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Abstract Inverted Pendulum based reduced order models offer many valu-
able insights into the much harder problem of bipedal locomotion. While they
help in understanding leg behavior during walking, they fail to capture the
natural balancing ability of humans that stems from the variable rotational
inertia on the torso. In an attempt to overcome this limitation, the proposed
work introduces a Reaction Mass Biped (RMB). It is a generalization of the
previously introduced Reaction Mass Pendulum (RMP), which is a multi-body
inverted pendulum model with an extensible leg and a variable rotational in-
ertia torso. The dynamical model for the RMB is hybrid in nature, with the
roles of stance leg and swing leg switching after each cycle. It is derived using
a variational mechanics approach, and is therefore coordinate-free. The RMB
model has thirteen degrees of freedom, all of which are considered to be ac-
tuated. A set of desired state trajectories that can enable bipedal walking in
straight and curved paths are generated. A control scheme is then designed for
asymptotically tracking this set of trajectories with an almost global domain-
of-attraction. Numerical simulation results confirm the stability of this track-
ing control scheme for different walking paths of the RMB. Additionally, a
discrete dynamical model is also provided along-with an appropriate Geomet-
ric Variational Integrator (GVI). In contrast to non-variational integrators,
GVIs can better preserve energy terms for conservative mechanical systems
and stability properties (achieved through energy-like lyapunov functions) for
actuated systems.
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1 Introduction

1.1 Background

Reduced-order models that are typically used for humanoid gait generation
include several versions of the inverted pendulum model, such as the 2D and
3D linear inverted pendulum models (LIPM) [14,13], the cart-table model
[12], the variable impedance LIPM [31], the spring-loaded inverted pendulum
(SLIP) [1,5], and the angular momentum pendulum model (AMPM) [17,18].
All these models (except [17,18]) have limited utility for rotational maneuvers
as they represent the entire humanoid body only as a point mass and do not
characterize the significant rotational inertia of the torso. Neglecting it causes
the angular momentum of the system about its CoM to be zero and the ground
reaction force (GRF) to be directed along the lean line. It has been reported
that during human gait, even at normal speed, the GRF diverges from the lean
line [4] and this may be important for maintaining balance. The Reaction Mass
Pendulum (RMP) model was introduced in [19] as a three-dimensional inverted
pendulum model with variable inertia, which could be used as a reduced-order
model for humanoid motion that accounted for the variable inertia and angular
momentum of a humanoid body. This model consists of an extensible “leg”
pinned to the ground along with a variable inertia “torso”.

In order to model bipedal spatial locomotion, an extension of the Reaction
Mass Pendulum (RMP) model developed in [19,4,26] is considered here. This
extension adds a swing leg to the RMP model and it is termed the Reaction
Mass Biped (RMB). The dynamics of this biped model is necessarily hybrid
involving continuous-time stance dynamics with one foot on the ground and
discrete-time impact dynamics when the swing foot hits the ground. Moreover,
while most 3D models of bipedal robots model the rotational degrees of free-
dom through local coordinates such as Euler angles or quaternions, we consider
a coordinate-free approach using rotation matrices. The dynamics are devel-
oped directly through application of the Lagrange-d’Alembert principle, by
considering variations on the configuration manifolds. This leads to the devel-
opment of a coordinate-free dynamical model that is valid globally and is free
of singularities. Furthermore, these coordinate-free dynamics are discretized
as well, yielding a structure preserving discrete-time stance dynamics. Using
these discrete-time equations of motion a geometric variational integrator is
developed to accurately integrate the system’s dynamics.

On the control side, there is significant work in the formal stabilization
of 3D walking using techniques based on controlled symmetries and Routhian
reduction [7,6,29], and on hybrid zero dynamics [9,8]. These methods have
been extended to yaw steering of 3D robots [28]. The present paper develops
a geometric controller with a large domain of attraction.



1.2 Contributions

The main contributions of this paper with respect to prior work are listed
below.

— A novel reduced order model, called Reaction Mass Biped, is proposed. Un-
like many other popular models like LIPM, SLIP, etc., the RMB explicitly
considers a variable inertia torso and models leg inertia.

— A Hybrid Geometric Model is developed using variational principles di-
rectly on the configuration manifold of the robot. The dynamics are said
to be coordinate-free and have no singularity issues.

— A discrete mechanical model of the RMB is also developed along with a
Geometric Variation Integrator (GVI).

— Assuming full actuation, a geometric trajectory tracking controller is de-
veloped for walking and turning with almost-global stability properties.

1.3 Organization

This paper is organized as follows: Section 2 describes the hybrid dynamical
system model of the RMB. Section 3 develops a discrete mechanics model of the
RMB, which is subsequently used to develop a structure-preserving geometric
variational integrator. Section 4 develops motion primitives for walking along-
with a tracking controller to achieve the desired trajectories. Section 5 provides
simulation results and discussions on the RMB walking along straight and
curved paths. Finally, Section 6 provides concluding remarks.

(a) RMB Model (b) Rotations (¢) Actuation

Fig. 1: A schematic of the RMB model.



2 Mathematical Model

2.1 Physical description of the RMB Model

As shown in Fig.1(a), RMB consists of two extensible legs whose lengths are
p1 and po as measured from the RMB CoM. The CoM of both the legs is
assumed to coincide with the RMB CoM. Moreover,for some nominal length
po, the moment of inertia for the legs is given by Jrg. The legs can extend
up to a max distance r from pg. The torso is made up of three pairs(depicted
in green) of reaction masses $1,52,53,respectively. Each pair is arranged along
an orthogonal axis e; of the torso’s body-fixed frame. With one each on either
side of the RMB CoM , they are constrained to move equidistantly so that the
torso CoM always coincides with the RMB CoM. In Fig. 1(b), the frames of
reference used in this study are depicted and they are defined in Table 1. We
assume full actuation for the RMB model, as shown in Fig. 1(c). 7y rotates
the ankle joint at the stance foot along pitch, roll and yaw directions w.r.t.
the inertial frame {I}. fi is the force used to extend the telescopic stance leg.
7p1 € R3 rotates torso frame {P} w.r.t the stance leg frame {L;}. Similarly,
Tp2 € R3 rotates swing leg frame {Ls} w.r.t the torso frame {P}. Finally,
us € R3 actuates the reaction masses pairs on the torso. It is the motion of
these point-masses that induces variability into the torso’s inertia.

