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=t Abstract
Humans rely on ankle torque to maintain standing balance, particulari/ in the presence of
small to moderate certurbations. Reductions in maximum torque (MT) production and maximum
rate of torque developmeiit (MX1D) occur at the ankle with age, dirinishiiig stability. Ankle
exoskeletons are powr:reu orthotic devices that may assist sider 2gults by compensating for
> reduced torque and pow?r production carauilities. They may also be able (o zssist with ankle
= strategies used for balance. Howzgver, their effect on standing batance in older adults is not well
3 understood. Here, we modei e effects ankle exoskeletons heve on stability i1 plysics-based
= models of healthy young and nld adults f5cisiiig un the potential to mitigatc age-related deficits
93’ in MT and MRTD. Using backward 1eachability, 2 mathematica' teciinique for analyzing the
% behavior of dynamical systems, we compvie the set of stable center of iiiass nositions and
= velocities for sex and age adjusted nc¢ nlinzar models of human standir.g balance wit1 én ankle
= exoskeleton. We show that an ankie exoskeleton modera‘ely reduces feasible stauility boundaries
in users who have full ankle strerigth. For individuals witt: age-related ceficits, there is a traue-off.
While exoskeletons augment stability at low center of mass velocities, thay reduce stakility in
some high velocity conditions. Our resuiis suggest that arkle exoskeletoris usiiig established
control strategies might have unforeccen negative effects on stability, especially for individuals
> who are most likely to benefit from them.
=
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. INTRODUCTION

ANXLE exoskeletons are pcwersd i thotic devices that can assist people with mobility
impairments, such as older aaults, by compensating for reduced muscle torque and power
capabilities. Typically, they provide actuatior about the ankle joint only in the sagittal plane,
generating a push-off {cique during dynamic activities such as walking and stair climbing.
Exoskzletons have been shown te iaduce metabolic cost of transport during walking in

boh younger [1] and olaer adults [2;. The main appeal of lower-limb exoskeletons to older
aaults, however, is their perceived potantial to rediice fall risk [3]. Exoskeletons that improve
standina balanre might be especially beneficial in long-term care facilities, where falls
during Guict standing are coramer (4]. It is theiefore crucial to develop our understanding of
the effects of ankle exoskeleton assistance ¢ stability, which is currently incomplete.

1duosnuen Joyiny

Torque producticn at the ankle is an imporiant contributor to balance, which suggests that
ankl2 exoskeletons have the potential to improve stability during standing. Unimpaired
adults tend 1o rely on modulating ankle torques to maintain a stable standing position,
only swiiching to a hip strategy in resporise t5 iarge perturbations [5]. In older adults,
raaximum availakie plantar flexion and corsiflexion torgues are lower than in younger
adults, reducing ine range of perturbationz that caiir be accommodated with an ankle strategy
[6]. Tkis reduction in maximum ankle torguc (Vi) has beer shown in multiple studies to
be ccrrelated with decreased performance in balancing tasks [6] and a higher risk of falls
[7], [8]. The rate at which this torque can be preguced also dzclines with age [9], although
the effect of a lowzi maxiinum rate of torque development (MRTD) on standing balance
is inconclusive. Reduced MRTD at the knee is associaied with o history of falls [10], [11],
while plantar flexor MRTD is significantly corielatcd with lower performance on a single
standing ley balance test for vider rien, but not for older wainen [12]. Other studies have
found that lower ankle MR D is not a strong predictor of rall likelinoond [13], [14]. Still,
lower MRTD likely contributes, independently of lower MT, to inicrexsed fall risk in older
adults [14].

1duosnuey Joyiny

Although ankle exoskelerons can, i principle, mitigate botti M I and viRTD deficits

by producing large amoun:s of corque quickly, the effect thzy have on stability is

unclear. Depending or. the population, device, controller, and perti'vbatior: paradigm, ankle
exoskeletons have beeil reported to enhance stanility [15], [1o]. [17], slightly reduc ¢ stability
[16], [18], [19], or have no effects or. stability [20], [21]. Not2oly, the maicrics of balance
studies for powered exoske!cions have focused on young and rion- disabled users, who do
not have impaired stability. As these devices are likely to be merketed to enhiance riobility
in older populations [3], it is imperative to understand how they mzy affect the stauility

of users with age-related reductior in MT and MRTD. We curren:ly do not know how

these age-related changes may interact with additiona! exoskeleton assistance et iiie anile.
Because perturbation experiments on older adults are axpensive, time-ccasuming, and r sky,
developing a generalizable model-has:d characterization cf standing naiance with ankie
exoskeletons is a valuable, complementary approach. Moceling can provide insigiits inte the
mechanisms underlying exoskeleton-assisted standing balance, including how cGiistrainis v
the human-exoskeleton system are atvected poth by ine devicc and by age related, joint-level
torque deficits.

1duosnuen Joyiny
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Bounds on humarn stakility o1 ieei-in-place activities such as standing may be characterized
uy computing the set ot all initial bedy zenter of mass (CoM) positions and velocities from
which it is possible to stabilize o oulet standing, meaning that the final CoM position is
above the foot and the CoM! velocity is close to zero [22]. This set is sometimes called the
feasibla siability regior [23], [24]. For a simiplified linear inverted pendulum these are the
well-knowvn extrapolated center cf mass boundaries (XCoM) [25]. Herein we will use the
term stakiiizable region, abbrevidated ‘SR’ [26].

1duosnuen Joyiny

Stabilizable regions have been computea for variou's legged dynamical systems [27], [28].
In [291 the SR houndary was partialiy computed for a model of a human wearing an
antimally coiuuiled hip-knea-ankie exoskeletain. The full SR under aging-related biological
constraints and different ankle exoskzieton controllers F.as not been explored. Furthermore,
formal stahilitys sroaerties of this region have not been defined. Invariance is of particular
intereut. it the Sk i controlled invariant, then there alwzys exists a controller that allows
the human to stay within the region. If it is n~t, then there may be states within this region
from which the human can pass through the SR, but nct stabilize. Invariance guarantees that
the SR does not include such states. This property is ecpecially important to verify when
there are constraints <ii the control input Such constrains may correspond to biologically
meariigful guantities such as maximura joint turque, or to environmental constraints such as
the frictional characteristics of the support surtace.

