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Abstract

Previous research has shown that passive (or ballistic)
walking is an enetgetic efficient and mechanical cheap way
of walking. Thetefore ballistic walking would be suitable for
applications in rehabilitation technology and autonomous
robots.

Successful application would require a smooth hip trajectory
in order to protect respectively the patient or electronics
against large velocity changes due to ground collisions.

It is shown that an actively adjustable stance leg compliance
in combination with a viscous damping can result in smaller
hip velocity changes.
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1. Introduction

In robotics movetmnent is often achieved by actuatots servod
according to a defined trajectory. Many researches have
shown that it is well possible to construct a bipedal walking
motion by trajectory selection in combination with servo
techniques [7, 8, 12], and even realize impactless walking
[2, 4]

A cyclic motion like walking can also be realized by a
mechanical system oscillating in its natural orbit. This is
called passive (or ballistic) walking. Using the unforced
oscillation implicates that the walking motion is not solely
defined by the actuatots, but largely by the passive inherent
system propetties. Actuation is mainly present to sustain the
oscillation.

It has been shown that by choosing the right geometry of
the robot a stable ballistic walking cycle can be constructed
[5, 6, 10}. In these researches gravity was the main power
supply.

The advantages of ballistic walkers are: a minimal energy
consumption, mechanical simplicity, low weight, and
'natural’ walking behaviour. These advantages make ballistic
walking suitable for autonomous robots and rehabilitation
technology. In both areas there is an inevitable energy
restriction due to autonomous functioning. Also the second
area is restricted to 2 mechanical compact design, and an as
low-as-possible weight. Ballistic walking would be a suitable
technology to overcome these restrictions.
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Howevet, in its turn ballistic walking also introduces several
restrictions. Since the passive walking pattetn is determined
by the natural frequency of the mechanical system, changing
the limit cycle can only be achieved by: 1. applying an
additional force or torque, 2. actively changing the intrinsic
system patameters. The first solution has been studied
before [1, 6, 9, 11]. In this work the latter solution has been
chosen.

The most plausible intrinsic parameter to vary is joint
stiffness. Active adjustment of a joint stiffness offers the
ability to 1. add or withdraw enetgy to or from the system,
2. modify the natural frequency 3. give the system a
protection against high disturbance fotces. If energy storing
properties are to be used also, then the compliance must be
passive. By phasically changing the joint stiffness a limit
cycle can be realized {15].

Successful physical application of a walking motion requites
a smooth hip trajectory. This in order to ptotect a patent
(in the case of a prosthesis or orthosis) ot electronics (in the
case of a robot) against impulsive forces due to ground
collisions. This effect can occur at heel contact, where the
weight of a biped is transferred from one leg to another.
Suff legs imply an instantaneous velocity change due to an
inelastic collision. If on the other hand the legs are
compliant most energy can be stored during the landing and
released during the push-off. This effect is often used in
running Raibert-like hoppers [14]. The advantage of a short
stance phase in combination with an aerial phase allows a
simple bouncing effect. The efficiency of such a collision is
nearly ideal, or nearly elastic.

If the bouncing effect is used for walking robots, the spring
constant must be very low due to a long stance phase. This
results in an undesired large leg shortening. It can be dealt
with by applying locking mechanisms [3]. However these do
not tesult in smooth hip trajectories, and are not biologically
presumable.

In this paper it is shown that smooth hip trajectories for a
phasically activated passive bipedal walker can be realized by
regulating leg stiffness and leg damping. The values of these
parameters define three different walking modes.
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2. The model

2.1 Kinematics

The model is assumed to be according Fig. 1. It is a planat
compass gait model, extended with an actively variable
spring (Cy;) and a damper (By,) in the stance leg. Both legs
have a mass (#) and inertia (I;), and a foot radius (R). The
mass (Mp) of the upper body is located between the hips
and is a point mass. The unsprung leg length is L, and the
distance between the hip and the leg center of gravity is p.
The model has 3 degrees of freedom; stance leg angle @,
trailing leg angle @;, stance leg length L, .

Fig. 1. Mode! of the biped with actively variable leg stiffness and
leg damping.

The cycle begins when the foot of the trailing leg leaves the
ground, and the system swings forward. The passive walker
is activated by a stance leg stiffness change (dC), which is
initiated by reaching a certain stance leg angle (@pg). This
can be expressed by a dimensionless parameter :

TIP0=$PO > 0<npo =1 Q)
7L

Where Mp, = dimensionless push-off parameter, @p, =
push-off angle, and ®;; = trailing leg angle at push-off. The
range of T\pg is limited, for the push-off can only occur after
midstance and before foot contact. The activation phase
ends when the stance phase ends.