2.2 Stance Dynamics (or) Fixed-base Robot Model

We develop a coordinate-free dynamic model for the stance phase of the Reac-
tion Mass Biped, as shown in Fig. 1(a), by using rotation matrices to represent
the attitudes of the two legs, R, Ro, and the torso, Rp, along with scalars
p1, p2 to represent the length of the two legs, and s; to represent the position
of the i*" pair of reaction masses. Note that, there are three pairs of reaction-
masses, all of which are mutually orthogonal. During the stance phase, the
stance-leg is assumed to be pinned to the ground. The configuration manifold
of the system is then given by Q, = C' x SO(3) x SO(3) x SO(3) x S x C,
with pP1,P2 € C = [0,7‘], Ri,Rp,Ry € 50(3), s = [81 So S3]T e S =
[0,75] x [0,75] x [0,75]. The symbols used in this paper are tabulated in Table
1.

We have the following kinematic relations in the system, R, = R 02,
Rpl = RP1~Q}>:<J1, RP = RPQ;, Rgp = RQPQQXP, RQ = RQQQX,Where, Ql, Qg, .Qp
are the respective body angular velocities, and are related by

T T
2p = 2p1 + Rp {21, where, Rp1 = R, Rp, (1)
T T
..(22 - QQP + R2P9P7 Where, RQP = RPRQ (2)
Here, the (.)* is called the hat operator and it is used to map angular

velocities from R? to so(3) (the Lie algebra of SO(3)). Next, we derive an
expression for the kinetic energy of the system, 7, : TQs — R. We do this



by first finding the position of the center-of-mass (COM) of the stance leg, b,
and the positions of the reaction mass pairs, p;+, in the inertial frame {I} as
follows,

b=piRie3, pi+ =bxs;Rpe;.
The dot product of their velocities can then be respectively computed as,
612 = 2 — P27 (5 )22 (3)
B 12+ llpicl 2 = 2 (11112 + 52 = s22p ()2 2p ) (4)

where (-)* : R? — s0(3) is the skew operator, defined such that 2>y = x x
y,Vx,y € R3. The kinetic energy of the system is then given by 7, = Ty +
Tp+Ts, where, T1,Ts are the kinetic energies of the two legs respectively, and
Tp is the kinetic energy of the torso, computed as,

T,

1 . 1
§mLHb||2 + 5‘9?’][40017

3
1 . . 1
Tp = 5mp (Z lpes |1 + ||Pi||2> + §Q}TDJPOQP,
i=1

1

: 1
T, 5mL|\b||2 + 5QQTJLOQQ.

Thus, the total kinetic energy of the system is,

3

L. 2, 1 1 1

Ts = imﬁ + E mps; + 591TJ1(P1)~Q1 + §Q}T9JP(S)~QP + §QgJLOQ27 (5)
i=1

where,

Ji(p1) = Jr, + K1(p1), Ki(p1) = —mpi(e3)?, m =2my, + 6mp,
Jp(s) = Jp, + Kp(s), Kp(s)=-237  mps?(e))?.

Remark 1 Note that, the length of the swing leg, ps does not appear in the
kinetic energy of the system, and as we will consequently see, it will not appear
in the dynamics either. This is because of representing COM of the swing leg
at the hip. Moving COM location to half-way along the leg will ensure the
swing leg length velocity appears in the kinetic energy, thereby introducing an
additional dynamical equation for ps. The dynamical model and the controller
developed here can easily be extended to incorporate a variable swing leg
length, at the cost of adding another degree of freedom and some complexity
to the dynamics. Here we treat the simpler case by assuming the swing leg
length to be constant. The swing leg’s rotation does appear in the kinetic
energy through (2.

Having developed an expression for the kinetic energy, we next compute
the Potential Energy, Us : Qs — R, as,

U, = —mg,olRlTeg - e3. (6)



my €R Mass of either Leg at Hip Joint

mp € R Mass of Reaction masses

meR Mass of the entire system

Jry € R3%3 Inertia matrix of either leg with respect to the body-fixed frame
when leg length is its nominal value pg

Jp, € R3%3 Inertia matrix of the torso with respect to the body-fixed frame

{I ](2 Inertial frame at the stance foot

{L.} Body frame of the stance leg at the hip joint

{P} Body frame of the torso at the hip joint

{L2} Body frame of the swing leg at the hip joint

p1eC Distance between CoM of the stance leg and its ankle

po €C Constant distance between CoM of the swing leg and the hip
joint

Ry € SO(3) Rotation matrix of the stance leg from the body-fixed frame to
the inertial frame {I}

Rp € SO(3) Rotation matrix of the torso from the body-fixed frame to the
inertial frame {I}

Ry € SO(3) Rotation matrix of the swing leg from the body-fixed frame to
the inertial frame {I}

Rp1 € SO(3) Rotation matrix of the torso from the body-fixed frame {P} to
the stance leg body-fixed frame {L1}

Ryp € SO(3) Rotation matrix of the swing leg from the body-fixed frame {L2}
to the torso body-fixed frame {P}

7 €R3 Angular velocity of the stance leg in the body-fixed frame

25 €R3 Angular velocity of the swing leg in the body-fixed frame

Np €R3 Angular velocity of the torso in the body-fixed frame

s; €S Position of the i’th reaction mass

e3 €R3 Standard unit vector along the gravity direction (downward) in

the inertial frame

Table 1: Enumeration of the symbolic notation used in the paper.

Note that the negative sign arises due to our convention of es being along the
direction of uniform gravity.

The Lagrangian of the system L, : TQ, — R is then given by L, =
Ts —Us. The equations of motion can then be computed through the Lagrange-
d’Alembert principle by writing the variation of the action integral as,

3
/ O0Ls+mn1 -7+ 0p1fi +1p1-TD, +Z§siusi +np2-Tp, |, (7)
)

where the first term in the integral represents the variation of the Lagrangian,
computed using the following variations on SO(3),

0Ry = Run, m € R®, 80y = Q' + 1, (8)
6RP = RP’[’];;’ np € R37 6QP = Q;?’]P +7;)P7 (9)
0Ry = Rony', ma € R®, 6425 = Q5 + 10, (10)

and, all the other subsequent terms in the integral representing the infinitesi-
mal virtual work, where,
_ T _ T
np1 =1np — RpRimi, np2 =12 — Ry Rpnp.

