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Abstract We present a method for lower-limb exoskeleton Z.

control that defines assistance as a desired dynamic respons Y.

for the human leg. Wearing the exoskeleton can be seen as e X _(s):integral of the mechanical admittance (s) =
replacing the leg’s natural admittance with the equivadeiat Y. (s)/5).

mittance of the coupled system. The control goal is to make e S_(s): sensitivity transfer function. This is a closed-

(s): mechanical impedance.
(s): mechanical admittance.
S

the leg obey an admittance model defined by target values loop transfer function that evaluates to 1 at all fre-
of natural frequency, peak magnitude and zero-frequency re guencies when the feedback gain is zero.

sponse. No estimation of muscle torques or motion intentis e 7' (s): complementary sensitivity transfer function,
necessary. Instead, the controller scales up the coupged sy given by7' (s) =1 — S_(s).

tem’s sensitivity transfer function by means of a compen-

sator employing positive feedback. This approach incease

the leg’s mobility and makes the exoskeleton an active de- D _(s): denominator of a rational transfer function.
vice capable of performing net positive work on the limb. W._(s): loop transfer function for robustness analysis

Although positive feedback is usually considered destabil (sec®).

ing, here performance and robust stability are succegsfull e Subscriptsare used to indicate which subsystems are

achieved through a constrained optimization that maximize  presentin a particular transfer function.

the system’s gain margins while ensuring the desired loca- e hA:human leg.

tion of its dominant poles. e e: exoskeleton mechanism, consisting of the actuator
and arm.

e ¢ compliant coupling between the human leg and
the exoskeleton mechanism, modeled as a spring and
damper.

e f:feedback compensator for the exoskeleton.

L (s): loop transfer function for root-locus analysis.
N _(s): numerator of a rational transfer function.

Keywords Exoskeleton Assistive robotics Interaction
control- Admittance control

Notation

Our control method is formulated in terms of Laplace-domain
transfer functions. Here we explain the notation employed:1 Introduction

o Transfer functions. Exoskeletons are wearable mechanical devices that possess
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stitute, Mountain View, CA, USA. and have the ability to follow the movements of the user’s
G. Aguirre-Ollinger extremities. Powered exoskeletons are usually designed to
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Broadway 2007, Australia tor task. In recent years, a large number of lower-limb exo-
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bilitation tools for patients with stroke and other locomot 1.2 Current exoskeleton control methods
disorders|(Dollar and Herr, 2008b). In a parallel develop-

ment, a number of lightweight, autonomous exoskeletoni order to realize the chosen assistive strategy it is rsacgs
have been designed with the aim of assisting impaired dio design an appropriate exoskeleton control. The prevalen
aged users in daily-living situations (Ekso Biori¥s2013;  view is that control of the walking task must be shared by
\American Honda Motor Co., In¢., 2009). This research aimshe user and the exoskeleton, with the device allowing for
to develop a general-purpose exoskeleton control that mirthe user’s intention and voluntary effoOO

imizes the need for estimating the user’s intended motiorVallery et al,| 2009b; Bernhardt et al, 2005). Strategies for

Our primary target application is autonomous exoskeletonshared control include timing the exoskeleton’s respoase t

for daily living. the phases of the gait c%c?% f% %ﬁ% §Moo4; Kawamoto
and Sankal, 200 b13), leading the patient

towards a clinically correct trajectory via soft consttain

1.1 A classification of exoskeleton-based assistive (lB_a.nala_el_ihlLZQ_dJQ) and modifying the dynamic response

strategies of the lower limbs by means of active admittance (Aguirre-
Ollinger et al| 2011) or generalized elasticities (Valletyl,

Together with the physical exoskeletons, a wide variety 2). Also, the view of human gait as a stable limit cy-

assistive strategies have been developed and tested wjith vecle has led to the emergence of oscillator-based exoskele-
ing levels of success. Below we present a compact classifion control. Relevant methods include adding energy at res-
cation of strategies for aiding human locomotion, alondgwit onance via a phase oscillat EOlS), and syn-
a few examples that are currently available in the liteatur chronizing exoskeleton torques to the user’s lower-linab tr
jectory (Ronsse etlal, 2011) or to muscle torques (Aguirre-
1. Based on what aspect of the body’s movement is Subllinger,@mS) using adaptive frequency oscilkator
ported by the assistive forces or torques. (AFOS).
(@) Propulsion of the body’s center.cially One of the simplest strategies for exoskeleton control is
during the stance phase of walking (Kazeroonilet al, exploit the uniformity of the human gait cycle when walk-
) rL_2Qb4). ing at a constant speed. This approach has been employed on
(b) Propulsionofthe unconstrained leg, for example dury, b mper of treadmill-based exoskeletons. For example, the
%2;2%{? hase OfWalk'nb—(5LQ':'-‘:”:E'Q-':'-‘ELal'-z}005'pneumaticallv powered exoskeleton described in Lewis and

9). Ferris (20111) uses a footswitch i
HA » -generated signal to power
(c) Gravitational support of the extremltlet al’the device’s actuators for a predetermined portion of tlite ga
E!I-)_ _ . cycle. The hip exoskeleton reportedlin Lenzi etlal (2013)
2. By the intended effect on the dynamics or physiology ofomntes the current stride percent by means of an AFO,
human movement. and uses it to deliver an assistive torque proportionaléo th

(@) Reducing the muscle activation required for walk-nominaj hip torque profile of human gait. Although these
‘N9 EM@%‘MMO& Gordonyystems have proven effective, they are limited by definitio
etal, X ): . _ to assisting uniform-speed gait. Our research is motivated

(b) Increasing the comfortable walking speed for a givery, e desire to have a more versatile control, less depen-
level oflmusclle efforﬂ_(N_o_r_—r_is_e_ﬂ 7?' This CO“"_j dent on gait uniformity, and capable of assisting other lewe
be attained either through an increase in mean stridg, movements like gait initiation and reactive stepping.

length (Sawicki and Ferfis. 2009) or mean steppinge overarching goal is a control that provides assistance

frequepcy[(Le_e_aad_S_gnkhi_,A‘)OS). _ ~ independently of the specific motion attempted.
(c) Reducing the metabolic cost of walking (Sawicki and

Ferris| 2008; Mooney et al, 2014).

(d) Correcting anomalies of the gait trajectory (Banala

et al2009; Van Asseldonk et al, 2007). 1.3 Lower-limb assistance as a desired dynamic response
(e) Balance recovery and dynamic stability during walk-
ing iSSi 15), 2013). Our approach to exoskeleton control defines assistance in

terms of adesired dynamic responger the leg, specifically
It should be noted that the assistive strategies in the secora desired mechanical admittance. If we model the leg dy-
category occur on different time scales. The effects soughtamics as the transfer function of a linear time-invariant
canrange from immediate, as in the case of balance recovefyTIl) system, its admittance is a single- or multiple-port
and dynamic stability, to long-term as in the case of gaitransfer function relating the net muscle torque acting on
anomaly correction, which normally only becomes appareng¢ach joint to the resulting angular velocities of the jaints
over the course of several training sessions. When the exoskeleton is coupled to the leg, the admittance
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of the human leg gets replaced, in a sense, by the equivalent
admittance of the coupled system.

The idea behind our method is to make this admittance
modification work to the user’s advantage. The resulting ad- & &
mittance of the assisted leg should facilitate the motion of
the lower extremities, for example by reducing the muscle
torque needed to accomplish a certain movement, or by en-
abling quicker point-to-point movements than the user can &
accomplish without assistance. The immediate advantage of
this approach is that it does not require predicting the'siser
intended motion or attempting to track a prescribed motion
trajectory.

@) (b)

1.4 Contributions Fig. 1 (a) Stride Management Assist device: a powered autonomous
exoskeleton for gait assistance (Honda Motor Co., Ltd))E¢ttended

. . . human leg: sagittal plane view.
Our control method, which we will refer to aglmittance

shaping is formulated in the language of linear control the-

ory. The overall deS|g_n objeciive is to mgke the _e_qun_/alenhatic state. This approach has some similarity with the con-
admittance of the assisted leg meet certain specificatibns %ol of the BLEEX exoskeleto (K i et Al, 2005), in
frequency response. Once this d_eswed admltta_nce has t_)e\?lﬂich positive feedback makes the device highly responsive
defined, the design problem consists of generating a port M5 the user's movements. However, in that system the actual
phedanche onht he exoks kleleton (through dStatehfeEdbaCk)l_Suglgsistance comes in the form of gravitational support of an
that, when the exoskeleton Is attached to the human Irm%xternal load. By contrast, our interaction controller @&k

thg cpupled system exh|b|ts. the desired ad”.“.t tance Chara@bsitive feedback the source of the assistive effect.
teristics. Thus our problem is properly classified as one o

interaction controller desigh (Buerger and Hddan, 2007). | The design Ofl o.urhmtera?tlon controller Isolve; two prob-
This paper presents a formulation of admittance Shap_emshc%ncgrrznté/. t € per orrgaﬂce prg? em, |.e.f p;]roduc-
ing control for single-joint motion which employs lineagiz Ing the desired admittance, and the stabilization of the cou

models of the exoskeleton and the human limb. The corP'€d system. As we shall show, for the exoskeleton’s assis-
trol is designed mainly to assist the leg during the swin ive control the dynamic response objectives embodied by
phase of walking, where the leg’s pendulum-like dynamic he desired admittance tend to trade off against the stabil-

prevail. Accordingly, we have modeled the leg as a 1-DORY h led ivol ‘derable level
rotational pendulum, and investigated the way to modify thJaCt that our coupled system involves a considerable leve

dynamic properties of said pendulum, mainly natural fre_of parameter uncertainty, especially when it comes to the

quency and damping, by means of an exoskeleton. The Iinﬂynar_nic parameters of the leg and the parameters of the
between this effect and the dynamics of bipedal walking iScoupllng between the leg and the exoskeleton. Therefore the
analyzed briefly in a simulation study; design needs to ensure a sufficient level of stability and per

. . - formance robustness.
This research is a generalization of exoskeleton controls

we have previously developed around the idea of making the  The present study covers the following aspects:
exoskeleton’s admittance active. Said controls involved e
ulated inertia compensatioh (Aguirre-Olli tlal, 2011
2012) or negative dampin irre-Olli tlal, 2007).
Although the notion of modifying the dynamics of the hu-
man limb is somehow implicit in methods like the “subject
comfort” control of the HAL exoskeleton (Kawamoto and
Sankail 2005) and the generalized el?St'C't'eS control pro control and how to ensure the stability of the coupled
posed by Vallery (Vallery et’dl, 2009a), in those methods the system

exoskeleton’s port impedance remains passive, and as such '

. " e Robust stability analysis of the control (sectidn 4).
does not perform net work on the human limb; an additional . . . . -
. : . e Simulation of assisted bipedal walk and initial tests of
layer of active control is required.

