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SLIP-based Iterative Learning for Efficient and Compliant
Locomotion of Articulated Soft Quadrupeds

M.A. van Loben Sels

Abstract—Effectively controlling and exploiting the natural
dynamics of Articulated Soft Robots for energy-efficient motions
remains challenging. In literature, the problem is often split in
two; in energy-efficient motion planning and structure-preserving
control, where the focus is on one, and the other is largely
disregarded. This work aims to unify these two using a motion
planning and control strategy based on trajectory optimization
and functional Iterative Learning Control. Using a reduced-
order model, the planner generates an energy-efficient reference
trajectory by minimizing the Cost of Transport. The controller
then iteratively learns the feedforward control signal such that
the full-order system tracks the reference, without altering its
stiffness characteristics. We show that our strategy results in
energy-efficient tracking of the reference. We also show how
functional Iterative Learning Control can be used in a continuous
approach to learn a stable forward pronking gait. We give
experimental validation of this approach through experiments
on the compliant quadruped E-Go. We show that the pronking
gait can be learned on hardware in minutes and that it is robust
to various types of terrain.

I. INTRODUCTION

In recent years, legged robots have made significant tech-
nological advancements. After decades of research, they are
now leaving the confinements of research labs and have found
varying applications in industries such as industrial inspection
and surveillance [1]]. However, today’s legged robots still lack
the efficiency of their biological counterparts, resulting in a
continuous operational time of only a few hours [2f], [3]]. The
periodic motion of legged locomotion causes large fluctuations
in kinetic and potential energy. High energetic efficiency in
humans and animals can largely be accredited to the recuper-
ation of these energy fluctuations through soft muscles and
tendons [4]. Instead of creating the entire motion actively,
the inherent elasticity of the musculoskeletal system allows
humans and animals to temporarily store and release energy
such that a part of the walking motion emerges passively [].
Inspired by the musculoskeletal system of vertebrate animals,
soft elastic elements can be introduced to legged robots to
exploit the so-called natural dynamics of their mechanical
system, requiring less energy to be injected actively and in-
creasing the energetic efficiency. Robots with elastic elements
concentrated in the joints are called articulated soft robots
(ASRE) [6].

However, effectively exploiting and controlling the natural
dynamics of [ASRk remains a complex problem, particularly
for legged locomotion. The locomotion task can generally
be split into two problems, motion planning and control.
The generation of energy-efficient gaits that exploit elasticity
has been studied extensively for both reduced-order [8]-
[12] and full-order systems [[13[], [14]], but these works only
approach the problem from the motion planning perspective
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Fig. 1: Overview of the planning and control framework. The
trajectory planner generates a center of mass trajectory based on
a reduced-order model. The controller learns the required control
input to map the reference to the full-order system. The full-order
system is modeled after the compliant quadruped E-Go [7].

and do not consider how to execute these gaits. Typically,
feedback control methods are used to control elastic systems,
but feedback control alters the stiffness of the system with
a factor proportional to the feedback gain [15], defeating
the purpose of introducing physical compliance in the first
place. In this regard, feedforward control actions and methods
with minimal reliance on feedback are preferable, so called
structure-preserving controllers [6]. Examples of these type
of controllers are [16], [17]. Although these methods are
effective in preserving the elasticity while achieving accurate
tracking, they do not specifically exploit the natural dynamics
for more efficient motions, and have found limited application
to legged locomotion. Similarly, control methods that claim
to exploit the natural dynamics of elastic legged systems still
rely on feedback [18]-[21]. As such, works on this subject
typically consider only a part of the problem and do not



solve the full problem of exploiting natural dynamics for
efficient locomotion, namely motion planning and control. To
the best of the author’s knowledge, the only exception to
this is the recent work using normal mode theory to exploit
and stabilize modal oscillations for efficient locomotion [22].
Despite yielding promising results, the work lacks an analysis
of energy efficiency. Hence, no conclusions can be made
regarding the efficiency of the method and if the natural
dynamics are indeed exploited.

This work presents a step towards a unifying motion plan-
ning and control framework for efficient and compliant loco-
motion of [ASRE, based on offline trajectory optimization and
iterative learning control (ICC). The trajectory planner uses a
single rigid-body dynamics model, which considers
the effect of the external forces and joint torques on the
base motion. This reduced-order model increases the problem
tractability while still capturing the governing dynamics of the
full-order system, allowing the planner to generate energy-
efficient gaits. The benefit of using [LO as the controller is
twofold. First, the feedforward nature of [[L{ in the time-
domain preserves the physical compliance of the system, while
yielding accurate tracking performance through feedback in
the iteration-domain. Second, we omit the need of deriving an
accurate model to map the reduced-order model behavior to
the full-order system. Typically, this mapping is achieved using
methods such as operational space control [20]], [23], relying
on inverse dynamics to calculate the required ground reaction
forces and joint torques to track the given reference, and as a
consequence, requiring an accurate model. [LC] overcomes the
model mismatch by learning the required control input directly
from repetition, despite having only rough knowledge of the
actual system. Specifically, we propose the use of functional
iterative learning control ({ICC) [24]], an [LJ variant that is
applicable to non-square systems, as opposed to standard [LC
The planning and control strategy is tested in simulation and
validated on hardware using the parallel elastic quadruped
Delft E-Go [7]. We show that our approach results in energy-
efficient tracking of successive strides and stable forward
locomotion. To constrain the complexity of the problem,
this work is limited to the sagittal plane and only considers
pronking gaits.
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III. CONTROLLER OVERVIEW

An overview of the proposed planning and control frame-
work is presented in The framework consists of two
main components; an offline trajectory planner and a learning
controller. The trajectory planner generates an energy-efficient
reference motion based on a 2D sagittal model. The
learning controller learns the required control input to control
a 3D full-order dynamics model, and overcomes the model
discrepancy to track the reference produced by the planner.