For more details and illustrations of the actuators, please refer to Fig. 1(c).
The dynamical equations of motion can then be obtained by setting the above



integral to zero for all possible variations, resulting in,

mpy = —mp1 Q] (e5)*01 + mge3 Rl es + f1, (11)
Ji(p1) 01 = =1 x Ji(p1) 82 + 2mp1pr ()62
+ mgpies RTes + 1 — R Rprp,, (12)
Jp(s)2p = —02p x Jp(s)2p — N(s,5)2p
+ 7p, — RLRa7p,, (13)
2mps = —L(s,2p) + us, (14)
Jry 2 = =5 x Jp, 05 + Tp,, (15)

d
where, N(S, S) = aKP(S) =4mp diag {82<§2 + S383, 51581 + S383, 5151 + Sgég},

s1(2p, + 23,)
QF Kp Qp) =2mp |s2(23, + 23,)

and, L(s, 2p) = 82(
° s3(2p, + 925,

1
2

We can rewrite the above dynamical equations in a matrix form (use-
ful for the impact model) by defining g, = (pl,Rl,Rp,s,Rg), and w, =

[[)1 2 02p s QQ]T. Thus, using gs, ws, the equations of motion can be rewrit-
ten as

Ds(Qs)dJs = Hs(anws) + Bsu87

Where> Ds(qs) = dzag (m7 Jl(p1)7 JP(S)72mPIa JLo)a and

—mp1 27 (e5)%021 + mgel RTes
=81 % Jy(p1)21 + 2mp1p1(e5)* 21 +mgpres R es

H,(qs,w,) = —0p x Jp(s)2p + 42?21 mps;$i(e])*2p ,
—L(S7.Qp)
—QQ X JLOQQ
I0 0 0 0 fi
0 I-RTRp0 0 m
Bs(qs) =100 I 0 _RgRQ ,Us = [ TD1
00 0 I 0 Ug
00 0 0 1 TD2

Remark 2 Note that the stance dynamics of the Reaction Mass Biped is fully
actuated due to the ankle torque 7, at the stance foot.



Fig. 2: Reaction Mass Biped Model for the Extended Dynamics or the Floating
base case. Here, xp is the hip position while zp1, xps are the stance and
swing leg positions, respectively. In the flight phase, we assume that both
p1 = p2 = po i.e., both legs don’t extend but only rotate.

2.3 Extended Dynamics or Floating-base Robot Model

Having derived the stance dynamics of the Reaction Mass Biped system, where
the stance leg is pinned to the ground, we now develop the extended model,
where the foot is no longer pinned to the ground. This model is required to
formulate the discrete-time impact model that captures the dynamics of swing
foot impact with the ground. The extended model is illustrated in Figure 2,
and has the configuration manifold Q. = R3 x SO(3) x SO(3) x S x SO(3).
The kinetic and potential energies, T, : TQ. — R, U, : Q. — R can be derived
in a similar manner as in the stance dynamics, resulting in,

3
1 . . . 1
T. = §m$p -Ip+ E 1 mpsl2 + iﬂfJLoﬂl
i—

1 1
+ 520 Tp(s)2p + 5005 1, 2, (16)
U, = —mgxp - e3. (17)

The dynamics of motion can be obtained through application of the Lagrange-
d’Alembert principle as outlined earlier. We will directly write this in matrix
form by first defining, g, = (Rl,Rp,s,Rg,xp), and w, = [(21 2p § 29 :i:p]T
where xp is the position of the hip in the inertial frame. We then have,

)

De(qe)‘be = He(qeawe) + Be(qe)uey



where, D.(q.) = diag (J,, Jp(s),2mpl, Jr,,m),

—.Ql X JLOQI
—Qp x Jp(s)2p + 4327 mps;si(e))?2p
H.(qe,w.) = —L(s,2p) , (18)
—QQ X JLOQQ
mges
—R{RP 0 0
I 0 _R£R2 TD1
B.(q.) = 0 I 0 , U = | ug | . (19)
0 0 1 TD?2
0 0 0

Remark 3 Note that the extended dynamical model of the reaction mass biped
is under-actuated. This is in contrast to the stance dynamical model, which is
fully actuated.

2.4 Impact Model

We will next develop the discrete-time impact model that captures the impact
of the swing foot with the ground. The impact model results in an instanta-
neous change in the joint velocities of the system. In order to capture this, we
will first need to map the stance coordinates to the extended coordinates, per-
form the impact in the extended coordinates, map the extended coordinates
to the stance coordinates while accounting for the relabeling that occurs as
the old swing leg becomes the new stance leg.

First, to map the stance coordinates to the extended coordinates, we need
to find zp,Zp in terms of the stance coordinates. Since the stance foot is on
the ground, zp = p1Ries. From this we obtain, 2p = p1Ries + p1 R1(2] es.
We will write this as the following map,

qge =71,.(qs), we=7 (ws).

For later use, we will denote the map from the extended coordinates to the
stance coordinates (assuming the first leg’s foot is in contact with the ground)
as,
qs =17,,(qe), ws =77, (we).

This map essentially computes p; from zp as, p1 = ||zp||.

Next we model the impact map. By considering (g, ,w_ ) to be the state
prior to impact, and (g, w.") to be the state post impact, and F,,; represent-
ing the external force, we have the following relation from [10],

D(q))w! — D(q; )w; = Fear.
Further, the swing foot position and velocity are given as,

td . . td X
Tp, =Tp + py Rees, &p, =ap— py Ra(es) (2,



where pi? is the value of ps at touchdown (note that pi? is a constant and has
no dynamics since p can instantaneously change.) We require the post impact
swing foot velocity iR = 0, since this foot now becomes the new stance foot.
This can be expressed as Aw] = 0, where,

A=[000—pyRS (e3)* I].

Further, denoting Ir as the impact force at the swing foot, we have F,,; =
ATIp. The above equations can then be expressed in matrix form to solve for
wl and I,
wi] _ [Dela?) —AT] " [~Delgr s %
AR e N s A B

We can then define a map I" such that w} = I'(w_ ).
The impact map can then be defined by the map A; s : S — TQ, where
S ={zs € TQs | (p2R2e3 — p1R1e3) - e3 = 0} is the switching surface repre-

senting the contact of the swing leg toe with the ground. We have,

q
As—)s = [ﬁiﬁs} )

5—S

where, the components A2,  and A%, _ define the transition maps for the
configuration variables and their velocities, respectively. These are obtained

from the above equations as follows:

q —Tal’] q
As—m T Te—)s o R © r9—>eﬂ

w YW w
As—>s T Te—)s oRol'o Ts—)e’

where R represents a coordinate relabeling transformation such that the old
swing leg is labeled as the new stance leg and vice-versa.