) the exoskeleton control on human subjects (seéfion 5).
Our control renders the exoskeleton port impedance ac-

tive by means of positive feedback of the exoskeleton’skine

margins of the coupled system. Equally important is the

e Formulation of the assistive effect in terms of a target
admittance (and the integral thereof) for the assisted leg
(sectior2).

e Design of the exoskeleton’s assistive control proper (sec-
tion[J). A central topic is the use of positive feedback
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(a) bh perturbation

(b) Ih perturbation

(c) kh perturbation
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Fig. 2 Effects of impedance perturbations on the frequency resp@magnitude ratio and phase) of the integral admittanteedfiuman leg: (a)
damping perturbations; (b) inertia perturbations; (dfretss perturbations. Effects of both negative and pasiperturbations are shown. Gray
areas highlight portions where a negative perturbatiorsesia reduction in magnitude ratio. For a given angle anuf@jtthese areas represent
“effort reduction”, i.e. a reduction in required muscledgoe amplitude with respect to the unperturbed admittance.

2 Admittance shaping: formulation of the assistive
effect in terms of a target leg admittance

imate representation of the extended leg swinging about the

hip joint on the sagittal plane (Figure I[b)). The impedance

of the leg at the hip jointZy,(s), is the transfer function re-

In this section we present three basic forms of assistandating the net muscle torque acting on that joint,s), to the

modeled as perturbations of the human leg’s inertia, dampresulting angular velocity of the le@y, (s):

ing and/or stiffness. Then we give a general-purpose defi-

nition of exoskeleton assistance formulated in terms of the

limb’s sensitivity transfer function. This transfer furmt = Z(s) = 7 (5)

h

provides a measure of how the leg’s dynamic response is £2(s)

affected by the perturbations. The definition is formulatedyhere ], is the moment of inertia of the leg about the hip

using the Bode sensitivity integral theorem (Middleton anqoint, andb, andk;, are, respectively, the damping and stiff-

Braslavsky, 2000). As we will show, this theorem provides aess coefficients of the joint. The coefficieht includes

general avenue for the design of the assistive control, lamehoth the stiffness the joint’s structure and a linearizatid

the use of positive feedback of the exoskeleton’s kinematighe action of gravity on the leg. The following are typical

state. values of the hip joint's dynamic parameters in adult sub-
In order to develop our mathematical formulation of lowejects:

limb assistance, we shall use a specific exoskeleton system ) ) .
P y oment of inertia of the extended leg about the hip: 2.09

as amotivating example. The Stride Management Assist SM'At/I :
: gexamp : 9 ( g-m? (Royer and Martin, 2005).
device, shown in Figurg I{a), is an autonomous powered < " : - .
e Hip joint damping coefficient: 3.5 Nm s/rad (Tafazzoli

exoskeleton developed by Honda Motor Co., Ltd. (Japan).
b y (Japan) and Lamontagn 6).

The system features two flat brushless motors concentric Natural dulum f f th tended lea: 0.64
with the axis of the hip joints on the sagittal plane. The mo- ¢ Naural penduium frequency of the extended eg: ©.

tors exert torque on the user’s legs through a pair of rigid, Hz WMWMOS)'

lightweight arms coupled to the thighs. This configuration * _Stlffness C_OGﬁ'C'ent of the hlp_Jomt vertical stance dF”‘

makes the SMA device especially effective in assisting the ing the swing phase of the gait cycle: 38 Nmirad (Frigo

swing phase of the walking cycle as well as other leg move- et a|,|_19_9_b).

ments not involving ground contact. In order to make our treatment general, all transfer func-
In the human gait cycle, the swing phase takes advantagmns in this paper are expressed in terms of dimensionless

of pendulum dynamics of the Ieb_us t alyvariables. A unity moment of inertia is equal to the moment

). Therefore, for the present study we shall model thef inertia of the leg about the hip joint; a unity angular fre-
leg as a linear rotational pendulum. This model is an approxguency equals the natural undamped frequency of the leg.

k
:Ih3+bh+:h

(1)
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Based on the above published data we set the damping ratio
of the hip joint to¢;, = 0.2. This yields the following values
for the coefficients in[{(1){;, = 1, b, = 0.4 andk;, = 1.

2.1 Shaping the admittance via impedance perturbations

We model the ideal effect of assisting the human limb as
applying an additive perturbatiaf?; to the limb’s natural
impedanceZ;,; the perturbed impedance is simply

Zn = Zn+ 07 2)

An equivalent expression can be given in terms of the leg'§ig. 3 (a) Block diagram representing the dynamics of the human leg
admittanceY,(s) = Z(s)~*. The perturbed admittance, in the presence of an impedance perturbatigp. The perturbed ad-

. mittance of the leg is equal to the nominal admittaigein series
Ya(s), represents a negative feedback system formek,by with a closed-loop system representing the sensitigjty (b) Equiva-

anddé Zp: lent system formed by the human limb coupled to the exoskeldthe
perturbations Z;, is replaced by the exoskeleton transfer functin
Per the Bode sensitivity integral theorem, to make the @xligystem’s
i}h _ 1 _ Yi (3) sensitivity larger than the unperturbed case, positivdbiaek must be
Zyn + 02y 1+Y,07, used.

Our task is now to determine what makegs, assistivei.e.

what kind of perturbation make%L an improvement over

the leg’s normal admittands, . We note that each of the pa- ® Inertia compensatiorauses an increase in the natural
rametersl,, b, andk;, contributes to the magnitude of the  frequency of the leg with no change in DC gain. In con-
leg’s impedance{1); therefore we start by studying the ef- Seguence, given a desired amplitude of angular motion,
fects of compensating each of the leg’s dynamic properties. the minimum muscle torque amplitude occurs now at a

Accordingly we define the following perturbation types: higher frequency. We hypothesize that the shift in natu-
ral frequency has a potential beneficial effects on the gait

cycle. It may enable the user to walk at higher stepping

02y = by, (damping perturbation) frequencies without a significant increment in muscle
87, = 61y (inertia perturbation) activation (Doke and Kilic 7). A higher natural fre-
852y, = 0k /s (stiffness perturbation) 4) quency also implies a quicker tr.anS|ent re;ponse, which

may enable the user to take quicker reactive steps when
Compensatiormeans that eithefb;, or 61, or 6k, has a trying to avoid a fall.

negative value. We now analyze the effects the individual ® Stiffness compensatigmoduces effort reduction at fre-
perturbations on the frequency response of the integral ad- quencies below the natural frequency.

mittanceY;, (s) /s, which relates the net muscle torque to the

angular position of the leg. We use this rather than the admit

tance in order to consider possible effects on the “DC gain”  Each case has also its drawbacks. For example, the effect
(zero-frequency response) as well. of damping compensation vanishes as motion frequency de-
Figure[2 shows the effects of each individual perturbaparts from the natural frequency. Inertia compensatiosesu
tion on the leg’s integral admittance. Although our primaryeffort increase at frequencies immediately below the métur
interest is compensation, we have also plotted the effécts @requency. However, by applying the principle of superposi
positive perturbations for comparison. Examination of thejon_ it is possible to devise a perturbation transfer fiorct
plots reveals several properties of the perturbed frequengnat combines the beneficial aspects of each individual per-
responses that can be consideredssstance turbation. In other words, the resulting integral admit&n

e Damping compensatidncreases the peak magnitude of can S{;méltaneoku sly df%agure_mcr.(taﬁ ses n tn?tut:]al frequetntq:j
the integral admittance. In consequence, for given angljpagnI ude peak an gain with respect to the unassiste

lar trajectories near the natural frequency £ 1), the one.

amplitude of the required muscle torque is reduced with  As for perturbations involving positive values 66,
respect to the unperturbed case. We refer to this effect ad;, and/ordk;,, we refer to these assistiveto indicate that
“effort reduction”. they mainly tend to reduce the leg’s mobility.



6 Gabriel Aguirre-Ollinger et al.

(a) bh perturbation (b) Ih perturbation (c) kh perturbation
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Fig. 4 Sensitivity plots for impedance perturbatioits (S, (jw)|). (2) Damping perturbation; (b) inertia perturbation; gtijfness perturbation.

2.2 Effect of impedance perturbations: the Bode sengitivit Choosingv, > 1 (i.e. making it larger than the natural fre-
integral quency of the leg) ensures that the perturbation maintens i
desired behavior in the typical frequency range of leg mo-
The central problem covered in this study is how to de+ion.
sign an exoskeleton controller capable of generating a vir- A property of sensitivity transfer functions, known as
tual leg admittance with arbitrary properties of naturatfr the Bode sensitivity integral, will allow us to derive a gen-
quency, magnitude peak and DC gain. Our approach is teral principle for the design of our exoskeleton controle Th
make the exoskeleton emulate the negative variatiot&of  Bode sensitivity integral theorem (Middleton and Braskas
oI, and/ordk;, described above. We now derive a genera@) is stated as follows:
principle for the design of exoskeleton control: namelyewh Let L(s) be a proper, rational transfer function of rela-
the leg is coupled to the exoskeleton, the leg's sensitivittive degreeV,. (The relative degree of a transfer function is
to muscle torques should increase. We define the sensitivifhe difference between the order of the denominator and the
transfer functionSy, (s) of the leg as order of the numerator.) Define the closed-loop sensitivity
functionS(s) = (1+ L(s))~! and assume that neithéi(s)
nor S(s) have poles or zeros in the closed right half plane.

S(s) = 1 _ 1+ - (% + %) Then,
h 14+ Yn(8)0Zn(s) 1+ % (b?h + ’2—% + 6?1)
(5) :
0 0 if N.>1
i Qi In|S(jw)|dw = 8
If we consujer muscle torque as the system’s input and an]£ 1S (jw)] ~T im sL(s) if Ny =1 8
gular velocity as the outpufy;, provides a measure of how 2 s—o0

the system’s input/output relationship is influenced byra pe

turbationd Zj, to its dynamic parameters. In the absence of ~\We now use the theorem to analyze the leg's sensitiv-
perturbationss), (jw) evaluates to 1 at all frequencies. Given ity to perturbations by defining the loop transfer function
an impedance perturbatiaf;, Sj,(jw) can be seen as a Ln(s) = Yi(s)0Zx(s). Evaluating the Bode sensitivity in-
weighting function that describes how the applied perturbategral for the perturbations previously defined yields

tion changes the shape of the leg’s frequency response; the

perturbed admittance is simply

©) /Oooln|5’h(jw)| dw = —g lim sY},(s) 0Zn(s)

?h — Sth §—00
W(Sbh
The perturbed admittance is shown in block diagram form 20, for 0, = dbn
in Figure[3(d). Here we restrict our analysis to perturlyetio 781w, WoS
whose effect vanishes at high frequencies,|5¢] — 1 as e for 62y, = o1 5+ wo (9)
w — oo. From [B) we see that this is the case for all but the Sk
inertia perturbation[{4). However, the vanishing conditio 0 for 62, = 5
can easily be enforced by redefining the inertia perturbatio
as In this way we arrive at a compact result: with the ex-
Wos ception of stiffnesspegative-valuegerturbations cause the
0Zp = oIn (") areaundem |Sh(jw)| to bepositiveand vice versa. In other

S+ wo
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words, assistive perturbations cause a net increase iir sens In the next section we present the formulation of a stable
tivity, whereas resistive perturbations cause a net deélea assistive controller capable of generating a virtual lagiad

To illustrate these points, Figurk 4 shows plotadfS;, (jw)|  tance with arbitrary values of natural frequency, magrétud
vs.w for the different types of perturbation. peak and, for the integral admittance, DC gain.