IV. MODEL
A. Full-order model

The full-order dynamics of the E-go quadruped including
spring forces can be described using a floating-base descrip-
tion [7]],

M(q)§+C(q,4)+G(q)+S"K(g—gq; ) = STr+IF. (1)

where M is the mass matrix, C includes the Coriolis and
centrifugal terms, G includes the gravitational terms, S is the
selection matrix of actuated joints, K is the spring stiffness
matrix, q;, is the vector of spring rest positions, 7 is the
generalized torques vector, J. is the contact Jacobian and
F. are the contact forces. The generalized coordinates g of
the E-Go quadruped consist of the actuated joint coordinates
g; € R™ and unactuated base coordinates g, € R®, where
the latter can only be controlled through the contact forces
F., such that ¢ = [q, qj]T € R'8. Although the full-order
floating-base model gives a very accurate description of the
real system, planning trajectories can be very complex and
computationally intensive due to the combination of a high
number of degrees of freedom (DoFs) and nonlinear hybrid
dynamics.

B. Reduced-order model

The number of DoFs can be reduced to make the prob-
lem of generating energy-efficient gaits more tractable, while
still capturing the governing dynamics using the theory of
templates and anchors [25]. A widely used template model
for legged locomotion is the spring-loaded inverted pendulum
(SCIP) model, which is known to very accurately describe
the center of mass (CoM) motion of humans and animals
[23]]. Specifically, we select a variant of the standard [SLIP]
model, the trunk spring-loaded inverted pendulum (TSLIP)
model, resulting in additional pitch dynamics and an extra
rotational [DoH around the trunk [CoMl The governing forces of
the [TSLIP model are the ground reaction force and the torque
at the trunk. The [TSLIP| template behavior is then embedded
into a more realistic anchor model whose morphology is closer
to that of the actual system, with the addition of legs, actuators,
and elastic joints, as depicted in[Figure 2} The governing forces
of the anchor model are still that of the template, except the
forces are now generated in joint space. Hence, the governing
behavior of the template and the anchor is equal.

The resulting model used in the trajectory optimization
problem is a hybrid reduced-order model, considering
only the 2D dynamics in the sagittal plane. The mass is
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Fig. 2: Visual representation of the template and
anchor models. At touchdown, the hind and front feet positions
of the anchor model are parameterized through the virtual
model. The virtual foot position is found using trigonometry and
displaced in positive and negative x-direction with a distance
equal to lyunk, resulting in the hind and front feet positions.

concentrated in the trunk, while the legs are considered to be
massless with parallel elastic actuators (PEAk) in the thigh and
calf joints. The configuration of the robot can be represented
by the Special Euclidean Group SFE(2), parameterized by
the generalized coordinates ¢ = [:L‘ z a] € R3, where

E: Z]T € R? is the position of the of the trunk and
« is its pitch angle. The system inputs are the motor torques
7 € R* at the thigh and calf joints in joint coordinate space.
A visual representation of this model is given in [Figure 3]

1) Flight dynamics: In flight, the system follows a ballistic
trajectory which can be modeled as

M(q)§ + G(g) =0, (2)

where M is the mass matrix, and G includes the gravitational
terms. Due to lack of contact between the feet and the ground,
the system cannot be controlled while in this phase.

2) Stance dynamics: In stance, the generalized coordinates
g are mapped to the joint coordinates @ € RS through the
mapping h : q — 0, where h is obtained using inverse
kinematics. In joint space, the contribution of the spring forces
is computed. The equations of motion (EoM)) are obtained
using Lagrangian mechanics, resulting in the stance dynamics

M(q)g+G(q)+In (@K (0 —00)=F, (3

where K is the spring stiffness matrix, 8y is the spring rest
positions, Jy, = g—e is the Jacobian that maps from joint space
to generalized coordinates, and JF is the spatial wrench as
a function of the motor torques 7. During the stance phase,
the ground friction is assumed to be infinite, such that no
slip occurs. The derivations of the mapping h and are
explained in Solving [Equation 2| and [Equation 3|

for the accelerations § leads to
i=-M"'G (flight)
G=M" (.7-' —G-JK (O 00)) (stance).

“)

The can then be rewritten to first-order ordinary
differential equations, resulting in the general form

= f(z,u) = [Z] € RS 5)
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Fig. 3: Visual representation of the sagittal quadruped
model used in the trajectory optimization, with massless legs and
[PEAE at the thigh and calf joints. As visualized here, the springs
are currently in their rest positions.

with the system state = = [q tj]T € RS and control input

u = [TQ T3 T4 T5]T€R4.

C. Phase switching

In flight, the legs of the model do not follow a tra-
jectory and are assumed to be able to move to any feasible po-
sition instantly, since the legs are massless. Consequently, this
requires the determination of the feet positions at touchdown
({TD). As both feet have to touch and leave the ground
simultaneously, both feet positions can be parameterized at[TD]
through the virtual model, with the virtual touchdown
leg angle 6,i; and leg length [,y as its model parameters,
as visualized in The virtual foot position py;, in
Cartesian coordinates is then a function of Iy and 6y, given
by Pyn = [# + binsin(6uix) 0] . The hind and front foot
positions are then found by displacing p,;, in positive and
negative z-direction with a distance equal to half the trunk
length [iynk- This gives two extra parameters to be selected,
lyire and B,i. The virtual leg length can be determined using the
heuristic rule ly; =
are in their rest position at The virtual leg angle is used
as an input parameter to the optimization, and is proportional
to the resulting forward velocity, as more forward velocity
is required with increasing touchdown leg angle for dynamic
stability.

124 + [ign» such that the calf springs

V. TRAJECTORY OPTIMIZATION

The optimization problem is formulated to find an energy-
efficient periodic gait cycle, also known as a stride, by mini-
mizing the cost of transport (CoT). A stride consists of three
dynamic phases; an initial flight phase, a stance phase, and
a final flight phase. The phases are separated by two events;
a event, and a take-off (TQ) event. We use a predefined
contact sequence, where the two legs of the model are
in flight simultaneously and in stance simultaneously, resulting
in a pronking gait from the perspective of the sagittal plane.
This reduces the complexity of the optimization problem,
while maintaining the possibility to mirror the gait in the
sagittal plane to produce trot or pace gaits for four legs.



The optimization problem is transcribed using multiple
shooting, which divides the interval over which a solution
is sought in N — 1 intervals and N grid points. An initial
value problem is solved on each of the N — 1 intervals, and
additional constraints are imposed such that the solution of
adjacent intervals match at the grid points, forming a solution
for the whole interval. The [TD] and events are handled
by predefining the grid points nyp and nyo on which the
respective events take place, where 0 < ntp < npo < N.
The time step h is an optimization variable, such that the
and final apex timings are optimization results and do not
have to be specified a priori.

