Outputs of Human Walking for Bipedal Robotic Controller Design
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Abstract— This paper presents a method to determine out- these criteria can be used to construct controllers fordape
puts associated with human walking data that can be used robots. For the chosen outputs, we discover that all the
to design controllers that achieve human-like robotic walkng. human outputs are accurately described by a linear function

We consider a collection of human outputs, i.e., functions f 1 the ti o i . d
of the kinematics computed from experimental human data, of ime or the ume response 1o lineéar mass-spring-damper

that satisfy criteria necessary forhuman-inspired bipedal robot ~ Systems. Due to the simplicity and universality of thesecfun
control construction. These human outputs are described ira  tions, we term thentanonical walking functiondMoreover,

form amendable to controller design through a special classf  unlike other functions of time that could have been used to
time based functions—termedcanonical walking functions. An it the hyman output data (polynomials [6] and Bezier series
optimization problem is presented to determine the paramedrs . . .
of this controller that yields the best fit to the human data that o0, -the form Of_ the Canqnlcal human walking fupcﬂons
simultaneously produces stable robotic walking. The optiral ~ Provides insight into the kinematics of human walking. We
value of the cost function is used as a metric to determine are able to conclude that humans appear to act like linear
WhiC!’l human OLI'[pUtS. result in the most “hyman-likg” robqtic spring-mass-damper systems for the outputs being consid-
walking. The human-like nature of the resulting robotic walking  greq - Utilizing the human outputs and canonical walking
is verified through simulation. . o
functions, for each human output combination we construct
. INTRODUCTION a human-inspiredontroller that results in stable human-like
Human walking has been studied extensively in the fielfiPedal robotic walking. A constrained optimization prei
of biomechanics and is typically analyzed by decoding@intrOducecj to compute these parameters, producing the
the humans’ inner kinematics and kinetics, such as musdiest fit human data while simultaneously yielding robotic
functionality [1], [2], ground reaction forces [3], [4] and walking. The value of the cost function that solves this
energy expenditure [5], [6]. The complexity of the humarPptimization problem allows us to determine the best output
muscle and nervous systems prevents the direct appncaﬂgqa,mbination. The end result is that we are able to determine
of research results from biomechanics to robot design siné@e human outputs that yield the most human-like bipedal
it is difficult to mimic the inner kinematics of human walking robotic walking.
in control. Some research has attempted to bridge thisAchieving human-like bipedal walking promises to benefit
gap by determining the inverse kinematics [7] and forwar@oth robotics research and prosthetic device development.
kinematics [8] of human walking, but the complexity of thes€Current approaches to bipedal robotic control—such as con-
methods prevent their direct application to robotic controtrolled symmetries [10] and zero moment point regulation
The methodology of this paper is to approach human walkinig- 1—have yet to produce true human-like robotic walking.
from the perspective that a control theorist would take whehhe hope is that directly using human data, and outputs of
analyzing a complex system: view the human walking systefiman walking, to guide control construction will help to
as a “black box”. From this viewpoint, the goal becomes: fin®ridge the gap between these methods and true human-like
“outputs” of this black box that characterize the behavibr ofobotic walking. Moreover, human-like robotic walking can
the system in the simplest form possible. The result is lowR€ used in prosthetic and orthotic device design and testing
dimensional characterization of human walking that can bd2l, [13]. In order for prosthetic and orthotic devices to
used to construct controllers that result in human like tigbo create normal walking, it is necessary to mimic the behavior
walking. of human walking [14]. Most controllers for prosthetic
With the general methodology of this paper in mind, weand orthotic devices are implemented by using human data
seekoutputsassociated with human walking, computed fron{15].Different sensors are employed to measure energy and
experimental human walking data, that appear to charaeteriforce [16], [17]. If human-like bipedal walking is achieved
walking while simultaneously being applicable to bipedafnd human walking can be characterized, the force and
robotic controller design. Criteria are defined for chogsinenergy of human walking can be calculated directly from the

these outputs. The sets of output combinations that satighpsition data, which will greatly reduce the cost of devices
and simplify controller design.
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Fig. 1: The position and acceleration data for one hed in
direction. The vertical lines formed by are the moment  (5) joint Angles of Human Gait. (b) Human Outputs
the heel lifts the ground. The vertical line indicates the
moment the heel strikes.