2.3 Generating assistive impedance perturbations with an

) ) . 3 Lower-limb assistance by admittance shaping: control
exoskeleton: considerations for control

design

In (3) the perturbed admittance is represented as the co
pling of two dynamical systems: the leg’s original admit-

tanceYht,tar(;d the |mpe(:ar|1|ce fpe;thurbatléfiihd leten t?at e shall base our control design specifications on the human
we wantto desigh a controfler for the coupled system formeg . integral admittanceX, (s) = Y, (s)/s, expressed in

by the leg and the exoskeletol] (3) suggests a simple desiqgrms of dynamic response parameters:
strategy: substitutéZ;, with the exoskeleton’s port impe- '

danceZ.(s). The task is to design a control to make(s)
emulate the behavior @7, as closely as possible. Xn(s) = 1

The sensitivity transfer function of the coupled system 11, (8% 4 2Chwnns + wih)
formed by the leg and the exoskeleton is

'é_.l Specifying a target frequency response for the leg

(12)

wherew,,, is the natural frequency of the leg aqg its
1 damping ratio. Our design objective is to make the assisted
117, (5Z.(5) Y (5)Zo(5) (10)  leg behave in accordance withtargetintegral admittance

_ o model X {(s), defined as

and its loop transfer function iB.(s) = Y5 (s)Z.(s). For
the coupled system to emulate assistive (i.e. negative) per
turbations of inertia or damping, the Bode sensitivity inte Xd(s) = - dl ; _ (13)
gral of Si.(s) must be positive. Froni8) the only way to I (52 + 2C w5 +wiy)
accomplish this is by making the gain &£ (s) negative. In 4 J ) )
other words, the exoskeleton has to forpasitive feedback Wherel;, wy,;, and(; are, respectively, the desired values of
loop with the human leg, as shown in Fig{ire 3(b). inertia. moment, natural frequency and damping ratio. The

An important consequence of the gain being negative igdesign specifications are formulated in terms of the follow-
that the exoskeleton displagstivebehavior, i.e. acts as an N9 parameter ratios:
energy source, which in turn raises the issue of coupled sta-

bility. Colgate and Hogan (1988) have shown that a manip- d

She(s)

ulator is guaranteed remain stable, when coupled to an ar-R. = “nh - (natural frequencies ratio) (14)
bitrary passive environment, if the manipulator itself &sp O;;Z

sive. However, passive behavior can seriously limit perfor Rr,, = —X (resonant peaks ratio) (15)
mancel(Hogan and BuerbleL;bOG). In the case of an exoske- Mp

leton, passive behavior would render it incapable of previdp = — X;l(0) (DC gains ratio) (16)
ing true assistance, at least per the criteria we have edtlin Xn(0)

in Sectior 2.1L.

4 . .
But then, our requirement is not to ensure stable interad? @13) Mx anth'are, resptzctlwely, the magmtude peaksat
tion with every possible passive environment, but only with'€S0Nance for, (jw) and X (jw). Thus our design spec-

a certain class of environments, namely those posses&ng tﬁications co_r?sist. of desired values.fm, RM and Rpc-
typical dynamic properties of the human leg. Limiting the 1hese :_speC|f|cat|ons are converted |_nt0 desired vz_iluebéort
set of passive environments with which the exoskeleton idynamic p_arameterg_, wgh_’ » by using the following for-
intended to interact allows us, in turn, to use a less reiseic  Mulas, which are derived in Appendi¥ A:

stability criterion. For example, stability can be guaesstt

by the Bode criterion for positive feedback: I

. I = w—=s (17)
| = Y (jw)Ze(jw)| <1 1) RpcR?
where £ (=Y}, (jw) Ze(jw)) = —180° wl, = Rywnn (18)
1 For stiffness perturbations the area unde|Sy, (jw)| remains con- 112
stant, meaning that if the sensitivity increases in oneueegy range, Cff = u (29)

it will be attenuated in the same proportion elsewhere. 2
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R,=12Ry=14 Ry =14 exoskeleton’s thigh brace. In the diagram, ground repttesen
the exoskeleton’s hip brace and is assumed to be rigid.

The first design goal is to make the device's mecha-
nism “transparent” when the assistive function is inactine
other words, the user should feel the effects the mechasism’
dynamics (inertia, friction, gravitational effects) ailé as
possible (Vallery et al, 2009a). This normally requires im-
plementing an inner-loop control, such as an admittance or
impedance control, to compensate the reflected inert@, fri
tion and damping of the mechanism, as well as the gravita-
tional torques|_(_l\lg_eEt_|a@b7). The maximum achievable
reduction in reflected inertia is limited by stability bound
aries (Colgate and Hogan, 1989a); therefore it is advisable
Fig. 5 Frequency responses of the unassisted leg's integral@mwét  to employ a mechanism design that uses low-inertia compo-

X}, (jw) and an exemplary target integral admittancg (jw) with ; ;
Re=12 Ry = 14 andRpe — 1.4, The computed parameters nents. In the present formulation we will assume that such

for X¢(jw) areIf = 0.4960w%, = 1.2 and¢! = 0.1989. an inner-loop control is already in place, thereby allowiisg
to represent the exoskeleton arm as a pure rotationalanerti
™ T Ze(s) = Is.
—T Qn =0, r— We note that the exoskeleton and the compliant coupling
Kn =5 ke _Q: = can be represented as second-order impedance given by

I % le Zee(s) = Ies + be + E (21)
s

bn be or, equivalently,
On -~
~ o, ;
w2
Fig. 6 Linear model of the system formed by the human leg, couplingZ..(s) = I. <s + 2CecwWn,ec + "’ec> (22)
and exoskeleton mechanism. 8

wherew,, .. is the natural frequency of the impedance and

where Cec its damping ratio. The value aof, .. depends on a num-
Rpc ber of factors like the material of the exoskeleton’s thigh
’= R /1= ¢ (20)  coupling and the properties of the subject’s thigh tissuent

our system identification studies, valueswf,. in the range

By way of example, FigurE]5 shows a comparison beof 25 to 50 times the natural frequency of the leg /) are
tween the frequency responses of the unassisted leg’s ifypical for the SMA device. In order to reduce the dimen-
tegral admittanceX, (jw) and a target integral admittance sionality of the analysis somewhat, we assume the impe-
Xjl(jw) with specific values of,,, Ry and Rpc. This  dance[[2R) to be critically damped, i€, = 1. This as-
particular target response combines all the possible-assisumption is warranted because our tests with the SMA have
tive effects on the leg: increase in natural frequency,reffo shownZ...(s) to be actually overdamped, so the critically-
reduction at resonance, and gravitational support at lew fr damped assumption is conservative as far as stability is con
quencies. cerned. Keeping our analysis in terms of dimensionless fre-

Our task is now to design an exoskeleton control capablguencies and damping ratios, we define the following impe-
of making the leg’s dynamic response emulate the taX@et — dance transfer functions:

3.2 Modeling the coupled human-exoskeleton system Zn(s) = Y,;l(s) _ s+ s +1 (23)
S
To design the exoskeleton control we shall use the linedrize 1 L e
- . (s) =Y, =2l wp ee | —— 24
model shown in Figurgl6, which represents the human leg () e () Wn, ( s (24)
coupled to the exoskeleton’s arm-actuator assembly (Eigurze(s) =Y, Y(s) = Ls (25)

[I(@]). The inertias of the leg and the exoskeleton are cduple
by a spring and dampek, b.) representing the compliance We use these impedances to formulate the dynamics equa-
of the leg muscle tissue combined with the compliance of théions of the coupled human-exoskeleton system of Figlire 6
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Th O ” o 3.3 Design of the assistive control
h
Using equationd (26)[(27)._(P8) arid129), we represent the
To + coupled leg-exoskeleton system as the block diagram of Fig-
Z

_ ure[7(@. The aim of the assistive control is to make the
) dynamic response of this system such that it matches the

C Y, Qe frequency response of the target integral admittaxigés).
Our control design method is a two-step procedure:

Te e Design of an angle feedback compensator to achieve the
target DC gain (stiffness and gravity compensation).

@ e Design of an angular acceleration feedback compensator

to achieve the target natural frequency and target reso-

nant peak. This second compensator is designed using a

pole placement technique and has to ensure the stability

of the coupled system.

Decoupling the DC gain problem from the other two is
(b) valid because, as can be seen on Fi@lire 2, the DC gain is
only affected by a stiffness perturbation, which is easily i
plemented via angle feedback. The same figure suggests that
the natural frequency target could be achieved by either an-
gle feedback (stiffness perturbation) or angular accttera
feedback (inertia perturbation). By choosing angular cce
(c) eration feedback we avoid creating a conflict with the DC
gain objective, which depends exclusively on angle feed-
Fig. 7 Block diagrams of the system formed by the human leg, couack. Furthermore, we will show that employing an angular
pling, exoskeleton mechanism and interaction contrqiigBlock dia-  acceleration feedback compensator with sufficient degrees

gram derived from equatiorfs(26) [0129). (b) Equivalentkidiagram  of freedom allows us to achieve the natural frequency and
for control design. The transfer functiory,cc(s) = 2¢(s)/7h(s) K imul |
represents the admittance of the human leg assisted by tskedz- resonant peak targets simuitaneously.

ton. (c) Equivalent block diagram for stability robustnassilysis.