A. Objective function

The objective of the optimization problem is to find an
energy-efficient periodic gait, by minimizing the [CQTl The
[CoTl is a commonly used metric to quantify the energy
efficiency of different gaits. As it is a dimensionless quantity, it
can be used to compare any form of locomotion of land, water,
and airborne animals and vehicles. The is defined as the
energy input required to move a system of weight mg over
a distance d. Both terms are expressed in mechanical work,
where the energy input to the system is defined as the absolute
mechanical work delivered by the actuators, to account for
both positive and negative mechanical work [26]. It can be
formulated as
r lez

N—1<5
E _ Zn:() Zi:2

mgd

CoT = (6)

mgx N

where x is the longitudinal position on the final node V.

B. Constraints

1) Initial condition and periodicity constraints: The stride
starts at an apex, i.e. at zero vertical velocity, and at zero initial
horizontal position

{“70] —0. )

20

The remaining states of x( are optimization variables and
are found by the optimization program. The periodicity of the
stride is enforced by constraining the final state xy to be
equal to the initial state g for all states in @, except for the
longitudinal position x, formulated as

zo\{zo} = zn\{zN}- ®)

2) Dynamic constraints: The system dynamics of the
[SRBDImodel is integrated at each grid point using fourth-order
Runge-Kutta with the dynamics formulation from
and A constraint is set at each grid point, to

impose the continuity between the adjacent N — 1 intervals.
It is formulated as

Tnt1 = F(@n, Uy, f(2n, uy))
h
=z, + E(kl + 2ko + 2k3 + k?4)
with k1 = f(x,, u,)

h ©)
k2 = f(mn + Ekl’ un)

h
k3 = f(mn + 5](22,11,”)
ky= f(wn + hkSaun)~

The transitions between the dynamic phases occur on the
prespecified nodes ntp and nro, such that the system is in
flight before ntp and after nyp, and in stance between nrp
and nro, according to

Vn € [0,n1p) U [nr0, N]

Vn € [TlTD, nTo)

_ fﬂight(wmun)
F(@n;tn) = {fstance(wnvun)
(10)

3) Switch conditions: Switching between the dynamic
phases requires extra constraints at the switching nodes to
guarantee dynamic feasibility. As the front and hind feet are
parameterized through the virtual model, the system
is said to touch or leave the ground whenever the virtual
foot enters or leaves ground contact. A event can then
be formulated as the moment when the system state is in the
touchdown manifold, given by

Xrmp = {x | z — Ly cos(Byin) = 0, 2 < 0}. 11

Similarly, a[TQOl event occurs when the system state is in the
take-off manifold, given by

XTO:{:E | \/m_lvirl:()7 Z>O}

(12)

The system is then constrained to be in the [TD] and
manifold at nyp and nyo respectively, such that x,,, € Xmp
and Xnro € Xro.

C. Problem formulation

The trajectory optimization problem is formulated as a
nonlinear program (NLP). Using the aforementioned objective
function and constraints, the full optimization problem is



formulated as
N—1 <=5
Zn:O ZiZQ

MYTN

7i0;

S.t. [1’0 20]T =0

zo\{zo} = zn\{zn}
Tpi1 = F(xn, up, f(x,,u,)) Vo € [0, N—1]

.f(a:nvun) - {fﬂight(a’.n,un),

fstance (mn’ un) )

Ty, € XTD

Vn € [nrp, n1o)

Tnre € XTO
Tmin < Ty < Tax
Umin S Up S Umax

hmin S h S hmax
(13)

VI. TRAJECTORY TRACKING

To track the reference produced by the planner, the reduced-
order model behavior has to be mapped to the full-order
system. To achieve this, we propose the use of to over-
come the model mismatch and iteratively learn the feedforward
control signal required to track the reference.

A. Functional Iterative Learning Control

1) Background: Originally, was developed for linear
systems [24]. Hence, first consider the linear continuous
system

#;(t) = Aw;(t) + Buy(t)

with iteration index j, A € R"*" B € R*"*/.C € R™*",
z; € R, u; € RY, y; € R™, and | < m, meaning that the
system is underactuated. There are two main differences that
differentiate from standard
1. does not track the reference ¢ completely, but
rather tracks it at certain time instances of interest, given by
{T',..., T°}, where o is the number of time instances and
the superscript denotes the index. The desired output of the
system at the time instances is denoted as {g'...¥°}, given
by the planner. The goal of the controller then is to iteratively
learn a control input w,(t), such that
lim y,(T%) =y", Vkel,...o.

Jj—o0

(14)

5)

2. The control input wu;(t) is not learned directly,
but it is learned in a functional subspace of continuous
basis functions 7. Sampling the control input from a large
enough subspace makes applicable to highly non-square
systems. The continuous basis functions provide an infinite
amount of degrees of freedom, making the problem square
[24]. The control input is therefore parameterized as a linear
combination of functions, given by

u;(t) = w(t)ay,

T = [71'1 .. € RIxmo

(16)

Vn € [O,nTD) @] [’17/1"07 N}

where 7r is a matrix of basis functions, with 7?(t) € R\x™
and weight vector a; € R™°. The closed form solution of

Equation 14]is

t
y,(t) = Ce?lx(0) + C/ AT By, (1)dr. (17)
0

Substituting and sampled at the ¢-th time

instance, results in

y; (T) = CeATi:B(O) + (/ l CCA(Ti_T)BF(T)dT a;.
0

(18)
Subsequently, this can be written in super-vector notation
for all o time instances, according to
Yj:derHaj, (19)
where d; € R™ is the free response and H € R"°*™ is the
forced response to the basis functions 7r. now has a form
equivalent to that of standard discrete [LC| [27]]. Therefore, by
learning the control input in functional space, the learning task
is reduced to learning a discrete set of weights o, while the
input u; remains continuous. This also eliminates the need
to discretize the system and control input, as is typically a
requirement for standard [[LC due to its discrete nature. The
weights «; are learned iteratively through proportional error
feedback, given a typical learning rule

o1 = aj + LE;
=a; +L(Y -Y))
g -y, (1)
=a; +L : )
Y’ -y, (T°)

(20)

where L € R™?*™° is the learning gain, E; is the iteration
error, Y is the reference, and Y is the iteration output, with
the latter three in super-vector notation. The system is
asymptotically stable, with x;(0) = = V j, if and only if

p(I-LH) < 1, (21)
where p is the spectral radius.