Fig. 2: Joint angles of human gait(a) and human outputs(b).

ttgle following criteria: they (1) are functions of the joint

angles, (2) have simple time-based representation, arad€3)

mutually exclusive (the decoupling matrix associated with

ese outputs is non-singular). According to this critena

nd seven output functions that satisfy conditions (1) and
, as shown in Fig. 2(b). We will argue these seven outputs

fifpear to be essential to walking.

according to criteria necessary for them to be used

construct controllers.

Experimental Setup. The human walking data presented

in this paper were collected from a motion capture systery

as detailed in [18]. Note that the data were collected fro

two experiments separately. The two experiments have t

same setup and were conducted in the same lab. Though = .

data were collected from two experiments, the results of thél) The x-position of the hip,

analysis are the same, which shows that the data processing ] ein(— -

algorithm and the experimental results are repeatable. The Pip = LoSin(—6sa) + Lisin(—sa — B,

data used in this paper considers one step cycle ranging from whereL. is the length of the calf and; is length of

a heel strike of one leg to the following heel strike of the  the thigh.

other leg. We distinguish patterns of the heels’ behavigrs b(2) The linearized hip position,

picking the maximum acceleration in ttedirection. Fig.

1 shows how we distinguish the heel pattern. Utilizing this OPip = Lo(—65a) + Li(—Bsa— Oui,

method, we obtain one step cycle of human data. There are which is the first order terms of theyi, Taylor expan-

two reasons why toe behavior is not considered in this work.  sion.

First, heel strike represents the main impact from the whol¢3) The slope of the non-stance leg, i.e., the tangent of the

human walking system. Compared with toe behavior, the angle between the z-axis and the line goes through the

heel behavior is more important to human walking analysis.  non-stance ankle and hip, as shown in Fig. 2(b),

Second, the bipedal robot considered in this paper has point P~ pni

feet. Human heel-strike is analogous to foot-strike forhsuc Mhsl = 25"‘72"3,

a robot. Pnsa— Phip

Human Outputs. The human outputs we seek should satisfy wherep?,  is thez position of the hip angZg, Plsaare
thez andx position of the non-stance ankle respectively.

(4) The linearized slope of the non-stance leg

TABLE |. Physical parameters of each subject in experi- Le

ments.L¢(mm), Ly(mm), me(kg) and m(kg) measurements OMps = —Bsa— Osk+ (mensk) — bhip,
correspond to the lengths described in [18]. Mass distdbut o ] e H )

is computed according to book [19] which is the first order terms ofi,g Taylor expansion.

(5) The hip angle, which is the angle between the stance
thigh and non-stance thiglf;,.

Subject Sex| Age| Ht. | Wt. | my [ m [mc| Lt L¢
M | 17 [ 188.5/83.9/56.9/8.4[3.9] 49.3 | 45.1

S

S 22 [169.5/90.9| 615/ 9.1|55] 40.1 | 435 (6) The angle of the stance knef.

S | M | 30 [1705/69.1]46.7]6.9]3.3] 43.8 | 38.1 (7) The angle of the non-stance kné&gsy.

;‘ '\ﬁ gg iggg ig'? ggg i'g g; gg'g 23'2 We consider the linearized form of non-linearized outputs
5 E 127 11600/56.7138.4|5.7/2.6]| 46.6 | 37.1 because it is easier to characterize the zero dynamicscsurfa
S, | M [30]160.5[58.9]40.0[5.9]2.7] 38.8 | 30.4 [20] and the linearized outputs have been used to achieve
S | M| 25]182.0[90.7]615]9.1]4.2] 49.5] 40.1 walking experimentally [21], [22]. The outputs can be par-
S | M | 22 [173.0/68.0/46.16.8/3.2] 59.2 | 35.6 - . N

Svoa | * | * [170369.4[4716.9[3.2] 452 38.1 titioned into four disjoint setsYsa = {Pnip: SPnip}, Yhip =