3.3.1 Feedback compensator for target DC gain

in the Laplace domain (the derivation s omitted due to spacghe design of the compensator for target DC gain is a simple

limitations): application of the dynamics of the coupled system in the
static (zero frequency) case. From Figule 6, torque balance
Qp =Yy (1 — 70) (26) on the human leg’s inertig, yields
Te = Zc (Qh - Qe) (27)
Qe =Y. (16— 70) (28) Fnbh =707 (30)

wherer, is the interaction torque between the leg and theTOrque balance on the exoskeleton’s ineftigields

exoskeleton (exerted through the coupling) anig the torque
generated by a feedback compensatpfs): Te—Te =0 (31)

Because the objective is to compensate for the stiffness and
Te = Z5 82, (29) gravitational torque acting on the leg, the assistive terigu

. L ) provided by a virtual spring:
Zs(s) embodies the exoskeleton’s assistive aclioshould

be noted that, although the compensator takes in angular ve-
locity feedback,Z;(s) may contain derivative or integral 7. = kpc#. (32)
.terms. Therefore the physical contrql implementation .ma%\ssuming the coupling to have sufficient stiffness so that
involve feedback of angular acceleration or angular pmsiti
o 0. ~ 0y, from (30) the net muscle torque becomes
Another observation is that, although the torque generated
by the control isr., the actual torque exerted on the leg by
the exoskeleton is,. Th = knOy, — kpcbe ~ (kn — kpc)Oh, (33)
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To determine the virtual spring stiffneés,c we refer to  only have a practical way of measuritigy. This is accept-

Appendix[A. Equation[(79) defines an intermediate targeble under the assumption that the coupling is sufficiently

integral admittanc&’;, pc(s) embodying the DC gain spec- rigid and therefore?, ~ (2),.

ification. Maintaining the assumptigh ~ 6, we note that We begin by substituting’(s) with Y. pc(s) in Fig-

Xn,pc(s) can be implemented by adding the virtual springure[7(a) and converting the block diagram to a form suitable

to the human leg’s impedance. Thus an alternative definitiofor analysis using the system’s loop transfer functionufég

is [7(B) shows the equivalent block diagram (derivation orditte
for brevity), which contains the following transfer funmtis:

1

X = 34
h.oe(s) Iys% + 2IhCwnns + Tnw?, + kpe (34)
R Y (S) o Zh + Zc — Nhec(s)
Making X, pc(0) = Xp,pc(0) yields e T i Zepe + ZeZepe + ZeZn . Dheels)
(38)
Ihwi + kpc :Ihwi 35
g h.DC (35) whereZ. pc = Y. ), and
But from (81) we haves?, ,, = Rpcw?,. Thus we obtain
the stiffness and gravity compensation gain as:
Ze Z.
Hpe(s) ‘ - (39)

9 1 - Zh +Zc - Nhec(s)
kpc = Inwyp(Rpe — 1) (36)
- . From Figur¢ 7(B) we derive the transfer function relating th
The angular position feedbadk {32) with the computed valuc?1 gure 7(M) L 8

. uman torque to the encoder angular velocity:
of kpc generates the following closed-loop exoskeleton ad-

mittance:
2:(s) Z.
Yheef(s) = = (40)
Ye = =
Yepo = —F—— 37) Th(8)  Dhec + ZfNhec
1+ 2%, . . . . .
s Yhecf (s) is very important in our analysis because it repre-

Clearly, for a DC gain specification dtpc > 1 we have sents the admittance of the human leg assisted by the exo-
kpc < 0, i.e. positive feedback of the angular position. InSkeleton. From linear feedback control theory, the dynamic
consequence, the closed-loop exoskeleton admittance ha§&$PONse properties .. (s) are determined mainly by
pole ats — _H/m which makes the isolated exoske- ItS characteristic polynomial. Therefore we shall forntela
leton unstable. However, the coupled system formed by thd€ desgn of the compensatdy(s) as a pole placement
leg and the exoskeleton will be stable as long as the virtudl™oPlem: namely, to make thgominant poleof Y. (s)
stiffness coefficient of the assisted leg remains posifive. Match the poles of the target admittanGg(s). Our design
detailed analysis of the stability of the coupled systenhwit will use the standard tools of root locus and Bode stability

DC gain compensator is given in the next section. applied to t.he loop transfer fL{”CtiO” BFccr(s)- _
From Figurd 7(8), we define the loop transfer function,

3.3.2 Loop transfer function of the coupled human limb Lhecy(s), as aratio of monic polynomials obeying

and exoskeleton

With the compensator for the target DC gain already in placeSz Luect(s) = Z¢(5)Yhee(s) (41)

the forthcoming analysis will focus on tharget admittance

for the assisted leg, given By (s) = sX;i(s). The objec- whereK, is the loop gain. Success in the design of the feed-
tive is now to design a compensator capable of increasingack compensatoZ(s) requires ensuring that the feed-
the natural frequency of the leg as well as the magnitudback loop formed by, (s) andY}..(s) is stable. Given that
peak of its admittance. This is also the more involved part ol;..(s) already contains a positive feedback loop of the an-
our control design, since we need to design for both perforgular position (througl¥. pc), we want to analyze its sta-
mance and stability. Although, strictly speaking, we wantt bility properties before designing; (s). For the forthcom-
control the relationship between the human muscle torquimg analysis we shall use the dimensionless moment of in-
7, and the leg’s angular velocit§,, as to matcty,?(s), our  ertia of the SMA arm and actuator assemtily= 0.00702.
design will focus on the transfer function relatingto the  We begin by writing the impedancesn{38) in terms of poly-
exoskeletorangular velocity(2., the reason being that we nomial ratios and gains:
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3.3.3 Feedback compensator for target values of natural
frequency and resonant peak: design by pole placement

In order to explain the derivation of the feedback compen-
satorZ(s) for natural frequency and resonant peak targets,
we will use a specific design example involving the Honda
SMA device. We set forth the following design specifica-
tions: R, = 1.2,Ry; = 1.3 andRpc = 1.1, which in turn
yield the following parameter values for the target intégra
admittance[(T3)7 = 0.631,w?, = 1.2 and({ = 0.1673.
Given these values, the desired locations of the dominant

poles are

pl = —of + jwd, = —0.201+ 1.183
Fig. 8 Contour plot showing the real part of the dominant poles of -a _ _ d _ . d _ _ _ .
Yheo(s) (equation[[@B)) as a function of the DC gain rafipc and 1" Th = JWdn 0.201-1.183
the coupling’s natural frequencyy, cc.

where

d _ +d d
o = ChWnn

d _  .d _~d2
2+ (ps+1 Ni(s) Wap = Wnp\/ 1 =G (44)

Zh S) = —— =
) 5 W s 5 The gain of the feedback compensator for target DC gain
Zo(s) = 2Lowp ce (H) = Ne(s) is computed with[(36), yieldingpc = —0.0909.
s s In Sectior 2]l we showed that, in the ideal case, an in-
s? + "740 Ne(s) crease in natural frequency can be accomplished by com-
Ze,pc(s) = Lo f =L (42) pensating the second-order system’s inertia. This suggest

that our compensator should include positive acceleration
feedback in some form. Although pure acceleration feed-
back will not satisfy our design requirements, it is nonethe
less instructive to examine its behavior. Thus we define the
provisional compensator

This, in turn, allows us to writ&},..(s) as the following
ratio of polynomials:

S(Nh + ZCONC)

= (43)
IeNeNh + ZcoNeNc + ZcoNh

Yhec(s)
’Z\f(s) =-—1I.s (45)

From inspection of[(42) and#3) we find thet..(s) has o _ _

four poles and three zeros, including one zero at the origin Ve Shall refer tal.. as the inertia compensation gain. Then
Figure[8 shows contour plots of the real part of the domV€ write

inant poles ofY},..(s) as a function of the DC gains ratio

Rpc and the natural frequency of the coupling ... These -~ 1.

poles are located near the poles of the human leg’s admif () Yhee(s) = I, $Lhee (46)

tance,—0.2+ 0.980;. We can observe that, for most values

of Rpc andwy, .., the dominant poles’ real part is constant Where Li.c.(s) is a ratio of monic polynomials possessing

and equal to-0.2, i.e. the dominant poles are stable. Onlythe same poles and zeros ¥ig.(s). From [46) the loop

for combinations of very low natural frequency of the cou-9@in for pure acceleration feedback as

pling and high DC gain ratios do the dominant poles cross

over to the right-hand side of the complex plane (RHP). For _ I,

now we will maintain the assumption that th&,- spec- KL = A

ification is such that does not violate the stabilityYf,.... ‘

Ensuring that,.. has no RHP or imaginary poles guaran-  Figure9(a) shows the root loci ef...(s) for both pos-

tees the existence of a range of negative loop g&ipdor itive and negative feedback. Because all the coefficients of

which the closed-loop transfer functidf..s(s) is stable as  sLy..(s) are fixed, the shape of the root loci is constant and

well. the only variable parameter we have is the loop gﬁ”m

(47)
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Fig. 9 (a) Root loci (detail) ok L. (s) for positive and negative feed-
back. The positive-feedback root locus misses the targettitm for
the dominant closed-loop polg£. (b) Nyquist diagram forsLy,.(s).

Therefore, it will be only by exception that the positive-

feedback root locus passes through the target location for

the dominant poleps.

However, the most serious limitation of the compensator e

is its stability range. For positive feedback, the couplesd s

tem’s stability is determined by the stability margins-ofL;,.. (s

Because-sLy..(s) has four poles and four zeros, at=
+joowe have —sLpeq(s)] =1 andZ(—sLpec(s)) = 180°.

In other words, closing a feedback loop witls L,..(s) puts
the system is at its instability threshold. This conditisn i
patent in the Nyquist diagram of Figurk 9(b). Noting that in
the Nyquist diagram-sLy..(s) implies a loop gairf(L =-

1, from [47) the limiting value for the inertia compensation
gainis

(48)

Thus we see that, for pure positive acceleration feedbhek, t
best that the exoskeleton can do before causing instaisility
to cancel its own inertia, but none of human leg’s inertia.

In order to overcome the limitations of pure positive ac-
celeration feedback, we add a pair of complex conjugatg
poles—o =+ jwy, r to the compensator. To this end we define

the second-order filter

aj% —l—wg_f

Hy(s) = (49)

s2 4205+ UJ% + wgyf
Our proposed feedback compensator model is then

Zi(s) = —1I.sHy(s) (50)

whereoy andwy ¢ are parameters to be determined. With
Z(s) thus defined, and recallinig{41), the loop transfer func-
tion now becomes

S Lpec(s)

L ec =
heey (5) 52+20fs+0j2c+w§7f

(51)

Thus given a loop gaiti(; < 0 that meets the design re-
quirements, the inertia compensation gain is obtained as

Kr I,

I= -l
a?—l—wiic

(52)
The rationale behind our compensator model is #yaand
wq, ¢t provide two degrees of freedom with which to shape
the positive-feedbackoot locus of Lj..;(s). Shaping the
root locus pursues two different objectives:

e Making the root locus pass through the target locations
of the dominant polesy? andp¢ or as close to them

as possible. This ensures that, with an appropriate gain
I., the system’s closed-loop transfer functibi..s(s)
(Figure[7(B)) will have poles at or negaf andpy.
Maximizing the stability margins o¥,..;(s) as to en-
sure that the design solution provided &y, wq,; and

1. is stable. It must be noted that, with positive feed-
back, the root locus is guaranteed to enter the RHP as
K — —oo. Therefore it is in general possible that,
while two of the closed-loop poles @fy..f(s) satisfy

s = p¢, any of the remaining poles may be in the RHP.
By maximizing the stability margins we seek to avoid
this risk.

