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Abstract—A method is proposed which enables testing of model of the body’s walking pattern. Comparing simulation
prosthetic devices in simulation. A hybrid model is used to and experimental results, it was concluded that simulation
represent human walking—the combination of continuous and can achieve adequate results. Motivated by the potential

discrete dynamics motivates the use of hybrid systems. A huzm licati f thesis simulati thi tt i
walking experiment is analyzed and mathematical functionon ~ aPPlications of prosthesis simulation, this paper attsn@

the kinematics of the collected data are found which capture fill in @ gap in the literature by demonstrating a simulation
some of the fundamental behaviors associated with human of a human with a transfemoral prosthesis.

walking. One model is considered in which these behaviors ar  Constructing the simulations of interest in this paperéssu
fully tracked using feedback linearization; the intent of this — 5n6ther interesting challenge: “human controllers” must b
is to simulate healthy human walking. Then, a second model . - . Lo .

is considered: this model is assumed to be a human with a designed with the capability of mimicking a human gait.
transfemoral prosthesis; PD control is used on the prosthés. 10 construct such controllers, this paper analyzes thetsesu
All models considered demonstrate locally exponentiallytable  of a human walking experiment conducted using the Phase
periodic orbits when simulated for four separate test subjets, Space System [10] which performed high-frequency motion
or, in other words, the models exhibit stable walking even vih a capture. The study of human walking requires research in

prosthetic lower extremity. The methods used in this paper ge a ith boti d trol bi hani In th text
stepping stone toward a process capable of rapidly prototying either robotics and control or biomechanics. in thé contex

potential prosthesis designs and controllers. of biomechanics, researchers are often interested in gorce
and dynamics [11], [12]; specifically, forces and loadingéha
. INTRODUCTION been studied at the foot [13], [14] and at the hip [15], [16].

As of 2002, there are approximately 1.4 million people IiV_Such analysis is useful in the design of prostheses and hip

ing in the United States with an amputated lower extremit replacements yet fails to give a complete picture of human

Approximately 350,000 of these people have atransfemoxg Iking. While many studies have been conducted in the

amputation [1]. The sheer numbers motivate research in%)ntext of blomechar_ncs [.17]’ few have been don_e with
intelligent prosthetics. While the concept of prostheties réspect to control engineering [18], [19]. When studying th

been around for a long time [2], a paradigm shift occurreaiome‘:ha.niCS of walking, researchers use force p_Iat_es gnd
when researchers started exploring the ideatglligent or orce loading models to measure and estimate the distoibuti

controlled prosthetics By outfitting a prosthetic leg with of musculoskeletal forces and ground reaction forces [20].

a motor and some type of controller, the potential for érh|s is used with either inverse-dynamic models [21], [22]

more efficient prosthesis is created; indeed, researctsexi§" forward-dynamic models [23], [24], [25]. In this paper,

regarding the effciency of such prostheses [3], 4] Considi? BB T e M Ccarn B eet e B Rie e e
ering the number of parameters associated with designin : P

prosthesis (physical parameters, controllers/gains), eine g[ ] tEZZ] Wh'%h ldra_\lf_vhfrom human data ttr? gbt?m WaI2k7|ngi
quickly sees the need for a way to simulate models, yet fe@ rol 0 Ic;hmoh €s. f|s ;igper usgs m(: ICI) S rorg [ h] 0
simulations have been reported in the literature [5], [8], [ evelop the human functions -and controfiers and achieve

A simulation model streamlines the design process, aIIgwinS'mUk’ItG(j walklr_lg for a human with prostheS|_s.
In order to faithfully represent human walking, a human

designers to vary parameters and test the results withoutlk. . Ci dered 1281, Conroll d
constructing a prototype and testing in the field. walking experiment is considered [28]. Controllers are de-

. i . igned using simple mathematical functions which attempt
One study [8] used the inverse-forward dynamics approa(?cﬁ)'grepresent the fundamental behaviors of human walking

to investigate the interaction of the biomechanical system' . . - o
. . . . . during a walking gait; a state-based parameterizatiortie-n
with other technical systems. This study validated the in- . .
duced to remove the time-dependence from these functions.