{Mhsl, Mgl Ghip}, Ysk = {6sk} and Ynsk= {6nsk}. There is
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Fig. 3: Human output seis, (represented by superscrig)  Fig. 5: Human output setSg and Y,gk (circles) over one
over one step and the canonical walking functions (repretep and the canonical walking functions (solid lines) that
sented by superscrigl) that are fitted to these data. are fitted to these data.

walking data):

i =, (1)
yo = e % (ajcoq ast) + assin(ast)) + as. 2)

These functions are termed canonical walking functions,

"o 0.2 0.4 0.6 0.8 1

Scaled Time because they appear to represent human outputs universally
o migto — with a simple form. Equation (1) is fitted to the output
(@) Non-stance Slope elements in th&s,. Equation (2) is fitted to the other outputs.

Note that (2) has the same form as the time response of a
linear mass-spring-damper system:

y = e 4t (cocoq axt) + casin(wt)) + G, (3)

Angle(rad)

where ¢y and c¢; are the initial conditions decided by the
e R R Ty initial position y(0) and the initial velocityy(0), & is
Scaled Time  Scaled Time : the damping ratio andu, is the natural frequencywy =
° dmto o o fmo O v/1— &2w, is the damped frequency and the constant term
g is the gravity term. Comparing (2) with the time solution
Fig. 4: Human output seYy, (circles) over one step and of a linear mass-spring-damper systems, we haye- cy,
the canonical walking functions (solid lines) that are fitte a2 = wy, a3 =1, da = {wn and as = Q.
to these data. The results of the least squares fittings are shown in Figs.
3 — 5 by the solid lines. Table Il gives the coefficients along
with correlations of each canonical walking function. Alkt
correlations are higher than9®. This fact shows that the
a one-to-one correspondence between the angles and fienan outputs are uniformly described with high accuracy
output sets:Ysa corresponds tofs;; Yhip corresponds to by the canonical walking functions. We conclude that human
Bhip; Ysk corresponds tofsx and Ypsk corresponds tofhs. — @ppears to act like linear mass-spring-damper systemglurin
Any combination of the elements between these sets aglking for the outputs chosen. This result is supported
mutual exclusive, which indicates that the decoupling matr currently in the prosthetic field where spring-damper syste
associated with these outputs is full rank [18]. The endltesigre used to mimic human muscle behaviors.
is 6 total sets of output combinations that satisfy critétip
(3), i.e., six collections of human outputs that can be used
to construct controllers for bipedal robots. The mean humaFABLE II: Parameters of canonical walking functions ob-
outputs are shown in Fig. 3 to 5 along with the error band dhined from fitting.
one standard deviation. According to [23], outputs that lay Vi =W,y =e % (aicosaat) + assin(aat)) + s

(b) Linearized Non-stance Slope (c) Hip Angle

s f Y y Vv ay az as ag as Cor.
within the error bands are considered healthy human walkin R (11065 ut - - = 109990
Canonical Walking Functions. To apply the human outputs, Phip |0.9337) * - - * ¥ 0.9991

My * 0.1662| 7.2502| 0.2539(-0.8875] 0.1742 |0.9999
0.0117| 8.6591| 0.1153|-2.1554| 0.2419 |0.9997
-0.9805| 6.0632 | -0.9366| 2.6750| 0.3527 |0.9997
-0.1739] 13.6644 0.0397]| 3.3222| 0.3332 [0.9934
-0.3439] 10.5728 0.0464|-0.8606| 0.6812 [0.9996

=

which are discrete data, to bipedal robot control, we nead L
to represent the data as functions of time. We propose eh;'
the following functions (which will be fitted to the human|Yec| 6
outputs to provide a time-based representation of the humglmx fnsk