).

The inclusion of two poles il ($1) also ensures that the
frequency response di..r(s) rolls off at high frequen-
cies, thereby making the system less sensitive to feedback
of high-frequency noise.

Our compensator design requires solving a pole place-
ment problem, namely finding values of, wq y and I.
such thatty,..r(s) has poles ap;ll andﬁfl. We refer to{oy,
wq,r, I.} as a candidate solution. Only when this solution
guarantees the stability of the coupled system can it be con-
sidered a valid compensator design. Solutions for the pole
lacement problem can be found by applying the properties
of the positive-feedback root locus as described below.

e Phase property: for = p{ the phas@ of Lj,..;(s) must
be equal to zero. We express this condition as

® =®(0f, wa,f, P) = £ Lheer(ph) =0

which yields a range of solutions fot; andwyg, f.
e Gain property: fors = p{ the loop gaink;, satisfies

(53)

—1
K =Kp(of, wa , pY) =

= Leer )] (4)
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Fig. 10 Phase property and gain margins of the coupled system fobyélde human limb, the exoskeleton and the compensator wftiye
feedback. The target dominant pole of the system’s respiensk = -0.201+ 1.183j. Each graph represents a different value of the coupling
stiffness, given byw, ... Contour plots represent the ratio of inertia compensagiains ;. (58) as a functiorr; andwgy, ;. Gray regions
correspond to the case wheRg, < 1, i.e. where the coupled system is unstable; white regiepesent the stable cagg, > 1. Thick curves
labeled “® = 0, Ry, > 1" represent stable solutions to the pole placement pratilencombinationgo ¢, wg, ¢, I} that generate a closed-loop
pole ats = p¢ by satisfying the phase conditi@n(o s, wq, 7, p¢) = 0, and also meet the stability conditidty, > 1. For every such curve there
is an optimal solution, marked by an asterisk, that corresponds to a maximum f8r,_, i.e. a maximal gain margin. Said solution is found by
solving the optimization probleri(b9). (Note: the lowestnmiance casey,, .. = 10, yielded no stable solutions.)

The formulas for computing and K ;, are givenin Ap-  In order to computeR;_, the loop gain at the instability
pendiXB. Given a solution paffo ¢, wq, s} and the value of threshold is obtained as
K resulting from[[G#), the inertia compensation géirs
computed usind(32). 1

Now, it must be kept in mind that the positive-feedback/S .01 = |Lhees Gwnr )| (56)
root locus properties by themselves do not guarantee the sta
bility of the coupled systent. .. (s) has six poles in total; Where
conditions [[5B) and (34) guarantee that two of the closed-
loop poles are stable sinpé andp{ lie in the left-hand half wrr = w | Z(=Lpees(jw)) = —180° (57)

of the complex plane, but they say nothing about the stabil-
ity of the remaining four poles. The stability of the cand@a From [52) the ratio of inertia compensation gains can be
solution{o¢, wq ¢, I.} depends on the value df. If we  computed simply as

definel. s as the inertia compensation gain that puts the

closed-loop system at the threshold of instability for give Loy Ko (58)

values ofo; andwy, ¢, the stability condition is Ry, = —— =
’ 1. Ky,

R, constitutes a stability margin; to be precisegjgan mar-
gin. Therefore it will play an important role in the design of
Ry = 1. >1 (55)  the compensator.
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Fig. 11 Human-exoskeleton system with feedback compensator metihfor the design specifications of Secfion 3.3.3. Plotshihie positive-
feedback root locus of the loop transfer functibpy.. ¢ (s). Coupling stiffness i), .. = 25. Dashed portions of the root locus correspond to loop
gains greater in magnitude than the computed valye@3). The inset shows how the root locus passes exactlydhrthe target location of the
dominant polep¢; curves corresponding to the damping raticand the natural frequenay,,;, of the unassisted leg are shown for comparison.

At this point we need to consider that the values of the Inspection of the contour plots fdR;, shows that for
system’s parameters involve considerable uncertainbg-es each stable solution curve it is possible to find a maximum
cially in the case of the human leg and the coupling. Asiddor R;_ . We also notice that the solution curves tend to con-
from its implications on performance, parameter uncetyain tract and finally disappear as, .. decreases, which shows
poses the risk of instability. Thus the physical coupled systhatw, .. has an important influence on the stability robust-
tem could be unstable even though the compensator is theness of the assistive control.
retically stabilizing. To minimize that risk, we propose-fo Thus we formulate the feedback compensator design prob-
mulating the design of the compensator as a constrainddm as follows: given a target dominant peig find
optimization problem: given the target dominant pele=
p¢, to find a combinatiodo s, wy, f, 1.} that maximizes the
inertia compensation gains rati®;, while preserving the
phase conditiod (53).

max
{of,wa,r}

subjectto (o, wa,f, pi) =0

R} (0, wa,z,})
(59)
The complete design procedure of the assistive control

To test the feasibility of this approach, we computed thgor admittance shaping is summarized thus:
values of®(cy, wa r, pi) and Ry, for a matrix of values

of oy andwg, y and with different values of coupling stiff-

1. Formulate the design specificatiaRs, Ry, andRpc.

nessw, .. as a parameter. The results are shown in Figure?-
[I0. Contour plots represent constant valuesgf; values

of R;, greater than unity (indicated by white regions in the 3.
plot) represent a stable coupled system. The thicker curves
labeled “¢ = 0, R;. > 1 " are loci of stablesolutions ~ 4-
{0}, wa,s, 1.} to the pole placement problem, i.e. solutions
that simultaneously satisfy the phase conditiga s, wq ¢, pi) =-
0 and the stability conditio®?;, > 1. As to why the com-
pensator is capable of generating stable solutions, the gen
eral principle is given in Sectidn 3.4 with the aid of an ex- 6-
ample.

With the DC gain specificatioR p, compute the angu-
lar position feedback gaikp using [36).

Compute the target admittance parametefs and ¢f
using [I8) and(19).

Obtain the dominant pole of the target admittance as
pil = —oi + jws, using [@3)

Obtain the paramete{s;, wy ;} of the feedback com-
pensatoZ(s) (49),(50) by performing the constrained
optimization [59).

With {o ¢, wq ¢} Obtain the the loop gaif’;, using [93)
and the inertia compensation gdinusing [52).



An admittance shaping controller for exoskeleton asstgtanf the lower extremities 15

(@) o ()
30—
’,4" S I 168 VieolS) PP
20 it Y
= 10 ; !
>
3 ‘ J
>0 | 'Y
oy ! 8
E —0p :
-20 . o
-30 Tre-s -
-40 -20 0 .
Re{l s Y, ()} =
(c)
1 -F--
T / N
z | \
¥ o |
> \ ! ~
N N / 80t T [T o]
£ \ / _
= . / 107" 10° 10' 10°
< 7 W
-1 R

Re{lcs thc(s) Hf(s)}

Fig. 12 Coupled human-exoskeleton system with feedback compemstdbility analysis. (a) Nyquist diagram for the opengdransfer function
with pure positive acceleration feedback: the diagramreles -1, showing that the coupled system is unstable. @juency responses of the
open-loop transfer function before and after adding thersg@rder filterH ¢ (s). The filter causes the response magnitude to roll off anddse le
than unity at all frequencies. (c) Nyquist diagram for themjoop transfer function with added second-order filteredcirclement of -1 occurs;
therefore the coupled system is stable.
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Fig. 13 Frequency response of the integral admittance of the hueraskeleton system with feedback compensaxoy.( s (s)). Magnitude ratio
and phase plots are shown fof .. = 100 andw,,.. = 25. Frequency responses of the integral admittance of tassisted legX/, (s)) and the
target integral admittanceX(?(s)) are included for comparison.

3.4 Assistive control for admittance shaping: design
examples

ness. The constrained optimizatignl(59) was performed us-
ing thefminconfunction in Matlab (The Mathworks, Natick,
MA, USA) with the trust-region reflective algorithm (More
and Sorenseh._19|83). The initial conditions employed were
of = 4.0 andwy,y = 2.0 and the termination tolerance for
We performed the above procedure for the design specificd€ Variables was set to 10. The algorithm was able to find

tions given at the beginning of Sectibi313.3. Compensatq?table solutions for the pole placement problem; the result
designs were generated for different values of coupliriy sti "9 values for the feedback compensator parameters and the

3.4.1 Feedback compensator designs
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Table 1 Feedback compensator parameters and associated inertt4.3 Performance of the coupled system: frequency
compensation gains ratio response

Parameter wncc =100 wn.ce =50 wn,cc =25 Our design goal was to make the dynamic response of the

oy 7.4877 3.8427 0.8622 exoskeleton-assisted leg match the integral admittanciemo
W, f 3.98<10°  3.7292 2.3513 Xi(s) (3J) as closely as possible. Figlird 13 shows a com-
1. 0.3662 0.3627 0.3148 parison between the frequency response of the coupled sys-
R, 1.950 2 038 2281 tem’s integral admittanc&’,,..¢(s) and the response of the

c

model X (s). The frequency response of the unassisted leg

(modeled byX},(s)) is shown as well for reference. It can

readily be seen that the response of the coupled systentyclose

correspondingR;, values are shown in Tablgé 1. The solu- matches that of the model despite the differences of order

tions are also shown graphically in Figlird 10; each asteriskmong the transfer functions{¢'(s) only has two poles,

(*) represents the optimal values®f, wq,r and R, fora  whereasX..;(s) has six poles and four zeros.)

particular stiffness value,, c.. In the next section we examine the stability robustness
FigurelLl shows the positive-feedback rootlocus;gjcf(s)Of the exoskeleton’s control to variations in the parangeter

for the coupling withw,, .. = 25. This figure illustrates the Of the coupled system.

fact that it is possible to find compensator solutions that

achieve the pole placement objective, despite the fact that .

positive feedback tends to destabilize the coupled systené}, Stability robustness of the exoskeleton control

as indicated by the incursions of the root locus into the RHP .
4.1 Robustness to stiffness parameters
asKj — —oo.