When the foot of the trailing leg hits the floor the stance
phase ends. This occurs when:

(Ly —=R)cos @y —(Lg, —R)cosgy =0 @
Then the support leg becomes trailing leg and visa versa.

After the transfer phase the next cycle begins. A complete
cycle is illustrated in Fig. 2.

= activation
phase

Fig. 2. Complete walking cycle, with the gray area indicating
the activation phase.

Furthermore the following assumptions are made:

1. The lower part of the legs is massless

2. The foot of the trailing leg retracts during mid stance,
so it will not scuff the flootr.

3. The support transfer is instantaneous, and the foot
does not slip.

4. At collision angular and linear momentum are
conserved.

5. The leg stiffness change is instantaneous

2.2 Equations

Based on the model (Fig. 1) and the preceding assumptions
the governing equations can be derived. Mathematically
there are two distinct phases: stance phase and transfer
phase.

2.2.1 Dynamics stance phase

The support phase consists of two phases: ballistic and
activation. During the ballistic phase the leg stiffness Cj;
remains a nominal stiffness Cy. In the activation phase the
leg stiffness is increased from Cy to Cy+dC. Both phases
are governed by the same equations of motion, with
different values for Cj; .

The equations for stance dynamics can be given by the
following general equation of motion:

M(x)i+N (x, % )+G(x Cx )= j;;pk%f;f_ )

Where x = [@5, ¢ L )T, M(x)= 3 X 3 mass matrix, NV (x,
X )= 3 X 3 coriolis matrix, G(x) = 3 X 1 gravity matrix,
(x) = 3 x 1 stiffness matrix, F; = force k on state x. s =
direction of Fy in point of application. The matrices M, IV,
G, C and the right hand expression are given as a function
of system parameters in appendix A,
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2.2.1 Transfer phase

The activation phase ends when the foot hits the floor. A
non elastic collision occurs, during which impulse
mommentum is conserved. When the next cycle begins stance
leg becomes trailing leg and visa versa. When the trailing leg
becomes stance leg it will have unsprung length L, The
state vector after collision can be written as:

01 0]|egy”
x"=|1 0 Of|ey” @)
00 1| L,

The impulse momentum equations can be written in the
form :

(X =Q"(x)x ®)

Where, the index "-" means before collision, the index "+"
means after collision, and Q(x) = (3X3) matrix containing
the impulse momentum equations. From (5) the speed and

rates after collision (X" ) can be derived, which will be the

initial state vector for the next cycle. Q *(x), and Q (x)are
given as a function of system parameters in Appendix B.

3. Cycle analysis

Limit cycles can be found by applying return map analysis.
A Poincaré map is defined by the a mapping function P
which maps an initial state vector x onto its self after a
complete cycle [13). A periodic (or fixed) point can then be
found finding the roots of the mapping equation:

P(x)-x=0 6)

For the defined model the phase space is 6-dimensional.
The end-of-step condition (2) causes 5 variables to be
independent. So the mapping function is 5-dimensional.
The following 5 patameters are chosen to be iterated
@51 P> Ly » Cn and dC. Step width can then be given.
If it 1s assumed that stance leg length at the end of the cycle
equals L, then (2) is simplified by ¢¢ +@ =0.

A Newton-Raphson method can now be used to iterate (6)
until convergence. Therefore x is perturbed by Ax which
results 1n:

x+Ax=

P(x)+V Py Ax+ J P AC 4 IP i 0

dCx 3 dC
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Where V Py = jacobian evaluated in Xa

Rewriting this for the independent variables and iteration
parameters results:

Agg D1 P

Aq:"IL Ly Lg. 0 o\
ALg @5 P| Ps1. {VS‘[ D ®)
- . f I(33) ¢
ACy 419 O (>4)

adc ||\ Ly | Ly

with VS:[aPX APy 0Py JPy 3PX}

Py, dPp. 9Py ICy JdC

4, Simulation results

Limit cycles were found according to the mentioned
analysis. The simulations were petformed for the following
biped configuration parameters! : L, = 0.655 [m], R = 0.2
[m], p = 0.282 [m], M = 1.53 [kg], » = 0.458 [kg]. I, =.0387
[kgm?]. These are parameters where stable passive walking
can be expected [10].

The push-off parameter is chosen to be Mp, = 0. The
dimensionless coefficient of damping is defined as

Bs.= ’CJL/«J 4CN-Mr &)

Where My = 2m + My = total biped mass, K;; = stance leg
damping constant [Ns/m]. Also a pre-tension U, is taken
into account, caused by an agonist-antagonist construction
[15]. In the plots U, is chosen to be a hypothetical 1 [m].
Later on it will be shown that it is energetically beneficial to
decrease Uy, and increase dC.

