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Safety Augmentation for Volitional Human
Locomotion via Lower-Limb Exoskeletons:
A Case Study

Miao Yu

Abstract—User safety is a crucial factor to consider
when designing control paradigms for lower-limb exoskele-
tons. Existing control paradigms mainly focus on providing
assistance for human users under stable walking condi-
tions, ignoring situations that human users may lose their
balance due to external perturbations during locomotion.
In this letter, we propose a safety framework for lower-
limb exoskeletons to augment safety for volitional human
motion based on Control Barrier Functions. The safety
indicators are defined as the human’s center of mass
and swing foot position lying within self-selected ranges.
Instead of enforcing reference trajectories, we incorporate
human inputs and preferences in a two-layer quadratic
program structure based on Control Barrier Functions to
generate assistance for ensuring safety. Simulation results
on a human wearing an exoskeleton demonstrate that the
proposed control paradigm can generate assistance to
assist human users in maintaining balance while undergo-
ing gait perturbations and recovering from initial unsafe
postures.

Index Terms—Safety augmentation, exoskeleton, control
barrier functions, nonlinear disturbance observer.

[. INTRODUCTION

ALLS and fall-related injuries bring a significant health

problem for adults of all ages. In the year of 2018, 27.5%
of adults aged 65 or above reported at least one fall in the
past year, and 10.2% reported a fall-related injury [1]. One
in ten U.S. adults reports falling each year, and among all
age groups, falls can cause serious injury and are the second
leading cause of traumatic brain injury-related deaths [2].
Various devices have been developed to improve balance
and reduce the risk of falling for humans during walking.
Traditional ambulatory-assistive devices such as canes and
walkers are commonly adopted among elderly individuals to
improve walking balance and reduce the risk of potential
falls [3]. While these devices can provide assistance to restore
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balance, critical barriers still exist in promoting these devices
to the general population. Canes and walkers require constant
grasping by their users, thus limit the user’s overall mobility.
Prior studies also indicate that such devices can potentially
jeopardize walking stability [3]. Other ambulatory devices,
which are often used in clinics, also lack adaptability to daily
human activities.

Emerging powered lower-limb exoskeletons have addressed
the issue of mobility and demonstrated great potential in assist-
ing their human users across activities [4], such as bearing
the weight of extra loads [5], reducing energy expenditure [6],
and restoring normative gait kinematics [7]. In addition to
providing assistance, control paradigms were also developed to
regain balance. For instance, capture point theory was used to
design balance control strategies under large perturbations [8]
for humanoids and to correct unsafe leaning motion of
humans to avoid a potential fall [9]. A “help when needed”,
time-dependent control paradigm was developed to enable
exoskeletons to assist balance recovery [10]. Zhu and Yi
designed a control strategy based on slip recoverability regions
to assist human users to regain balance with unexpected foot
slips [11].

While there is extensive existing literature on exoskele-
ton balance control, most of the proposed methods do not
adapt well to various tasks and volitional human motions.
The approach in [9] is designed specifically for forward
leaning, failing to accommodate various ways a human can
fall. The generated trajectory can also be overly constrain-
ing an individual’s voluntary motion. While [10] requires
limited subject-specific customization, the pre-defined assis-
tive torques do not take into account each user’s volitional
motion when reacting to a fall. Similarly, the kinematics-
based controller in [11] aims to restore human joints to
pre-defined equilibrium positions, ignoring the dynamic nature
of joint motions during foot slips. When recovering from
loss of balance or a potential fall, it is crucial to consider
volitional human behaviors when designing assistive strate-
gies, rather than restricting joint movements to normative
trajectories.