The present analysis assumes the exoskeleton nifdeel

be accurate and focuses on two system parameters that are
particularly difficult to identify, the stiffness of the hwan

leg’s joint and the stiffness of the coupling. The passiifé st
ness of the hip joint can be estimated with reasonable ac-

I _ curacy under highly controlled conditior{miller,
The stabilizing effect of the second-order filtEr](49) can b ). However, hip impedance also has reflexive compo-

understood by comparing once more against pure pOSitiVﬁents due to muscle activatidn (Sck e|La.L_|2008) The
acceleration feedback. Taking the casg.. = 25 in Table stiffness of the coupling between the leg and the exoskele-

it is clear-that, if we attgmpt pure positive accelerationton, on its part, depends not only on the thigh brace but also
feedback using the prescribed gdly the coupled system n the compliance of the thigh tissue, which is a highly un-
will be unstable. Figure12(a) shows the Nyquist diagram Ofc)ertain quantity, ’

the corresponding open-loop transfer functins Y. (s). We begin by converting the system’s block diagram in
This is the same diagram as Figlite 9(b) but scaled in mag-

Figur to the equivalent form of Figyre 7(c). In this di-
nitude; the plot encircles the critical point -1 as a result. qure[7(@) . gdre 7(c)

- agram, the parameters of the human limb and the coupling
The Bode_ plot Off. 5 Yhec(s) n Figure[12(b) shows that are bundled together in the transfer functién., defined as
the magnitude tends to a maximugml asw — +oo. How-

ever, this effect is counteracted by the frequency rollbére

acteristic of the fiIteer(g). Adding the filter resu!ts inan  z,.(s) = thl(s) = (Y + Yc)fl (60)
open-loop transfer functiof. s Ys..(s)H(s) of which the

magnitude rolls off as well. As a consequence, the magni\Ne shall use the transfer function thus defined to analyze the
tude never exceeds a value of 1, thereby avoiding any encigffects of uncertainties in the stiffness of the human leg’s
clement of -1. joint and the stiffness of the coupling. The other transfer
Junction in the feedback loof. ¢, combines the parame-
F‘ers of the exoskeleton and the feedback compensator, and
Is defined as

3.4.2 Stability of the coupled system

Figure[12(c) shows the Nyquist diagram for the couple
system with the second-order filter in place. It can be see
that the solution is robust to both phase variations and gai
variations. The only limitation is that the gain margin is fi-
_ni_te, whe_reas the phase margin is infinite. _Thu_s in pri_r_mciplq/ef(s) _ ngl(s) — (Z + Zf)fl 61)
it is possible for the coupled system to maintain stability i
spite of discrepancies between the system’s model and the We shall consider the exoskeleton-compensator system
actual properties of the physical leg and exoskeleton. Y.r(s) to provide robust stability if it guarantees the sta-
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bility of the closed-loop system of Figure 7|(c) for a reason- — = 09LK) 30— G 26k |

--% . =-095k -
i h = Ky = T4 Ky

ably large range of variations in the uncertain parameters.

this end we define the system’s nominal closed-loop transfer

function, Tecr(s) as

o thY'ef o 1
N 1+th}/ef B 1+thZef

Thecf (S) (62)

The perturbed closed-loop transfer functiﬁ;nch(s) is de-
fined by substituting’,. in (62) with a transfer function

?hc = }7}1 + }A}c (63)

containing the parameter uncertainties. This in turn leads
the following expression:

Yhe
<~_h> Thecf
th

Yhe
1+ <~h 1) Thecf
th

Thees(s) = (64)

Thus the perturbed system will be stable if the characterist
equation of[(6#4) has no roots in the RHP.

We definedk;, as the uncertainty in the hip joint stiff-
ness value andk,. as the uncertainty in the coupling stiff-

Im { 8, W, (5)}

0 1
Re {3k W, (s)} 30l

@

Im {3k W_(5)}
Im { 8o, W(5) }

-1 05 1 -1
}

-0.5 0 -0.5 0 0.
Re {8k W (s) Re {3b W (s) }

(b) (c)

ness value. In order to study the dependency of the systemysy. 14 Nyquist plots for the analysis of the stability robustnegs o

stability ondk;, andok., we will use the following interme-
diate expressions:

Vi=—, Yy=—, Y.=—, V.= — (65)
; D

where

Dy = I38% + bps + kn, Dp = Dy + 0kn,

D, = bes + ke, D, = D, + 0k, (66)
and

Yie  DpDe(Dy + D)

“he —h T (67)
th Dth(Dh + Dc)

Substituting[(6]7) in[{64), we arrive at the following equiva
lent expressions for the characteristic equatiof off (64):

1+ 5k’hWh(S) =0 fordk, #0, 6k.=0
1+ 0kWe(s) =0 for ok, =0, dk.#0 (68)

where
o Dh + DcThecf

Wils) = B (Dn + Do)
o Dc + DhThecf
Wels) = 515y + Do) (69)

the human-exoskeleton system. (a) Nyquist plots for exdtemses of
hip joint stiffness variatiordk;,. Two sets of design specifications are
shown: ()R, = 1.2, R); = 1.3 andRpc = 1.1 (continuous graphs)
and () R, = 1.1, Ry; = 1.2 andRpc = 1.05 (dotted graphs).
Nominal joint stiffnessv,, .. = 50 in both cases. (b) Nyquist plot for
extremal negative joint stiffness variatiéh. with design specification

I. (c) Nyquist plot for extremal negative exoskeleton damgprariation
dbe With design specification .

4.1.1 Hip joint stiffness

The system’s stability robustness to variations in hiptjoin
stiffness can be determined by applying the Bode stability
criterion to the open-loop transfer functio;, W, (s). If

we define the stable range fok;, as [0kn min, 0kn maz),
then ok, min andoky mq, are the extremal values o,
that satisfy

|5khWh(jwM)| <1

where wy = w | L0k W (jw) = —180° (70)

Figure 14(d) shows Nyquist plots for the extremal varia-
tions of k. In general the lowest variation margin féf;,
corresponds to the extremal negative values. This indicate
that, for the purposes of control design, it is safer to under
estimate the nominal value of joint stiffness so that the
real value involves a positive variation.

Robustness to physical variations in hip joint stiffness
due to muscle activation requires special attention. Our as
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AR ALY,

ive feedback properties. The muscle’s reflexive impedasce i
composed of angular velocity and angular position feedback
in series with a neural time delay:

St k | EnI of (é ) M e. Toe-off f Swing ( n 1)
ri e mpulsive Extension aximum Oy S .
Be?wawor Onset Extension Zpregi(s) = kpvie_”‘s =kpLpresi(s) (72)
$
~ _ _ Zy rep1 forms a feedback loop in series with the muscle ac-
Initial Stance EMid Stance Terminal stance Swing tivation dynamics, given by the first-order model
150 + Extension Stage 1
Flexion St
5 * GaitInstant Hyaet(s) = ——— (72)
ET 100 | | =Implusive Heel Contact TactS +
[T
B In the preceding formulas,, represents the muscle’s reflex-
& 50f ive stiffness and, ., the reflexive damping,.. is the mus-
s cle activation time constant. To analyze coupled stability
g o ¢ define a new perturbed closed-loop transfer function
S
S ~ 1
- 50l A b Thecf (S) = nd (73)
g 1+(Yh+K)Zef
H
-100L ‘ ; : s ; ) -
“ -0.4 -0.2 0 0.2 04 06 In this caseY;, represents the leg’s musculoskeletal system
Flexion Angle (Rad) Extension : ; : : :
P - with muscle activation feedback, and is given by
Fig. 15 Top: poses of the human leg in different phases of a walking _ Y,
stride. Bottom: Hip moment-angle graph for a represergaivman Y}, (s) = S (74)
walk. Dynamic stiffness of the hip during the flexion stagemum L+ kpHp 1Y

extension to toe-off) is defined as the sldge of the best linear fits to "

the portiond — e of the curve. (Reproduced frdm Shamaeilef al (2013)whereHy, 1, = Li e f1Hp act- After substitutingyy, in (73)

under the terms of the Creative Commons Attribution L|Ce)’]se and performlng some algebralc manlpulatlon we ar”ve at
the following expression

sistive control is optimized for the swing phase of the gait__ Thees (1 + kpHp 1Y)

cycle; hence its parameters are based on typical hip joirfhe(:f(s) T Tk H U
stiffness values for the swing pha996)cbvhi gt
are consistent with the extended leg behaving as a pendwhereUpecr = Yi(1 — Y3, ZefTheer). From [75), the ro-
lum dﬁﬂs_dallo_dd Doke et MOS). However, during thebustness to reflexive stiffness is determined by the gain mar
stance phase, the hip joint undergoes a period of loading argin of Hj, ;,Unecr. We chose a value of 0.0475 s for the
unloading. During this period, the hip joint's quasi-siéfss  activation time constant and 0.015 s for neural delay (Schu-
(i.e. the slopef(; of the joint's moment-angle relationship urmans et al, 2011); these constants were nondimensional-
in Figure[I%) can be, on average, 9 times larger than the paied to obtainr,.; andr,. For the design specification used
sive stiffness|(Shamaei et al, 2013). It is thus possible thahroughout this study (specification | in Figre 13(a)), the
hip joint stiffness at toe-off (point in Figure[1%) and early computed gain margin is 2.95. In other words, the reflexive
in the swing phase (portion— f) may exceed the nominal stiffness could be up to 2.95 times the nominal stiffness of
swing-phase stiffness by a significant amount. the hip joint, or about 110 Nm/rad. Studies on balance con-

Alarge hip stiffness early in the swing phase might com-trol in humans have determined the hip reflexive stiffness to
promise stability and therefore limit the achievable desig be about 95 Nm/rad (Boonstra et ial, 2013). Therefore, the
specifications. Figurg_I4{a) shows that, for the specificacoupled system can in theory absorb the expected stiffening
tions of sectiol_3.313, hip stiffness can only increase up tof the hip joint without loss of stability. On the other hand,
2.6 times the nominal value before instability. By contrast for more conservative design specifications the gain margin
the more conservative set of design specifications in Figurwill be even larger (for example, 8.38 for specification I1.)
[T4(a) (specification I1) allows for an increase 7.4 times the
nominal value, which is much closer to the theoretical joint4.1.2 Coupling stiffness
stiffness during the flexion stage of the stance phase.

We shall now consider the influence of the muscles’ feedRobustness to variations in coupling stiffness is deteeahin
back system on the stability of the coupled system. The nely applying the Bode stability criterion to the open-loop
romusculoskeletal model describeh_iﬂ_S_Qhu_LJLmanJSbLaﬂk)ZGﬂansfer functiomk.W.(s). For positive values ofk., the
considers the muscle’s intrinsic impedance as well itsxefle phase of the Nyquist plot never reaches<18ad therefore

(75)




An admittance shaping controller for exoskeleton asstgtanf the lower extremities 19

the variation margin fovk. is infinite, whereas for nega-
tive 0k. there is the margin is finite (Figufe TZ{b)). This is
consistent with what we see in Figurel 10: overall, to lower
values of coupling stiffness,, .. correspond lower stability
margins. Therefore, like in the case of hip joint stiffndss,
design purposes it is safer to underestimate the stiffness ¢
the coupling.