1duosnuey Joyiny

We praviously introduced 2 irarnework for deterriining the cainplete SR boundary for
human dynamica! systems [26]. Our approach formulates the SP boundary as the solution of
a single partial ditrerential equation rather than a britc-rorce aiycrithmic search as in prior
work, e.g. [27], [29]. Moreover we nrovide strono farmal invarignc2 and stability guarantees
over the en:ire SR in the presence i both biological and ervironr.:ental constraints.

Here we present a yeneralizable, model-based understanding of hcw &n ankle exoskeleton
may alter the demain of invaiiant stable motions available 10 a 11ser in the presence of
joint-level functional changes associated with aging, \nciuding reduced MT production and
MRTD. To our knowledgz, this is thie first study that attemsis to systemetically understand
the combined effect of ankle exoskeleton assistance and agz-related ankle: torque deficits on
feasible stability. Using two common exoskeleton contror strateaies, gravity compensation
and proportional-derivative control, we analvze the effect that exsskeletons have on the
invariant SR for models of young anz old aduits. We show tnz: whilc exoskeietens can
indeed enhance ankle toraiic produ:ciion and imorove stability under certain coraitions, they
can also act as a disturbance, hindering stability in safety-critical regions of tie sta*e space.

1duosnuen Joyiny

I[I. PreLmiNnariEs

Our method for computing stabilizable regiors {SRe) is hased on two riotiong, controiled
invariance and backward reachability, v.nich we formaily Jefine in this sectior..

A. Controlled Invariance and Backward Reachability

Consider a (possibly nonlinear) dynamical ysiem

1duosnuep Joyiny
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g £ = f(x,u),
= (6]
Q
< S/ w .
2 where tt2ie x € X ¢ R”, input u € U ¢ ™. Cor.trol signals are denoted
g u(-)€ % ={¢ : [0,00] — U}. Soluticns to this system are functions of time, and we denote
g_ thern by o( - ; x,, u( -)), fer initial condition x, and control signal u( - ).
=t
A set Q c x is controlled invariant if iv is always possible to control the system to remain
within it Formaily:
Definition 1: A set Q c X is contrelied inva-iant for sysiem (1) if, for all x, € Q, there exists
w( -y e 2 suchat tor all 7 € [0, o, (t; xo, u( ) € Q.
>
% If Q s @ safz region in the state space, then c2ricrolled invariance is a desirable property. We
) can al;o define the region of the state space ¥iom whici it is possible to reach a specified
< (nocnecessarily invariziit) subset, S. Tre sci of all x € X such that there exists a control
2 signal that drives the system to S with.n some finite time horizon is the backward reachable
P set 51 S.
=,
§e) ) .\ .
- Definitron 2: Let S ¢ X and T € R;. Then @,(S), tiie backward reachable set of S at time T,
is
Gr(S)={xeX | Ju-)eU s.*. p(T:x.uy<=S}.
@)
z
= An illustration of this set is depicted in Fig. 1. Because this definition does not constrain the
S form of the control law it ic the maxi77a/backward reachakic set {GRS) with respect to .
QZJ Thus, it represer.is tiie "nest case’ scznario of the states from which it is possible to reach the
=) target set.
c
8
= The BRS contains states rrorn which the system can reach the target set at precisely time 7.
- The set of states from wiich the target set con ne reached av: < T is cailed the bacrkward
reachable tube, and is a union of backwzid reachable sets:
Definition 3: The maximar backward reachable ti:5e of a set S ¢ X over a time horizon [0, T
IS Eor(S) = Uiepon ES).
(13 Given these definitions, we note the follswing two facts:
—
=0
=4 Fact 1. IfQ is controlled invariant, then it backwara reachable set is cor.aoliea invariar't.
<
o Fact 2: Assume a system as defined in (1). Let S c X be controlled invariant. Trer
c A
@ €.,(S) C G,(S) forallt,t, e RT witht, <1,
=t
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Fact 2 is proved in [25]. Tarein tuyeiner, these facts mean that for an invariant target set
S, G (S) = Z-(5). 1hus. itis sufficient 1o compute the backward reachable set rather than
comnu:ing the full reachanle tube.

B. Relaiing Invariar.ce and Reachzoility to Human Stability

Assume tnet the dynamics (1) represent a parameterized model of a standing human.

The relationship between hirian stability and our mathematical definitions is illustrated

in Fig. 1. The green ellipse, enlarged for illustrative purposes, represents a controlled
invariant target set of states corresponc'ing to nuiet standing. The purple region is the
tiue-lo-size backward reachah!c set thai we compuiite using a constrained dynamical model
with parameters correspondiny to a young male, as described later in Section I11. The
boundaries of this set correspong io forvvara and backward fall boundaries, and to constraint
Tailures. Outside nf these boundaries the anklz strategy fails and the model must take some
action to avoi a fall, such as taking a step. -or visual clarity we only depict the portion

of the st3te srace corresponding to forward anaular velocities. Because the target set is
controlled invariant, the resulting purple safe region is as well. For comparison, we show
t“ie same bounds csinputed using the XCuM from [25] (light gray). XCoM is derived from
a linearizcd standing balance model, and is used by pio:nechanists to estimate dynamic
stability boundaries for humans as they stand an2 walk [30]. As local linearizations are only
accurate for small angle deviations, the purple and oray aress overlap close to the upright
standing condition but divergc eway from it.

1duosnuen Joyiny

1duosnuey Joyiny

To determine the stakiiity bounds of the human-exoskeletsii system, we compute reachable
sets with tha dynamics of an ankle exoskeleton csiitrollci added to (1), the details of which
are presentad in Section Il and !'v. \We construci invariant tarost sets corresponding to
quiet standing with excskeletcri assistance, and then ecinpute tiie tackward reachable sets.
The resulting setc theri delineate the feasible stabilizable boundaries with ankle exoskeleton
assistance.