2.5 Hybrid System Model

The hybrid model for walking is based on the stance dynamics and the impact
model developed in the previous sections, and can be represented as follows:

. DS"“"S = HS(qS7wS) + BS(qS)uS7 (qs_?ws_) ¢ S’
(qF,wl) = Ass(gs,wy), (g5 ,wy) €S.

3 Discrete Mechanics and Variational Integrator for RMB

In general, for hybrid dynamical models like the RMB, conventional numerical
integrators, based on explicit Runge-Kutta method, are used for determining
the system’s flow based on the continuous-time Euler-Lagrange equations that
were derived in Section 2. However, this procedure results in the loss of some
fundamental geometric properties of the system such as, inherent manifold
structure, symplecticity, and the momentum map. Special integrators exist to



either preserve manifold structure of the configuration space [11,16] or sim-
plecticity [22,33]. Recently, Lee et al [21,20] integrated these two techniques
and devised Geometric Variational Integrators (GVI) that are capable of pre-
serving both geometry and structure of the discrete flow. In this section, we
develop a discrete mechanics model of the RMB by taking variations of the
corresponding discrete action sum. The resulting update rules form the dis-
crete equations of motion and they used to construct a GVI for the RMB
system.

3.1 Discrete Lagrangian

The Lagrangian is discretized with a fixed step size, h > 0, and the subscript
k determines the value at any iteration, as t; = kh. Therefore, the configu-
ration manifold of the RMB at any time tj is given as Qs = C' x SO(3) x
SO(3) x SO(3) x S x C, with configuration variables p;,,p2, € C = [0,7],
le,RPk,Rzk S SO(S), Sk = [S1k 892, Sgk]T es.

For the discrete-time kinematic relations, the linear velocity & at t; can
be approximated as shown

. Az, Ty — Tk
T ~ = .

h h

(21)

Similarly, from the rotational kinematic relations in Section 2, the discrete
analogue of angular velocity is

F, = ehnkx, so that Rx+1 = Ry Fy. (22)

Using (22) and (21), we get the following first order discrete equations for the
RMB,

R1k+1 =Ry Fy,, RPk+1 = Rp, Fp,, R2k+1 = Ry, Fy,, (23)
p1k+1 = plk + hp1k7 Sk?Jrl = Sk + hék} (24)
F1, € SO(3) Rotation matrix that shifts the stance leg from configuration
Ry, to Ry, ., during k" time-step
Fp, € SO(3) Rotation matrix that shifts the torso from configuration Rp, to

Rp, during k" time-step
Fp, € SO(3) Rotation matrix that shifts the swing leg from configuration Rz,
to Ro, , during kM time-step

Table 2: Notations used in the discrete mechanics of RMB

The symbols specific to the discrete mechanics are tabulated in Table 2. We
derive the discrete versions of both kinetic (7;) and potential (i) energies of
the system next. The discrete version of potential energy U, : Qs — R is given



as U, = —mgplkegRi es, and the kinetic energy, defined as 75, : TQ, — R,
is given as,

3
1 ) .
=1

ngJP(Sk)QPk —|—Qg;JLOQQk) (25)
The discrete Lagrangian £, approximates the path of least action, which is

obtained by integrating the Lagrangian along the exact solution of the equa-
tions of motion for a single time step,

h
Ek %/ Ldt:L(plmsk"glkaQPmQQk)h:7—'Sk —L{Sk. (26)
0

Substituting (25) in (26) gives

m P1,
2mpI ék
Ly = Ep1, sk 1, 2p, 2,17 Ji(p1,) O | +
Jp(Sk) _ka
Jre {29,
hmgplkegR,{ke& (27)

where J1(p1,) = Jr, —mp3, (e5)?, Jp(sk) = Jp, —2% mps3, (€)%, Similar
to its continuous-time counterpart, the discrete-time version of the Lagrange-
d’Alembert principle states that the action sum, which approximates the ac-
tion integral, is invariant to the first order of all possible variations, as shown
in (28). Integrators that maintain this invariance are called Variational Inte-
grators. Additionally, if they also maintain the structure of the configuration

manifold, they are called GVIs.

N-1
084="Y  O6Li+0W; =0, where N =
k=0

trp —to
h

. (28)

Here, tg,tr are the start and end times of the integration, respectively. To
compute the above, we have to first determine the infinitesimal variations for
Ry, and (24, as shown in [32],

Ry, = liH(l) Ry exp (en;) = Riny s (29)
€E—>
§Fy = hos2) exp (h92)) = hds2) Fy, (30)
1 1
—— 50; = E&FkaT = E((FknkJrl)X _77]:)7
1

002, = h((FknkH) — k) (31)



Additionally, the variations of p;, and $; are,

§p1k+1 - 5p1k

- 5Sk+1 — 5Sk
h =

h

The infinitesimal virtual work done and Lagrangian can be discretized
using the discrete infinitesimal variations obtained above as follows:

Spi, = , Osk (32)

OWk = h(fr.0p1, +ul,dsk + T m, + 75, npL +Th, MP2,),

m 0p1,
2mpI 5=§k
0Ly = h[plk sk (1, O2p, “QQk]T Jl(plk) 6'Qlk
Jp(Sk) (Sﬁpk
Jre 082y,
_hmplk“(zﬂ (6§<)291k5p1k — h2mp Z?:l Sik‘Q}j;k (ez'X)Q‘QPk(;Sik
+hmgdpy, €5 R es + hmgpy, €3 6R] es. (33)

Now, we map all the velocities to their corresponding momentum terms and
continue the rest of this derivation in terms of the momenta. Let, Dpy,, = MP1ys
Ps;, = 2mpék, Hlk = Jl(plk)Qlk, .ijlC = Jp(Spk).ka7 and Hgk = JLOQQk.
Accordingly, the discrete action sum in (28) can be rewritten using (33) as,

5S4 = [T 662, + MI'6Ry, + I}, 602p, + 113, 6525, +
Ppy, (6p1k+1 —6p1,) — hmplkﬂﬂ (e§)291k5p1k_ + Nidp,, +