2) Nonlinear systems: Now consider the full-order con-
tinuous nonlinear quadruped system, with unknown exact
dynamics of the form

(1) = £t (0), (1)
(22)
y;(t) = g(t, z;(t), u;(t)),
with iteration index j, ¢; € R", u; € R, y; € R™, and
!l < m. The main difference between linear and nonlinear
is that in the nonlinear case, H cannot be obtained as
in As H is the input-output map of the system
as a response to the basis functions 7r, sampled at the time
instances {T'%,...,T°}, it can be formulated for nonlinear
systems as



g(Tlaxzﬂ'l) g(Tl,.’B,ﬂ'Q) g(T17w,7r7”0)
g(TQaSC77rl) g(T2,m,7T2) g(T27w,ﬂ.m,o)
H-= ) . .
g(To’x’Trl) g(T()’:l:’ﬂ'Q) g(TO,a}';ﬂ'mo)
€ Rmoxmo.
(23)

The matrix H can be obtained from experiments, by exciting
the system from an equilibrium and recording the responses,
omitting the need to derive an explicit model. A block diagram

of the controller is depicted in

B. Controller design

The learning gain L and basis functions 7 provide two
design choices for the controller.

1) Learning rule: We use a linear quadratic learning rule
to compute the optimal learning gain L, that minimizes the
following cost function

2 2
I(aj) = [Ejllg,, +lleg — aallg,, - 24)

such that

L= (HTQLQH =+ SLQ) -1 HT(QLQ7 (25)

where Qrq and Spq are diagonal gain matrices [27]]. Qrq and
Siq can then be tuned to penalize the error and the change in
control input respectively.

2) Basis functions: As the control input is parameterized
by a linear combination of functions, the selection of an
appropriate family of basis functions provides an important
design parameter to design the behavior of the controller.
Although any choice of 7 suffices such that H is full rank [24],
the properties of the functions should be taken into account,
as they will be propagated into the control input. For example,
sinusoidal basis functions will result in an oscillatory control
input.

We select a set of mo Gaussians as our basis functions,
with the mean p and variance o2 per Gaussian to select. As
the robot can only be controlled during the stance phase, the
means are distributed evenly between the [TD] and timings,
trp and tto respectively, and given equal variance. Outside
this interval they are set to zero, formulated as

_L(f*ui)z .
L_e 27 if trp <t <10 (26)

0 otherwise

The configuration of the basis functions 7* in the basis func-
tion matrix 7 should also be considered to prevent coupling
of the control inputs, as each column of 7 is multiplied with
a single scalar weight . To prevent this, each column of 7
should only contain one basis function. Furthermore, each row
of 7 should preferably have an approximate equal amount of
basis functions, such that the control authority is distributed
equally over the number of available control inputs. We use
the following configuration for 7,

7t(t) 0 0 0 m(t) 0 0

o =) o 0 0 75(t) 0

=l o o #@w) o 0 o0 0
0 0 0 att) 0 0 77O (t)

(27

C. Continuous learning

In addition to the discontinuous learning process inherent to
[ICCl where the system is reset at the end of each iteration, we
have investigated using in a continuous approach without
resetting the system after each iteration. In fact, this approach
is more akin to repetitive control [28]], where the final state
of the current iteration is used as the initial state for the next
iteration. We modify the learning rule from and
add a diagonal scaling matrix W to increase the learning rate
in some states, and to switch it off in others. Most importantly,
learning is switched off in forward x-direction, to allow the
robot to move forward, as the reference itself does not change
per iteration. The new learning rule becomes

a1 = O + L(WE]), (28)

where W € R"°*™° We then omit the system reset at the
end of each iteration. Aside from the aforementioned changes,
the controller design is left unchanged. It should be noted that
we only provide experimental validation of this method, while
this work lacks theoretical guarantees due to lack of time.

VII. SIMULATIONS AND EXPERIMENTS
A. Software setup

The proposed planning and control framework is tested and
validated in simulation. The trajectory planner and controller
are both implemented in Python. The open-source nonlinear
optimization framework CasADi [29] is used to formulate
the trajectory optimization problem, which uses algorithmic
differentiation to obtain the derivatives for gradient-based
optimization and interfaces with IPOPT [30] to solve it. We
use the rigid-body simulator PyBullet [31]] to simulate the full-
order system.

B. Implementation

The parameters of the reduced-order model used in the
trajectory optimization are based on the E-Go quadruped [7].
The mass m and inertia J represent the total mass and total
inertia of the real robot. The rest spring angles are set as
visualized in [Figure 3] The spring stiffnesses are selected such
that the simulated robot in PyBullet is able to sustain its own
weight without the use of its actuators while in standstill,
which was found to be 50 Nm /rad for all calf and thigh joints.
To correctly represent the real system, which has twice the
amount of legs, the 2D model should produce twice the amount
of torque per leg. Therefore, the spring stiffnesses of the 2D
model are set at 100 Nm/rad. The virtual leg length is set at

lyie = \/m = 0.301m. The virtual leg touchdown



TABLE I: Optimization model parameters

Parameter Symbol Value
mass m  (kg) 12.013
inertia J  (kgm?) 0.103
calf length lear  (m) 0.213
thigh length lihigh (m) 0.213
half trunk length Lirunk (M) 0.188
virtual leg length lyix  (m) 0.301
virtual leg angle Ovirt (%80 rad) 13
hind calf spring rest angle 0o, (m/180°rad) | 45
hind thigh spring rest angle | 6o, (7w/180°rad) | -135
front calf spring rest angle 0o, (m/180°rad) | -135
front thigh spring rest angle | 6o, (7/180°rad) | 45
hind calf spring stiffness k2 (Nm/rad) 100
hind thigh spring stiffness ks  (Nm/rad) 100
front calf spring stiffness ks  (Nm/rad) 100
front thigh spring stiffness ks  (Nm/rad) 100

angle 6y; is set at 13°. All used model parameters and their
values are presented in