chnafuon that simulation can help in the Qe_5|gn pr(_)cessrhen, a model of healthy human walking is considered;
Studies have also been conducted for assistive devices. In

. . controllers are created using feedback linearization [29,
one such study [9], the authors analyzed trajectories of h'(% 9] to achieve humanlike walking on this model; indeed
and ankle joints from cubic spine interpolation couplechwit =~ ' '

. : : adsimulation shows stable walking. This walking will reagir
geometry and motion restraints to develop a parameterle - . .
arge joint velocities, yet recent results have built upba t
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ing, 3123 TAMU, College Station, TX 77843-3123, e-mail: Which significantly reduces maximum joint velocities [30],
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2009. model is created with a prosthesis; PD control is used to



mimic the desired human behavior on the prosthetic knee and cny = {HU, PR}

feedback linearization is used to control the human joints.
Simulations using mass, length, and walking data from fouy
different human test subjects were conducted. Each model
was made to walk with a prosthesis in simulation withou
changing any of the parameters characterizing the huma
behavior. This result signifies that human-inspired cdntro
can be used reproduce robustness similar to that of a human.

'l. HYBRID SYSTEMS AND ROBOTIC MODELS Fig. 1: Domain graph for human with prosthesis model.

Bipedal walking exhibits both discrete and continuoug;rcies represent joints with given relative coordinaBiack

behaviors; it is, therefore, natural to model bipeds as ilybryepresents human control, blue indicates prosthesis aontr
systems. The point-foot robotic model of a human with g4 green indicates no actuation.

transfemoral prosthesis considered in this paper mosvate
the use of a two-domain hybrid system—one domain for
standing on the human leg and one for standing on the pros-pefinition 2: A hybrid control system in a cycle a tuple,
thesis. The system evolves in a continuous fashion acaprdin
to a dynamic model derived from a Lagrangian modeling the ¢ = (I',D,U,S, A, FG),
mechanical system on each domain. At some point duririghere
the gait, the swing foot will strike the ground; this will « I'= (V| E) is adirected cycle
cause an impact resulting in discrete changes in velocity.e D = {D,},cv is a set ofdomains of admissibility
This combination of continuous and discrete phenomena is with D, C X, x U, a smooth submanifold, wher#,
the fundamental concept underlying hybrid systems. represents the state space of the system,

This section formally introduces hybrid systems and dis- « U = {U,},ev with U, C R™> a set of admissible
cusses how the dynamic model of a robot together with a  controls,
temporal ordering of discrete events completely determine « S = {S.}.cr is a set ofguardsor switching surfaces
the hybrid model of a system. with Se € Dyor(e),
e A ={A.}ccr is a set ofreset mapswith A, : S, —
) e Diar(e) @ SMooth map,
Hybrid gystem:nr s_ystems Wlth. |mpuI§e effed®2] have « FG = {(fs,90)}ver With (f,,g,) acontrol systemon
been studied extensively in a vy|de variety of contexts an_d D, i.e.i = f,(z) + go(x)u V (z7,uT)T € D,.
have been used 0 modgl a W'de."?‘T‘ge of blpgdal rObO% hybrid systenis a hybrid control system witl/, = § V
systc_ams [33]. I_n this sectl_on, a (_jefmltlon of hybrid _system% € V, e.g., any applicable feedback controllers have been
applicable to bipedal walking is introduced. The gait foe th aoplied. making the svstem closed-loop. In this case
model posed in this paper has two domains with a temporaPp ' 9 y P- '
ordering of discrete events, motivating the application of s =(T,D,S,AF),