Remarkable was the existence of three qualitatively different
walking modes.

mode 1

A typical mode 1 cycle is characterized by the single
up/down motion, illustrated in Fig. 3 for different settings
of B;;. Obviously the amplitude of the vertical body
oscillation decreases with increase of Py,. Since Np, = O the
maximum hip displacement is in midstance. The inter leg
angle was chosen to be 2 X 0.23 [rad]. The gray line
indicates the stiff legged compass gait hip trajectory.

! These parameters were largely based on the geometry of
an existing prototype biped.



hip trajectory, mode 1
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Fig. 3 Mode 1 hip trajectory for different settings of stance leg
damping: BeL=.8 1.5, 3,4, and 4<Cy L,/ Mpg <T7.

The leg stiffness range for mode 1 cycles in Fig. 3 is
4<CyLy/ M-g<7. Leg activation stiffness dC increases with
an increase of leg damping B, , for more energy will be lost,
so more energy must be added.

mode 2
A mode 2 cycle is characterized by the double up/down
motion, illustrated in Fig. 4. The resuling walking motion
looks rather funny.

hip trajectory, mode 2
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Fig. 4. Mode 2 hip trajectory for By = .2, and

Cu-Lo/ My:g=10.

The basin of attraction appeared to be very small for this
mode. Cycles were found for CyL,/Myg = 10, and By, =
0.2. Also the cycles found were either slightly stable or
slightly unstable. So this mode will most probably be very
difficult to reproduce in practice.

mode 3

A mode 3 cycle is characterized by the presence of 2
damped vertical oscillation with small amplitude, illustrated
in Fig. 5. The leg stiffness range for mode 3 cycles in Fig. 5
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is 45<Cyly/M;g <76. If damping is increased to
overdamped the cycle changes into a mode 1 cycle with
small steps.

The nominal leg compression in the ballistic phase is
approximated by M; g/C,, which is the static spring
compression.

hip trajectory, mode3
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Fig. 5 Mode 3 hip trajectory for different settings of stance Jeg
damping: By = .2, .5, 1, and 45<Cyy Lo/ My g< 76.

A phase plane plot of the leg angle in one complete walking
cycle (stance and swing) in the three different modes, and
for a stiff legged biped model is given in Fig. 6. The stff
legged biped model is obtained by eliminating L, out of the
state vector x, and rewriting the equations (3) and (5).

Energy is added by instantaneous stance leg lengthening?.
phase plane leg angle
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Fig. 6. Phase plane trajectories of the leg angle for a complete
walking cycle in three different modes and for a stiff legged biped
model.

The shapes of the phase plots in Fig. 6 do not differ a lot
(except for the size). This can be expected, for leg angle
behaviour will not be severely disrupted by a limited amount
of leg lengthening,

2'This is similar to McGeer’s 'length cycling' [11]



A phase plot of the stance leg length for the three different
modes is given in Fig. 7. For stiff legged walking the phase
plane is not interesting , since stance leg length is assumed
to change instantaneously. Fig. 7 cleatly shows the
difference between the three modes.
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Fig. 7. Phase plane trajectories of the leg length for a complete
walking cycl in three different modes.

Values for the vertical velocity jumps at heel contact on the
hip (AVZuip) are given in table 1. These values are for an
equal stance leg angle ®;; = 0.23 [rad].

Table 1. Range of vertical velocity jumps of the hip at hee/
contact, for Py = 0.23 [rad].

mode 1 mode 2 | mode 3 stiff legs
/] | (m/s | [m/s) | [m/d
AVZyp 0.0009 0.013 0.005 0.22
0.0084 0.007

The efficiency of transportation can be expressed by the
specific resistance (SR). SR is defined as the work done
divided by the product of weight and distance traveled. For
the biped model the SR can be expressed as:

energy input
weight X distance travelled

(10)

HentdC XLXLA —-Ly,—Up )z"zLCN (LA‘L A-L, )z
My g{R((PTL— ~Ps1 - )_(L.S'L— ‘R)Siﬂ(/’sL- +(L,—R)singy; }

Where, Lg,” = length of the stance leg on the moment of
activation, and the index '-' means just before heel contact.
In otder to keep SR low, U, must be chosen as small as
possible. In order to produce an appropriate push-off force,
dC then needs to be increased. By varying the ratio of U,
and dC the specific resistance could be varied between 500
and 0.05 ! So in order to keep efficiency high it is crucial to
minimize the ratio U, /dC.