** ok ok




I1l. CONTROLLER DESIGN robotic walking. With this goal in mind, we define human-

This section uses the human outputs and their tim(g—at""'baSGd cost as:

based representations—the canonical walking functioos—t K

construct a controller that drives the output of the robot Costip(a) = kzlg (BYi (yid(tH[k]aa)_yiH [k])z)’ ©)

to the output of the human. In addition, an optimization T ] ]

problem is introduced to determine the parameters of thi¥here By, are the weightings, which are the reciprocal of
controller that provides the best fit of the human walking"® maximum and minimum value of the human data for
data while simultaneously yielding stable robotic walkingthe outputs) = {sa hip,sk nsk} are the four outputs which
We consider a 2D bipedal robot model with knee and poifPresent thefsa € Ysa Yhip € Yhip, Yk € Ysk @ndYnsk € Ynskc

feet as described in [18], [21]. The motivation of this is the ThiS cost function is used as a criterion to quantify the
application of this result to a under-actuated robot AMBERdifferences between robotic walking and human walking. In
which has point feet. These result has been translated Rgrticular, in [18] a method was developed for expressieg th
AMBER [21] experimentally achieving walking. Finally the Z€ro dynamics surfac&q, and the partial zero dynamics
point foot approximation has been used in experiments ®@'rface, PZq, only in terms of the parameters. The
achieve human-like bipedal walking on a robot with feet [22]0Ptimization problem is thus given as:

Output Design. Input/output linearization [24] is applied to a* = argminCostip () (10)
drive the robotic outputs to human outputs. Based on human acR16
outputs, we define the following relative degree one and st. A(SNZg) C PZg (PHZD)

relative degree two [20] outputs for the bipedal robot model

The actual and desired outputs of relative degree one aiereA is the reset map, of which the detail definition
defined as: is given in [21, Eq.(3)]. Note that this optimization only

_ ) depends on the parameters and produces a unique point
¥3(0,0) = dysa(6)6, yf:vhip, (4) [6(a),6(a)] € SNZy such thatA(B(a),0(a)) € PZg.
. . _ Moreover, the point/8(a),8(a)] will be the fixed point
Wwhereyss(8) € Ysa Vhip iS @ constant, i.eys can either be of a stable periodic orbit, i.e., a stable walking gait. This
the hip velocity.or the velocity of Iingarized hip position. optimization, therefore, not only produces parameters tha
The outputy; is a vector of the relative degree two outpUtSyqgt fit the human data, but ensures stable robotic walking

Itis defined as and explicitly produces the initial condition for this waily

Yhip(6) v o(t, hip) gait.
Y3(0)=| vy«(6) |, yg(t): Yi(tvask) . (5) Simulation Results. A 2D kneed bipedal robot [18] is
Ynsk(0) Y‘ﬁsk(t,ask) considered with physical parameters listed in Table | as

where yhip € Yhip, Ysk € Ysk and Ynsk € Ynske The desired

output function areyf,(t, anip) = ¥5 (t, Ghip), ygk(t’aSk) = TABLE IlI: Optimization results of each output combination
Y5 (t, asi), andyig(t, ansk) = Y5 (t, ansk) With y5' in equation  obtained by solving (10)

(2). Our goal is to drive4 — y§ andyd — yJ and we start
by removing the dependence of time from the desired out

yi=wvt, Y3 =e % (acoqazt)+ assin(ast)) + as

- " . . \ a a a a. a Cor. | Cost
puts. The forward hip position is described pyp = Vhipt;  [1 H:/ip oo+ T+ 1159950
therefore, for human walking ~ pnip/Vhip- This motivates mwsi| * |0.1184| 6.8404| 0.0820|-2.8059 0.2849 0.9951
the followina parametrization of time: 6| * [-0.315310.7101 0.2345| 6.3638| 0.3133| 0.9517
ap Ohsk| * |-0.2769 8.3986| 0.3287|-0.7329 0.5826| 0.9884| 1.98
0) — ver(OF 2[Rp|0.9367 * * * * *10.9990
1(0) = M, (6) 4| * |0.0466| 7.7313| 0.0713|-3.552( 0.2747| 0.9917
Vhip 6| * [-0.310111.11490.2060| 6.2400| 0.3157| 0.9551

. ) , . . Ohsk| * |-0.3304 9.8342|0.1221|-1.0244 0.6392| 0.9978| 3.05
whereysa € Ysa, Vhip is @ constant of hip velocity or linearized |3 Phip|1.0919  * ¥ * w *10.9990

hip velocity and6™ is the configuration just after impact. | |6np| * |-0.7290 5.4485|-0.078§ 0.3504( 0.0664| 0.9974