To design balance recovery strategies without enforcing
kinematic trajectories, we need to first identify indicators that
can reflect ambulatory balance. Various approaches such as
maximum Lyapunov exponent, long-range correlations, vari-
ability measures, and extrapolated center of mass (XCoM) [12]
have been proposed to indicate balance. During human
locomotion, the level of stability will decrease during single
support phase as the body needs to fall forward to ambulate.
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The swing leg needs to prepare to catch the falling body
at the onset of the next step [13]. Prior research shows
that the Center of Mass (CoM) during walking serves as
a measure for evaluating balance [14], and the capacity to
position the foot correctly to manage CoM position is an
important skill to maintain balance. We therefore choose
CoM to define our safety indicator because of its feasibility
and simplicity in real-time implementation. On the other
hand, control barrier functions (CBFs) have been prevalent in
designing controllers that force the system to approach a pre-
specified safe set [15]. CBF has been used in research areas
where safety is critical, such as adaptive cruise control [16],
dynamic balancing on Segway type robot [17], and multi-agent
systems [18]. Predominantly, CBF has been applied to achieve
stable walking gait for exoskeletons on level-ground [19] or
bipeds on stepping stones [20] given its low computation
cost in real time [21]. Defining CBF based on CoM has
the potential to rapidly facilitate safe control strategies to
mitigate the loss of balance during human locomotion. To
consider a human’s volitional motion when reacting to a fall,
it is essential to estimate human joint torques. Nonlinear
disturbance observers (NDOs) have been applied to robots
for estimating disturbance terms in dynamics using angular
information [22]. Since human joint torques can also be treated
as the “disturbance term” in dynamics, we can use NDO to
estimate human torques.

In this letter, we propose a framework to augment safety of
human volitional motion during locomotion via exoskeletons.
The contributions of this letter are:

1) We develop a safety framework for balance recovery
considering human inputs, evaluating CoM positioning
and early foot strikes to define independent safety indi-
cators (thus CBFs) not reliant on reference trajectories.

2) We propose using a double-layer Quadratic Program
(QP) structure with a human-centric weight matrix in
the cost functions to determine the control law. The
weight matrix will adapt dynamically to human motions,
minimizing interference with natural behaviors.

3) We modified a traditional NDO to estimate human joint
torques and external forces.

[I. PRELIMINARIES
A. Dynamics of Human and Exoskeleton Model

We model a human wearing an exoskeleton as a rigid
sagittal-plane biped because human walking is primarily a
sagittal-plane task [23]. The Euler-Lagrange dynamics of the
human-exoskeleton system [24] can be expressed as

MG+ Cq+N+AT% =t + I Fpertury, ¢5)

where n is the degrees of freedom (DoFs), M € R™*" is the
inertia matrix, C € R™" is the Coriolis/centrifugal matrix,
and N € R" indicates the gravitational forces. The inertial
parameters within these matrices are the combined totals of
both human and exoskeleton parameters. The constraint matrix
A, defined as the gradient of holonomic constraint functions,
maps the ground reaction forces (i.e., Lagrange multiplier)
A = A + At into the overall dynamics, where A = W(Ag —
AM™'N), W = (AM~'AT)~!, and X = WAM™! [24]. The
overall internal torque 7 consists of the human torque vector
Thum and the exoskeleton torque vector Texo = Bu, where
B = (Opxm—p)» IPXP)T € R™P maps the exoskeleton
torque u € RP into the overall dynamics (p will be specified

A 4

QP-CBF 1

g

Human-Exoskeleton| ¢, ¢
Model

Exoskeleton Assistance I
l¢

Exoskeleton [« I

Fig. 1. Overall diagram of the safety augmentation framework. The
NDO and the term Z will be specified in Section IlI-C.

in Section IV-A). The vector Fperury € R® summarizes all
external perturbation forces and is projected into the overall
dynamics via the Jacobian matrix J € R®*", It is possible
to estimate the interaction forces between the human and the
exoskeleton [25], which can be included in .

