancing motion, which will terminate at upright equilibrium
with no change in foot stance. The most extreme viable initial
state that can be successfully attained by the subject gives the
experimental viable margin, which is compared with the
numerical counterpart to have a relative measure of the
subject’s limits of recovery from external perturbations.

This first type of perturbation-based exercises aims at
simultaneously quantifying and training the general
perturbation rejection capability of a subject relative to a given
stance. Using the reference map, specific portions of the balanced
region can be targeted for a given patient, to enhance a particular
type and direction of balance control.

The second type of balance exercise is specific for a motor task and
focuses on quantifying the balance performance of a specific trajectory.
Multiple target states are assigned either inside or outside (e.g., Target
C, Figure 3) of the BoB, as via-points of a desiredmotor task placed at
selected distances from the boundary as quantified by the state margin
eMOS. Throughout the exercise, the state margin is also utilized to
quantify a subject’s instantaneous level of balance/imbalance. As the
subject’s COM state trajectory remains within the boundary
(i.e., balanced), the resulting eMOS values are positive, while states
that exit the boundary result in negative eMOS values, leading to an
inevitable foot contact change in the future. Given the general
applicability of the BoB, the motor tasks for this type of exercise
can be selected among common daily lives activities, including
standing, frontal and lateral stepping, walking, and sit-to-stand actions.

In summary, the boundary and state margins are used in the
proposed exercises as balance targets relative to the overall subject’s
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balance capabilities quantified by the balanced regions. At the same
time, the experimental boundary/state margins are evaluated as
balance performance outcomes of a given exercise and compared
to the respective numerical values predicted by the model, to assess
a patient’s relative level of balance performance in a given stance
and during a specific motor task, respectively.

When implementing these exercises within tele-rehabilitation
settings, the desired and current COM state and foot stance
information must be recorded and visualized by the patient.
The patient’s COM motion can be captured by existing
methods (Lafond et al., 2004) and will be visually guided by
targets prescribed within the different partitions of a balanced
region (i.e., statically balanced, reachable, and viable). Meanwhile
the COM state and foot stance information can be displayed as an
overlay on the subject’s balanced region. This would allow the
patient and the physician to receive visual feedback on their
balance performance during the exercises, in which a change in
foot stance and/or a COM state crossing the BoB will signal an
unbalanced motion. Additionally, the physician (remotely) could
adjust the initial, final, and target states with respect to the balanced
region maps, according to the patient’s training status and needs.

Human Subject Modeling Approach
The theoretical/computational framework described above can be
applied to any generic human body model, ranging from whole-
body (Mummolo et al., 2019) to reduced-order (Mummolo et al.,
2015b) biped mechanisms, and to various contact configurations
between the feet and the environment (Mummolo et al., 2018b).
The balance criterion and performance indicators can therefore
be implemented in a broad range of balance rehabilitation
protocols, including static, dynamic, and multi-stance exercises.

The construction of a subject’s BoB via the optimization-based
algorithm previously described requires the establishment of the
dynamic model of the subject’s body. Links’ length and mass
distribution, joint strengths and range of motions, ground
contact modeling, and stance-specific constraints are specified
and the subject’s dynamics can then be described using common
robotic modeling approaches for floating-base robotic systems with
multiple degrees-of-freedom (DOF) (Figure 4A). The dynamics
and stability of systems in multi-contact stances is usually more
challenging to describe (Del Prete et al., 2018; Orsolino et al., 2020),
given the indeterminacy in the system’s foot reactions when the legs
form a closed loop with the ground (Mummolo et al., 2015a).
Different modeling choices (e.g., number of DOF, single vs. double
stance, planar vs. three-dimensional) lead to different BoB and
balanced regions. The complexity of the established biped model
should reflect a good balance between the accuracy in the numerical
prediction of the subject’s balanced region and the computational
performance of the BoB algorithm. In practice, when a balance
region is sought for a specific motor task, a task-oriented modeling
approach can be pursued for higher computational efficiency.
Depending on the motor task requirements of a given exercise
(e.g., range of desired COM displacement, anatomical plane and
direction of interest, and expected foot contacts), the simplest model
that fits those criteria should be selected.

