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Towards ver satile legged robots through active
impedance control

Claudio Semini, Victor Barasuol, Thiago Boaventura, Mafcigerio, Michele
Focchi, Darwin G. Caldwell, Jonas Buchli

Abstract Robots with legs and arms have the potential to support heimatanger-
ous, dull or dirty tasks. A major motivation behind reseasahsuch robots is their
potentialversatility. However, these robots come at a high price in mechanical and
control complexity. Hence, until they can demonstrate arcéglvantage over their
simpler counterparts, robots with arms and legs will ndfilfiheir true potential.
In this paper, we discuss the opportunities for versatiete that arise by actively
controlling the mechanical impedance of joints and paldidy legs. In contrast to
passive elements like springs, active impedance is aathibyetorque-controlled
joints allowing real-time adjustment of stiffness and damgpAdjustable stiffness
and damping in realtime is a fundamental building block tmsaversatility. Ex-
periments with our 80 kg hydraulic quadruped robot HyQ destraite that active
impedance alone (i.e. no springs in the structure) can safidey emulate passively
compliant elements during highly-dynamic locomotion &gkinning, jumping and
hopping); and, that no springs are needed to protect thatmtusystem. Here we
present results of a flying trot, also referred to as runniag To the authors’ best
knowledge this is the first time a flying trot has been succdlgsimplemented on
a robot without passive elements such as springs. A critisaussion on the pros
and cons of active impedance concludes the paper. Thiseaitian extension of
our previous work (Semini et al. (2013)) presented at theriv@tional Symposium
on Robotics Research (ISRR) 2013.
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2 C. Semini et al.

1 Introduction

Robots that combine legs and arms have the potential to =t everyday as-
sistants to humans, and might eventually replace them fogefaus, dull or dirty
tasks. While the legs will allow these robots to move withisgih any type of ter-
rain accessible to humans and animals, their arms will alf@m to execute tasks
with human-like dexterity. Yet despite a long history andisiderable efforts in re-
search, legged robots are still mostly confined to reseatthdnd a few prototype
demonstrations. The motivation behind these efforts apfien cites their possible
versatility; i.e. the use of one single robot in many different situatiand especially
in situations where other types of robots will not succeerti{sas difficult terrains
or human engineered environments). However, legged raoote at a high price
in mechanical and control complexity. And until they can demonstrate a clear
advantage over their arguably simpler counterparts, tbkgrwill remain limited to
research and they will not fulfill their promise of being \egtike robotic assistants to
humans. We can thus ask ourselves: What are major poinththadtiotics commu-
nity needs to address to enable a breakthrough for versegigeed robots? In other
words, what will allow us to design highly versatile and flaei robotic assistants
that are truly useful to humans?

Today’s most advanced robots with arms and legs are styl farfrom being
very versatile and robust. In fact, the majority of todaygded robots struggle to
move in even slightly rough terrain. This inability preseatstark contrast to human
(or animal) capabilities and this discrepancy in perforogahas several reasons.
Historically, robot arms — and later legs — were driven bff pibsition-controlled
joints. Interactions with the environment had to be cafgfplanned in the kine-
matic domain since information about the contact dynamiat farces could not
easily be taken into account, and usually force and torgn&@onas not available.
While position control may be sufficient for most tasks unalezh by today’s indus-
trial robots, an autonomous machine will never be able taiolat perfect map of the
environment or a perfect robot state estimation. Thus igedénematic planning of
contacts (e.g. footholds or grasp points) is not a feasilgisn for robots that will
have to move and interact in challenging and dynamicallyhghry environments.
Handling collisions and non-smooth interactions in a saftr@bust manner has to
be vital part of their list of specifications.

The physical laws governing interaction dynamics show that essential to
control the joint torques and/or the contact forces dunigractions with the envi-
ronment (Hogan (1985a)), e.g. during locomotion on irregtérrain. Studies show
that humans and animals are able to control joint torquatkgto antagonistically
acting muscle pairs. The elasticity of the tendons in comufam with muscle con-
trol allow to adjust both the passive and active joint impeztg respectively (Hogan
(1984); Shadmer and Arbib (1992); Tee et al. (2009)). Actimpedance for the
hand or the foot is obtained by muscular control of co-caning antagonistic mus-
cle pairs (Franklin et al. (2003); Burdet et al. (2001); 8edeal. (2009)). According
to Kandel et al. (2000) and Geyer and Herr (2010), this contaturally has a de-
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lay of few tens of milliseconds or more. During collisionisetpassive complianée
and damping in the tendons help to protect the actuatiomsyduring this delay.
The smaller the delay, the less passive compliance/dampingeded to prevent
damage.