[1l. Human-ExoskeLeton MopeL

We use a planar, two link, sirgle degree-of frzedom mocel to represent 2 standing human
(Fig. 2). The first link resresents the feet, while the secona link iepreseris the rest of the
body. These links are connected using a pir-joirt at the ank’e, \with the a¥is of retadon lying
normal to the sagittal plane. The riass of zach link is assumed te be lumped a thie center of
mass for the respective badies. Tiie human interacis with the ¢round through forces applied
on the foot segment. Thus, these ground reaction forces appliea at the fooi searieny, and the
weight of the foot and body segments argiied At each respective riass center, are the only
external forces acting on the hirvian svsiem.

1duosnuen Joyiny

We model the ankle exoskeleton as a inassiess device, wern bilaterally, that only genera:es
torgue .., in the sagittal plane. We assume that the human can resist the torque gerieraied
by the device if necessary. Thus, the 2xoskeleton is rep:es:znted by an igeal lorque actuator
at the ankle, and the net torque at the ankle is the sLin o7 the human and the excskeleten
torques. The human torque ... coulad also be medeled as 24 ideal (instanianzous) torque
actuator. However, we are interested in the effects of excskeleion assistance on older adults,

1duosnuep Joyiny
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and they show significant reauciiuns in the ability to generate torque quickly [9]. We
,1—> inererore model the system with a bounded rate of torque development (RTD), where the
5 direct human input to the syster is ine RTD, ... The stabilizable configurations are thus
o . .
% reprecented in joint angle-velocity-torque space, where the torque state represents the human
) torque 2n.y. Denoting ine state space as X c R>, With x, = 6, x, = 0 and x; = Ty and the
> . L s z .
< input space as U ¢ R with input u = 75, in state space form, our dynamics are
(@]
—_.
=2 % ’ 2 1
. g
= [=Sc0s x = —a+ —=5 (X3 + Texo) |
).Cz . I ml2 ’ ml2 ’
X:J I
u
(©)
(1_> The ccnstants ¢, m, and I represent the graviational acceleration, mass of the body link, and
;:r’ pendulum iength (distance from the ankle axis of rntation to the body CoM). Parameter »
= represents minimal damping included to miake the dynamics less stiff. We can thus limit the
§ kumzn torque and RTD or the model by constraining s:ate x; and input «:
>
C .l
P MiP < x; < it
=,
° (Cy)
MRTDP! < u < MRTDA |
(C2)
Z
;:7’ Maximum plantar fiexion torque MTP' is negative In our angle corver.tion, while MT9
= denotes positive aoisitiexion torque. Lover magnitudes 51 tornue bounds correspond to
QZ, reduced ankle strength, while lower beunds on u correspond to reduccd RTD, as observed in
-}
c older adults [9].
(%2}
Q
S Foot contact with the giournd is determinea by the normal ferce F,..,, frictional force Fiiion
—+
with coefficient of static friction x, and the location of the ceiter o7 pressure (Cor) The CoP
should remain within the base of surgurt (Rs3), ‘which corressonds to the !engti of the foot.
Full ground contact is enforced by thiree zero-monent point sarety constraints wrich nrevent
the foot from tipping or slipping [31]:
> Fm.mu] Z O
= (c2)
=5 \ B
o
-
<
% CoP € BoS,
c
3 <4
=,
§e)
~—
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> I Friction! < HFnormat -
[
= (C5)
Q
< : , . -\ & .
% These ccistraints can pe rewritten as fuiictions 2* : X — R for k € {3,4,5} forming upper
é (Ek) ard lower (ﬁ") bounds i1 the the human torque state x; and exoskeleton torque:
= "
B G x) < ) < B G
4
When the exoskeleton torque is a fircrion of position or velocity, we modify each 2* bound
> <.t these aie cunsaraints on x;. Appendix | of the supplementary material includes a full
% derivation of the equations of motion (3), foot-yround contact constraints (C3)—(C5), and
=} human toroue constraints (4).
< . .
% A pzrson could. theoretically, respond to the exoskeleton torque however they want. Their
S response could range from actively resisting the tSique generated by the device to allowing
Q the excskeleton to assist as much as possicle. Studies with ron-disabled participants, such
= as [21] have shown that young adults adapt quickly to an cixoskeleton using a state-feedback
contrcller, with minimal altciation to CoM kinemarcs. Furtircimore, as our aim in this work
is to comnpute feasibie standing balance sets, and not to model catailed human control or
adaptation stiategies, we make the following assumptians relaied to the human-exoskeleton
interaction’
;(:> Assumption 1. The exaskeleton torque is a function ¢t ank!z angle and angular velocity.
—+
>0
©] Assumption 2: The human control strateqy is adapted to the cxoskeicton and optimal for
= maintaining starding belance.
@
-}
5 Assumption 3: The human caninet instantaneously change the value of th2 tarque produced
9 at the ankle.
=l
Assumption 3 is addressed via constraint (C2). \We handle Assuription 2 by usina 2 value
function approach to formulate an estimal human RTD conticiler. derived in section IV-A.
IV. MetHobs
> We analyze the effect of ankle exoske!zions cii stability by computing the SR with and
=1 without ankle exoskeleton assistance, 1or sex- and age-adjusted moaels. The stabilizacle
0 . , . . . .
©} regions are conceptually formulated as the RRS ui iarget sets correspending (o quiet
= standing. We compute the BRS usir.g Hamilton-Jacobi-Bellman (HJE!) ‘eachanility.
93’ a nonlinear dynamical systems analysis technique (reviewed in 1IV-A). Foi the FJR
& computation, we construct controlied invariant target sets (1V-B). We compute the BRS fri
(@) .
%. two exoskeleton controllers and a range cf sex - and age-adjusted model paiametcis (IV-C).
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Raz et al. Page 8
From the BRS, we derive thie SR and assess how its boundaries change for different models
,1—> vy caiculating the SR area, and via 2 weik-energy analysis (1V-D).
=
) A HJE Reachability
QZJ HJB reachability tools use partial differeritial ejuations to compute implicit representations
é of backwar reachable sets [321. we provide a brief overview of the method here, but we
o} note that our analysis can be 2one with any nonlinear continuous time backward reachability
'§' t00). For a rigorous development of F\JE reachabiiity see [33]. The main underlying idea
1S this: if the target set cannot be reachad irom = yiven initial condition x, with an optimal
controiier, then it cannot be reacned from x, at all. The form of this controller is specified
analytically, and the BRS is computed 11siiig ontiinaily controlled dynamics. Here, this is an
optimal human RTD control lav, as himien RTD is tha input to system (3).
(1_> Givzn a dynamica! system (1), which in our case models the human-exoskeleton dynamics;
= a dornain of ‘safe’ states X..., which we defire as states satisfying (C1)-(C5); and a target
= set S < X, €.0., quiet standing, let g(x) bz a functicn whose zero sublevel set represents .S,
§ ie, S={x | gk <v}. Typically g(x is a signed distanze function. HIB reachability tools
2 compute the backwvard reachable set by solving the PDE
)
(@)
=, DV(t,x)+ H(t,x, VV) =0,V (0, 1) = 3(x),
=1
©)
over reversen time Interval [T, 0], where T is the desircd duratiuis and ¢ € [T, 0]. The solution
V (¢, x) is celled the value function. DV (¢, x) is its pariial derivative with respect to time.
> H(t,x, VV) is called the Hznnltonian, and is given by
c
5 H(t,x,VV)= min VV - f(x,u).
Q uelU
< (6)
@
-}
c
(%2} A .
(@) The argument of the Hamiitoriian,
=
—+
a*(x) € arg mn VV - f(x,u),
ue'/
U]
is an optimal control input (e.g., optimal human RTD) at state x that minimizes V', x)
(1_> along the system trajectory. For mzriy svstcins, including ours, the ontimal input is easy
= to formulate (see Appendix I1). Trie value functon iiself is an implicit si:i race funciion
S representation of the BRS at time ¢, €,.5) T Xy
<
g ZiS)={x | V(,x) <)}
c
@ )
=t
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B. Constructing Invariant Targct Seis