In this study, balance exercises during standing posture are
considered for demonstration purposes, which are characterized
by a symmetric double stance, small variation of COM height,
and significant COM perturbations in the sagittal plane along the
anterior/posterior direction. Three increasingly complex models
of human body that satisfy the exercise requirements are
implemented in the balance assessment framework: a 1-DOF
linear inverted pendulum (LIP) model, with a single mass and a
flat foot (Figure 4C); a 4-DOF model with upper and lower body
segments and a rigid foot (i.e., without metatarsal joint;
Figure 4B); a 5-DOF model with upper and lower body
segments and a two-link foot (i.e., with metatarsal joint;
Figure 4B). All three models are in the sagittal plane and are
reasonable candidates to analyze dynamic balance in the anterior-
posterior direction. The balanced regions and their margins
provide a systematic approach to evaluate the effects of each
modeling assumption on the predictive capability of the model’s
balance stability. An accurate model would result in a balanced
region that encompasses all experimental COM state trajectories
resulting from the exercises in which balance is preserved.

DEMONSTRATIVE RESULTS AND
DISCUSSION

The novel paradigm for simultaneous balance assessment and
training is demonstrated with the results of balanced regions and
balance performance measures calculated for different models of
human standing posture. Experimental balance recovery
trajectories extracted from published literature (Patton et al.,
1999) are used to exemplify the proposed perturbation-based
and motor task-based exercises and associated margins
calculation.

FIGURE 3 | Design of motor task for balance exercises (perturbation-
based andmotor task-based), where the COM is guided through initial, target,
and final states. Targets A are selected progressively close to the reachable
boundary margin, to find the experimental maximum COM sway of a
given subject, i.e., the capacity of withstanding internal perturbations. Targets
B are selected progressively close to the viable boundary margin, to find the
experimental limits of external perturbations that a subject can withstand.
Targets C are selected to drive a motor task at a known distance either inside
or outside of the BoB and determine in real time the instantaneous state
margin throughout the motion.
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Nondimensional Balanced Regions and
Boundary Margins for Standing Posture
The balanced region results are presented for three increasingly
complex models of a human subject in the sagittal plane, i.e., the
LIP, 4-DOF, and 5-DOF models, to illustrate the effects of body
and foot modeling choices on the predicted range of allowable
perturbations during standing posture (Figure 5A). The
anthropometric parameters and joint angle/torque limits of the
reference subject are from the literature (Winter 2005; Mummolo
and Vicentini, 2020). The LIP and the 4-DOF models have a rigid
foot link with no metatarsal joint, which is assumed to maintain a
fixed contact with the ground at all times; the 5-DOF model
includes a two-link foot, where a metatarsal joint and a
multimodal foot-ground interaction model (Mummolo et al.,
2021) allow the foot to rotate about its heel and metatarsal. All
models have a total foot length fl � 0.23m.

For the higher-order models, the BoB is numerically
constructed using the proposed algorithm. The COM velocity
extrema are calculated along the anterior (+X) and posterior (−X)
direction, by sampling the COM initial positions at a constant
height y � 1.12 m, corresponding to the subject’s COM
Y-coordinate in the upright standing configuration. The BoB
of the LIP model can be found analytically using the linear
inequalities that limit the position of the extrapolated center of
mass (XCoM � x + _x/ω) within the base of support [0, fl]
(Mummolo et al., 2021), i.e., −ωx ≤ _x ≤ − ωx + flω, where x
and _x are the COM position and velocity, respectively, y and
ω � ���

g/y
√

are the pendulum’s length and natural frequency.

Fitted models of the BoB and enclosed balanced regions are
obtained in the nondimensional COM state space for each of the
three biped models considered (Figure 5B), where the COM
position and velocity are normalized with respect to fl and flω,
respectively. The nondimensional formulation of the BoB
provides a general characterization of the balanced regions for
upright standing posture in three different subject modeling
approaches. These nondimensional linear models can used for
multiple individuals, with different anthropometric parameters,
when adopted in a home-care rehabilitation context.