;ngiliggtc;?i:;lcrgbnd systems in which the domain graph I?NhereF = {f,}ver with f, a dynamical systeron & C

o _ _ D,, i.e., i = f,(z).
Definition 1: A directed cycleis a graphl’ = (V, E), . . . . i
with V' a set of vertices an@& a set of edges—for an edge Hytbrl;? I;etrr:od ?f:ts arfldhtrt;e_ dem_:a(;_e M?th. Inﬂ:) rd:ir:g
e € E, denote the source byr(e) and the target byar(e)— esﬁ 1S ? s ad'.'ty Oh yor per|0d!c Orpl S, he ¥a 34
in which the edges and vertices can be written Fec nique o stu_ ying t € corresponding Foincare map [34]
is used. In particular, taking, for an arbitrary domainv

V = {v1,v2,...,0}, (1) to be the Poincaré section, one obtains the Poincaré map,
E = {e1 = {v1,v2},e2 = {v2,v3},...,ep = {vp,v1}}, P : S, — S,, which maps from a point on the guard to a

i ) . cﬁoint on the guard. Let* be a fixed point ofP. Then, a
wherep is the number of discrete domains in the corresponty jyig periodic orbit9 with «* € © is locally exponentially
ing hybrid model. This is now illustrated with an example:

stable if and only ifP is locally exponentially stable (as a
Example 1: Thedomain breakdowpictured in Fig. 1 has discrete-time dynamical system, ; = P(z;)). Although it
an underlying graph that is a directed cycle; the graph g not possible to explicitly compute the Poincaré map, one
given byT', = (V,, E,). In particular, there are two vertices can compute a numerical approximation of this map through
and two edges with simulation and thereby test its stability numerically. hi
V, = {HU, PR}, gives a concrete method for practically testing the stabili

B = {{HU, PR}, {PR, HU}} of hybrid periodic orbits.
With this notion of a directed cycle in hand, the formu-B- Constructing Hybrid Systems

lation of a hybrid system that is of interest in this paper is It will now be shown how to construct a hybrid system
now introduced. using a Lagrangian and discrete events—the feet peridgical

>

EpPR = {PR,HU}

A. Formal Definition of Hybrid Systems



strike the ground. Begin with the assumption that the standke ground; this is representable as the holonomic constrai
foot is pinned to the ground and use this to describe the cori{q) ¢ = (v.,v.)T where v, and v, are ther and z
tinuous dynamics. In order to derive the discrete dynamicselocities, respectively, of the framB.. The impact map
one must introduce additional Cartesian coordinatep. gives the post-impact velocity (see [37]):

at the stance foot. A more general discussion factoring in.

ground wrenches and applicable to a wider range of bipedg = P(ge;4c) = ©)

can be found in [33]. (I =D (ge)J" (ge)(J(qe) D™ (ge) T (qe)) " T (qe)) 4o

Domain and Guard. The domain specifies the allowablewith I the identity matrix.

configuration of the system. For a biped, the feet must be |n the bipedal walking literature, it is common to use

above (or in contact with) the ground at all times. Thisa stance/swing notation for the legs [32]; it can be more

condition is specified by a unilateral constraint, which  intuitive to think of control design for the legs in the coxtte

is the height of the swing foot; this naturally leads to &f stance/swing than left/right—the differences in bebavi

definition for the domain: provide a natural way of transforming the design problem.

_ [(. T T\T . To achieve this, the legs must be “swapped” at impact. A co-

D={la",q")" €TQ:hg) 20} @ ordinate transformatioR (i.e., astate relabeling proceduye

The guard is just the boundary of the domain with the addswitches the roles of the left and right legs:

tional assumption that the unilateral constraint is desiren

i.e., the vector field is pointed outside of the domain, or A(g,q) = { 7; 70€ ] { o ;(j(;()q)b* @) |’ @)
S = {(qT,qT)T €TQ: h(qg) =0 and 8h_(q)q < o}, where.* : TQ — T'Q. is the pushforward of : Q — Q.
dq andr : Q. — Q is the canonical projection associated:to

©) with pushforwardr™* : TQ. — T'Q. The reset map (7) takes

Continuous Dynamics. The Lagrangian of a robots : @ pointon the guard and maps it to the domain (2).
TQ — R, can be _stated in _terms of its kinetic energyc. Bipedal Models