. o o . . * -
With the parametrized time(8), we consider the following gSkk . 8'532‘; 180'3%2174 8'%23‘7‘ %‘é%a g'gégg g'ggg 208
nsl -U. . . -U. . . .

outputs: 4PL,[0.955 ~ * ® i *[0.9991
. . mw| * | 0.0923| 7.0185| 0.0710|-2.9054 0.2391| 0.9956
y1(6,0) = V3(6,0) -, (7) 64| * |-0.310§10.77000.2329| 6.3020| 0.3135| 0.9537
B - 6 * |-0.3323 9.8612|0.1187|-1.0224 0.6383| 0.9978 1.87
yZ(G) - yg(e) yd(T(e)) (8) 5 thp 0.8499 * * * * * 0.9991
m,| * |-0.010q 8.8926|0.0746|-3.8786 0.2705| 0.9963

—
©
*

With these outputs, we design a human-inspired controlle i 0235412 2941 01133 4 7734] 0.3220| 0.9809
as presented in [22, Eq.(19)]. | *  |-0.344510.10270.0963|-0.8204 0.6635 0.9991| 2.27
Human-Data-Based Optimization.The Partial Hybrid Zero 0.9268 * * * * *10.9991
Dynamics (PHZD) based optimization of [18] is employed to| |éip| * |-0-3979 6.0662] 0.0421)-1.2213-0.1557 0.9972
determine th ; f the canonical walking funstion! | & -0.223411.9485 0.1258) 4.7811 0.3216| 0.9788

etermine the parameters o ical walking funstion| |g | » |-0.3427 9.7484| 0.1541)-0.7001 0.6593 0.9977| 1.53

that best fit the human data, while still resulting in stable

(o))
0
|




Smean AS stated in section I, the six total human output

combinations are considered. The end result is six humaZ . y

inspired controllers for the bipedal robot as listed in TABL g ) 5 08

[ll. The parameters of each controller are obtained by sglvi % , I

the human-data-based optimization problem (10), the tesul i = -0

of which are given in Table IlIl. Moreover, the stability of % -4 -0peee®®

walking is numerically verified by computing the eigenvalue = -s———————————— 0 02 06
of Poincaré map. All the magnitudes of the eigenvalues ar: Angle(rad) — i, B ok, —0, O 0,
smaller than one as shown in Fig.6, which implies that all % —_'* — " —%= 0 T ke

(a) Phase Portraits. (b) The actual outputs compared to

walking gaits are stable.

The best output combination ¥ = {dphip, Ghip, Bsk, Bnsk . ) ) )
since it has thelzo lowest optimization{copst.pSimpulation r';sulF'g' & '!'he simulation results of the 2D bipedal robot
of Ys, as compared against the human data, are given A°0e! With Y6 = {3pnip, bhip, Osk, bnsk. The parameters of
Fig. 8. The solid lines, which represent the robot outputd® controller guarantee the PHZD.
are very close to the red circle lines, which are the human
mean outputs. Fig. 7(a) shows the periodic orbit associated
with this walking. Fig. 7(b) shows the actual outpy®
and the desired output§' over the course of one step; in z°
this figure, it can be seen that hybrid invariance is achievedg 04
for the relative degree two outputs (as guaranteed by the? o
partial hybrid zero dynamics optimization (10)). Therefor
the actual and desired outputs of relative degree two agret o2 Qo4 06 o5 i o oz o4 96 05 1
on value at all times. Fig. 10 is the simulation results of o Bl to ool o gﬁ,pi;' '_%
Y4. Besides comparison between. human out.puts anq robot (a) Linearized Hip Posiiton
outputs, there is Fig. 10(a) showing that, while we did not
directly attempt to match the joint angles of the robot tcstho 08
of the human, forcing the robotic outputs to agree with the
human outputs results in good agreement between the join g
angles as well. '

Finally, a comparison of the robotic walking with the = oz
human walking is shown in Fig. 9. This implies that the

the desired outputs over one step.