The three balanced regions are representative of the different
balance control strategies that can be employed by each biped
model. This is demonstrated quantitatively through the calculation
of the nondimensional boundary margins (Table 1), which give a
relative measure of maximum balanced COM displacement as a
percentage of foot size. The only means of balance control for the
LIP model is the regulation of the COP within the limits of its flat
foot; as a result, the LIP reachable boundary margins are zero,
indicating that the COM sway cannot exceed the base of support in
order to preserve balance, according to this reduced-order model
predictions. In addition, the linear inequalities for the XCoM do
not provide limits to the range of feasible COM positions, therefore
the LIP viable margins are undefined. On the other hand, the
higher-order models show a greater range of sustainable COM
velocity perturbation for a given COM position and along both
anterior and posterior directions. The 4-DOF and 5-DOF models
have posterior reachable boundary margins equal to 11 and 28.8%
of the foot size, respectively, predicting that the COM sway can

FIGURE 4 | (A) General human body models take into consideration individual anthropomorphic parameters, joint strengths and actuations, mass distributions,
range of motions, ground contact modeling, and stance-specific constraints. Whole-body models are valid for the representation of any general motor task, although
their simulation can be computationally intractable. In practice, task-oriented models can give a practical computation of the balanced region for the specific task
considered. For balance stability during standing posture, both higher- and reduced-order models in the sagittal plane can be established. The higher-ordermodels
(B) include more detailed subject-specific parameters at the link and joint level, upper and lower body segments, as well as multi-segment feet (5-DOF model), as
described in previous work (Mummolo and Vicentini, 2020). The LIP model (C) constrains the motion of the COM at a fixed height y, equal to the Y-coordinate of the
body’s COM while standing and does not include joint-level design parameters.
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exceed the rear edge of the base of support while retaining the
ability to invert its motion thanks to angular momentum
inertial effects. The posterior viable margins in both higher-
order models quantify the range of viable negative COM
positions at which an external impulse can be applied to
stabilize the system. The anterior reachable margin for the 5-
DOF model predicts that the COM sway can exceed the front
edge of the base of support by 35.2% of foot size, and then
recover balance. The negative values for the anterior
boundary margins in the 4-DOF model indicate that the
set of reachable and viable balanced states is null in the
anterior direction, due to the kinematic restrictions of a
rigid foot, which do not allow significant COM
displacement at the given COM height y.

The greater perturbation rejection capability predicted by the
higher-order models is due to the multiple balancing strategies
that can be employed by a multi-DOF system (e.g., ankle, hip,
upper-body, and general angular momentum regulation) in
addition to COP control. In particular, the largest boundary
margins are for the 5-DOF model, due to the presence of a
two-link foot that enables the additional balancing strategy of
heel-to-toe foot rocking, which increases the range of feasible
COM positions and velocity perturbations.

The above boundary margins values predicted by the three
models of human posture can be used as both targets and
outcomes in COM perturbation experiments in tele-
rehabilitation settings, to simultaneously assess and train a

subject’s overall balance performance ability to reject internal
and external perturbations.

Use of Boundary and State Margins during
Balance Exercises
To showcase the role of boundary margins in a balance
rehabilitation exercise, empirical data relative to push recovery
exercises published in the literature (Patton et al., 1999) is
partially extracted and adapted to the proposed framework. In
the experiments of the reference study (Patton et al., 1999),
subjects were asked to pull on a horizontal handle, targeting
various percentages of their maximum pulling force in order to
attain perturbed COM initial conditions in the posterior
direction. At the end of the pull, the balancing trajectories of
the subjects’ COM as they recovered balance while standing on
two feet were recorded. It should be noted that, although derived
from a different study, the experimental data illustrated is the
result of perturbation-based balancing exercises analogous to
those proposed in this framework, with the difference that the
experiments in (Patton et al., 1999) are guided by force-based
targets, while the proposed experiments would be conducted
using the viable and reachable margins as novel balance-
related targets.