K : TQ — R, and its potential energyy : Q@ — R, as
L(q,¢) = K(q,9) — V(q). The Euler-Lagrange equation
gives the dynamic model, which, for robotic systems (se
[35]), is stated as:

In this paper, two models are considered: mainly, the
aper focuses on a human with a prosthesis, however, also
considered for the sake of comparison is a model of human
without a prosthesis. Both models have the same mass and
D(q)§+ H(q,q) = B(q)u (4) length distribution, so the construction will be similahet
few differences will be pointed out during construction€eTh
physical model has knees and assumes point-masses for
H(q,q) = C(q,4) ¢+ G(q) simplicity. There are five point masses: one for the hip, one
o ) o for each thigh, and one for each calf; the values of the masses
containing terms resulting from the Coriolis effect andye caculated using a weight distribution [12] for each tes
gravity; C(g, ¢) can be found using standard methods [35]gject in Fig. 2(b). The masses and lengths are depicted in
Manipulation of (4) leads to the control systefi g): Fig. 2(a) with the values given in Fig. 2(b). The model also
) q has point feet but some clarification will be given shortly.
f(%Q)—{_D—l(q)H(q’q)]’ g(q)—[p—l(q)g(q)} () Recall that the goal of this paper is to simulate prosthetic

walking. Specifically, a transfemoral prosthesis with cohe
Discrete Dynamics.In order to define the reset map, it iSgctuator at the knee is under consideration.

necessary to first augment the configuration spgacattach
a frameR, to the stance foot; letv represent the Cartesian
position of R, in the zz-plane. Thegeneralized coordinates

with inertia mapD(q) and torque distribution map(q), and

Fig. 2: Physical configuration of the human/prosthesis rhode

are then written (a) Bipedal model. (b) Subject and model parameters.
Var. S1 S2 S3 S4
ge = (po, 12,07 )" € Qe =R* x Q. Mn I Sex M| F[  F| M
t Age 22| 23| 19| 30

Ht. (cm) | 169.5| 165.5| 163.5| 170.0
Wt. (kg) | 90.7] 47.6] 53.6] 69.1
my, (kg)| 615 32.3] 32.3| 36.3
me (k)| 9.1] 48| 48] 54
m. (kg)| 55| 29| 29| 3.3
T, (cm)| 40.1| 39.2] 39.2| 40.3
L. (cm)| 43.6| 37.6] 37.6] 38.1

Without loss of generality, assume that the values of the
extended coordinates are zero throughout the gait. Moreove
the configuration variable does not change through impact
so these values will be zero right after impact. Therefore,
introduce the embedding: @ — Q. defined ag0,0, q) —
qe; this allows the generalized coordinates to be written in
terms of the shape coordinates.

The impact model used is [36]; plastic rigid-body impacts
with impulsive forces are used to simulate impact. Impa@siv
forces can be applied to the swing foot when it contacts




The healthy human model has symmetric walking and thuend the resulting data will be examined to identity funda-
assumes a one-domain hybrid system, i.e., the one vertexrrental human walking behaviors; these behaviors will be
the graph is connected to itself whereas the asymmetry of thepresented as mathematical functions on the kinematics of
prosthetic model motivates the use of a two-domain hybrithe human. Feedback linearization [29, ch. 9] will be used to
system. Denote the domains or phases for the prosthetlesign controllers for human and human/prosthesis models
model by HU and PR, representing the two distinct phaseswhich will impose these human behaviors.