6

Angle(rad)
o
o (5]

|
=
o

|
P e

(b) Hip Angle

. B . . 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
methods proposed in this paper can be applied to achieve Scaled Time Scaled Time
human-like walking on bipedal robots, even though they o fiEo 0o o B Eo —
differ from humans in form and structure. (c) Stance Knee Angle (d) Non-stance Knee Angle

IV. CONCLUSIONS Fig. 8: DeS|req outputs (solid lines) compared with human
outputs (red circles) over one step ity
This paper analyzed human walking by viewing the hu-

man walking system as a “black box” and sampling its

outputs. Specific human outputs were chosen that appeaggimization problem was considered that determined the
to characterize walking, while simultaneously being ubefiyyarameters of this controller that best fit the human data
for controller design. To utilize the human outputs for theypile producing stable robotic walking. The cost function
design of these controllers, canonical walking functioesev 5ssociated with this optimization allows us to determine
considered. These time-based functions—which were simpjie pest human outputs, i.e., the human outputs that give
the solution to a mass-spring-damper system—described & most “human-like” robotic walking. Finally, simulatio
human output data with a high degree of accuracy. Humagsgy|ts show the human-like nature of this robotic walking.

inspired controllers were then constructed that drive theyiyre work will be devoted to the experimental realization
outputs of the robot to the outputs of the human, and agf this method.

pp. 325-331, June 2011.
[2] M. Cifrek, V. Medved, S. Tonkovi¢, and S. Ostojic, “Sace EMG
based muscle fatigue evaluation in biomechanidslihical biome-
Fig. 6: The magnitudes of eigenvalues associated with thc[a3 chanics (Bristol, Avon)vol. 24, no. 4, pp. 327-40, May 2009.

L . P ] J. R. Watt, J. R. Franz, K. Jackson, J. Dicharry, P. O.yRéad D. C.
perIOdIC orbits of 6 output combinations Kerrigan, “A three-dimensional kinematic and kinetic caripon of

o

REFERENCES
Y_6} % \
Y X
Y 4 % E [1] D. M. Bojanic, B. D. Petrovacki-Balj, N. D. Jorgovanoyiand V. R.
Y_ kel ' llic, “Quantification of dynamic EMG patterns during gait éhildren
\;_i’ % : with cerebral palsy.Journal of neuroscience methgd®l. 198, no. 2,
- 1

0.2 0.4 0.6 0.8
Eigenvalue Magnitude



Angle(rad)
Angle(rad)
Angle(rad)

o 0.2 0.4 Q.G 0.8 1 0 0.2 0.4 Q.G 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Scaled Time Scaled Time Scaled Time Scaled Time
H R
o o o o Oy,to Onip o 0+o o8 o 0, to or

(a) Joint angles of human (circles) compared with assatigtiet angles of the robotic model (solid lines).

0.6 M{){){)

o
©

o
=)

£ L 02 £
= o -
204 g T
= 2 0 <
z » g
~o. -02 <
-0.4
0 0.2 ‘0.4 9.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Scaled Time Scaled Time Scaled Time Scaled Time
spit d H d H d H d
O Ophpto Phip o myg*o _— Mg o bgto Ok O O to — Ok

(b) Human outputs (circles) compared with desired outpsitdid lines) of robotic model over one step

Fig. 10: Simulation results foYs = {8 phip, Msl, Bsk; Onsk}- The error bands are one standard deviations of human data.

walking,” Automatic Control, IEEE Transactions omol. 50, no. 7,
p. 1025-1031, 2005.
[11] J. H. Choi and J. W. Grizzle, “Planar bipedal walking wifoot
rotation,” in American Control Conference IEEE, 2005, pp. 4909—
4916.

() Human walking tiles [12] N. Kumar, N. Kunju, A. Kumar, and B. Sohi, “Knowledge leas
generation and its implementation for control of above kpesthetic
device based on SEMG and knee flexion andiet&rnational Journal
of Biomechatronics and Biomedical Robotie®l. 1, no. 2, p. 126,

2010.