Z?zl Dsq, (08iyy — 084,) — h2mps;, Q2 ()2 02p,0si,, + OWi] = 0.(34)
Us, Us, . .
o and Ny = Tor We can substitute (33), and the variations
(29),(31), and (32) in (34) to obtain the discrete action sum in terms of the
variations dvy := [m1, NP, N2, 0p1, 0Sk]. The fact that variations vanish at end
points, i.e., dvry = 0 if &k = {0, N}, and an appropriate re-indexing of terms
allows us to reformulate (34) as,

where, My, =

N-1

[(FlTk,lﬂlkfl - Hlk + Mgle + thk - hRPlkTle)ka
k=1

(Ff_ Hp, , —p, +htp1, — hRp2, mp2, ) 0y, +
(F3,_ I, , —II>, + hTpa,) o, +
(pplk_71 - pplk, - hmplk Qi (6§<)2'Qlk + Nk + hflk)(;plk +
3
Z(psik_l —Ps;, — h2mpsik!2£k (ez'X)QQPk + hulk)észk] =0. (35)

i=1

Since (35) is true for any dvy, we require that the expressions each of in the
parentheses to be equal to zero. They are indeed the discrete-time equations of



motion for the RMB in terms of the momenta. Finally, we can map back from
the momentum terms to the velocity terms to get the equations of motion in
terms of the velocities as shown below:

J1k+l Qlk+1 = *Flj;c (Jlk“(zlk) + hmgp1k+1€§< R{k+1€3 + thk+1 - hRP1k+1TD1k+1

(36)

IPer 2Py = Fb (I 2p,) + hp1,,, — hRpay, T2, (37)

Jro$2,,, = FJ (Jpof22,) + h7pa, (38)
mpi,,, = mp1, — hmleIkaJrl (eX)fh,,, + hmgegRﬂHeg + hfi,.,

(39)

2mpspp1 = 2mpsp — hL(sp41, 2p,,,) + hugs (40)

The discrete-time Lagrangian flow map takes us from (£21, 2p, 22, p1, Sk) —
($21,,, 2P,y 22,1 Proy, Sk41), and this process is repeated for N steps. Note
that, unlike in [21,20], this is an explicit method and doesn’t require custom
Rodrigues formula-based gradient descent methods, and is therefore faster.

3.2 Advantages of Geometric Variational Integrators are listed below.

1. GVIs preserve important mechanical properties like energy conservation
(for conservative systems), momentum conservation (where there is sym-
metry), while ensuring that the dynamics evolves in the configuration man-
ifold of the system.

2. They can be easily implemented in hardware and the equations are inher-
ently discrete-time.

3. This structure preserving property is also useful when building controllers
based on energy-like Lyapunov functions, as shown in this work.

4. Moreover, the performance does not degrade even for long simulation times.

4 Actuation and Controlled Motion

4.1 Motion Planning for Moving between Ground Locations

Consider a trajectory connecting two ground points with known initial and
final velocities; there are many ways to generate this trajectory while avoiding
fixed obstacles. The motion of the torso center of mass, when projected on
the horizontal (ground) plane, should closely follow this generated trajectory.
Assuming that this trajectory is known a priori, a stride length that is optimal
(or natural) for the RMB is used to determine the number of steps required
to cover the path length. If [ is the optimal stride length and p; is the path
length of the trajectory, then the nearest integer to p;/ls can be used as the
number of strides required to cover this trajectory.



Desired trajectories (motion primitives) for variables associated with the
RMB legs in time interval [0, T are:

™

pil:po—l—ﬁsin(wt),w: s Po>p >0,

N

R} = Ry, exp (( sin(wt/2)),
p5 = po.
R§ = Ry, exp (( sin(wt/2)).

(41)

Note that the constant vectors (1, (s € R3 for the leg rotations could be equal,
and something similar could be said for R;,, Re, € SO(3) when the biped is
standing erect. Also, pp and p are related to the optimal stride length for the
biped. The desired trajectories for variables associated with the torso over the
time interval [0, 7] are:

Rp = R exp (7 log ((R‘f)TRg)), v €0,1],

5% = s + Fsin(wt),

(42)

where 59,5 € R? are designed to have the appropriate inertia distribution for
the torso as mentioned earlier with |sg;| > |5;|, log : SO(3) — s0(3) is the
logarithm map that is inverse of the exponential map (given by the matrix
exponential), and 7 is a weight factor. Note that RS = R{ when v = 0 and
R% = RY when v = 1. The reasoning behind introducing these weights is
to mimic human bipedal gait, where the body (torso) becomes more closely
aligned with the alignment of the stance leg as the speed of bipedal motion
increases. By making v and w time-varying, one can even transition between
different speeds of bipedal motion. This is one of the future goals of this
research.

The stride length is given by the horizontal distance traversed by the ankle
joint of the swing leg in one cycle. The desired stride length can be obtained
from the above desired motions for the swing leg, considering that the inertial
position of the ankle/foot of the swing leg at an instant is given by

ar2 = ar1 + p1Ries — paRaes, (43)

where a1, are denote the positions of the ankles of the stance and swing leg,
respectively. With the coordinate frames as illustrated in Fig. 1 and substi-
tuting equation (41) for the desired motion trajectories, the starting and end
positions of the swing leg ankle during a cycle are:

aje = ar1 + poles — poRa,es, (44)
a%y = ar1 + poRi, exp((1*)es — poRa, exp((5)es

Therefore the stride length is given by

afy — ajy = poRi, (exp((y) — I)es + poRay (I — exp((S))es.  (45)



Using Rodrigues’ rotation formula, the above expression can be simplified to

vd = poRa {7 sin |G| + (E)*(1 — cos[|Gll) Jea
— poRag { & sin |Gl + (65)*(1 — cos [1¢a]]) bes, (46)

where v¢ denotes the desired stride vector, and 517 62 denote the unit vectors
along (i, (2 respectively. This sets the desired stride length to ¢ = |jv?||.
Note that the constraint eT 4 = 0 must be satisfied, which imposes certain
constraints on Ry, Ra,, (1 and (2. Substituting (46) for v?, this constraint is
expressed as

rEEsim |Gl + (69)*(1 = cos Gl Jes =
L& sin |Gl + (6)%(1 = cos |Gl Jes, (47)

where I, = R};eg, I, = R;Foeg.
Expression (47) can be satisfied by setting
¢1 = ¢ and Ry, = exp(fes )Ry, (48)

for § € S'. The second equality in (48) guarantees that Iy, = Iy, ; physically,
it means that the initial orientations of the stance and swing legs during start
of a cycle are related by a rotation about the inertial third axis that points
up. Substituting (48) in (42) to simplify the expression for R% in (42), one
obtains:

(RY)TRS = exp (= e(t)G) Ri, Ray exp (c(t))
= oxp (= e()¢)) exp (0(R],e3)) exp (e(£)(])
= exp (9(exp(—c( )¢ )R10€3) ), (49)

where ¢(t) = sin(wt/2). The above simplification uses the following relation
multiple times:

RT exp(¢e” ) R = exp (6(RTe)*),

where e € S? is a unit vector. This leads to the following simplified expression
for RdP:

R% = Rl exp (ve(exp(— )¢ )Rloeg) ), (50)

which can then be expanded using Rodrigues’ formula.