<1—> Recali that controlled invanance is a dzsirable safety property. To ensure that the BRS is

§ controlied invariant, it sufiices (o snow that the target set is controlled invariant (Section I1).

% Howevelr, in our case, the tarozt set must be a subset of the safe region defined by constraints

% (C1) ar.d {C3)—(C5), end wpey constrains on the controller (C2). Thus the target sets must

S pe constiucted with care.

(@)

é’ /ppropriate candidates for the target set can be found in the biomechanics literature, where
feasible stability is commonly defined as trie ability to reach static standing configurations
221, These aie equilibrium configuraticiis where (i) the angular velocity of the body is zero
and (1) the x-coordinate of the center of mass (CeM,) is within the base of support (i.e.
above the foot). These configuratisiis form a continuum, a subset of which can be used to
CGiistiuct Larget sets.

>

% We 1irst anaiyze static equilibrium (zero net-tcique) states that fulfill condition (i). Let 7,

o denote the total actuation torque about the 2rikle, as in =ig. 2, and let z, = — mgl cos 6 be

< the gravitational torovc. summing the forcues, we see that z,,.. = — 7, meaning that the net

% aciuation torgue musi remain constant ard compenszie for gravity. Given a human torque

P Thumn &N £X0SKelEtoNn tOrqUE 7., Tumie = Zhoman + Tewo- 2450 recall that in our ‘lifted’ system (3),

%' input u = 7y, 1S the rate of the human torque develorrient. Therefore, at equilibrium,

- Thuman =% = Tg — Texo and u = 0.
There are multipie st2tic equilibria corresponding to various rest:ng states where the net
actuation torqtie counters gravity, which can be defined 25 the 1ollowing set:

Q= xEX|x%=0,x3= =T, — texo} -

z ©

>0

o

QZJ Curves represenuny s2,, for system (3) with and withcut an exoskeleton are shown in Fig. 3.

2 The depicted exoskeleton centrollers saturate at 50 N - m and are defined in 1V-C.

(%2}

%- Our desired static equiliria must also satisfy condition (ii), with the “oM. above the

- foot. In angular coorairates, the bounds of tne foot can be reriesented as the raximum
forward and backward lean angle. We rcier to tha maximun. forward !zan as 4., and the
backward lean angle as 4,... I/sing thc geometric parameters of the foot (Fig. 2). we have
that 6. = cos™! (7) and 6,.. = cos—l(lfl_ ”). This givas a range ¢f permissikle taroet iean

E angles, Bunge = [Ghects Ouoe) -

2 Lastly, we account for the limits on z,,.... ~easible equilibria must lie wiinin the intersecton

% of ®..... and constraint (C1) (the gree:i square in Fig. 3) Note that static equilinria witain this

% square also satisfy constraints (C3)—(C5). At these states, the system 13 nat accelerating and

S is at zero velocity - therefore the ground reaction force is 2qual to the weight of the feoi and

Q body, there is no friction force, and the CoP is witiin the bounds of the foot. Thus 2 pussihle

=t
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Raz et al. Page 10

target set is the intersccticn of &, with tha safe region, where the foot maintains contact with

i_> the ground without tipping 2r slippinig (-ig. 3, red/blue curves inside green square).

3 This representation of the target set raises two key concerns. First, because the set consists

< only of siatic equilibria, it does not allow for natural postural sway, which is a fundamental

% characteristic of quiet <tanding in humans [34]. Secondly, one-dimensional target sets

P consisuine of curves or linc seamziits can lead to computational issues when computing

g- the BXS. To generate taryet sets that are more biologically realistic, we instead use a

- Control Lyapunov Function (CLF) to corstrict conwrolled invariant ellipsoids. The resulting
ellipsoidal tarast sets encompass 2 iange 5i realistic sway velocities and are large enough to
avsid pirouiems with computational precision.
CLFs are an extension of Lyapunov functions to systems with control, and are defined as

c cl.