[13] M. Popovic, A. Hofmann, and H. Herr, “Angular momentuegulation
during human walking: biomechanics and control,” Robotics and
Automation, 2004. Proceedings. ICRA'04. 2004 IEEE Intéomeal

. . . Conference onvol. 3. |EEE, 2004, pp. 2405-2411.
(b) Robotic model walking tiles [14] R. Torrealba, G. Fernandez-Lopez, and J. Griecoywards the devel-

Fig. 9: Comparison of human waIking and robotic model opment of knee prostheses: review of current researckgbgrnetes

. ) . . vol. 37, no. 9/10, pp. 1561-1576, 2008.
walking. The robotic model is under the PHZD control Wlth[15] D. Grimes, W. Flowers, and M. Donath, “Feasibility of active

the output combinatiois. control scheme for above knee prosthesdstirnal of Biomechanical
Engineering vol. 99, no. 77, p. 215, 1977.

[16] H. Herr and A. Wilkenfeld, “User-adaptive control of aagnetorhe-

ological prosthetic knee Ihdustrial Robot: An International Journal

o

overground and treadmill walking in healthy elderly sulge€dClinical vol. 30, no. 1, pp. 42-55, 2003.
biomechanics (Bristol, Avonyol. 25, no. 5, pp. 444-449, June 2010. [17] E. C. Martinez-Villalpando, J. Weber, G. Elliott, and Herr, “Design

[4] A. Y. C. Wong, M. Sangeux, and R. Baker, “Calculation oinfo of an agonist-antagonist active knee prosthes)08 2nd IEEE
moments following foot contact across two force plate€ait & RAS & EMBS International Conference on Biomedical Robating
posture vol. 31, no. 2, pp. 292-3, Feb. 2010. Biomechatronicspp. 529-534, Oct. 2008.

[5] D.Rand, J.J. Eng, P.-F. Tang, J.-S. Jeng, and C. Hungy“attive are  [18] A. D. Ames, “First steps toward automatically genergtibipedal
people with stroke?: use of accelerometers to assess phagstvity.” robotic walking from human data,To appear in Lecture notes in
Stroke; a journal of cerebral circulatigrvol. 40, no. 1, pp. 163-168, Control and Information Scienc€011.

Jan. 2009. [19] D. A. Winter, Biomechanics and Motor Control of Human Movement

[6] P. A. Kramer, “The effect on energy expenditure of watkion 2nd ed. NY: Wiley-Interscience, May 1990.
gradients or carrying burdensAmerican journal of human biology [20] E. R. Westervelt, J. W. Grizzle, C. Chevallereau, J. HhoiC and
: the official journal of the Human Biology Counciol. 22, no. 4, B. Morris, Feedback Control of Dynamic Bipedal Robot Locomation
pp. 497-507, 2010. Boca Raton: CRC, June 2007.

[7] B. Koopman, H. J. Grootenboer, and H. J. de Jongh, “Anrswe [21] A.D. Ames, “First steps toward underactuated humapired bipedal
dynamics model for the analysis, reconstruction and ptiedicof robotic walking,” in To appear in the IEEE International Conference
bipedal walking.”Journal of biomechanigsrol. 28, no. 11, pp. 1369- on Robotics and Automation
76, Nov. 1995. [22] A.D. Ames, E. A. Cousineau, and M. J. Powell, “Dynamiigaitable

[8] D. G. Thelen and F. C. Anderson, “Using computed muscletrob robotic walking with nao via human-inspired hybrid zero dgrics,”
to generate forward dynamic simulations of human walkingmfr in To appear in Hybrid Systems: Computation and Control
experimental data.Journal of biomechanigsrol. 39, no. 6, pp. 1107— [23] J. Perry and J. M. Burnfield3ait Analysis Normal and Pathological
1115, Jan. 2006. Function 2nd ed. Thorofare, New Jersey, United States of America:

[9] E. R. Westervelt, J. W. Grizzle, and D. E. Koditschek, g SLACK Incorporated, 2010.
zero dynamics of planar biped walkersiutomatic Control, IEEE [24] S. S. SastryNonlinear Systems: Analysis, Stability and Contrd\lY:
Transactions onvol. 48, no. 1, pp. 42-56, 2003. Springer, June 1999.

[10] M. W. Spong and F. Bullo, “Controlled symmetries and gpes