4.2 Trajectory Tracking Control Scheme

Define the trajectory tracking errors:

Y B 7g~

P1L=pP1— P11, P1= dtm,

Q1 =Ri(R)Y, & =2 -0,

Qp = Rp(RE)", 0p =0p — 0F, (51)
. d

s o t_ 4

§=s—35% 3§ dts’

Q2 = Ro(RHT, 29 =02y — 04

The trajectory tracking control scheme is a generalization of the control scheme
in [26]. The Lyapunov function candidate for the stance leg is:

- FO~ 1 . 1~ ~ 1. .
Vi, (p1,p1,Qu1, p1, 1) = §mﬂf + §Q?J1(p1)91 + 5’%’?
+ @ (tr(A — AQy)), (52)

where k > 0, A = diag(a1,as,a3) with a; > a3 > a3 >0,and $: R > Risa
C? function that satisfies ®(0) = 0 and &’(z) > 0 for all z € RT. Furthermore,
let &'(+) < af-), where a(-) is a Class-K function [15]. The Lyapunov function
candidate for the torso of the RMB is:
- . 1~ ~ e 1
Vp(Qp, 2p,s,5,5) = 5QEJP(S)QP +mp§Ls+ §§TP§
+&(tr(A— AQp)). (53)

The Lyapunov function candidate for the swing leg is:
. 1= -
Ve, (Q2, 22) = 5905 T 0 + B(tr(A — AQ2)), (54)

where Jp,, is the inertia of swing leg at its nominal length (pg), which is kept
constant during swing phase, and P, Q1,Qp, Q- are suitable positive definite
matrices that are use to build valid Lyapunov functions. The time derivative
of these Lyapunov functions along the stance dynamics of the RMB system
are evaluated next.

The time derivative of Vz, along dynamics (11)-(12) is:

%VLl(pl,ﬁlana51, ) =pn [fl - mplng(eg)le
+ mge3TF1 —mpd + kﬁl]

+ QlT[— 21 < Ji(p1)821 + 2mp1p1 (€§)291 +mgpres I
+ 71— R Rprp, — J1(p1) 02 — mp1pn (e?f)zle

+ & (tr(A - 4Q0) (R TS(@Q1)], (55)



where I'1 = RT e3 is the inertial z-axis direction (upwards) in the stance leg’s
body-fixed frame and S : SO(3) — R3 is defined by

S(Q) = iaiQTei X €. (56)
i=1
After some partial cancellations of terms, this expression can be rewritten as
%VLl(plaﬁla Q1 1, 1) = p1 [fl —mpf —mp1 (€§)291 + mges I + kﬁl}
+0F {ﬁ — RTRprp, — Q8 x Jy(p1)821 + mp1 1 (e§)2(91 + 027

+mgpres Ty + @ (tr(A — AQ1)) (R TS(@Q1)] (57)

The time derivative of Vp along the dynamics (13)-(14) is:
d

EVP(QP7QP737§7§) = Qg [JP(S).QP X QP +TD1 — N(S, S)Qp — RERQTDQ

—Jp(s)2h+ SN (s, )2+ (1x(A — AQp))(RE)S(Q)
+ 81| L(s, 2p) — 2mps? + P5 + u] , (58)

where N (s, $) = $Kp(s) and §TL(s, 2p) = 302} N(s, $)2p. After some par-
tial cancellation of terms, one can simplify expression (58) to

d ol PO =~ b
*VP(QP, QP,S,S,S) = QE |:TD1 — R£R27—D2 — JP(S)QJdg — .Qg; X JP(S)QP

dt
NG 3)(2p + 0B) + ' (1r(A — AQe)) (RS
43T [us + L(s, 2p) — 2mps + P§} . (59)

Finally, the time derivative of V},, along dynamics (15) is

d ~ 1~ .
fVLQ(QQ,QQ) = 5.9;[‘( — Qéi X Jro822 + 1p, — JLOQg

dt
+ @ (tr(A — AQs)) (R TS(Q2) ). (60)

Theorem 1 Let ¢ > 0 and let D1, Dp, Dy, P,Q € R3*3 be positive definite
matrices. Then the tracking control laws

fi=mpd + mplﬂlT(eg)zﬂl —mgel Iy — kpy — Upy, (61)
T = RlTRpTD1 + J1(p) 024 + Q% x Jy(p1) 021 — mgpie; It
—mpipr (€)% (21 + 28) — & (A — AQ1)) (R TS(Q1) — D121, (62)
7D, = RERoTp, + Q2% x Jp(s)2p + Jp(s)02% — DpQ2p
+ 5N (s8) (20 + 2) = @' (A~ AQR) (RE)TS(Qr) (63)
us = 2mps® — L(s, 2p) — P35 — Q5, (64)
Dy = 2§ X J1, 2 + T, 02§ — Da2y — &' (tr(A — AQ2)) (R3)TS(Q2),  (65)



asymptotically stabilize a desired state trajectory of the form given by equations
(41)-(42). Further, the domain of convergence of this trajectory is almost global
i the state space in the absence of control constraints, disturbance forces and
disturbance torques.

Proof. See Appendix A. O

Note that, this trajectory tracking control scheme can be applied in general
to track all C? desired state trajectories, provided that actuator constraints
are not violated. In practice, the desired state trajectories can be designed
keeping in mind known actuator constraints for the RMB or for a humanoid
robot being modeled by the RMB.

5 Numerical Results

Having developed a geometric controller for asymptotically tracking trajecto-
ries, we now validate the proposed controller through a numerical simulation
of the hybrid model developed in Section 2.