5. Conclusions and future work

Stable ballistic walking for a biped model with active leg
stiffness and damping was achieved. Three different walking
modes were found, determined by the values of leg stiffness
and damping,

In spite of an additional dissipating effect of damping the
specific resistance can be close to that of a stiff legged
walker. This is because the energy loss at foot contact is
smaller than is the case for stiff legged walkers, due to
energy storage of the leg spring. As a result the vertical hip
amplitudes can become larger, however velocity jumps at
heel contact can be decreased by a factor 244.

Since the energy input is supplied by leg extension, the
passive walker is able to walk on a horizontal floor. It is also
expected that the implementation of leg stiffness makes
simulation results versus practice more accurate with respect
to collision behaviour. Since the leg can always chosen to be
less stiff than the ground, properties of the surface can vary
without having significant result on the walking cycle.

A disadvantage of leg compliance is the need for larger
trailing leg shortening, since the vertical hip amplitude is
much larger than is the case for stiff legged walking. It
might therefore be interesting to study the effect of knees in
the model.

In future research a force-velocity relationship will be
implemented. If pneumatic McKibben muscles are used to
generate the active stiffness, this relationship will be
determined. This will relate damping (derivative of force to
speed) and stiffness by muscle properties. If leg stiffness is
varied mode switching between the three described modes
can occut.

Currently a prototype biped is being built to study the
practical effect of active leg stiffness.
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Appendix A, body dynamics matrices
The general notation of the equations of motion for the
model in the stance phase is given by (3). The equations of
motion were derived using LaGrange's equation:

i(op)_20_% ; Fi
E( ER ] B (4D
Where 2 = Eg - Epor (the LaGrange operator)

For the kinetic energy (Exy) and the potential energy (Epor)

we can write,

Eyn = VZMH" ‘/;4"2 + 1/“-m" VXL"2 + l/2‘“" VTLHZ

+ || @ |12+ oL @1 |12 (A2)
Epor = HUga cos@g —mgp cos@py +M1Rg
+ VGl - L)+ YadCLy - Ly - Uy’ (A3)

with 4t = My, +{H/] )m

Where Vi = speed vector of mass N, g = gravitation
constant, U, = pre-tension.

Choosing 2 coordinate frame, expressing speeds (V) in x,
substitute the result in A2 and A3, the matrices M, N, G, C,
and D were derived by evaluating Al:
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M(x)= [5X3], where
Mu = 2pRacosgg +AR? +a% I,
Mz = Mz = mp{a-cosl@s —¢p fRcos@q }
Msi = Mis = MyRsingg Mz = mp?+1),
Ms; =My = —mpsinl@g @) M =My

N(x,x)= [3x 3], where
N = 2Ly tap+MR-cos@y p-paRgg singg
Nt = mpags sinl@g —¢n. }-mpLg -cosl@s —¢1. )
N3t = —pagg
Niz = mp@p {R-sin@yy —asinl@g —¢p )}
Nz = mp@yy -cos(@ gy ~@p; ) N2 = N1i3 =N33 =0
Nz = —mp@y -coslpy —¢r.)

—HagsinQg; Cy (¢SL P )
G(x)=| mgsingy |,C(x)=| —Cylpg —0n )
My gcos@y

withb=Lg-p-Ra=Lg -RM =My + 2m,
A=M, +(7+b72)m
a

Zi'ﬁ aﬁ:[o 0 —xg LJ

&
o~ " ox

Appendix B, transition matrices
The transition matrices are given by:

Q (x) = [3 x 3], where

Qu = sz_z +2ma_b_ (cos0r_ +R{u_a_ —mp}cos(pSL_
+RU_a_cos@y _ +MTR2 —mpb_+1,

Qu= -mp{R cospy _+b_}

Q3 = f_a_-sina_+MpRsingy _

Qu=—-m {R ‘cosy . +h_} Qu=1I
Q1= M Rsingg _—pi_a_-sina
Qu=Qxn=0 ,Q33 = Mp-cosa_

Q*(x) = [3 X 3], where

Q' = l+a+2+MTR2+2,u+a+R~cos(p .

—mp {a+~cosa +Rcos@ | g+
Qtn = —mpla, -cosa, +R-cos@y , |
Q%1 = MyRsingg, ,
Q*12= —mpla, cosa, +R-cosgry . —p}
Q= mp’+I, Q2= Q' = mpsina,
Q*13 = M Rsingg  +mpsine,  Qtss =My

Where, Q_=@y _~@g _ 0, =@  ~Pg ,, the index ‘+°

means post-transition, and the index
transition.

means pre-