when the model is standing on the human leg or standing,man Walking Experiment. An experiment was per-
on the prosthetic leg, respectively. To simplify the modekyrmed using the Phase Space System [10] which provided
point feet are assumed, yet full control authority at they,sjtion data of sensors on human test subjects at a rate of
stance foot is granted for a model when it is standing on t_h@SO Hz and an accuracy of one millimeter. Nine subjects
human leg. Thus, _the human model has full control authority,a e measured, eight trials each, walking approximately
throughout the gait and the prosthetic model has full contrgnree full steps per trial. The data for each subject were
authority only in domaint/ U, meaning underactuation of the 5yeraged to obtain smooth trajectories for all nine subject
prosthetic ankle; see Fig. 1. In this paper, four of these subjects are considered.
Hybrid Model Construction. Let the human and prosthetic cparacterizing Human Behavior. Analysis of the data indi-
models be represented by labélsand P, respectively. The cates that four behaviors represent the human gait inasmuch
construction of the hybrid control systems as the model of interest is relatively simple, having onlyrfo
HEy = (DH D Ut g1 AH FGH), links. The behaviors are the angle§ pf both kne_es, the slope o
P P 1P aP AP P the swing leg, and the forward position of the hip. The human
HCp=L", D U5, AT, FGT) functions which model these behaviors are given in Table I;
will now be given. The human model is a simple hybridn optimization problem can be solved to characterize the
system with one domain; the prosthesis model has twaalking in terms of the functions for a given test subject.
domains—the grapH'” is shown in Fig. 1 and given These human functions are central to this paper and the
explicitly in Example 1. The shape coordinates comprise th@ssociated body of work [27], [30], [31], [38].
configuration space for both models: Function Fitting. Consider applying the human functions in
T T T T AT Table | to the human data to model the behaviors described.
9= (90 + Gotter Ghip> Town)” € Q- Formally, one seeks the parametdis} which minimize
For the human model, full control authority is granted sdhe error between the fit and the data; this is expressed
UH =R*, and, as mentioned earlier, control authorityg@gn Mathematically as the optimization problem

is granted only in domairl{U for the prosthesis; thus, the %
admissible control i/” = {Uyy,Upr} with Ugy C R* min' S (ya(r[k], {ai}) — z[k])? ®)
and Upr C R3, as depicted in Fig. 1. For both models, tai} ;= ’ ’

the guard and domain can be determined from the unilateral
constrainth, which represents the height of the swing foot
above the ground. Then, the domains for both the humafABLE
model and the prosthesis model (for domaih§ and PR)
are D¥ and DF = {D};,;,DE.} and the guards ar§”
and S* = {S},,SE,}, respectively; the elemen® =
DL, = DEy andSH = St = SE, are equivalent and are
given by (2) and (3), respectively.

The Lagrangian is determined using standard metho

I: Table containing parameter values of our
constraint functions for the four test subjects. Here,
Dhip, Mnst, Ostk, and O, are hip x position, non-stance
slope, stance knee angle and non-stance knee angle respec-
tively. The first three functions for each subject use thé firs

equation while the last function uses the second equation.
o y{12,3} — a1cos(agifas)Fagsin(agitas) Lo oo

[35]; then, the Euler-Lagrange equation determines the dy- . o ag)?
namic model on each domain as in (4). For the two da- Y = NP\ oy)? >+“4
mains of the model in this paper, control systefi€ = |4 Fun-| ai | a» | a3 | as | a5 | as | a7 | COL
' H T prip | O 0 0 0 | 0 [1.177]0.705]0.999
(fu,9n) and FGp nu = (fp,nv,9p,nv) aNd FGp pr = Maew;| O | 7.461|-2.453/-0405 0 | 0 |-0.119|0.999
(fp.prsgp.pr) for the setFGp = {FGp uu,FGp.pr} 0.5 | 0.08313.326) 0 |2.503|4.155 0 |[-0.257|0.993
' ' Oyur | -1.015| 0.243| 0.119-0.149 0.993

are given by (5). Finally, the elements of the reset mag
A and AT = {AF,, AL} are given by (7) and, under
the assumptions that the biped is physically symmetric an

Phip | O 0 0 0 0 [1.192 | 0.713]0.998
mewi| O | 6.879|-2.388/-0.485| 0 | 0 |-0.068|0.999
0.5 | 0.194|16.153 0 |0.384| 4.99| 0 |-0.380|0.956

2 P

that the acuators do not produce impulsive torques, ajg]%swr |-1.041] 0.239] 0.137]-0.184 0.989
. 4 P P P 3| phip | O 0 0 0 0 |1.5320.739[0.999
equivalent, i.e. A" = Ay = App. mew| O |8470|-2.100/-0.424] 0 | 0 |-0.112]0.999
O | 0.045|16.738) 0 |0.894(2.255| 0 |-0.378|0.986