In the recent decades, researchers have proposed sevestll@avays to cope
with the interaction forces arising during contact with #rvironment. Some ap-
proaches use the passive dynamics of mechanical and priewmpiangs in the leg
structure to govern the interaction dynamics (e.g. Buesilel. (1998) and Raib-
ert (1986)). The resonant frequency of the resulting spnirags system can then
be used to achieve a resonant hopping and running motiott. @@ Williamson
(1995) proposed the series elastic actuator (SEA) whetallysstiffer) springs are
put in series with the actuator. The main functions of thengpin a SEA are to
control the joint forces, absorb impact peaks and temggrsiore energy. Springs
are especially popular for electrically actuated robogstheey can also protect the
gear$ from getting damaged during collisions and non-smoothréamtions.

These springs, however, introduce passive dynamics andtémuency resonant
modes into the system and therefore have to be tuned forarceask. While this is
fine for a single-purpose machine (e.g. a robot for highlycigffit running), it dras-
tically reduces the versatility and thus usefulness of giserobot for human en-
vironments. Even the normally stiffer springs of the SEAueglthe actuator band-
width as a result of the resonant modes, and therefore mataircéasks, where
a stiff and precise motion is required, difficult or impodsibrhis topic is further
elaborated in Sect. 6.

To overcome this problem researchers have been working rabla stiffness
actuators (VSA) that can vary the stiffness of each joinhwtie help of a (generally
smaller) second actuator (see Vanderborght et al. (2013) fecent review). While
recent progress in this field has increased the range oftatljesstiffnesses (e.g.
Tsagarakis et al. (2011)), the actuators are still bulkyngiex and often cannot
absorb high energy impacts due to the limited size of thengpri

Active impedance is a promising alternative that does nqtire any physi-
cal springs, because the required stiffness and dampingnisotied by software
and torque-controlled joints (e.g. impedance control bg&io(1985b), operational
space control by Khatib (1987), and virtual model controlFngatt et al. (2001)).
Any stiffness and damping (within the limitations of thewsion and control sys-
tem) can be selected in realtime either for the endeffeatfwreeach joint indepen-
dently (e.g. Boaventura et al. (2013)). This approach hast wicthe advantages of
VSA without the above mentioned limitations. Boaventurale{2013) presented
an experimental comparison study of active versus passimgliance and have
shown that active impedance joints can emulate passiveealsnin the dynamic
range needed for locomotion and interaction with the emvirent in general. The
performance of the emulation is such that there is no retaliffarence between the

1 Compliance is the inverse of stiffness.
2 Reduction gears are commonly required to amplify the low outmgjue of electric motors.
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dynamic behaviour of the actively controlled system anélily passive 'template’
system.

In this work we will demonstrate that active impedance cabéna legged robot
to execute a wide range of different tasks in natural envivemts and thus increase
its versatility and usefulness. In this context, we will ggat our previous work on
our torque-controlled hydraulic quadruped robot HyQ (seei@i (2010) and Sem-
ini et al. (2011) for detailed descriptions of the robot). Wi# demonstrate the ad-
vantages and the potential of active impedance and torgoeetled robots within a
series of new experiments: a flying trot on asphalt and anontteadmill, resonant
hopping and squat jump landings. The flying trot and squapgiwill demonstrate
the robustness and performance of the impedance contioleevery demanding
situation due to the high frequency impacts at the momenbwdt down. These
test will also show how adjustable joint stiffness and damgpian improve the lo-
comotion performance. The resonant hopping trials will destrate the flexibility
and versatility of the control concept.

The major contribution of this work is the presentation ofyénfy trot with an
80kg quadruped robot with purely impedance-controlled lagd no springs in its
mechanical structure. To the best knowledge of the autlmnsathine has achieved
this before. In this paper we will use the success of this exym@ant as the basis for
discussion of the importance of active impedance in leggbdts for real-world
tasks.

This paper first discusses the state of the art in the field célpumpedance-
controlled legged robots and machines that have succhsdkmonstrated a fly-
ing trot. Section 3 then introduces the active impedanceralber used on our
quadruped robot HyQ. The control required to implement afytrot is explained
in Sect. 4; and Sect. 5 presents the experimental resultgiog flrots, a resonant
hopping motion with variable joint stiffness and squat junith variable joint
damping. Finally, Sect. 6 discusses active versus passipedance and how ac-
tive impedance may help legged robots to achieve a techicalognd operational
break-through. Section 7 concludes the paper with final resna

This article extends our previous work (Semini et al. (20p8gsented at the In-
ternational Symposium on Robotics Research (ISRR) 2013 )wgdding the results
of two more experiments (a study of squat jumps and the inrsghging the landing;
and flying trot experiments on a treadmill with varying jostiffnesses), (2) more
examples of leg spring profiles and (3) a longer discussioludting stiffnesses of
various actuators.