To illustrate the capability of the controller, we will demonstrate (a) walk-
ing in a straight line, (b) walking towards a goal location, and (c) walking in
a circle. In all cases, we choose a constant desired torso angle leaning forward,
this is in contrast to (42) to simplify velocity and acceleration computation.
The mass and inertia properties of the reaction mass biped are chosen to be
similar to that of a NAO robot, as done in [26], in particular,

my, = 0.882kg, Jr, = 0.5diag{0.98,0.91,0.63}kg-m?,
0.2126 0.0004 —0.0002

mp = 0.32kg, Jp, = | 0.0004 0.2042 0.0010 | kg-m>.
—0.0002 0.0010 0.2246

Motion Primitive Parameters

po =09, p=0.1, s=0.125 5=0.025.

Controller Tuning Parameters

€e=025 k=19, 1=28 A= Ldiag(12,1518), L =(15)(1.2)diag(1,1,1),

PRI

D1 = 2diag(1,1,1), D2= %3diag(1,1,1), P = Lfdiag(1,1,1), Q= L2diag(1,1,1).

Table 3: List of various tuning parameters used in the Motion Primitive and
Controller designs.

Walking in a straight line: We chose (; = (2 = e2, R1g = Ry = I, and
T = 1s as in (41). Moreover, we introduce a constant phase offset in the angles
for RY, R to enable the swing legs to swing from —15° to 15°. For all other
motion design and controller gain parameters, see Table 3. Figure 3a illustrates
a snapshot and the tracking errors.

Walking towards a goal: We employ the walking in a straight line controller
as above, however, we perform an event-based modification of R1q, Rog at each



impact to change the heading of the biped. Figure 3b illustrates a snapshot and
the tracking errors. Note that at each impact, the desired yaw instantaneously
changes and the controller is able to regulate the errors asymptotically within
a step.

Walking in a circle: We employ the walking towards a goal controller
as above, however we modify R, Rog by a fixed amount at each impact.
Moreover, Ry, Rog are also chosen to lean the body into the turn. Figure 3c
illustrates a snapshot (along with the hip position demonstrating the body
lean) and the tracking errors. Note that instead of modifying Rig, R, we
could have modified (;, (2 too.

For all these motions, it is important to verify that the unilateral ground
contact constraints and the friction constraints are satisfied during the walking,
i.e., we need to ensure |F;| < pF, and |F,| < pF,, where p is the coefficient of
static friction. The ground reaction forces were computed as, Fg = mi¢p, —
mges, where Fg := [F, F, F;] and x.p, is the center-of-mass of the RMB. It is
equally critical to verify these constraints for the impact forces (I in Section
2.3) generated at the end of every step. Note that, the above-mentioned three
motions namely a) 'walking in a straight line’, b) walking towards a goal’ and
¢) 'walking in a circle’, take 10, 13, 19 steps respectively. In all these impact
situations, we note that Ir_ is always positive (> 1.6019 N). Moreover, the

maximum values of lﬁRm‘ and l?Jl are 0.5872 and 0.5888, respectively, both
R R,

occurring while walkingz in a circle.

Combining the impact-force data with the stance leg ground reaction force
information, as shown in the third row of Fig. 3a, 3b, 3c, we can conclude
that, for g > 0.6, the ground reaction force and the impact force respect the
unilateral and friction cone constraints, thereby validating the assumptions
that 1) stance leg is pinned to the ground during stance-phase and 2) No slip
occurs at impact.

In addition to testing the trajectory tracking controller on the continuous-
time dynamics model of the RMB, it was also tested on the Discrete-time
model developed in Section 3. Figure 4 shows the performance of the GVI
in comparison to the traditional Runge-Kutta(4,5)-based integrator (RK45).
RK45 is a very popular numerical integration algorithm based on the explicit
Runge-Kutta formula [3]. It is also part of Matlab’s ODE suite [27].

In Fig. 4(a), the two integrators are compared for a two-step walking sce-
nario where the robot is initialized along the desired nominal trajectory(here,
we chose the ’walking in a circle’ trajectory) given by (41) and (42): ¢s, =
(po, R14, Rp,, S0, Ra,). On the other hand, in 4(b), we start with a perturbed
initial conditions: ¢2°"* = (po + 0.1, Ry(m/10)R1,, Rp,, S0, Ra,) and wle™" =
(Po, $214, £2p, +0.01, 59 —0.03, {25, ). Here R, (0) denotes a rotation along the x-
direction by an angle 8. For both these cases, we plot (a) the desired leg exten-
sion tracking error (p) as obtained from (51) , (b) discrete Lyapunov function
(obtained by discretizing (52), (53) and (54)) given by (66), and (c)-(d) Ry, R
norm errors. The norm errors are computed as ||[I — RF R;|| Vi € {1,2}. If the
group structure (R € SO(3)) of Ry and Ry is preserved during the numerical



integrations, the norm errors must be closer to zero.

Vk(ﬁlk, Qlkvf)lkv Qlka Qka *Qka gka §k7 Q2k7 fbk) = Vle (p1k7p~1k7 Qlk-,?ﬁlk? “Olk)
+ Ve (@Qpys 21, 5k, 5k 5k) + Vi, (Q2,, $22,) (66)

where,

~ B ~ 1 . 1~ ~ 1. .
Vle (plk?p1k7Q1k’p1k7 ‘Qlk) = imp%k + i“QlTk Jl(plk)glk + ikp%k

+ @(tr(A — AQlk))7
Ve (Qpy 2y, Sk, 81y Sk) = %ng Jp(sk)2p, +mpsp sy, + %EEP%
+ &(tr(A — AQp,)),
Vi, Qo) = 500 J1, s, + B(ix(A ~ AQs,)). (67)

Note that, for this study the step size chosen for the GVI and RK45 was
h = 1073, From the third and fourth rows of Fig.4, it is can be noted that
the variational integrator maintained the group structure much better than
the RK45 Integrator. On further examination, it was found that the GVI
kept the norm error within 107'? which is orders of magnitude better than
RK45. Moreover, other parameters like configuration errors(p), energies, etc.,
as computed using the discrete GVI-based system model, track the continuous
dynamics as accurately as the discrete-model based on RK45, if not better.