Here, 35 perturbed COM states for one subject of the reference
study are extracted, normalized, and represented against the
nondimensional balanced regions (Figure 6A). The most

TABLE 1 | Anterior (ANT) and posterior (POS) nondimensional boundary margins of the general linear models of BoB calculated for the reduced- and higher-order body
models.

Reachable boundary margin Viable boundary margin

ΔPOS
R ΔANT

R ΔPOS
V ΔANT

V

5-DOF MODEL two-link foot 0.288 0.352 0.591 0.808
4-DOF MODEL rigid foot 0.110 −0.047 0.248 −0.047
LIP MODEL rigid foot 0.0 0.0 n.a. n.a.

FIGURE 5 | (A) Numerical construction of the BoB for a reference subject in upright stance, when the subject’s body is modeled with a 5-DOF mechanism with a
two-link foot, a 4-DOF mechanism with a rigid foot, and a 1-DOF LIP with flat foot. (B) Nondimensional fitted lines provide a general model of BoB for the three types of
biped mechanism considered (R2 > 0.99). The nondimensional upper and lower BoB limits are −x ≤ _x ≤ − x + 1 (LIP), −0.89x − 0.099≤ _x ≤ − 0.88x + 1.01 (4-DOF), and
−1.02x − 0.29≤ _x ≤ − 1.19x + 1.61 (5-DOF).
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extreme COM initial state is used to estimate the subject’s
experimental viable margin in the posterior direction (0.519),
which is closely predicted by the posterior viable margin of the 5-
DOF model (0.591). The 4-DOF posterior viable margin fails to
enclose eight highly dynamic initial states, hence the model
underestimates the subject’s balance performance in terms of
rejection of external perturbations. Four initial states are either
outside or on the boundary of the LIP balanced region; while this
indicates that the reduced order model predicts balance in about
88% of the selected initial states, it should be noted that the LIP
analytical boundaries did not provide quantifiable target viable
states. These results demonstrate how the balance performance of
a subject can be assessed and trained based on perturbation
experiments and the evaluation of experimental boundary
margins. In the current results and reference study, no data is
available to demonstrate the experimental evaluation of reachable
margins, which is left to future work.

Lastly, the evaluation of balance performance in the motor task-
based exercise is illustrated by two example trajectories extracted
from the reference study (Patton et al., 1999), which exemplify the
analysis of a generic balancing trajectory with respect to the balanced
regions of the subject (Figure 6B). In both experimental trajectories,
the subject was able to recover upright static equilibrium without
altering the double foot stance. The reachable balanced trajectory
starts from initial conditions within the reachable boundarymargins
of the higher-order models and well within the LIP balanced region.
The first half of the reachable balanced trajectory starts from a
dynamic reachable state (with COM outside of the base of support)
and reaches an upright statically stable state (with COM
approximately aligned with the ankle joint); this segment of
trajectory appears close to the linear passive dynamics of the LIP,
suggesting that the first part of the balancing motion may rely
mostly on the favorable initial conditions, while angular momentum
effects may not be relevant. Conversely, the viable balanced
trajectory starts from initial conditions outside of all reachable
boundary margins and even outside of the LIP and 4-DOF

balanced regions; however, the initial state is viable with respect
to the boundarymargins predicted by the 5-DOFmodel, which is an
indication that the balancing motion must rely on multiple
strategies, including the angular momentum and foot rocking
strategy, in addition to the favorable initial conditions. These
results suggest that for such a highly dynamic balancing motion,
a higher-order mechanism with a multi-segment foot model gives a
better prediction of an individual’s balance performance, as
compared to biped models with lower DOF and rigid foot.