2 Stateof the Art

We will discuss the state of the art of active impedance ogddgobots and work
related to experimental implementations of flying trots aadyuped robots.
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2.1 Legged Robots with Active | mpedance

In this section we will focus on legged robots with active batpassive impedance,
i.e. without any physical springs in their structure. For arengeneral and exten-
sive review of impedance control in robotics, includingd&kuch as haptics and
manipulation, see Boaventura et al. (2012b, 2013). Withénliterature there exist
only a few examples of purely impedance-controlled legfwiternal torque con-
trol loop. Ott et al. (2012) presented a bipedal walking tolith actuators based
on the modular drives of the DLR-Lightweight-Robot-11 (Eiinger et al. (2001)).
These actuator units are based on torque-controlled iel@stitors with integrated
joint torque sensors. The robot successfully demonstnatdking on flat ground
and stairs, as well as balancing and posture control. Ndyzdynamic gaits like
running have been demonstrated so far. Another elecyieaiuated robot with
purely impedance- controlled legs is the MIT cheetah roBetk et al. (2012) pre-
sented a quadruped robot with joint torque control, implet@aeé with electric mo-
tors with low gear ratio (5.8:1) and current control. No Bgs or torque sensing
elements are needed in this approach (except an elastie &pienergy storage).
The robot — supported by a boom — successfully demonstratednéng gait on a
treadmill and showed reliable impedance control on joimtléSeok et al. (2013)).
A similar approach was taken by Buchli et al. (2009) withleiiog (developed by
Boston Dynamics) that had joint level torque control basecelectric motor cur-
rent control. The paper showed how a feedforward torque tdrtained by inverse
dynamics can reduce the position gains and allow for sufidedisturbance rejec-
tion of unperceived obstacles. However, the high gear,rkto control bandwidth
and non-robust gears, made it very difficult to implement wehtrolled dynamic
gaits. Another electric torque-controlled robot is the lameidRoboray(developed
by Samsung Electronics Co.). The pitch joints of the legscaraposed of tendon-
driven stiff SEA actuators (Kim et al. (2012)). The robot li@snonstrated walking
and balancing but no more dynamic gaits like running or jurgpi

There are also a few examples of hydraulically actuatedtsotith only ac-
tive impedance. The US compaBARCOSleveloped a few torque-controlled hu-
manoid robots (e.g. CB Cheng et al. (2007)) that were soldlie i Japan, CMU
in the USA and more recently to USC in the USA. The three retegroups have
shown balancing and simple stepping experiments on theatsde.g. Hyon (2009);
Stephens and Atkeson (2010); Herzog et al. (2014) at ATR, GMUJ USC, re-
spectively) but none have shown any more dynamic gaits likaing for example.
Hyon et al. (2013) at Ritsumeikan University have recentispnted a lightweight
hydraulic leg for research into agile legged locomotiore Té¢g demonstrated active
impedance control on a vertical slider.

HyQ is a hydraulically-actuated quadruped robot develagetthe Istituto Ital-
iano di Tecnologia (Semini (2010); Semini et al. (2011))hwjitint torque control
based on torque sensors (Boaventura et al. (2012b)). Thig t@as successfully
demonstrated various dynamic gaits ranging from fast wglKP m/s), jumping,
rearing to trotting and balancing over rough and unstabiaite (Barasuol et al.
(2013)). See Sect. 5.1 for a more detailed list of resultscitations. Recent exper-
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imental studies by Boaventura et al. (2013) on a single lédy®) compared active

versus passive impedance and showed that high-perfornrapedance controllers

can emulate passive elements such as spring-dampersorSé@idiscusses some
of these results. Section 5 of this paper is dedicated to $towwactive impedance

can enable highly-dynamic and versatile locomotion.

