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Compliance of the body has a crucial role on locomotion performance. The levels and the distribution
of compliance should be well tuned to obtain efficient gait. The leg stiffness changes significantly
even during different phases of a single gait cycle. This paper presents an experimental study on
different passive and active limb compliance configurations. Each configuration is tested on flat, rough
and inclined-rough surfaces, to analyze locomotion performance in diverse conditions. As the active
compliance mechanism, Tegotae-based control is selected. Even though active compliance is not its
primary use, we show that the Tegotae rule presents intriguing features that have potential to boost
gait performance in various scenarios.
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1. Introduction

Quadrupedal animals exhibit great adaptability to changing environment conditions during loco-
motion. Adaptation can be in the form of reflexive actions, gait change or muscle stiffness mod-
ulation. While reflexes and gait transitions drastically alters locomotion characteristics, muscle
stiffness modulation usually improves performance without completely changing the locomotion
type. The performance criteria can include energy efficiency, speed, precision, accuracy etc.. For
instance, real animals move in an energy efficient way [1]. Different performance demands yield
different optimal muscle stiffnesses.

Compliance is a crucial characteristic in legged animal locomotion. All parts of the muscu-
loskeletal system of a body, muscles, tendons, tissue, skin, bones etc., exhibit different levels of
compliance. The effects of compliance greatly vary on the momentary task or activity. It has
the potential to add robustness to stiff/brittle structures, is able to store and release energy
and can help to reduce peak forces e.g. when an impact is experienced. In order to profit from
such properties, it is important to note that in most cases compliance needs to be well-tuned to
obtain a desired effect.

In locomotion, compliance is thought to play a key-role in many aspects from safety and gait
stabilization to energy efficiency and dynamic gaits (e.g. [2]). It is unclear however, which kind
of compliance acts on which aspects of locomotion and how to quantify potential benefits. For
instance, according to [3], compliant legs are essential to obtain the basic walking mechanics in
bipedal human locomotion. A widely used approach is adding a passive compliance as demon-
strated in [4–7]. A pragmatic extension to passive compliance is the capability of tuning stiffness
using hardware approaches either during the locomotion or even during a single step cycle [8–10]
with variable stiffness actuators.
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Elastic, spring-like materials are not the only way to achieve compliance. Using proximal sen-
sors and an active control, it is possible to model virtual spring effects and integrate into motor
servo control, described as proxy-based sliding mode in [11]. Another use of virtual springs dur-
ing quadrupedal locomotion is explained in [12]. Impedance control through controlling torque
is also widely used to adjust compliance, e.g. [13] shows an implementation on quadrupedal
locomotion. Force sensors on the feet can be incorporated to achieve actively compliant locomo-
tion [14] in a morphologically rigid robot. In a recent study [15], the authors propose compliant
locomotion through Tegotae-based, sensory feedback driven control where phase coupling of leg
oscillators emerge from robot-environment interaction. By incorporating machine learning to
footstep planning [16, 17] it is also possible to achieve adaptation to highly rough terrain.

The robots that use the Tegotae-based control scheme have usually been reported to have
series elastic elements on legs [18]. The Tegotae scheme can clearly generate different gaits (trot,
bound, gallop etc.) and the passive compliance of the leg has a modulating role. [15] declares
that a lower level of active-stiffness results in less Tegotae (good/useful feedback) in robot-
environment interaction and steady state locomotion may be severely degraded for very low
stiffness values.

Despite all previous works emphasize the importance of compliant legs, they cover only limited
aspects. In particular, they lack the analysis of compliant locomotion in rough terrains. Moreover,
there are limited previous studies on the combined effect of passive and active compliance on
locomotion performance. We could not find any study qualitatively evaluating the relationship
of different levels of passive compliance and the Tegotae based control.