E followe 257

3 Definitici1 47 Let x* = 0 be an equilibrium point ¢f {1) and let E : R" — R be a positive-

% definite, continuously differentiable and iadiz2tiy unbounded function. Then E(-) is a control

% Lyzpunov functizinf for all x # 0 there exists u such that E(x, u) < 0.

c

8 In other wvords, a controller exists that stahilizes the system at x*. Importantly, just as

=l the lavel sets of Lyapunov functions are invariant, thc ievel sets of a CLF are controlled
invariant. CLFs can therefore ue used to construct a target set by (i) selecting equilibrium
points, {ii) computing CLFs about those points, (iii) determining the appropriate set level
and (iv) takirg the union of the resulting level sets as the arge: set.
We start by selecting relevant equilibrium points from (9). When the system includes a

> saturating e,‘osieleton turque due to device motor limits, the Gynamics become hybrid.

% There are three imcacs corresponding to 1) negative saturation, 2) no saturation, and 3)

S positive saturation. Only two maedes gpear within the green regien, negative saturation

QZJ and no saturation {ig. 3). Tnus, we choose one point per inode: a ‘toe’ point at negative

2 saturation, and an ‘ankle’ point at no saturation.

)

S, To select the equilibrium poiit at the toe, vie must take intc accourt the furctional base

= of support (FBOS). The +BOS is the maxim.um range that ai *‘ndividiai can voluntarily
translate their CoP in the anterior (toward ine toe) and posterior (toward tiie heei) directions.
Here, we assume that the angle correspsiiding to maximum antsiior CSP position is
approximately the largest forward lean that can >z statically maintained within 3,,,,., 0iven
bounds on plantar flexion torque (C1):

§ Bty = WPt cO5 ™! MTpfmglleeXO» - 0.03.

=

- (10)

=

§ The angle 6., is the largest angle such that the mode!’s kuman and exoskeleton maximuir

= torques, MTP" and MT*°, are sufficient to cainpensate for gravity and maintair a static

- position. When the model torque bounds correspond tu a vsuny individual, this point occurs
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Raz et al. Page 11

exactly at 6,,.. We thercfore subuact U.U3 rad to allow for some forward postural sway.

i_> This vuantity is selected heuristically as the change in angle at a maximum sway velocity

;:’ of 0.1 rad/s in the time it takes tiie vweakest model to go from 0 to maximum torque

- (= 300 ms). Indeed, in an oldzr adult there may be further limiting factors shrinking the

QZJ FBOS, si'ch as reduced toz flexor strencthi 361, however we subtract the same quantity

é for all modzls. The toe equiliiium pcint is therefore X, = [foctq 0, mgl cos(Boesq) + MTC’“’]T

é. (Fig. 3). The ankle equili:rium point cerresponds to upright standing with no lean:

- Yurta = [Oui 0, — 7, — 7uio] T Note that i, the nc exoskzleton case, 7., = MT®® = 0.
We next construct CLFs by Iinearizing (3) at eacti equilibrium point x., € { Xumerq Xioerq } -

7= AR+ Bi,

> (11

=

_é: where X = x — x,, IS the new state variable representing deviation from x.,. We can find a

§ LF orthe form E=) = %' Px with a rorresponding siatilizing human controller z = K(%)

2 by solving a semideiinite program, described in Apsencix I11-A in the supplementary

g maerial Controlled invariant ellipsoids centered 2t each x., can then be formulated as

=1 [x 1 (+=x)" P(x—xy) < ¢} for some c € R, with the urian of these sets becoming the
target set. As each CLF is valid for the unconstrained linearized system (11), each ¢ must
be chosen small ciiough such that the state and input constrairis on the orginal nonlinear
system are catisfied for all x in the ellipsoid. Our metiiod fcr computing appropriately
scaled elligsoids is described in detzil in Appendix i111-B of the supplementary material. We

> emphasize hat the linearized dvramics are only used for tiiese flugsoids, not for the ensuing

= BRS computation.

>0

9 . :

= C. Evaluating the Effect ot Ankle Exoskeletcn Assistance

2 To determine how exoskeleton assistance may affect the stabilitv of clder adults with

é differing ankle torque productior capabilities, we develoned five madels representing a

%. young female (YF), a ycung male (YM), aa older female (OF), an alder male (OM), and

- a weak older female (WwOF), basing the MT and MRTD on exzerimenial data irom [9],
[12], [13], [37], [38], [39], and [40] (ses Table I,. We incluce ‘ne wOF riodel bacause
movement-impaired older adults are likeiy to use ankle exoske'ztons {3]. For the wOF, we
reduce the OF parameters by ainounts correspor.ding to variance in older femala strenyth
reported in the literature [9], including strength ditferences between weak elderly female

> non-fallers and fallers [13].

c

g For each model, we construct appropriate guiet standing target sets (seciion iV-B) and

_ use a state of the art HIB toolbox [3Z] tc compute the backward reachakle set in angula:

gf; position-velocity-torque space. To form the stabilizable region, we project the rasulting BRS

< into position-velocity space. We fi“st compute a baselinie SR for a young imzle model vwithout

Q exoskeleton assistance (Fig. 1, purp'e). We validate that for a full strength YN modzi, ine