1. HUMAN WALKING CONTROLLERS 04wk | -0.965| 0.179| 0.119|-0.274 0.993

. . 0 0 0 0 0 |0.946 | 0.538[0.999

The controller design process hinges on the goal )tA fl’sjl 0 |7.0473 -2.476| -0.404] © o |-0.157| 0.999
designing humanlike walking using experimentally-caiéet 5 | 0.080|13.3790 O |1.081|1.662] 0 |-0.219|0.981

human walking data [28]. The experiment will be described_ | #swk | -1.062] 0.259| 0.131 -0.116 0.995




ast — 0 where y*(q) and y?(t) are the actual and
desired values of the human functions, respectively; this i
achieved using feedback linearization. Note that the ddsir
functionsy<(t) are time-dependent; in general, time-invariant
controllers tend to show more robustness to perturbations.

State-Based ParameterizationMotivated by the desire to

x-position (cm)
o
~

0.1 0.2 0.3 0.4 05 0.6

Time (s) designautonomousor time-invariant controllers, a param-
o qgwl q.{u:l S1 o q.‘elwl Q£w1 S2 t g t f t . . t d d . p . th
o ¢y—=q,, 83 0 ¢l, —¢f,, 54 eterization for time is introduced, as is common in the

literature [39], [40]. Denote the parameterization by:
Q — R} whereR] represents time; ideally,(t) should be
approximately linear, i.es(t) ~ ot for somea. Fig. 3(a)

(a) Functions—hip position.

02 indicates thapy,, ~ vyt With o3, the averager velocity
T of the hip is approximately linear in time, motivating the
e following parameterization:
2 0.
< T x -
Phip\q) — Ppip\d
0. . C(t) — th( )_m th( ) (9)
S Vi .
SEg>- ) ) . hip
0 0.1 0.2 Thg'cs(s) 0.4 0.5 0.6 . . . L .
o ¢,—¢, s1 @, q,, S2 A decision is made to track the veIocnyfip, driving it to
o ¢ ,—q,93 0 ¢, —q 84 a constant, instead of the associated position. The value of
(b) Functions—swing leg slope. this velocity constant should be the parametgy from (9).

Feedback Linearization.Let y = y®—y? with 3¢ the actual
values from the kinematics of the model agftithe desired
values from the fitted functions. Without loss of generality

i assume an output having mixed relative degree. Group the
El output functions as
A - y(2:4) = i (¢:9),95 ()7, (10)
0 0.1 0.2 Tu?{os(;) 0.4 0.5 0.6 .
o ¢b)—ql, S1 0 ¢ —ql, S2 wherey; and y2 represent the relative o!egree_ one.and two
o ¢l—q, 83 0 ¢, —¢, sa oqtpu_ts respectively. The control law which drivgg, ¢) —
(c) Functions—stance knee angle. 0 Is given by
0
FL . -1 .
U ,q) =—A ) 11
(4:4) (4,4) ([ LiLsys(q) } (11)
| Lrnled) || eynlad)
- 2 Lyy2(q. 4) e?ya(q) |/
—:ﬁ with control gaine, Ly = %f(:v) representing Lie deriva-
= tives, and decoupling matri¥d(q) given by
o qgwk‘_qgu'k Sl o qflﬂk _Q£uvk 82 . L yl (q q)
O gl alk S8 O lur —al 84 Ala, ) = { qufyg(q,(j) ]

(d) Functions—swing knee angle.

for a given control systenif, g).