The driving force this paper is the increasing need to understand role of both passive and ac-
tive compliance better in quadrupedal locomotion. To this end, a compliant modular quadruped
robot has been designed using low-budget off-the-shelf components. The robot is highly cus-
tomizable and fast to reconfigure which enables a wide set of experiment possibilities involving
morphological changes. The goal of the paper is to answer a set of questions which are

(1) How does the passive compliance of legs affect quadrupedal robot locomotion?
(2) Can having asymmetric passive compliance on fore and hind limbs increase the performance

of locomotion?
(3) Is it possible to boost adaptation of the robot to its environment using active compliance?
(4) Does active compliance and passive compliance cooperate well or destruct each other’s

contributions?
(5) Do results scale up to different terrains?

Contributions of the paper are three-fold: (i) a comprehensive and systematic experimental anal-
ysis of quadrupedal locomotion on various surfaces with passive leg compliance; (ii) a quantita-
tive analysis on combination of Tegotae-based control and passive leg compliance under changing
compliance levels; (iii) the first study of Tegotae-based control of a quadruped robot on rough
terrain.

The rest of the paper is organized as follow. Details of the implementation and experiments
are given in Sec. 2 and Sec. 3 respectively. Analysis and findings from the data are explained in
the Sec. 4. Finally, the paper is concluded in Sec. 5.

2. Methods

2.1 Hardware platform

This study is conducted on a simple yet dynamically rich quadrupedal morphology. The robot
consists of a rectangular body (39 cm x 23.5 cm). The overall structure of the robot can be
seen in Fig. 1.a. Each limb has 2 degrees of freedom (DOF) where the upper leg (L1) is 79mm
and the lower leg (L2) is 110mm. The motion of the limbs is constrained to the sagittal plane.
Each hip joint is powered by a Dynamixel RX-28 servo motor and each knee joint is powered
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Figure 1. (a) The quadrupedal robot consists of various on-board sensors and has an embedded PC to collect all the data
and handle the high level control. (b) The control PC can get the data from the external tracking system through Wi-Fi.
All data is collected on the same PC to ensure synchronization across various sensors.

by a Dynamixel AX-12A. In a preliminary study [19], it is shown that the proximal parts of
the limb should have higher compliance compared to the distal parts. Hence, the proximal hip
part of the leg is directly connected to the lower (distal) leg without any compliant elements
in between. However, lower limbs are extended with easily changeable “compliant elements”
which can have different mechanical properties such as height, spring stiffness, weight etc.. In
this study the different tested elements are designed to have the same dimensions and only the
spring stiffness is varied. They are rigid elements made out of Polyoxymethylene (POM) rods
and two types of compliant elements made out of super-elastic Nitinol wire with diameters of
d =1.5 mm (further called “soft”) and 2 mm (further called “hard”) with corresponding flexural
stiffnesses 2.3 Nm/rad and 7.3 Nm/rad; torsional stiffnesses 1.75 Nm/rad and 5.54 Nm/rad [20].
The three different elements and the quick locking mechanism are shown in Fig. 2. The quick lock
mechanism eliminates the need of extra tools to exchange compliant elements and considerably
accelerates the exchange process.

The robot is equipped with an embedded PC to collect sensor data and control servo motors.
The detailed list of on-board components is as follows:

� Dynamixel RX-28 servo motors (4x)
� Interchangeable passive elements (4x)
� Dynamixel AX-12 servo motors (4x)
� Optoforce OMD-30-SE-100N 3D-force sensors (4x)
� ODROID-XU4 embedded control pc
� INA169 DC current sensor
� Xsens MTi-3 AHRS IMU
� USB2Dynamixel communication bus converter (2x)
� LM2596S (12V) DC Voltage regulator

The servo motors are used for joint angle control and have encoders that feed back their position.
The current sensor measures the total current going to the motors at 1500 Hz. The current sensor
has an intermediary Arduino board to send the data to the PC. The robot is powered externally
through a tether from a DC voltage source. Since the source voltage is the same, the current
reading directly correlates to the power demanded by motors during locomotion. Force sensors
give 3D ground reaction force information on each foot which is essential for the Tegotae control
scheme. The IMU has a 3-axis accelerometer, a 3-axis gyro and a 3-axis magnetometer. It is
used for recording acceleration and rotational velocity of the robot’s body at 100 Hz during
locomotion. Due to drifts in the IMU, the global pose of the robot is tracked with an external
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