The number of grid points of the optimization problem is
set at NV = 150, yielding a good balance between solving time
and solution accuracy. The three dynamic phases are spaced
evenly over the grid and have an equal number of nodes, i.e. 50
nodes per phase, such that touchdown occurs at node ntp = 50
and take-off at node ntp = 100. The flight apexes occur at
the initial node ng and final node N. Analogous to the spring
stiffnesses, the torque limits of the actuators are twice that of
the real system. The optimization parameters are summerized

in [Table 111

TABLE II: Optimization parameters

Parameter Symbol Value
number of grid points N (-) 150
touchdown node nTD (-) 50
take-off node nTo ) 100

time step limits Amins Amin (s) 0.001, 0.01
forward position limits Tmin, Tmax (m) 0,2
vertical position limits Zmin, Zmax (m) 0,2
angular position limits Q'min, ®max (m) 0,5
forward velocity limits Tmin, Tmax (m/s) 0,5
vertical velocity limits Zmin, Zmax (m/s) | -2,2
angular velocity limits Gminy Cmax (m) 0,2

hind calf actuator limits T2min® T2max (Nm) | -71.1, 71.1
hind thigh actuator limits | 73 ., 73, ~ (Nm) | -47.4,474
front thigh actuator limits | 74, » T4 (Nm) | 474,474
front thigh actuator limits | 75 ., 75, (Nm) | -71.1, 71.1

For the functional iterative learning controller, the selected
time instances of interest are the lowest point of the trajectory,
the take-off event and the final apex. As the time step h and,
as a consequence, the total stride time are optimization results,
the selected time instances are described as the node indices
{75,100, 150}. At the start of the learning process, the system
is set to the initial state determined by the planner and the
weights of the first iterations are set to zero, such that ag =
0. After an iteration has finished, the system is reset to the
initial state and the next control signal is executed. The mean
absolute error (MAE) is used to compare the tracking error
of as it measures performance irrespective of the used
number of time instances. It is defined as

Z:;Ol |Y1 B Yq
mo '

MAF = 29)

C. Analysis

To analyze the performance of the proposed planning and
control approach, the results of the planner and controller will
be compared under two scenarios, with and without springs.
For the controller, the feedforward control signal produced by
will be compared directly with the control input signal
found by the trajectory optimization. These experiments will
show the benefit of elastic joints in terms of energy efficiency,
and that the controller is required to overcome the model
mismatch and to track the given reference.

For the continuous learning approach, the method is tested
under two conditions. The controller will first learn the weights
to successfully traverse flat terrain. Subsequently, the learned
controller is transferred to an environment with randomly gen-
erated uneven terrain, to test the robustness of the controller.

D. Hardware setup

We validate the method of continuous [fILJ on hardware
using the E-Go quadruped. This requires the input-output map
from to be determined, for which the system
response to mo = 6 - 3 = 18 Gaussians has to be recorded.
Obtaining the mapping on hardware is a tedious process, which
has to be redone every time the parameters of the Gaussians
are changed. Therefore, we omit this by recording the mapping
in simulation and transferring the resulting H matrix to the
hardware directly.

The springs of the E-Go quadruped are much softer than the
ones used in the PyBullet simulation, namely 6 Nm for the
calf joints and 16 N m for the thigh joints, compared to 50 N m
used for all joints in simulation. As a result, the physical
springs are not stiff enough to sustain the weight of the E-Go
quadruped without additional motor input. We compensate for
the softer springs using a PD-impedance controller, acting as
a virtual spring in parallel to the physical spring, according to

70 = Kp (¢0er — ;) — Kb (Gj) (30)
where g; are the joint positions, g, the joint reference posi-
tions, g; the joint velocities, Kp is the proportional gain and
K is the derivative gain. The joint reference positions q,.; are
equal to the spring rest positions q;,. such that the combined
torque of the springs and the PD-impedance controller is
roughly similar to the spring torque from simulation. Given
the full-order [EoM] from the total input torque 7
sent to the motors is equal to the sum of the input u; and
the impedance controller compensation Tpp. The used gains
are Kp = 60 and Kp = 1 for all joints.

It should be noted that the state estimator of the robot is
not reliable in our case, as only the actuator positions are
used to determine the robot state. This might be sufficient
for gaits when at least one leg is in contact with the ground,
but this is not the case for our pronking gait where all four
feet are off the ground simultaneously during the flight phase,
resulting in inaccurate state estimates. Despite this, the largest
inaccuracies are observed in x-direction, which is not used in
the continuous learning approach.



VIII. RESULTS
A. Trajectory optimization

Besides the model and optimization parameters from [Table |
and the trajectory optimization has the touchdown
leg angle 6, as the only input parameter to shape the output
of the optimization, which is expected to be proportional to
the forward velocity. We can validate this by varying the
virtual leg angle from 5 ° to 30 °, with increments of 1°, and
plotting it against the average forward velocity @y, as shown
in A linear relationship between the virtual leg angle
and the average forward velocity is observed.

L5 F

1.0 F

tavg (M05)

0.5}

Byirt ( Wgo rad)

Fig. 4: Average forward velocity Zay as a function of the virtual
touchdown leg angle Oyix.

For the stiff case, the optimization finds the optimal solution
in approximately 9's, resulting in a [CoT] of 0.596. With elastic
joints, the optimization program solves in approximately 7's,
with a of 0.563. The results of both optimizations are
shown in [Figure 5| and [Figure 6| respectively. We observe
very similar trajectories between the states of both cases,
in terms of shape and magnitude. Only a larger decrease
in forward velocity is observed during the stance phase for
the stiff case. The most noticeable difference is the resulting
control input. Without springs, the control inputs are strictly
negative, whereas with springs, both thigh joints produce
positive torque. Overall, the torque magnitudes are lower for
the elastic case than for the stiff case.

B. Trajectory tracking

The optimal control inputs found for both the stiff and
elastic case are fed into the full-order system directly without
learning. For both cases, large errors are reported in all states,
with an [MAE] of 0.456 for the stiff case and 0.350 for the
elastic case. The resulting [CoTk are 2.83 and 3.83 respectively.
The full state evolutions for both cases are presented in
IAppend

Now we let the controller find the control inputs to track
the given reference. shows how the controller it-
eratively learns to track the reference points, and that the
[MAE] decreases rapidly and converges after 150 iterations. The
final [MAE] is 9.83 x 1073, with a measured of 0.765.
The whole learning process takes approximately 4 s. The used
controller parameters are Qrq = Spq = Iis and Gaussian
variance 02 = 0.0004. The tracking result in all system states,
as well as the learned weights and resulting control input are
presented in It shows that the controller is able to

TABLE III: Comparison of planned and resulting
and [MAE] for both the stiff and elastic case. Bold indicates
lowest per category.