Human Control. Using the method of feedback linearization
as just described, it is possible to explicitly construcyhrid
system modeling healthy human walking. Denote 4
where 7[k] and z[k] represent the time and human datawith the form of (10)) the output functions to be zeroed
respectively, withk € [1,..., K] C Z an index for theK' a5 described previously. Then, the control law which drives
data points, and;(-) the fitting function with parameters y? — 0 ast — 0 is writtenu* (¢, ¢) and given in (11). This

{ai}. To be Clearl’[k] is the value of the kinematics function control is app“ed to the control Syste('ﬁH7 gH) to obtain
on the human at data poiht This problem is solved for the the closed-loop vector field

four test subjects and the resulting fit parameters alonly wit L .
the coefficients of correlation are given in Table I. w(0:4) = fu(g,d) +gu(q)u” (¢, 9).

Fig. 3: Plots of the fitted functions and the human data.

Tracking Human Behavior. Now that the desired behaviors Using this new vector field, a hybrid system is constructed
have been classified, control is necessary to mimic thesgodeling healthy human walking:

behaviors. In a formal sense, a control law attempting to FL H oH ~H mFL

impose these behaviors should seek to divg;) — y(t) Ay = (D7, 87, A%, Fyv), (12)



Var. P1 P2 P3 P4 H1 H2 H3 H4

q0 -0.388 -0.422 -0.305 -0.370 -0.366 -0.410 -0.343 -0.326
stk 0.011 -0.064 -0.174 -0.015 -0.006 -0.066 -0.153 0.014
Qhip -2.521 -2.412 -2490 -2.477 -2540 -2.432 -2.362 -2.611
qswk | -0.249 -0.366 -0.387 -0.180 -0.247 -0.366 -0.264 -0.182
4o 2.597 14707 21.433 4.286 3.961 10.904 17.388 1.093

i . i . Gsth -1.854 -20.070 -29.016 -4.624 -3.990 -14.556 -23.598 0.001
Fig. 4: Simulated gait for healthy human walking, S1. Only ., | -0.806 4857 8.603 -0.089 0329 3238 5925 -0.519

one step is shown due to symmetry dewk | -1.344 2145 0852 -2.631 -0.654 -1.748 -3.221 -0.164
(a) Fixed points for simulated gaits.
where we have dropped the discrete gréphs it is unnec- 0 = Stability Boundary—):
essary for simple hybrid systems (i.e., single-domain iaybr ¢ & B o e
systems). O ealthy Walking
y ) S o % o % % Prosthetic Walking

Simulations. Simulations of the hybrid system (12) were g,
performed for each of the test subjects, S1-S4. Fixed poin151$

R - - ==

. . . ] & M X
of the Poincaré map were found; see Fig. 5(a). For a givel 02 0z 06 08
system, a fixed point indicates an orbit. To show stability ' Eigenvalue Magnitude '
of the orbit, one must consider the eigenvalues associated (b) Eigenvalues for healthy and human walking.

with a Jacobian matrix linearized about a fixed point on the . . . . .

orbit. Eigenvalues for the simulations are shown in Fig)5(b19- 5: Fixed points and eigenvalues for simulations. S1-4
These eigenvalues are all less than unity, thus the orbit fgpresent the subjects.

locally exponentially stable. In terms of walking, this mea
that the system exhibits stable walking. The gait for S1 is
shown in Fig. 4. The humanlike nature of the walking caN"here

be seen in video [41]. The simulations just described show a » 0wk r
natural way to model the human control aspect. This will be 9p.nv(2) = gp.1u(2) ( dq ) '
leveraged when creating the simulation for the human with P T
. P . qstk
prosthesis. 9p,pr(@0) = gp.Pr(q) ( 34 )
IV. DESIGNING HUMAN/PROSTHESIS Using these control fields, a new hybrid control system
CONTROLLERS with fields FGEP = {FGED,;, FGE g} for FGED,, =

Having examined healthy human walking, the main in(fﬁ%y,gP.HU) and FGRE. = (fE2., gp.pr) is created:
terest of this paper can now be explored: simulation of a "’ ' ' '
human with a transfemoral prosthesis. A human function has ~ #¢ 3" = (U7, DF,U”, S7 AT FGEP), (13)

already been defined representing the behavior of a knee. It .