=t
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Raz et al. Page 12
bounds approximately cainciage wiin those computed via the XCoM method (Fig. 1, gray).
i_> These bounds overiap wherever the mnocel is close to linear.
3 We ther. compute the BRS with bilateral ankle exoskeleton assistance added. We assume that
< the mctor on each exoskeleton saturates at 25 N - m for a total of 50 N - m and that the
% devices use a gravity ceinpensatior (GC) cantrol strategy, as described in [21]:
8
=, mgl cos 0 if Irel < MTEXO
© K(x) =
— (EMTC othe wise.
(12
To understand the effect of damping, we also compute the SR with a proportional derivative
(PD) controller where the desired setpoint is ctatic, upright standing:
z
5 Ky(5 = 0) = KA if Iz < MTEXO
Q K(x) =
Z iMTe:‘O otherwise,
)
2 (13)
s
'§ wheve X,, K, > 0 represent the PD controller gains. The gairs are also taken from [21], where
propoiticnal gain K, = me! i5 a \inearized giavityy compensaticin term and K, = 0.3 mlzKp
is the nondimensicnalized derivative gain. Both the GC and PS controller are easily
substituted iito tie dynamics such that z,,, = K(x).
For a high-'evel understanding of the effect of each control stiatenv, we compute the total
}5 area of the SR withcut exnskeleton assistance to forin a baseline. We determine the total
g area of the human-exoskeleton SR computed with noth GC and PD controller strategies,
= and calculate the jeicent cnange In total area with respect to the baseline. While we
QZ, analyze two strategies, vie 2mphasize thiat the method: presented herz can be applied to any
é state-feedback controller.
%- The three older models in Table | combine rec'uctions in MT and MRTD. 7o get a clearer
- picture of the indepencent contributions of raduced MT and MIRTE, we alsc anaiyze how
reduced MT and reduced MRTD affect ine SP separately. We compi'te the SR 19r the YF
model with the MRTD held canstant ac the YF 's rrominal peak val.z, while reducing the
MT in ten percent increments. We repeat this procedure reducing MRTD whiie holdiiig
MT fixed. We evaluate how deficits in MT ara MRTD interact with ankle cxoske'cion
> assistance by computing similarly reguced suiength sets with GC exoskeleton assistance
% added. We compute the percent recuction or inciease in area of the stabilizable rcgions for
Q the reduced-strength vs. full-strength riiode!s.
<
%’ D. Work-Energy Analysis
§ We perform a work-energy analysis o a simplified ni0dzl with and without the GC
%' controller to complement our backward reacnability analysis. *Nhile less ecciirate, this
- allows us to better understand the physical and physiviogical riechanisms that lead to
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Raz et al. Page 13
changes in the SR between e nu-exoskeleton and exoskeleton conditions. We assume
i_> conservation of energy and use uncenstrained and undamped 2D pendulum dynamics, where
3 T + 7o = M0+ mgl co3(6).
ng We obger /e that gravity exerts a negative tcigue when the CoM is behind the ankle and
2 3 positive 1arque wher, ine CoM is anead of the ankle. The ‘zero gravity torque’ line
& at y = 0,... Separates the 2D state space into positive and negative gravity torque regions
é‘ (dashed vertical black line in Fig. 4a,. v fe also define a zero human-torgue line:
Definition 5: The zero human-torowue line {Z I'L) is a line in the phase plane along which
the human GGes ot need to produce torque te reach a final static standing condition.
Consider first, the no exoskeleton case — The only static standing position where the
human dnes nat need to produce a giavity resisting torqus is directly above the ankle. Thus,
> there is a unique ZTL along which total mechanical energy is constant, being equal to the
% potential enzray when the center of mass is directly above the ankle. If the initial energy is
S E =mgl sin 0+ %mlzéz and the final eneroy is E, — mgi sin 6,,,. We can compute the ZTL by
gf) lstting E, = E,, and derive an equation ror the system valocity as a function of position:
Z \p
Q 6= ivz%cin Dnkie — Sin 6)
§e)
- (14)
This ZTL (Fiy. 42} delineates the direction of the optimai numzan torque. For a trajectory
starting below the ZTL, a positive (dorsiflexior) tornte must eventually be applied to avoid
a backwarc fall past the heel For trajectories starting above the zeio-torque line, a negative
}:> (plantar flexion) tergue is eventually necessary to brake ouickly enough to prevent the
= CoM from overshooting past the toe. Thus, the boundary of the SR that is below the ZTL
S corresponds to *hc IGvwei buund betore a hackward fall occurs. wiereas the SR boundary
gz, above the ZTL corresponds. to forward 7alls [22]. Based on these fall houndaries, the torque
2 applied by gravity works to prevenrt falls rather than cause tiiem ni large nortions of the state
8 space.
Now we consider how tne addition of an excskaleton with GZ controi changes the ZTL.
Equation (14) is no longer valid once 2 GC torque is added, as the exoskeletcn will apply
a torque everywhere except whien the gravitaticna' torque is zeio. T< iollow the same
trajectory as the original 2 TL, 1.e. without an exoskeleton, the human would have to exactly
counter the exoskeleton torque. Thus, the ZTL cnanues in the presence of the excekeleton,
> and needs to be re-calculated.
=
g Recalling that the exoskeleton torque saturates 2t cnecivic negative and posiii /e values, \we
% can calculate the angles at which saturations occur. We divide the stale space 1nto three
% regions: with positive saturation (z.,, = MT®*°), no saturation (z., = mg! ccs 6), and riegative
§ saturation, (z.., = — MT®*°). The Z L is computed pizcewise for each region.
a.
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Raz et al. Page 14
In the region where the caiitionier is not saturated, the exoskeleton torque fully compensates
i_> for tha gravitational torg:ie, meaning thai the human must generate no additional torque
5 alonq this range of angles. The zndpoints of this range are where the exoskeleton saturation
o L o .
= torque can fully compensatz for gravity without additional torque from the human. Denoting
ng these angles as 6., and 4.,.. tne ZTL can be geri sed using the work-energy principle, similar
2 {0 (14) but with the aduition of the work aue to the saturated exoskeleton. For example,
)
Q _\
= 6= - }2(#\41 KOGy = 0+ Esin G~ sin 6))
(15
is the ZTL in the region of positive excskeleton satureticn. The full ZTL with exoskeleton
assistance is shown in Fig. 4a as a solid purplz line.
>
[ — . .
o We can usz the work-energy principle to characterize how exoskeleton-induced changes to
S the Z7'L, combined with the human torque vounds, affect stabilizability. The net work of the
QZJ systerti is the sum of the viork done by the numan, exoskeleton, and gravity. Note that the
2 net work derie by gravity and the exos«<eleton will alway s have opposite signs due to the
P coriroller formulation. For most initial canaitions reaching the target set requires a reduction
a' in kinetic energy, i.e. negative work,
1 0
—5mi%6; = [ (Fexo F Teraviy + Truman) 06 .
(16)
;(:> By selecting an annrcpriate fiial position ,, and by assuminy that the human produces
;:7’ a constant optimai torque, upper and lower boundaries on the stahiiizzble region can be
= computed in a picccwise imannier in the position-velocity siane Fur example, for an initial
gz, angle ¢ < 6,,, the upper noundary is exsressed by the relation
5
c
(c:; —%;nlzég = MTXO@G,, — 9) + (- mgh)(:in(B,,)(—s11(6))
k=l + MTPI(G,, — 0) = mel(sin(0) = sin(Bhosa)s
+ mgl Cos(gweEq)(gsal - etoerq),
an
Where 6., is the maximum forward lean angle frum (10).
>
= V. ResuLts
3
% A. Stabilizable Regions for Age and Sex Azjusied Models
%J Table 1l summarizes the results for the YF, YM, OM, OF, and wOF moacels witn the
g GC and PD controller strategies. The changes in SR area 7or the forward aind backwzaird
Q velocity regions are listed separately. I the forward anigular velocity regior, ine GC and FD
=1 controllers slightly reduce the area of the SR in ine young adul' models but increase the total
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Raz et al. Page 15
area in the OF and wCT iwicdei. Tile backward velocity region shows a different trend —
i_> ine exoskeleton assistance reduces SR 2iea for all models. The additional damping provided
5 by the PD controller does not significantly mitigate reductions in SR area relative to gravity
o . . : .
= compensation alone. The sabilizable regions for the YM and the wOF models are shown in
9§J Fig. ba
=
9 As seen clzarly in the fiaiire, the aadition of exoskeleton torque does not uniformly increase
%' or deriease the area of the SR. We see the following effects in the positive (posterior-to-
- ariterior) velocity region:
- The exoskeleton /nzieasestiie SR along ti.e entire backward fall boundary and
along the forward fall boundary at low velosities.
. The exnskeleton decreases the SR along the 1orward fall boundary at
> nunotinensional velocities highar than approximately 0.2.
c
;j* At negative (aniterior-to-posterior) velocities we see:
% . The exoskeleton jncreases thz SR aiong tha 12rward fall boundary up to
% nondiriensicrial velocities Jof approximately --0.7 and along the backward fall
5 bourigary at low velocities.
0
g- . the exoskeleton decreasesthe SR along the tackvrard fall boundary at velocities
- lower than approximately —0.15.
. the exoskeleton vecreases the range of the contact constraint edge (the short edge
ir. the lower right hand corner)
B. Effect of Reduced MT and MRTD
E A graphical reoresentatien of the stabilizable regicii for Y with ard without exoskeleton
g assistance, when MT or MRTD are reduced by 30% and 50%. i shown in Figs. 5b and 5c.
% At positive Coli velocities, reducing mayimum torque causes iarge reductions in SR area,
% but the addition of exoskeleton assistaiice mitigates the overall effect. For example, a 30%
% MT reduction results in an SR area that is 20% smaller than the bazeline region. The SR area
9 is only 10% smaller wheri ankie exoskeleteri assistance is included (i-ig. 6a). At negative
= velocities, the exoskeieteil exacerbates MT deticits (Fig. b2).
When MRTD is reduced, the effect c1i the nveral! SR only becomes noticezuia after large
reductions (= 40%) at positive velcciaes. Wher, an exoskeleto'1 is added, howeveci, the effect
is amplified. Without the exoskeleton a 30% reduction in MRTD causes a 2.5% reciuction
in SR area. With an exoskeleton the SR arez is reduced by 10.4%. At negative velucities,
(1_> the change in total area is dominatzd by the reduction induced by simply addina the ankle
= exoskeleton.
Q
QZJ C. Work-Energy Bounds for the Simpler Mozel
2 Near the upright posture and at low ankle angular velocitizs, the stabilizahle regions for
8 the exoskeleton and non-exoskeletcn svstems are well 2pproximated by the beuinds derived
=} from the work-energy analysis (shown in Fig. 4b for the wCF) At higher velucities and
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larger ankle angles, the woik-eneryy bounds overapproximate the SR due to their inability to
account for the foot-grounc interaction constraints and the limited human MT and MRTD.