B. Review of Control Barrier Functions

The general form of a nonlinear system can be expressed
as:

X =f) +gu, 2)

where x € D C R" is the state vector, f(x) and g(x) are locally
Lipschitz, and the control input u € & C R™. Note that (1) can
be expressed in the form of (2) by choosing x = [¢7, ¢71T €
R2" je.,

X=f(x)+gu = [MfllQ] + [M913]”’ 3)

where Q = —C§ — N — ATA + thum + J7 Fperturb-

Define a closed set C that contains all admissible safe
configurations with a continuously differentiable function
hx) : D — R,ie,C={xeDcCR": h(x) > 0}, we can
ensure safety by making it asymptotically stable and forward-
invariant in D. Assume & (with x omitted hereafter) has relative
degree one, h is a CBF if there exists an extended class K
function « such that for (2),

sup[Lyh + Lghu] > —a(h), )
uclU

where Leh and Lgh are Lie derivatives [26]. Any Lipschitz
continuous controller u chosen from the set

Keot() = {u € U : Leh + Lghu + a(h) > 0} (5)

can render the set C safe and asymptotically stable in D.

[1l. SAFETY AUGMENTATION BASED ON CBFs

In this section, we propose a framework for lower-limb
exoskeletons to augment safety of human locomotion. In
particular, we aim to restore balance considering volitional
human inputs. The safety control strategies are generated
from a double-layer QP structure with human preferences
incorporated to determine user-friendly assistive strategies.

A. CoM-Based Control Barrier Function Design

We first use a CoM-based function similar to XCoM to
define CBFs. To accommodate cases where a human under-
goes significant perturbation such that continued walking is not
immediately feasible, we propose the following safety function

s1 = (2sig(keom (CoMy — psix)) — D (Pswx — CoM,) = 0, (6)
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Fig. 2. Left: lllustration of the safety conditions (6) (orange) and (7)  Since hhum in (9) contains only the human inputs, it reflects

(green). Solid and dashed lines represent stance and swing legs, and
Fperturb denotes the perturbation force. The green dot is the projected
position of the CoM onto the ground. Right: lllustration of safe sets
with respect to hy (orange) and hy (green). Dashed lines are possible
trajectories generated by control actions (12) and (14).

where pg x and pgwx represent the horizontal positions of the
stance and swing feet, respectively, and CoMy indicates the
horizontal position of the CoM. The function sig(-) is the
sigmoid function, and k.om iS a positive constant to control its
steepness. In (6), the term (pswx —CoMy) dominates to render
rapid movement of the swing leg (as opposed to the stance leg)
for regaining balance. In addition, early strikes at the point
of minimum toe clearance increases the risk of falling from a
trip [27] when trying to regain balance. We therefore define
the second safety function to avoid early strike as

§2 = Dsw,y — Pground,y — Cclearance = 0, (7

where pground,y is the ground height, and cclearance is a small
positive number that guarantees the swing leg stays above the
ground. Illustrations of both safety conditions are shown in
Fig. 2. Finally, we define a relative-degree one CBF based on
s1 and sy as

hi =yisi+si+ci, ie{l, 2}, (8)

where ¢; is a positive relaxation constant that allows the state
to approach or slightly move outside the safe set, and y; > 0
adjusts the contribution of s; and s§; to A; [28]. In (8), we
use a similar but different concept than XCoM, i.e., CoM +
CoM/wp, where wq is the eigenfrequency [12], to provide
more flexibility in parameter tuning.

B. Control Structure

The major reason that we incorporate constraints in two sep-
arate QPs is to prioritize the tasks based on their urgency and
to avoid infeasibilities in finding solutions. Since the control
framework does not rely on pre-defined joint trajectories, the
exoskeleton does not need to exactly follow the control torques
with both constraints satisfied. Instead, the exoskeleton should
be able to evaluate the situation to take the most appropriate
action. When the swing foot clearance is large enough such
that early foot strike is not a concern, balance recovery will
be the major task. In contrast, when the swing heel is about
to touch the ground before balance is regained, the objective
of balance recovery can be relaxed for a short while to avoid
early foot strikes. In this case, we should allow the system to
temporarily deviate from the safe set defined by 4 until the
risk of early foot strike is resolved (Fig. 2). Satisfying both
constraints within one QP could result in infeasibilities.