will be convenient to use PD control to try to mimic this|_|uma_n C_:ontrol. _TO 'mP'eme”t _the controller on each
behavior on the prosthesis. After applying PD control fa th domain, flrs_t consider which functions are to bg tracked: on
prosthesis, the human controllers designed around fekdb&°th domains, the human knee angle and swing leg slope
linearization will be applied:; the idea behind this is totlee  2r€ racked. Additionally, on domaiiU, the hip velocity is

human controller handle the human actuators on the mod&cked. Under these assumptions, the control fields can be

. . . written
Prosthesis Control. To achieve the goal of human tracking -
on the prosthetic knee on both domaifi&, and PR, a PD o o(q) = gp.10(q) 9(qo, sk, Qhip)
controller is used. Let P.HU ’ dq ’

T
HU —_ pa _pd o hip s k
prR(q) eswk (q) edswk (G(Q))a g}},,PR(q) = gP,PR(q) <((J#fw)>
Yp (@) = O (q) — 054 (s(a)) _ . _

t th i tracki d i and PR Using these control fields with the control laws (11), the
represent the error in tracking on domai an ' closed-loop vector fieldsFp — {fg%lF]L’III;[])D,Ig’L} for
respectively, wheré® are actual values of the knee angles_pp rr. .pp.FL 4 FEDFL _ PD.FL b ted-
andg? are the desired values as given in Table |. Then, usiﬁﬁPvHU =JfpHy aNdFppp” = fp pp  Can be created:

I i 3 PD,FL . . h h
the parameterization (9), control laws for the prosthesis a Rt e @) = fﬁ?[U(M) + b v (@)l
HU (. _ 1.HU, HU HU - HU . .
up (@) =k, "y (@) + ki g, (), 553’?;(%(1) = f}IDD,IJ)DR(QaQ) +9?3,PR(Q)U}1LDR7

PR _ 1.PR, PR PR, PR
up (0) = Ky "y (@) + kg, (a): The end result is a hybrid system modeling a human with
The control laws can be applied to the control systemgrosthesis:

FGp v and FGp pr Viz. %PPD,FL _ (FP’DP’SP’AP’FIJ;D,FL)_ (14)
o (a:d) = froav(a:d) + 9% go(@uy”
5 r(a,d) = fr.pr(0,4) + gllé,PR(Q)u;I:{U

)

Simulations. Simulations of the hybrid system (14) were
’ performed for each of the test subjects, S1-S4. Fixed points



of the Poincaré map were found (Fig. 5(a)) along with17] D. H. Sutherland, K. R. Kaufman, and J. R. Moitokajman Walking
eigenvalues (Fig. 5(b)). Like before, these eigenvalueslr
less than unity, thus the orbit is locally exponentiallybéta
In terms of walking, this means that the system exhibits
stable walking. The walking can be seen in video [41]. Tiles
and phase portraits for each subject’s gait are shown ir6kig. [19]

Concluding Remarks. The main point behind this paper
was to design a simulation capable of testing controlle§”
prostheses. To construct this simulation, a human-indpire
model was used with human-inspired controllers makingl
use of human functions. It was found that this simulation
could not only accurately reproduce human walking bup2]

also exhibited some degree of robustness. The robustness is
substantiated by the simplicity of the prosthesis corgroll (55

(18]

design and the stability of the resulting human/prosthesis
models. The hope is that, in the future, prosthesis designs

can be rapidly tested by changing the prosthesis design [czfr1

controllers and checking stability in simulation.
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(c) S1—Human stance leg, prosthesis swing leg.
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(d) S2—Human stance leg, prosthesis swing leg.

(e) S1—Prosthesis stance leg, human swing leg.
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(f) S2—Prosthesis stance leg, human swing leg.
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(i) S3—Human stance leg, prosthesis swing leg.

(j) S4—Human stance leg, prosthesis swing leg.

M) M

(k) S3—Prosthesis stance leg, human swing leg.

Fig. 6: Outputs and phase portraits for simulations. Thewafking tiles in each set represent domai/ and the bottom
walking tiles represent domaiAR. The red leg is the prosthesis.

(I) S4—Prosthesis stance leg, human swing leg.