Vi. Discussion

In this siudy, we sougnt to characterize the efiect of exoskeleton assistance at the ankle

on feasible standing stability. We 1:5ec simple, age- and sex-specific models that reflect
differeiices in human ank!c torque proaiction capabilities. The age related changes include
reguced MT and MRTD. For each maodei, we computed the SR, consisting of all CoM
positions and velocities from which it is fe2sinle to recover to a quiet standing position
withoiit talkina 5 step. We found thai added ank!z exoskeleton assistance with standard
control strategies can increase feasible stability in low velocity nominal conditions for
weaker models, hut that it hinders stauility for all mocels at higher CoM velocities.

1duosnuen Joyiny

The SPs computed without ankle exoskeleton assistance show that reduced MT has a
stronger 2rfecc on feasible stability than MRTD Evcn a severe reduction in MRTD resulted
in oriy 2 10% reduction in total SR area {r-ia £}. 1 his aligns with results from the

literacure showing that the difference in piantar and do:siflexor MRTD between fallers and
non-fallers 1s either weakly [14] or not at all [13] significant. Interestingly, the stabilizable
regions computed with ankle exoskeletor assistaiice suggest that the device may exacerbate
some deficits. Reductions in MRTD lead to greater reductizns in the total SR area when
ankle axoskeleton assistance is included as comnzied to the baseline results without the
exoskeicton (diamerid shased markers in Fig. 6a and 6b). For reduced MT, the same
detrimental effect is found only at negative (anterior-tc-postericr) velocities; at positive
(posterior-to-anterior) velocities, the ankle exockeletain mitigates tt e reduction in SR area.

1duosnuey Joyiny

In full strength models, it is ncinaps not surprising that the 2adition of the exoskeleton

does not increase thc area of the SR. These models riave sufficiently high MT and MRTD
bounds to maximize the cize of the SR within the region whiere the root-ground interaction
constraints are nt viviated. | he lack of change in total SR area at forward velocities (Table
I1) aligns with the results from 211, which showed no change i Col Kinematics as a result
of moderate forward pertu-bations for young adults wearing ankle exoske le:ons using the
same controllers modeled here.