6 Conclusion and Future Work

A variable inertia multi-body reduced-order reaction mass biped model (RMB)
is presented that can capture a much wider class of bipedal locomotion. A
coordinate-free hybrid dynamical model of the RMB is developed. A discrete
version of the model has also been developed that maintains the structural
and geometrical properties of the system and enables fast implementations on
hardware. An asymptotically stable trajectory tracking control scheme with
almost global domain of convergence was also developed to enable the reaction
mass biped to walk along straight and curved paths.

Despite all the useful additions, the RMB has room for improvement. The
influence of the reaction masses and the varying torso inertia on the gait design
is not investigated. The primary objective of future work is to study the impact
of upper-body inertia on RMB’s locomotory behavior. Additionally, the proof
masses are constrained to move together, either towards or away from each
other. We assume full actuation, but in reality there are under-actuated phases
(toe-off) in walking which are not captured by this model. These constraints
will be relaxed in future works. Finally, the center-of-mass is assumed to be
at the hip. This makes the dynamics of the torso, swing and stance legs fully
decoupled thereby simplifying the control design.



As a part of future work, a variational collision integrator [23] needs to
be added to the discrete dynamics to complete the discrete hybrid model
for walking. Finally, optimization and optimal control policy for walking and
turning can be developed. Ultimately, the objective of the RMB is to achieve
a wider variety of gaits, like high-lean turning, running, dynamic balancing,
etc. After having developed sufficient mathematical machinery that lead to
the discovery of efficient and stable walking gaits for the coordinate-free RMB
model, our final goal is to validate our results on an appropriate 3D bipedal
robot in the near future.

Appendix
A Theorem 1 Proof:

Consider the Lyapunov function

V(p1,Q1,51,21,Qp, 2p, 5, 5,Q2,22) = Vi, (p1,51,Q1, 51, 1)
+Vp(Qp, 2p, 5,5, 8) + Vi, (Q2, 22), (68)

which captures the three coupled components: the stance leg, torso, and swing leg, of the
RMB. The time derivative of this Lyapunov function is obtained by substituting expressions
(69), (70) and (71) for the time derivatives of Vz,,, Vp, and Vi, respectively. Further sub-
stitutions of the control laws (61)-(65) in these expressions gives the time derivatives along
trajectories of the feedback tracking system

Vi, (1, 1) = 453 — QT Ly, (69)
VP((}P7§) = 7(~2ng(~2}) — §TQ§, (70)
Vi, (£29) = =20 Lo 62, (71)

This makes the time derivative of the overall Lyapunov function negative semi-definite:
Vi, 00, 0pr i ) = 052 — T 001 — OLLp0p — $TQs - 0T Lot (72)

Assuming that the desired motion trajectories are bounded and continuous, as is the case
with the desired motions given by (41)-(42), then V as given by (68) is positive definite and
is bounded above and below by suitably chosen positive definite functions of the trajectory
tracking error states. Therefore, invoking invariance-like principle given by Theorem 8.4

in [15], one can conclude that Vv converges asymptotically to zero. Therefore, the positive
limit set for the feedback tracking control system is a subset of

V=H0) = {(p1,Q1,51,21,Qp, 2p,5,Q2,22) : p1 =0,

21 =0,02p=0,5=0, 22 =0} (73)
The feedback dynamics can be expressed in terms of the tracking errors as follows:
mp1 = —lp1 — kpu, (74)
Ji(p1)1 = =21 x J1(p1)821 + mp1p1 (eg)th — D1y
— @/ (tr(A - AQ1)) (RH TS(Qu), (75)

Tp(8)2p = —2p x Jp(s)2p — %N(s,é).@p — Dpfp
— @ (tr(A — AQp)) (RE) T 5(Qp), (76)
2mps = —Q5 — P3, (77)
Jpg§22 = =25 X Jpy 2 — Daf2s
— @ (tr(A - AQ2)) (RH T S(Qo). (78)



Therefore in the set V~1(0), the feedback dynamics is restricted to

p1 =0, P’ (tr(A - AQl)) =0, @’ (tr(A - AQP)) =0,
§=0, and &' (tr(A — AQ2)) =0, (79)

which characterizes the positive limit set of the feedback tracking system. Note that within
the set of four critical points &. of 45(tr(A - AQ)), it can be shown, as in [24,25,2], that
Q = I is the minimum, while the other points (Q € E.\I) are non-degenerate critical points.

Therefore, as V' < 0 along the trajectories of the feedback system, the only stable subset of
the positive limit set is when the actual motion is tracking the desired motion, i.e.,

p1=0 Q1 =1,Qp=15=0, and Q2 = I. (80)

The other subsets (corresponding to Q1,Qp, Q2 € &\ I) are unstable, although they may
have stable subsets. Except for trajectories that start on these stable subsets of the positive
limit set, all other trajectories in the state space converge asymptotically to the desired state
trajectory. This means that the set Sy, is asymptotically stable and its domain of attraction
is almost-global.
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Fig. 3: Numerical simulations of the controller for (a) Walking along a straight
line, (b) Walking towards a goal location by changing the yaw-angle in an
event-based step-to-step manner, and (¢) Walking in a circle while leaning
inwards, with the hip position shown in green. For all these cases, first row
shows simulation snapshots. The second row shows error plots to study con-
troller behavior. The errors include those defined in (51), namely |p1], ||5]],
[|log(Q1)]], || log(@p)]|], and || log(Q2)]||- As can be seen, the controller reduces
the error during the continuous stance-phase, while the impacts causes the er-
rors to increase. The simulation begins with zero initial errors, and hence the
errors during the first step remain zero. Third row shows ground reaction force
plots and force-ratios. Note that, if you assume the coefficient of static friction
to be greater than 0.6, RMB satisties the no slip condition at the stance leg
for all the three walking trajectories. Since the legs make a point contact with
the ground, we can assume the friction forces (£, and Fy) to be isotropic.

Clearly, | "“ < 0.6 and |F l < 0.6. Fourth row shows the energy plots for the
closed- loop dynamics of the RMB walking. Finally, in the the fifth row, we
show the ankle torque (71) generated for the three walking trajectories. The

x-axis for all the plots is Time(in seconds) and it is only shown for the fifth
row to avoid repetitions.
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(b) Starting with some configuration error

Fig. 4: Comparing the performance of GVI with Runge-Kutta 45 based Inte-
grator. In (a) RMB starts along the desired walking trajectory and a nominal
controller is in action for tracking purposes. However, in (b), RMB starts with
an initial error in its configuration.