With h; defined in (8), we can now incorporate it as a
constraint in QPs. Conventional cost functions of QPs are
usually in quadratic forms of actuator torques with pre-defined
gain matrices [15], [28]. For assisting humans, cost function

the change of #; when only humans were reacting to an unsafe
scenario. Equation (9) as well as other operations in terms of 4;
throughout this section require the knowledge of human inputs
and external perturbation forces. Estimation of their values will
be introduced in Section III-C. Similar to (9), with actuators
on, we have

h= 2 10 1 B,

dq 0q

To ensure the exoskeleton assist humans with minimum
interferences with their volitional motion, we want to minimize
the difference between (9) and (10), i.e.,

. . ohy .
(h1 — hium)? = (a—;M 'Buy? := u"Heom(q, u. (11)

(10)

Note that (11) has the same form as uTHu with H =
Hcom(q, @) = (%—};‘M_lB)T(%M_lB). Since components
of Hcom(q, ¢) are time-varying and dynamics-based, they
provide a time-varying, human-centric weight matrix that
dynamically considers human dynamics in real time. The QP
for determining the desired torque u; can be then written as

rr;tiin ulHeom(q, §)ua

sit. Lehy + Lehjug = —o(hy), 12)

where o1 (-) is an extended class K function. Since a rapid
recovery is desirable when humans lose balance, and we want
to allow a human’s CoM to have the flexibility of slowly
approaching the boundary of a safe set when safe, «(-) is
selected as

_ Jlog(hi + 1), if by = 0,
ai(hy) = {ﬂlh? +hy, if by <O,

where B is a positive number that controls the magnitude of
L¢hy + Lghiug when the system is unsafe. Note that oy can
have other forms as long as it qualifies as a class Ko function.
Minimizing ugHCOM(q, q)ug in (12) provides the capability
to have control torques close to human inputs when possible,
while the CBF constraint forces the control torques to render
safety, even if they may not closely align with human inputs
in some extreme situations. Once we obtain uy from (12), we
propose the second QP as

13)

. 2
min [la — uql|
u=[ul, 8§17 2

s.t. Lrhy + Lghou > —an(hy) + 6,

Umin = U = Umax,

(14)

where ug = [ug, 017 € RP*!, § € R is a relaxation term to
avoid infeasibilities, oy (hy) = ﬂzhg is an extended class Koo
function with 8, > 0, and upin, € R? and umax € RP are
lower and upper bounds of the control torques, respectively.
In (14), ug serves as a reference for u. One potential challenge
of using a two-QP structure instead of a one-QP structure is
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the increased computational complexity. The time complexity
of calculating (12) and (14) is O(nlog(n)) with matrix
inverse, which is feasible for real-time implementations on a
microprocessor in similar studies [29].

C. Modified Nonlinear Disturbance Observer

Different from control paradigms that do not consider
human inputs, the proposed approach requires the information
of volitional human motion to compute control laws uy
and wu. Therefore, we modify an existing model-based
NDO [22] to estimate human joint torques using only angular
information [30]. Let B, = B—AT)V», Thum = (I —AT)V»)thum, and
define z = M~ (Fhum +JTF, perturb) as the term to be estimated,
left-multiplying M~ at both sides of (1), we have

2=G+M'CGg+M'N+MATR —M ' Bu. (15)

Denoting Z as the estimate for z and e = z—Z as the estimation
error, we have [22]:

P=Le=L(z—3%), (16)

where L € R™" is a positive-definite, diagonal matrix that
can be designed to ensure fast convergence of e [22], where

a7)

and e can be ensured to be uniformly ultimately bounded
with selected parameters [30]. When external perturbations
occur, (16) will estimate it as part of the “human torque”. This
is desirable for the control objective, as the knowledge of over-
all forces are required to solve (12) and (14). Note that in (16),
we estimate the modified term M~ (Fpum +JTF perturb) instead
of the actual human input and external forces Thym+J Tk perturb-
Due to the human-exoskeleton model used in this letter, the
matrix M has some very small eigenvalues. Estimating Thym +
JTFpenurb directly will result in large estimation error when
calculating § = M~ ' (=Cg—N—ATA+ 1+ JTFperturb), which
is the major usage of the NDO, even if the estimation error
of Thum + J7 Fperwurb is small.