The state margin eMOS is calculated for the two example
trajectories to evaluate their instantaneous level of balance or
imbalance (Figure 7). The nondimensional eMOS quantifies the
distance from a given state of the trajectory with respect to both the
upper and lower bounds of each balance threshold,measured along
the position coordinate; here, the smallest distance from either
lower (dashed lines, Figure 7) and upper (solid lines, Figure 7)
bounds is shown, since it represents the most critical balance
condition. A positive eMOS value indicates that the trajectory is
within a balanced region, where a greater eMOS absolute value
corresponds to a greater balance safety margin, while a smaller
eMOS absolute value indicates a closer proximity to the
unbalanced region; the opposite is true for negative eMOS.
When the LIP is used the eMOS coincides with the MOS
(Mummolo et al., 2021), and its positive values range from 0 to 1.

The eMOS of the reachable trajectory indicate that all three
bipedmodels correctly predict a balanced trajectory that is closer to
the lower BoB boundaries for approximately 65% of the motion,
after which the COM state results closer to the upper BoB lines
(Figure 7; left). Throughout the reachable trajectory, the BoB of the
4-DOF and LIPmodels underestimate the instantaneous margin of
balance, as compared to the 5-DOF model, hence predicting a
smaller level of balance throughout the motion. The eMOS of the
viable trajectory indicates that only the 5-DOF model correctly
predict a balanced motion, with a state margin always closer to the
lower BoB limits (Figure 7; right). The 4-DOF and LIP models
present negative eMOS values at the beginning of the viable

FIGURE 6 | (A) A collection of initial states of a subject during externally-imposed perturbation experiments (Patton et al., 1999), compared with the nondimensional
models of balanced region for standing posture. (B) Two experimental balance recovery trajectories extracted from (Patton et al., 1999), where the subject standing on
two feet recovers balance and reaches static equilibrium after receiving an external impulse the subject standing on two feet recovers balance and reaches static
equilibrium after receiving an external impulse.
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trajectory, which would wrongly predict the subject’s inability to
recover balance from those initial conditions, without external help
and without changing foot stance.

The above analysis of balanced regions, boundary and state
margins demonstrates an objective method of assessing a patient’s
progress throughout treatment. The nondimensional boundary
margins have highlighted the differences between the different
modeling approaches of human standing posture: the inclusion of a
multi-segment foot can lead to a more accurate balance
characterization in real human subjects. Boundary margins
allow the selection of customized and quantifiable targets for
training balance recovery from internal and external
perturbations, while state margins provide a numerical
benchmark of the subject’s balance capabilities during a
particular trajectory. All proof-of-concept results demonstrate
the benefits of having a balance criterion that can be extended
to higher-order models that can more accurately predict dynamic
stability, as compared with reduced-order models.

CONCLUSIONS AND FUTURE WORK

This study proposed a novel balance training and assessment
computational technique, illustrated through an example subject
performing a postural stability exercises obtained from a reference
study (Patton et al., 1999). By using the balanced regions as
reference maps, new balance exercises can also be developed for
the furthering of current physical rehabilitation approaches. The
application of the proposed framework to home-care
rehabilitation, which is essential during and after the COVID-19
pandemic, is briefly discussed. The balance performance indicators
are proposed as both targets and outcomes of balance exercises that
require only tracking and visual feedback of desired vs. current
COM motion and foot stance, as opposed to, for example, the
measurement of COP, ground reactions, and external impulse
forces profiles, which may not be easily integrated into an
affordable and portable device. For this reason, the proposed
theoretical/computational framework could be a promising

initial step for the development of innovative devices for the
remote assessment and rehabilitation of balance performance in
patients affected by reduced mobility. The integration of the
presented criterion for quantitative balance assessment with a
portable instrumented platform would contribute to the
advancement of postural stability analysis in three ways: first, it
would allow patients and the general population to participate in
highly customized in-home physical therapy treatment plans to
prevent or treat mobility disorders while also being systematically
evaluated; second, it could open the way for clinicians to design and
test balance exercises that can include dynamic stance changes and
other general motor tasks; third, it has the capability to generate a
unified benchmarking dataset of significant volume acrossmultiple
populations (e.g., of different ages and pathological conditions),
which would boost further investigation on the medium/long term
effects of COVID-19 on people’s balance ability and the associated
fall risk.
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