1duosnuen Joyiny

At negative velocities, the SR of the full sirength human-exoskeleton madels skiinks
primarily along the short edge <7 the nsininal SR (lower right cuadrant of the subplots in
Fig. 5), because the exoskeletsii shifts the constraints on the tcta: human toraue (4). 1t must
hold that h(x) — 7., < x, < MTY when the left hand side is positive, but maxizium (Lositive)
dorsiflexion torque magnitude can be as low as 25% of maximum (regative) plantar flexion
torque, even in full strength models. This can rcsult in constraint violatiors when - 1S large
and negative.

In weaker models, the SR area me ast.rement cannot fully cescribe the efiacts oy an
exoskeleton on standing balance au tt.e exoskeleton dees ot uniformly alter the SR
boundary (Fig. 5). As noted in secticn 1\-D. aravity sometimes provides an assistive
torque in the no exoskeleton case. Thereiaic, it the exoskeletor, controller is designed to

1duosnuep Joyiny
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cancel the gravitaticnal tciGue, we mignt expect that exoskeleton “assistance” does not
uniformly improve stabrity. On the other hand, the exoskeleton increases the torque bounds
of the human user. This is mare imsortant for weaker models, as stronger models can
alreadly produce enough torque o maximize feasible stability and are mainly limited by
foot-ground interactior: corstraints. In particular, an exoskeleton increases static stability in
weaker models, resultiiig in a larger funciional base of support. A weak adult wearing the
exoskeleton has the ability to 45 mcre mechanical work, but they must compensate at times
for the gravitational torque being canceied out bv the exoskeleton.

1duosnuen Joyiny

The bounds computed using work-ciieray Giialysis aporoximate when this trade-off, between
the exosKeicton providing mechanical work vs. reauinng users to do additional work,
occurs. Thus, these bounds indicate regions iii the phase plane where exoskeleton assistance
drives the reductisy in feasible stakiiity (Fig. (4)). Work-2nergy bounds are, however,

tai less precise than the stabilizable regions. as this anaiysis assumes conservation of
eneryy, igncres ground contact and input constiaints, and cannot generalize to systems with
dissipation (such as exoskeleton controllers with damping).

Jonether, the higher and tower dimensiorial models provide a unique way to understand

the mechianisms through which ankle exoskeletnris may affect standing balance. As we find
tha th= exoskeleton is beneficial in low veiccity conditions, but has a corresponding cost

at high relocities, a major implication of our work is that wwiile designing exoskeleton
controllers, we must consider what nominai congiiions and exireme scenarios older users
might experience giid test inese devices accordingly. There m2y be unintended consequences
from a device thai mostly aids stability if it increases fail risk iy cven a small percentage of
scenarios a user may experience.

1duosnuey Joyiny

A. Limitations and Fuitire VWurk

A limitation of this study is the simplicity of the models. Our rcsults generate bounds on
ankle strategies for balance, hut they £1g r.ot allow the use of hip or knee strategies that

could enhance the SR. In. that sense, cur results are likely an under-approx’imation of the true
SR. We model both the humeii and exoskeleton torque siraply, not accounting for nonlinear
muscle dynamics, physiciogical actuation -ieiays, device delays, and the physical interface
between the human body and the device. The interaction between physiological delay and
exoskeleton actuation delay, in particular, ikely affects ank!e £xoskeletor-assistcd standing
balance [15], [16], so we plan to iiiclude delay in future modeling work.

1duosnuen Joyiny

An interesting result of the work-energy analysis relates to the stufts in the ZTL wien the
exoskeleton is added. Examining the ZT1 wvith thc exoskeleton (Fig. 42, purple lines), we
can see that in the forward velocity nalf 51 the phase plane the line ic shifted to the left of the
no-exoskeleton ZTL (Fig. 4a, ~range line). Tnus, a piantar flexion braking terque 1s always
required to prevent forward falls. The adciaon of the exockeleton effectively eliminatas the
possibility of a backward fall occu'rirg, as long as there is an initial positive velocity and the
ground contact constraints are satisficd. In the negative veiocity half of the vlane, the ZTL is
shifted to the right, thereby increasing the area wheie a dorsiflexion braking tergue ic nceded
to prevent a backward fall. These shitic in the ZTL mean that the exoskeletern qualitatively
changes the optimal human response required to stavilizs io cuiet standing in large regions

1duosnuep Joyiny
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of the state space. This may nave unforeszen implications on the ability of users to adapt to
i_> exoskeleton assistance, preventing them rrom responding with optimal control strategies. We
;j’ plan to explore this idea furtner by modeling suboptimal adaptation to these devices, which
= coula help guide future empirical testing of device controllers.
<
% It is also important to aralyze more sophisticated controller strategies. The small reduction
9 in arez in the full-strength %M msdlel results from having a large enough range of positive
%' and nzgative MT and large enough MRTD such that undesireable exoskeleton behavior can
- bz compensated for quickly. An exoskeletor that ccmpensates for missing MT and MRTD
by directlv amnlifying ankle toraie could ciiable older users to uniformly enlarge their SR.
On the gtner nand, such a strateny could unintentionally amplify suboptimal human control
strategies. This approach is often imsiemented as preportional myoelectric control [41].
To enahle analvsis 5f such myoaleciric controllers, we will include more detailed muscle
> acwlat'on models in our future work. Such mosels will efso allow us to explore the effect
% of newly proposed biomimetic controllers or sianding balance, as most of these controllers
©) have cnly Eeen analyzed during gait [42], [43].
<
% Lastiy, we hope t5 develop model-based experimental protocols. To fully understand the
5 effect of ankle cxoskeletons on stability, the stahiiizable regions suggest that it is insufficient
Q to anply relatively moderate forward pertuitations that are common in experiments [15],
= [21]. Our regions can serve as a guide in the design ot periarhation experiments of older
adults wearing exoskeletons. Given the torcue rroduction cepabilities of a participant,
the perturbation magniti'de and direction required to sufficient!y challenge stability can
be calculater. This will enable thorough, model-driver: experinental evaluations of ankle-
exoskeleton assisted standing balance.
Z Supplementary Material
S Refer to Web version nn PubMeod Centvai fur supplementary mateiial.
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account for foot-greund interacuiun constraints or limited torque production capabilities and
overapproximates the boundaries of the SR.
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