ée=z—-72=27—Le,

IV. SIMULATIONS AND RESULTS

In this section, we present simulation results of a human
wearing an exoskeleton (modeled as a biped) trying to restore
balance under two conditions: recovery from a force perturba-
tion (RP) applied on the hip joint during normal walking, and
recovery from unsafe postures (RU), where the human starts
from an initial posture that will lead to a fall.

A. Simulation Model

According to [31], stable dynamic gaits can be achieved
on a seven-link biped with impedance control at each joint.
The configuration vector of the simulation model (Fig. 2,
left) is given as gsm = (X, Y, @, a, Ok, Oh, sk, Osa)T € RS,
where (X, y) is the Cartesian coordinates of the heel, 6;,
i € {ak,h,sk,sa} indicates the relative angle of ankle, knee,
hip, swing knee, and swing ankle, respectively. Each of
these joints is actuated by an exoskeleton actuator, i.e., u =
{ua, uyx, un, ug, Usy} € R>. All these joints are also actuated
by the human joint torque vector Thym = —Kl‘)’ (gsim — gsim) —
K} gsim with positive-definite gain matrices K and Kj and Gsim
as equilibrium positions. We first tuned gain matrices by trial
and error to find a stable passive gait and then implemented
the proposed control. All simulation parameters can be found
in [32, Table II].
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Fig. 3. Values of hy and hy for RP (left) and RU (right). Balance during
walking (i.e., safety boundary) is primarily indicated by hy = 0.

B. Results and Discussions

For the RP case, the biped started walking from a safe
posture where its CoM stayed between the stance and swing
legs. A horizontal perturbation force was applied on the hip
joint between 0.06s and 0.065s. This case was simulated to
verify if the proposed control paradigm will be triggered only
when the safe conditions are violated and do not intervene
with nominal human behaviors otherwise. For the RU case,
the biped started from an initial posture that will lead to a fall
if no control actions are applied.

We chose parameters kcom = 10, y1 = 30, ¢ =0, y» = 20,
c2 =30, B1 = 0.4, and B = 1 for RP with Fperurb = (3 X
103, 01 x5)TN. The magnitude of perturbation was determined
such that th,y itself is insufficient in maintaining balance.
For RU, we selected the parameters kcom = 7, y1 = 60,
c1 =0, y» =30, c = 50, By = 15, and B, = 10. The
weight for relaxation term § was selected to be 100 for both
cases. We selected distinct parameters for each case based
on differing priorities. In RP, we weight more on changes in
CoM’s velocity, whereas in RU, the position of CoM is the
key to balance recovery from unsafe postures. We saturated
exoskeleton torques at + 700 Nm and # 2 x 10°> Nm for RP
and RU, respectively.

The simulation results are shown in Figs 3 to 7. Fig. 3
shows the value of safety functions with/without the safety
controller. We can see that the human-exoskeleton system lost
balance without the proposed safety control, while balance
can be assured when safety control was employed. Fig. 4
illustrates the safety control torques and the ratios between
human and exoskeleton torques. The exoskeleton generated
almost zero torques before perturbation occurred and reacted
instantaneously upon its occurrence. Spikes in exoskeleton
torques are due to two reasons. Firstly, human input takes
the form of an impedance controller with fixed equilibrium
positions, which will resist any exoskeleton torques that drive
human joints away from these equilibria, even if such torques
were intended to ensure safety. Therefore, exoskeleton torques
need to be sufficiently large to counteract human torque
first to ensure safety. This phenomenon will be alleviated in
practice with human volitional motion that do not track set
points. Secondly, to render postures that violate safety, the
applied perturbation needs to be sufficiently large to overcome
human joint torques, which also contributes to the spike in
control torques. For example, the simulated human knee torque
reached 1.2 x 10* Nm, which is much larger than biological
torque of 199.8 +47.3 Nm (extensors) and 89.8 & 21.0 Nm
(flexors) [33]. To demonstrate that the proposed approach is
feasible to be implemented, we plotted safety control torques
offline in Fig. 5 using normative joint kinematics [34] with
added deviation in orientation angle (7/2) and velocity (/3
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Fig. 5. Control torques calculated using normative joint kinematics with
added deviation on thigh angle and velocity at the beginning of a step.