Planner Controller
G elastic stiff elastic elastic
st st without learning ~ without learning ~ with fILC
CoTl 0.596  0.563 2.83 3.83 0.765
MAH - - 0.456 0.350 0.00983

track most desired outputs with high precision, with small
discrepancies observed in the angular position and forward
velocity, and with motor torques that are within actuator limits.
The and [MAE] for all cases are summarized in [Table 1111

In a similar fashion, it is also possible to track multiple
successive strides. The results of tracking a double stride are

reported in for the sake of space.

C. Continuous learning

We apply our continuous learning approach with the scal-
ing factors s = (0,10,1,2,2,1), W = diag(s, s, s), gains
Qio = 0.05I;8 and Spg = Iis, and Gaussian variance
02 = 0.001. The time indices are left unchanged. A more
“jumpy” reference is used to make the effect of the controller
clearer. The results after 110 iterations are presented in
[ure 9] and [Figure 10} |Figure 10| shows the evolution of the
position over time. Starting from an equilibrium, we observe
that the controller learns to track the reference trajectory
resulting in a stable forward pronking gait. shows
that the [MAE] decreases gradually as the number of iterations
increases, resulting in a final trajectory that looks very
similar to the reference. It took the robot approximately 25s
to cover the distance in

The robustness of the learned controller is tested on ran-
domly generated uneven terrain, by initializing the weights
of a new learning cycle with the previously learned weights
on flat terrain. The remaining controller parameters are left
unchanged. The result is presented in We observe
that the controller is able to traverse the uneven terrain despite
the disturbance, with a[CoMl]trajectory that still looks relatively
similar to the reference. Initialized with the weights from the
previous cycle, it took the robot approximately 5s to cover
the same distance.

D. Hardware experiments

1) Flat terrain: The continuous learning approach is val-
idated on hardware. Initially, the controller is tuned without
connecting the springs, as the springs have to be detached
and reconnected every time the robot restarts, such as when
it falls over. Connecting the springs can be a time-consuming
and tedious process. Therefore, the controller parameters are
first tuned without springs, resulting in the scaling factors
s=1(0,10,1,2,2,1), W = diag(s, s, s), gains QLo = 0.1I;g
and S;qo = I;g, and Gaussian variance 02 = 0.1. These
controller parameters are used to learn the weights on flat
terrain without the springs connected.

Thereafter, these learned weights are transferred and used to
initialize the weights for a new learning cycle with the springs
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bottom panel shows the evolution of the tracking performance as
a function of the number of iterations. The final MAE] after 150
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Fig. 6: Trajectory optimization result with springs.

connected. The learning gain Q¢ is decreased to 0.011;5. We
start from standstill and let the robot learn until it runs out of
the 3 m of physical space to move, which occurs after 52s. At
the end of this learning cycle, we again transfer the learned
weights to a new learning cycle using the same controller
parameters. This time, it takes the robot 20s to reach the

end of the testing space. shows the result of both
subsequent learning cycles and the learned control input of

the final iteration. presents several snapshots of the
learning process.

2) Uneven terrain: We use the same methodology of trans-
ferring weights, and validate the robustness of the learned con-
troller on uneven terrain outdoors, using the learned weights
from the previous indoor learning cycle and the same con-
troller parameters. The robot is placed on concrete bricks while
facing grassy ground. We then start the new learning cycle. We
observe that the controller is able to successfully transition
between different types of terrain, transitioning from rigid

concrete to uneven grassy ground. shows several

snapshots of the transitions between terrain.

3) Incline: Finally, the controller is tested on an incline
of 5°. Again, the cycle is initialized with the weights learned
indoors, using the same controller parameters. We let the robot
face the incline, starting from level ground. The controller
successfully transitions from the level ground to the incline.

Several snapshots of the transition are presented in [Figure 12]
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Fig. 8: Evolution of the system state, control input and basis
functions after 150 iterations, [CoT0.765. The bottom panel
shows the values of the learned weights. The black crosses
indicate the desired state output at a time instance.

IX. DISCUSSION

A. Trajectory optimization

shows the positive linear relationship between the
touchdown leg angle 6,;; and the average forward velocity
Zave, confirming that the virtual touchdown angle is propor-
tional to the forward velocity. Hence, it can be concluded
that the touchdown leg angle is an appropriate input param-
eter to the trajectory optimization. The optimization results,
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Fig. 9: Continuous learning with fICC] The top panel shows the
resulting trajectory after 110 iterations and 8 m traveled in
forward direction. The center panel shows the evolution of the
[MAE] as a function of the number of iterations. The bottom panel
shows the learned control input at the final iteration.

as summarized in confirm that compared to stiff
locomotion, elastic elements improve the walking efficiency,

as suggested by [32].

B. Trajectory tracking

From the results presented in[Table 111} it is evident that the
optimal control signals do not result in the desired reference
output when fed forward into the full-order system without
learning. Therefore, it can be concluded that the model dis-
crepancy between the used reduced-order and the full-order
model is too large to use the optimization output directly,
and that a controller is required to overcome the model
mismatch. From[Figure 8] we find that [ILCis very effective at
accomplishing this task, resulting in seemingly perfect tracking
in most states. The large change in angular velocity observed
during the stance phase is the result of only tracking certain
time instances instead of the whole reference. Whereas the
time instances are successfully tracked, the controller has
no knowledge of what happens at other moments in time.
This, in combination with the forward momentum, results
in the observed change in pitch angle. Regardless, the high
tracking accuracy shows that the controller is able to overcome
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Fig. 10: Continuous learning with [ICJ in PyBullet simulation.
The top figure shows the controller is able to learn to track the
reference from standstill, without resetting the system at the end of
each iteration. The bottom figure shows the result of transferring
the weights learned on flat terrain to rough terrain. The red
trajectory indicates the evolution of the over time.

and learn the unmodeled dynamics, including the effect of
ground contact collision, ground friction, joint friction, spring
damping, and leg mass and inertia.