Starting with the work on a series of novel fully torque coiied light-weight
robots, at the German aeronautics and space research @nRe(Hirzinger et al.
(2001)), a lot of pioneering work has been done in investigahe potential of ac-
tive torque controlled robots (e.g. demonstrating safetipé Luca et al. (2006)).
While only recently (Ott et al. (2012)) legs have been builhgshis technology,
already the early research on the LWR family of robots shates af similarities
with the herein presented approaches in terms of desigreaidtuation system as
well as the low to mid-level control (Hirzinger et al. (2091)he basic design prin-
ciple is very similar: using a high performance actuator @ Brushless motor in
the case of LWR robots) and a high precision load side torgnsoseand position
sensor. In the case of the LWR robots, the harmonic gears imgpitthe, for torque
controlled required, joint stiffness (cf. Focchi (2013) focomparison of hydraulic
and harmonic drive stiffnesses and Section 6 for a discussiating this stiffness
to SEA). Similar to our systems, on the actuator level a cdldsep torque controller
is employed that ensures high performance, stable torquakitrg (Hirzinger et al.
(2001); Albu-Schffer and Hirzinger (2002)). Different approaches are istidnd
presented on the mid-level, amongst which Cartesian antl@iel impedance con-
trol schemes that are similar to our approach (Albu#feln and Hirzinger (2002)).
On a lower level, the biggest difference between the LWR systand the herein
used system to illustrate the potential of active impedacerol are the choice of
the actuation principle. In our case hydraulic cylinderd @ane motors, in the LWR
robots electric brushless DC motors are used. See Sectiondistcussion on the
differences brought about by the different choices of gotuachnologies. Further-
more, looking beyond the actuation and low-level contraitegn, Ott et al. (2004)
and Albu-Schffer et al. (2007) proposed an elegant scheme for pasba#igd con-
trol of actively torque controlled robot, including bothetlactuator and the whole
body control. These results can be in principle applied teotypes of actuation
systems (i.e. such as the one presented here) and is notsaadbthe argument of
this paper.

2.2 Robots Running with a Flying Trot

Next, we will discuss robots that have successfully denratesd a flying (or run-
ning) trot. Note that we include robots with active and passmpedance, SEA,
etc. in this overview. Raibert’s quadruped robot from the (C&hd later MIT leg
lab was the first quadruped robot to demonstrate a flying Rathert (1986)). Its
prismatic legs had pneumatic springs in their structuré #flawed the robot to
run in resonance. Around 20 years later, Raibert et al. (Pp88sented BigDog,
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a hydraulically-actuated quadruped robot. In one of thénentideos (Boston Dy-
namics (2010) at 2:27), this robot demonstrated a flying Tmtlate, no experimen-
tal results have been published. BigDog has torque-cdetrgdints and springs in
the last segment of its legs. We believe that a combinatioactife and passive
impedance is used in BigDog. StarlETH is a quadruped robagldped at the ETH
Zurich with relatively stiff springs in series with its aetiors (SEA) making it a
fully torque-controlled robot (Hutter et al. (2012)). Gety et al. (2013) recently
presented results of StarlETH trotting with short flight g The Cheetah-cub is a
1.1 kg electric quadruped robot that recently demonstratiéging trot (Sproewitz
et al. (2013)). Its legs are designed around a spring loadetbgraph mechanism.

Note that all of the above-mentioned robots have passivatyptiant elements
(mostly springs) in their legs.

A few other legged robots have shown running gaits, e.g. thedbMABLE
using passive compliance with active force control (HuB&i08); Sreenath et al.
(2012)), KOLT with springs in the legs (Estremera and Waldi2008)), MIT Chee-
tah (see Sect. 2.1 for more details), Boston Dynamics’ Gle@to publication or
information available). However, since some of their degref freedom are re-
stricted by a boom or other guiding mechanism, they do naj fy#y and convinc-
ingly demonstrate the mobility and versatility required duseful service robot.

3 Active Impedance

With active impedancere mean that the mechanical impedance (1), is actively con-
trolled and adjustable in software alone.

f = Kp(Xet —X) + Ka(Xret —X) + Km(¥et —X) 1)

where f is the force;Kp, Kq, Km the stiffness, damping and inertia parameter,
respectivelyxe a generalized position reference; aqithe actual position.

In our case we control the stiffness and damping only, as show?), but did
not implement inertia-shaping. While inertia-shaping maychucial in impedance
control for haptics, we do not consider it important for \&ile legged robots, where
appropriate inertia properties can be achieved by design.

f = Kp(Xret —X) + Kg(Xret —X) (2

To implement active impedance on HyQ, we use a cascadeddtanthitecture
as depicted in Fig. 1. In this control scheme, an outer impeel@ontrol uses the
joint angular positions as feedback and produces a torgquenamd as the output.
Then, this torque command becomes the input reference fionan torque control
loop.

The high performance of the inner torque controller, olgdithrough low-level
model-based techniques was essential to successfullgvacadjustable impedance
through software, without the presence of real springssbkke of completeness, we
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introduce in this section a few details of the model-basegu® controller design
already presented by Boaventura et al. (2012b,a, 2013) acchiet al. (2012).