rad/s) to mimic unsafe cases. The resulting torques are not
precise representations of real assistance but fall within an
achievable range for current exoskeletons.

In practice, the control framework is designed to provide
partial assistance for humans. Balance will be regained as a
consequence of joint efforts from both the human and the
exoskeleton. The conducted simulation aims to demonstrate
the capability of the control framework in extreme situa-
tions. Moreover, dh;/dq stayed non-zero during simulation,
which numerically verifies the forward invariance of their
corresponding CBF [26]. We also conducted simulations with
one-QP structure that included both constraints with care-
fully tuned weights. However, simulations terminated due to
infeasibilities in finding solutions. We further enforced zero
torques at these infeasible points to proceed in simulation, and
the results are similar to the ones of the two-QP structure
(Fig. 6).

We plotted the screenshots of simulation animation in Fig. 7.
The human-exoskeleton system was not able to maintain or
restore balance with only th,,m. When safety control was

associated safety functions (right). The red vertical line in the left
graph indicates the first infeasible point, and torques were set to zeros
hereafter for all infeasible points.

employed, the human-exoskeleton system can regain balance
within a short period of time. In addition, in the RP case
(left two rows), before perturbation was applied, the human-
exoskeleton system had very similar walking patterns with and
without safety control, indicating that the proposed method
does not interfere with a human user’s regular gait patterns.
In the RU case, the human-exoskeleton system attempted
to restore balance without the safety controller but was
unsuccessful. On the other hand, using the proposed controller
ensured safety and led to a posture similar to the unsafe one
caused solely by human torques. This indicates that the time-
varying weight matrix in (11) can be used to capture the human
user’s volitional motion.

Finally, to demonstrate robustness, we compared the gait
sensitivity norm (GSN) [|0g/dr||> [35] with and without
the proposed safety control, where g is the gait indicator,
and r is the input perturbation. A larger value of recip-
rocal GSN indicates stronger robustness. The perturbation
was chosen to be a 100 N horizontal force with 60 ms
duration applied on the hip joint at the beginning of a step.
We activated the safety controller at the start and end of
each step to prevent imbalanced postures and irregular step
lengths, then computed the GSN at each heel strike across
five steps. The system without/with safety control has a sum
of reciprocal norm 1/[[0g/dr||> = 2529.3 and 1/]|9g/dr||> =
5345.5, respectively, indicating potential robustness of the
proposed controller in restoring balance under perturba-
tions. The associated exoskeleton torques were less than
50 Nm throughout the simulation, which are possible to be
implemented.

V. CONCLUSION

We proposed a safety augmentation framework for exoskele-
tons based on a two-layer QP structure, with a particular
case study on balance recovery. The safety indicators were
defined based on human’s CoM position and the swing
foot clearance instead of pre-defined, safe trajectories. Two
CBFs were then defined and incorporated as constraints in a
two-layer QP structure to solve for the exoskeleton control
law. An NDO was used to estimate human joint torques
that were fitted into the overall control structure. Simulation
results showed that a human user can maintain balance when
undergoing gait perturbation, as well as restore balance from
an initial unsafe posture with the help of the proposed
safety control. Future work includes adding model predictive
control components to the overall framework and experimental
validations.
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7. Left (RP)/right (RU): without (top)/with (bottom) safety control. The green and blue dots represent the human-exoskeleton
system’s CoM and its projection, respectively, and the red dot denotes the onset of perturbation. The animation video is available at
https://www.youtube.com/watch?v=rZyEZS74eDO0.
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