In terms of energy efficiency, shows that the
resulting [CoTl is an order of magnitude higher without the
use of whereas the magnitudes of the control inputs are
of the same order. A possible explanation could be that the
observed vertical and angular velocities of the during the
stance phase without are much higher, leading to higher
joint velocities and as a result, a higher [CoTl Compared to
the planned [CoT] the resulting [CoTl is in the same order of
magnitude, albeit slightly higher. This is to be expected, as the
planned [CoT] does not account for leg mass and inertia, ground
contact collision and friction forces. Similarly, the higher
angular velocity also contributes to a higher compared
to the absence of rotational velocity observed in the planned
trajectory.

C. Continuous learning

Despite yielding accurate tracking of single strides, re-
peating the learned control input in a feedforward manner
does not result in stable locomotion, diverging after several
successive strides. Therefore, feedforward control by itself is
not sufficient for stable locomotion and additional feedback
is required to stabilize the gait. It should be noted that this
divergence is a property of feedforward control in general, not
of the proposed method. The continuous learning approach
provides a method of achieving stable locomotion, without
altering the stiffness behavior through feedback, resulting in a
forward pronking motion that is very similar to the reference.
Furthermore, when transferring over the learned weights from
flat terrain, the controller is able to confidently traverse the
rough ground. Despite violating the identical initialization
condition of [LC] which states that each iteration should start
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Fig. 11: Two subsequent learning cycles on hardware with springs
connected, where the second cycle is initialized with the weights
learned in the first cycle. The top panel shows the evolution in
position, initialized with the weights learned on hardware without
springs. The center panel shows the evolution of the subsequent
learning cycle, initialized with the weights of the previous cycle.
The color gradient indicates the evolution of time. Note that the
z-axis has no unit due to the state estimation inaccuracy. The
bottom panel shows the control input learned in the final iteration
of the last cycle.

at the same state, the controller seems robust to the large
initialization errors. A thorough explanation of this cannot
be given and would require more analysis, although it has
been shown before that can be robust to initialization
errors [33]].

D. Hardware experiments

The validation of the continuous learning approach on hard-
ware proves that this method is not only limited to simulation.
Using the input-output map from simulation, the proposed
method is able to learn a forward pronking gait directly on
hardware in only several minutes. Furthermore, the resulting
controller is robust to different types of terrain and inclines,
and transitions between them effortlessly. Again, it should be
noted that the state estimates of the robot are inaccurate, most
noticeably in z-position and x-velocity, reporting a distance
traveled of 0.2m, whereas the robot covered approximately
3m in reality during the indoor experiments. As a result, the
controller perceives an error that is higher than the true error,
which could lead to instability as the number of iterations
increases. As demonstrated, this can be prevented by initially
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Fig. 12: Hardware experiments of continuous [[ILC] on, from top to bottom, flat terrain, rough grassy terrain, and on an incline. The robot is

able to successfully transition between different types of terrain.

learning a set of weights with a higher gain until the motion is
acceptable, decreasing the gain, and transferring the weights
to a new learning cycle.

E. Future work

Several recommendations can be made to improve the
performance of the proposed methods. Regarding [[ILC| dif-
ferent learning rules could be investigated that, for example,
incorporate more model knowledge or put more emphasis
on minimization of control input, potentially increasing the
convergence rate, tracking accuracy, or energy efficiency. An
example of this could be gradient-based learning rules [34].
Different gaits such as the pace and the trot gait could be
incorporated for a wider variety of motions, although this will
be significantly more difficult due to the inherent instability
of these dynamic gaits. It is likely that lateral control would
be necessary to successfully execute these gaits, which as
a result would extend the work beyond the sagittal plane.
Currently, the controller has no knowledge of the legs of the
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quadruped. Therefore, learning to track joint states in addition
to the base state could improve the tracking performance for
successive strides. In turn, this would require the generation
of joint trajectories, for example using full-body optimization,
which could be an improvement of the trajectory planner.
Another approach for improved execution of successive strides
could be the use of feedback control in parallel with [ILC]
called current-iteration [[LC] [35]]. Using small feedback gains,
the system could apply small corrections to stabilize the
motion during the stride and limit the initialization error, while
changing the stiffness behavior only marginally.

Regarding the continuous learning approach, more research
is required to analyze the mechanisms behind this method
and to formulate theoretical guarantees. For the performed
experiments, an obvious point of improvement is the use of
more accurate state estimates, either through the incorporation
of additional sensor data from an inertial measurement unit or
vision sensors, or via an external positioning systems.



X. CONCLUSION

This work proposes a motion planning and control strategy
for efficient and compliant single stride locomotion using
trajectory optimization and We have demonstrated that
our approach is able to learn the feedforward control signal re-
quired to make an articulated soft quadruped track a reference
with high accuracy and efficiency, in only a matter of seconds.
It achieves this while preserving the physical compliance of
the system and without reliance on an accurate mathematical
description of the full-order system. As a consequence, this
work validates that is applicable to hybrid nonlinear
underactuated systems. The proposed strategy is not neces-
sarily restricted to locomotion, but is applicable to [ASRk in
general. This work also demonstrates that can be used
in a continuous approach, resulting in a pronking gait that is
learned on hardware in minutes. To the best of the author’s
knowledge, this work is the first to use [LC to control a
quadruped without the use of additional feedback controllers,
and the first to apply to compliant legged systems in
general. As only experimental validation of the continuous
approach is given, future work will include the formulation of
theoretical guarantees.
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APPENDIX A
EQUATIONS OF MOTION

A. Inverse kinematics

At touchdown, the position of the virtual foot p,;,
is given by

0 €2y

Zvirt

Tyir T + lyire SIn(Oy;
g [1] - e o]

The virtual foot position p,;, is then displaced in positive
and negative x direction by a distance equal to the half trunk
length liunk, resulting in the hind and front foot positions, as

visualized in [Figure 2

ltrunk

0 (32)

ltrunk
0 .