4.2 Robustness to exoskeleton damping

Ideally, the inner-loop control should make the exoskele- (b)
tonarm beha_we as apure !nem? (section 3'2)', quever’ nglg. 16 Dynamic walker (DW) model. The DW's gait undergoes two
want to consider the case in which that behavior is not progpases: (a) leg swing with knee joint passively flexing ande@swing
duced with complete accuracy. A specific question is, if thawith knee joint locked.
inner-loop control generates a certain amount of negative
damping instead of dead-on zero damping, will that destabi- . . i .

f instability. This, in turn, may require verifying the con

lize the coupled human-exoskeleton system? For one thing, , ; . . .
we know that, when assistance is o (> 0), there is al- rol's phase margins. For example, in the SMA device (Fig-

ready negative damping present, as the exoskeleton’s pdffe@)' the angular po]?ltlorll oifthe motor's ou.tp;]utsksaft II
impedance has a negative real part. Yet the coupled Syste%easured_ by an array 0 Hall effect sensors with a resolu-
on (gearing considered) of 600 counts per revolution. In

remains theoretically stable. The question is then whethéf e o X .
unintended negative damping from the inner-loop Con,[roprder to eliminate quantization noise, angular velocitg an
might, in a sense, push the system over the limit and make ﬁcceleration of the shaft are estimated using a model-free

unstable. Kalman filter KB_eIa.ng_QLe_tJd.L_lﬂb&. For a 1.0 Hz sinusoidal

To answer that question, we generate another perturbéHOtionj the delay in the acceleration estimate is between 4
version of T),..; by substitutingZ.; in (€2) with Zef — and 5 time steps, or aboutiphase.
Z.;+06b,, wheredb, is the variation from the ideal zero exo- Figure[12(c) shows that, for the feedback compensator
skeleton damping. It can be shown that the resultingtra:msfeexample in sectiol 3.4.2, the phase margin is |r?f|n|te;.|-n
functionfhecf has a characteristic equation other words, a pure phase dglay car.mot cause m_stabllllty.
However, for a more demanding design specification this
may not be the case. In such a situation, a possible strat-

1+ 0b.We(s) =0 (76)  egy can be to include a linearized model of the acceleration
estimator in the feedback compensator mdddl (50), i.e. make
where the estimator part of the control design.
1= Thees On the other hand, nonlinearities such as backlash or ac-
We(s) = 7 (77)  tuator could give rise to limit cycles. In the SMA itself, mo-

tor torque is delivered through a custom-designed harmonic
Figurd T4(d) shows the Nyquist plot &, W, (s) forthe  drive with a gearing ratio of 10:1. The drive as such is vir-

extremal negative variatiofb, ;.. Clearly, there is a con- tually backlash-free and therefore less likely to causét lim
siderable stability margin for negative exoskeleton dargpi  cycling than a conventional gear transmission. However, if
the magnitude ofb. could in theory be about 70% the hu- limit cycles do arise they can be counteracted by the inner-
man damping;, without loss of stability. On the other hand, loop control (sectiof 312), for example through the use of a
there is an infinite stability margin for positive valuesiof.  lead compensator.
In other words, positive exoskeleton damping would only in-
crease the stability of the coupled system, albeit at thé cos
of reduced performance due to additional energy dissipatio 5 Assisting human gait: bipedal walk simulations and

initial trials with the exoskeleton

4.3 Robustness to time delay in the exoskeleton control an@ihe use of our assistive control for actual walking will be th
other nonlinearities object of a separate study. Here we offer a few initial consid
erations on assisting bipedal gait. We simulated the assist
Time delays in the exoskeleton control, such as are introcontrol on a previously published dynamical bipedal walk-
duced by sensing and estimation, can be additional sourcé&sy model kAguLLLe;QIJing_érLZQM). The dynamic walker
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——osmml e lieu of hip joint muscles, the DW propels itself forward by

1 step, ss 1 step, ss |

12 means of bell-shaped torque profiles acting on the hips. The

o

1 ety knee joints feature torsional springs and dampers, and bend
08 /VM /'J passively during the gait cycle, thereby allowing the feet t
oe\,f \,ﬁ clear the ground. The model attempts to track a given stride
04 amplitudes,, by stiffening the hip joint after knee-lock. Ap-

o4 |—0,=035mad] Y& red [—o,-03%8md pendiXQ provides details on the walker’s kinematic and dy-
namic parameters as well as its mode of propulsion.
We simulated the effect of attaching a hip exoskeleton
o / with the mass and inertia properties of the SMA device to
the DW. The modeled device runs under the assistive control
‘ (0 v(), mis derived in sectiof 3.411. The objective was twofold: firstly
o — Vs, = 0507 mis —Vss:iff ms | to verify whether the model can walk stably under the ac-
f‘ v W tion of the exoskeleton’s control and, secondly, whether th
v effect on the gait kinematics is consistent with the presdict
v frequency response of the swing leg (Fidurk 13). This partic
ular simulation involves no adaptation of the hip “muscle”

0 Y e ® %0 Y oe ® % torques to exoskeleton’s action. Thus the model is expected
Fig. 17 Simulation results for the DW. Graphs on the left column cor- to behave.as_lf the eXQSkeleton was supplementing, rather
respond to the DW walking unassisted; graphs on the righesept ~ than substituting, the hip muscles’ effort.
the DW walking aided by a hip exoskeleton similar to the SMA de Figure[IT shows the results of the DW simulated gaits,
vice. (a) Instantaneous stepping frequency. (b) Timedtajg of the o4 | nassisted, then aided by the exoskeleton. In the as-
stance leg angle. (c) Horizontal spegd) of the hip joint;v(¢) equals ’

the instantaneous horizontal velocity averaged over tep sycles. sisted case, the steady-state stepping frequency was 17.2%
higher than in the unassisted case. This is consistent with
@ the target natural frequency increase of 20% (se€fion].3.3
15 [— T Nm —6,(ad) | From the stance length angle trajectory (Fidute 17(b)); var

1 ation in stride amplitud® between the two cases is min-
05 imal; this is expected because the model attempts to track
OJ\/WV\[\N\N a fixed stride amplitude. Finally, the forward speed of the
05 model was 22.5% higher; clearly the main contribution to

®) this increase was the change in stepping frequency.
oA In previous studies, human subjects performed lower-
limb swing exercises with the leg’s shank coupled to a sta-
tionary 1-DOF exoskeleton (Aauirre-OIIinMw; Ageir
Ollinger et al, 2012). The assistive control of that device
was conceptually equivalent to the admittance shaping con-
trol presented here, save for the design optimization. én th
baseline state, the significant inertia of the device caased
reduction in swing frequency. With the assistive function a
tive, the inertia compensation effect enabled the subjects
recover their normal frequency and increase their selected
angular velocity. The assistive action of the exoskeletag w
evidenced by moderate reductions in EMG activity as well
Fig. 18 Experimental trial with the SMA device: data from the right

; ; ; . : as catch trials during the experiments.
leg’s motion for one subject. First row: angular trajectégy; (t) of
the thigh and assistive torqug ¢ () generated by the feedback com- As part of the present study, we conducted a short ex-

pensator for target DC gain. Second row: angular velatity(t) of  perimental trial involving human participants using Holsda
the thigh and assistive torque (t) generated by the feedback com- gpmA device with the admitttance shaping control. Three
pensator for target natural frequency and resonant peaid fdw: in- male adult subiects walked 14 m on a straight-line traiec-
stantaneous amplitud@(t) and frequencys¢cp (t) of the leg’s motion - | - . 9 - J,
during walking. tory at a uniform speed, first with the exoskeleton inactive
and then with the assistive control in operation. In order to
make adaptation to the SMA easy we chose conservative
(DW), shown in Figuré 16, features masses concentrated design specifications for the feedback compensdtgr=

the hip and the knees as well as articulated knee joints. 10.05, Ry; = 1.05 andRpc = 1.05. Figurd_1IB shows the

1
. . v“ \“ e o
" n I "‘ " |‘ h
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experimental data for one of the participants. Subjects reinterestingly enough, it was a lesser-known part of the same
ported no difficulty walking with the assistive control. The integral theorem (the case faf. = 1 in (8)) that suggested
main observable difference between conditions was an ira route for increasing sensitivity; namely, the use of it
crease in motion amplitude, which translates into a largefeedback.
stride length. This is likely a direct effect of the resonant
peaks ratioR,; the net muscle torque is supplemented bytan
the exoskeleton torque, resulting in increased amplitdde Qoy
movement.

The purpose of this experiment was only to verify the

The relationship between positive feedback and assis-
ce can also be understood in terms of work performed
the exoskeleton. The real part of the exoskeleton’s port
impedance is negative for frequencies in the typical range
- o . of human motion. The physical interpretation of this behav-
participants’ ability to walk stably in the exoskeleton ex- ior is that the exoskeleton’s port impedance possesses neg-

imental validation of the kinematic and physiological effe . . :
. . . ative damping, causing the exoskeleton to act as an energy
of the assistive control on human gait requires a more elab- . .
. . . - source rather than a dissipator. This enables the exoskele-
orate experiment involving a larger number of participant

: . . Yon to perform net positive work on the leg at every stride.
walking with and without the exoskeleton for extended Pe~rhus our proposed control departs from a well-known ap-
riods [Ferris et &, 2007).

proach to the design of robotic systems for interaction with
humans; namely, that in order to guarantee the stability the

robot should display passive port impedance (Colgate and

6 Discussion Hogan| 1989b).

We have presented a method for exoskeleton assistance basedAlthough passivity is a sound principle from the point
on producing a virtual modification of the dynamic prop- of view of safety, it is of limited usefulness for exoskeleto
erties of the lower limbs. Our control formulation definesbecause a passive exoskeleton can at best provide temporary
assistancas an improvement in the performance characterenergy storage. For example, the gravity-balancing leg exo
istics of an LTI system representing the human leg, with theskeleton developed by Agrawal et al (2007) uses springs to
desired performance defined by a sensitivity transfer funcmake the assisted leg’s potential energy invariant. Howeve
tion modulating the natural admittance of the leg (equatiorits effect appears to be limited to increasing the leg’s eang
@)). of motion on impaired subjects. A passive exoskeleton could

One of the most significant aspects of our control mein theory reduce metabolic energy consumption during the
thod is that it breaks away from a performance boundaryegative work phases of muscle activation (lengthening con
that appears often in control design literature. This beundtractions). But since muscular efficiencies are considgrab
ary is stated in terms of the Bode sensitivity integral tieeor  lower for positive muscle work (25%, versus 120% for neg-
by saying that, in most stable feedback control systems, thative work mmm, a much larger economy of
logarithmic integral of sensitivity evaluates to zero (st~ metabolic consumption should be expected from assisting
and Murray] Eéémh@%). This property, sometimeshe positive work phases instead. The MIT quasi-passive
referred to as the “waterbed effect”, is seen mainly as a corexoskeleton| (Walsh et!dl, 2006) attempted this by storing
servation law that puts limits to what can be achieved vigenergy during the negative-work phases of the gait cycle
feedback control. For example, servo control typicallysim via springs and releasing it during the positive-work pase
to reduce a system’s sensitivity to disturbances. For thet ¢ However, metabolic studies showed that the device actually
the waterbed effect dictates that a reduction in sensitivit caused a 10% increase in metabolic cost of transport, prob-
at certain frequencies is necessarily accompanied by an iably as a result of the mass added by the device.