DPrsooty = Pvirt — |: :| » Pfooty — Puirt + [

The positions of the hind and front hip are described as

|z Lrunk cos(a) =z lirunk cos(a)
Phip, = |:Z:| N mek sin(a)}’ Prip, = [2} T [lmmk sin(oz)J ‘
(33)
Finally, the hip positions are translated to the origin, treating
Dhip as the base and py,, as the end effector, according to

Te
DPe = Proot — phip = |:Ze:| . (34)

Geometric inverse kinematics is then used to calculate the
joint positions, resulting in the mapping h : g — 6 that maps
the generalized coordinates to joint coordinates. The definition
of the joint angles is visualized in and given by

0, = —1 < - l?high)
5 = COS

03 = tan~! ( ) _tan~! ( linign sin(62)
Ten Learr + linigh cos(62)
91 == —92 — 93

5 <m§F )

1‘2

2 2
eH l

+ Rey  lealf

2l catflihigh

Zey

)

(35)

2 2 2
+ 22, — Lar — linign

2l catlihigh

64 = tan! (Z@F) — tan~! ( linign sin(0s) )
Ter Leatr + Linigh cos(05)
0 = —05 — 04

B. Stance dynamics

Given the mapping h, the [EoM] of the quadruped in stance
can be computed using Lagrangian mechanics:

15

T = %m (&2 + 2%) + %Jdﬂ

1 1 1
V =mgz+ Sk (0, — 02)° + ks (60, — 03)° + k4 (60, — 04)?

1
+ §k5 (6o, — 05)°
L=T-V
1 1 1 1
= ~m (42 + 22) + T2 — ko (6o, — 02)° — Sk (0, — 03)°
2 2 2 2
1 1
= 5k (B0, — 04)” — ks (00, — 05)*
(36)
Solving the Euler-Lagrange equation d%(g—g) - g—g with ¢ =

[z z a]T yields

. 5 ) _pgNdop.
d (oL TN s 2j=2Filfo, 9’)"591
atl\sqg) = mz|, oq Yoo ki(bo, — 0;) 50 —mg |,

Jé Z?=2 ki (6o, — 0; %91‘

37

resulting in the [EoM]
m 0 0] [ S0 o ki(0; — 60,) L0, 0 F,
0 m Of [+ | oki(0i—00,)36;| + |mg| = |F:
0 0 J| |a S0 o ki(0; — 00,) L0, 0 To

L [do\T

M(q)g + g K (0 —6o) +G(q)=F

M(q)g +Jn" (@)K (6 — 60) + G(q) = F, 8
where K = diag(0, k1, k2, k3, k4, k5,0) and F is the spatial
wrench. The partial derivatives of the joint angles with respect
to q are obtained symbolically using SymPy [36]. The spatial
wrench is given by

Fo|F| = Fu + B (39)
Ta FHXTH+FFXTF,

where F'y and F'g are the ground reaction forces of each leg
as a result of the motor torque 7, and ry and 7 are the vectors
from the to the foot contact points. The motor torques T
are converted from joint coordinate space to generalized forces
using the contact Jacobians of the hind and front leg, Jy and
JE respectively. As the legs exert a force on the ground, the
ground reaction force that is exerted on the robot is equal and
opposite, given by

F=— (J_TT)

FH _JHT 0 TH

Fg| 0 JET TF
Fu, i 0 0 0

Fy. 7 0 0 o] |n (40)
Fa,| 0 0 of|n

F. |~ "o 0o o AN

Fr, 0 0 0 J. T 5

Fy, 0 0 0 0




where the subscript denotes the ground reaction force com-
ponent in the direction of one of the generalized coordinates
of g. As the joint torques are converted to equivalent forces
at the feet, Fyy, and Fg_ are both equal to zero.

C. Contact Jacobians

The contact Jacobians of the front and hind leg are the
following. The Jacobian of the front leg is different to the
hind leg to accommodate for the specific order of torques in
the torque vector 7= [0 7 73 T4 T5 0] .

1) Hind leg:

0 —lear sin(93 + 92) _lthigh sin(93) — learr sin(93 =+ 92)
Ju= [0 larcos(d3+62)  liigh cos(63) + lear cos(f3 + 62)
1 1 1
41)
2) Front leg:

—linigh Sin(04) — leairsin(fs + 05)  —learsin(@s +65) 0
Je = | linigh c05(0s) + lcaircos(0s + 05)  lcarcos(6s +605) 0
1 1 1

(42)
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APPENDIX B
TRAJECTORY TRACKING

A. Without learning

|[Figure 13| and [Figure 14| depict the full state evolutions, as
a response to the optimal controls inputs from optimization
without learning, as mentioned in [subsection VIII-B| and

Large errors are observed in all states without
learning.
x (m)
04 B LA I AN | —F
. % * ]
= 00 = — N I X
[ ]
0.000 0.025 0.050 0.075 0.100 0.125 0.150
X (m/s) — z(m/s) —— & (rad/s)
2 : = e g =
8 ! s % o
g 0 ! 7777“ 777777777 :x 777777777 ! 7777777777‘x7—
s T T~
0.000 0.025 0.050 0.075 0.100 0.125 0.150
— »n(Nm)— 5 (Nm)— 7 (Nm)— 75 (Nm)
20.'5"5"5"5 ! | A
2 o 3 1 : 3 -
£ . ! i 3 3
B -20 feeeeeed ! N
= i |
< [ i
O _40 ftmm . -
i i

0.000 0.025 0.050 0.075 0.100 0.125 0.150
1(s)
Fig. 13: Result of feedforward control signal from optimization

without springs. The black crosses indicate the desired state
output at a time instance.
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Fig. 14: Result of feedforward control signal from optimization
with springs. The black crosses indicate the desired state
output at a time instance.



B. Double stride

The following figures present the result of tracking a
double stride. The single stride reference, including the time
instances, is repeated in z-direction once, resulting in the time

instances {50, 100, 150, 225, 250, 300}. shows the

learning curve for tracking a double stride, reaching a [MAEl
of 1.7x10~2 after 300 iterations. shows the resulting
trajectory. Again, we observe a deviation in tracking the
lowest points of the trajectory at 7' and T, while the apexes
at T° and T are tracked with high accuracy. shows
the full state evolution. Similarly, the controller is able to track
the desired state outputs with high precision, with the pitch
angle « being the only exception, with an error of 0.1 rad.

Mean Absolute Error

Iteration

Fig. 15: Evolution of the as a function of the number of
iterations for tracking a double stride. The final =1.7x
1072,
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Fig. 16: Double stride trajectory tracking result after 300
iterations. The black crosses indicate the desired state output at a
time instance.
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Fig. 17: Evolution of the system state, control input and basis
functions after 300 iterations. The bottom panel shows the values
of the learned weights. The black crosses indicate the desired state
output at a time instance.
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