crease in sensitivity at other frequencies. Thus the later : : .
. Certainly our feedback compensators achieve active be-
seen as an unavoidable loss of performance. . T - .
havior at the cost of some reduction in stability marging, Bu

. In our case t.he desired perform(j\nce |s.t.h.e exact OpPQss stated before, our control does not need to ensure stable
site: we seek to increase the system'’s sensitivity. In faet,

: tenti f this study is that. f . it interaction with every possible environment like pasgivit
main contention ot this study1s that, Tor genuIne assIKanc, . q|jers do. Here stability only needs to be guaranteed
to occur, the exoskeleton control has to be capable of pr

: . . L . Yor a subset of environments with impedance charactesistic
ducing anet increasen sensitivity, i.e. we need to avoid the

equal or similar to those of the human leg. For such environ-

waterbed effect altqgether. T.hls 1S the case when we Wa%ents we were able to find solution regions that simultane-
to emulate effects like reduction in the inertia or the damp-

ing of the | E our challenae was t mplish this with ously satisfied our performance and stability requirements
g_ot et_e ' utc”a enge was oda;cco PlIS St I (Figure[10). This led to formulating the control design as
an interaction controller (as opposed to a servo contio €'a constrained optimization problem: maximizing the gain

2 Stiffness reduction (equivalently, increase in DC gaiapes apart Mmargins of the coupled leg-exoskeleton system while en-
because it obeys the zero sensitivity integral property. forcing the desired location of the system’s dominant poles
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A key point in our formulation is that positive feedback participants using an exoskeleton with the admittance-shap
alone does not produce the desired performance. With puiag control. The goal of those studies will be to determine
positive feedback of the angular acceleration no region oivhich of the possible assistive effects in our classificatio
simultaneous performance and stability exists; the systerfsection 1.ll) can be achieved to a significant level by the
can at most cancel the exoskeleton’s inertia before becontontrol. The main effects we expect to see are reduction
ing unstable (section_3.3.3). The second-order filter in thén the activation levels of the hip joint muscle groups for
feedback compensatdf;(s) (B0) is absolutely necessary a given speed of walking, and subjects being able to walk
to generate regions of simultaneous performance and-stabdomfortably at higher than normal speeds, mainly through
ity, i.e. regions where the dominant poles of the closeghloo an increase in mean stepping frequency.
system are at their target locations and the system is sta- Another future developmentis to expand our control for-
ble (Figure[ID). The purpose of the second-order filter camulation to a more realistic, multibody formulation suigb
be readily understood in terms of the root locus: the comfor a leg and exoskeleton with multiple degrees of freedom.
pensator poles-o; + jwa,y Shape the system’s root locus Although a number of existing devices besides the SMA as-
in such a way that it passes through the location of the tarsist only a single joint (Dollar and Hefr, 2008a; Sawicki and
get dominant polegy; in Figure[11). Thus the right way to Ferris, %555) the effects on adjacent joints need to be con-
think about the second-order filter in this application is assidered as well. In the case of the SMA featuring our ad-
a pole placement device rather than a device for blockingnittance shaping control, higher control gains might ireluc
frequency content. an oscillatory mode on the knee joint. Addressing this pos-

An interesting observation is that the feedback compensibility requires, at a minimum, using a two-inertia linear
sator fulfills its role despite the fact that the objectiveger-  model of the limb to design the control. Eventually, the ad-
formance and stability conflict with each other. The conflictmittance shaping control will have to be formulated with a
is illustrated by Figuré&1. If the inertia compensationngai proper nonlinear multibody model. Assistance in that case
1. is raised gradually, as one pair of poles moves towardsan be formulated as a reduction of the port impedance of
the target locations, another pair of poles moves towamls ththe leg-exoskeleton system at the human hip joint, expdesse
RHP. But with proper design the target location is reachedor example as a contraction of the inertia ellipsoid.
first. Equally important, the control method needs to be linked

A point to consider is how to validate experimentally to the biomechanics of human walk. In an initial study, we
that the assistive control achieves the target frequency rsimulated the admittance shaping control assisting a hiped
sponse for the leg (Figufe13). The main technical chalwalking model (sectiofl5). Clearly, this model is a consid-
lenge in this regard is how to estimate the net muscle torquerable simplification of the dynamics of human walk and
i.e. the input toY}..r. One possibility is to employ an ex- omits certain aspects like ankle propulsion. However girsh
perimental setup similar to the one use Kudhe feasibility of generating stable gait cycles with theigs
(@); in that device, muscle torque is estimated from gdoutive control, together with gait properties that are catesit
reaction force measurements. with the target frequency response of the leg.

The present study dealt mostly with two control aspects: We also plan to extend our control formulation to as-
performance defined by a target frequency-response modsist the stance phase of walking. This is important because
and stability robustness. In future work we will analyze thepropulsion of the body’s center of mass (CoM) takes place
control’s effect on transient response as well, as it maghavmainly during this phas@OZ) compared between
bearing on the subject’s ability to execute quick, point-to powering a walking model via impulsive forces acting on the
point leg movements. We will expand the robustness anaknkles, and using hip torques. In principle, both approsche
ysis to include performance as well. Specifically, we wantare feasible, although hip actuation is about four timesamor
to determine how the choice of a performance target affectsnergetically costly. However, in the case of an exoskele-
the controller’s ability to achieve simultaneous perfono@  ton, the energetic advantage of powering the ankles may be
and stability. offset by the attaching of distal masses to the legs for the

For our control formulation we modeled the human limbpurposes of ankle actuation.
as a linear pendulum. Despite its simplicity, this model has Inasmuch as positive acceleration feedback makes the
proven effective in capturing the energetic propertieegf | exoskeleton an energy source, our control approach can as-
swing {Doke and Kua, 2007). Accordingly, the scope of ap-sist the hips during stance as well. However, since the ptese
plication of the control is assisting movements that ineolv control is optimized for pendulum-like leg swing, a differ-
muscle activation mainly at the hip joint, and no ground con-ent human body model needs to be used for the design of
tact with the foot. Examples of these include the swing phasthe stance-phase control. At a minimum, the human body
of the gait cycle, gait initiation and reactive steppingfun  should be modeled as a two-body system representing the
ture studies we will conduct experiments with with humanstance leg and the trunk coupled by the hip joint.
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Equating the left-hand side ¢f{86) o, (definition [I5)) yields

R
Gh/1-¢i2 = ijch 1-¢2 (87)

A Target values for the dynamic response parameters of Now we define the right-hand side bf{87) as
the assisted leg: computation

Rpc

= 1—¢2 88
From [13) we have "= Ru h i (88)

ieldin
W;ilh = wanh (78) y g
We shall now define an intermediate target integral adngéaf, pc(s) ;f 4 d 24p2=0 (89)
that differs fromX;,(s) only in the trailing coefficient of the denomi- . .
nator: for which the solution that ensures the existence of a rexqreak is

1—+/1—4p2
1 d_ P

Xnpc(s) = (79 = 5 (%0)

Ihs2 + 21h<hwnh3 + Ihwih,DC
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B Pole placement solution for the feedback
compensator based on the properties of the
positive-feedback root locus

Given a target dominant pof/, the phase of...; (p%) is computed
as

N Np
D(of, wap, D) =D i— > ¢i— b — b5 (91)
i=1 i=1
where
; = arctan ( I {pj} — zhee, 1})
Re{ph Zhec ’L}
é; = arctan ( {ph Phec, z})
e{ph Phec, z}
¢y = arctan ( {ph} ~ Y4, f)
Re{ph} +oy
- {ph} + wq f)
= arctan | — %4 ——% 92
i (’ Re{p{] + s %2

Here zj.. ; are the zeros ofle.¢(s) and py..; are the poles of
Lpecs(s) excepting those af = —of £ jwg ¢. TAUSN, = N, =
4. A valid solution foro; andwg, ¢ satisfiesb(o¢, wq,§, p;‘f) =0 for
positive feedback.

Given a solution fo; andw,, ¢, the loop gain[(54) is computed
as

Ki(op, wa,p, p) = —Kr s K.t KL hee (93)
where
Kr.p = [(Re{pi} +07)2 + (Im{pi} — wa 5)?]?
Kip = [(Re{pf} +o4)? + (Im{pf} + wa 5)?]>
NP
[T [Repf; = pree,i}? + Im{pfl = phee,i}]?
ICL,hec = i;zl (94)
[T (Re{pf = 2hee,i}? + Imipf — 2nec.i}?)2
=1

C Target values for the dynamic response parameters of
the assisted leg: computation

In the dynamic walker (DW) of Figuie 16, described in Aguif

(2014), a combination of adaptive frequency oscillatorQ3&nd adap—
tive Fourier analysi 11) generates acytiase signal
»(t). We usep to generate bell-shaped torques on the hip joints in lieu
of hip muscle torques. The hip torque profiles for the stamkthe
swing phases are given, respectively, by

.
Tat(p) = 752’;":“ ¢ exp (1 - 1%)
S S
Tow () = TS}”(’m” @ exp (1 - Keo ) (95)
sw sw

The knee joint possesses torsional stiffregs and damping/.,, .
The knee becomes locked when the leading leg reaches fathgrn

and is released again at toe-off. In order to ensure a statiletiye
hip joint of the leading leg is stiffened during the interfi@m knee-
lock to ground collision. The torsional stiffness and dangpior this
interval are, respectively;s., andvs,,. The virtual spring<s., has an
equilibrium defined by an inter-leg angte= 3., (Figure[16(b)).

The numerical parameters employed in the simulation of@e&
are given below.

Multibody system:M = 19.62 kg,,m = 15.38 kg,lo = 0.4165

m, I3 = 0.4845 m, foot radius = 0.1 m

Hip joint damping:b;, = 2.194 Nms/rad

Stance-phase hip torquest, ma. = 39.7 Nm,Ks; = 0.5
Swing-phase hip torquesw, maz = 35.3 Nm,K,, = 0.5

Hip joint stiffness and damping at the end of the swing phase
Kksw = 96 Nm/rad,vs., = 32 Nms/rad; equilibrium poin{3.,
0.6 rad

Knee joint stiffness and dampingy,, = 8.43 Nm/rad,vy,,
0.966 Nms/rad
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