Since the hydraulic pressure-flow dynamics is very nonalingaditional linear
controllers behave according to the design specificatiamg when close to the
equilibrium point. To overcome this issue and to have theeseasponse charac-
teristics for all the actuator range of operation, we desiga nonlinear controller
based on thnput-output feedback linearizati@approach.

The controller outputir| (5), is composed of two main nonlinear terms: a ve-
locity dependent ternfi(xp, Xp) (3), which compensates for the natural load velocity
feedback (Boaventura et al. (2012a)) in all the operatingegand not only around
the operating point); and a pressure dependent tgRX,) (4) that compensates
for the pressure-flow nonlinearities. These two terms aleutsted based on the
hydraulic pressure-flow dynamics as follows:

f (Xp,Xp) = BAp? (1/Va+ a2 /Vb) Xp ©)
g(P.xp) = BAGK, (\/A Pa/Va+ 0\/2 Pb/vb) (4)

wherex, is the cylinder piston positiorfj is the Bulk Modulus of the hydraulic oil;
A, is the piston areay, andv, are the volume of the cylinder chambersindb
respectively, including the pipe line volumes;is the piston area ratio (e.g.= 1
for symmetric cylinders)K, is the valve gain; and P represents the pressure drop
at each valve port.

UFL = (v—f(Xp,%p)) (5)

a(Pxp)

More details about the design of this controller for HyQ ad$l @& some experi-
mental results can be found in Boaventura (2013).

The inner torque controller permits a straightforward iempéntation of high-
level model-based control techniques, such as rigid bodgrée dynamics, and
gravity compensation. The output torques from these tegtas can be easily added
as a feed-forward torque to the torque reference commana the outer loop, as
shown in Fig. 1. Some of these model-based techniques graxdy convenient
capabilities for performing robust locomotion in unsturetd and partially unknown
environments, as shown by Buchli et al. (2009). Essentiallgh control methods
allow the system’s impedance to be lowered without degratiiia position tracking
performance.

The outer impedance loop defines the impedance charaictenigtthe robot,
either set in joint or task space. The joint stiffness and mlagycan be imple-
mented through a simple proportional derivative (PD) jgiosition controller. In
this case, due to the presence of the inner torque loop, theogional gain of
the position control has units &fm/rad, which corresponds to a rotational spring,
and the derivative gain acquires the uNins/rad, which corresponds to a rota-
tional damper. Therefore, by setting the joint proporticenad derivative position
gains it is possible to define the stiffness and damping ofdhet. This joint-space



Towards versatile legged robots through active impedanceaton 9

Outer Impedance Loop

X eref Inner Torque Loop I
. controller || — — = —|— —— = === = ———— = ——— 1 !
'9 ! r I L
ref Impedance 'Tref C+ff Torque | U [Hydraulic] 7 J‘_' Robot 9 :
controller | + ;7—_ controller dynamics | |dynamics| |,
I |
I |

Fig. 1 Block diagram of the HyQ cascade impedance control architecttiincludes an outer
impedance loop and an inner torque loop. The outer loop comdiatéeedback controller and can
also include a feed-forward controller such as rigid body lisg#elynamics controller. The inner
torque loop uses a feedback linearization for an increasekiimgperformance.

impedance scheme is used for the flying trot experimentgitheskcin Sect. 5.2 and
5.3, and the squat jump experiments of Sect. 5.5.

On the other hand, sometimes it might be more convenient iheémpedance
at the end-effector instead of at the joints. A very int@tivay of defining a task-
space stiffness and damping is through the implementafimirtoal components
Pratt et al. (2001). As for the PD position controller menéd above, these virtual
components are also implemented in the impedance loop simokig. 1. In HyQ,
we designed a virtual spring-damper between the hip andabi $ee Fig. 2(a).
The desired forcd created by these virtual components can be linear or nailine
with respect to the stiffness, damping, and virtual prissbtg length (Boaven-
tura et al. (2012b)). Once the end-effector foffces calculated, it is then mapped
into joint-space through the Jacobian transpose of therkatie transform from the
virtual model coordinate system to the joint coordinateesys The use of the vir-
tual prismatic leg is also a simple way of actively impleniegtthe well-known
spring loaded inverted pendulum (SLIP) model (Blickhan8@)9, which is a use-
ful abstraction that describes the spring-like behaviountl in human and animal
running and walking.

To demonstrate the ability of a HyQ leg to track a desired idapee profile,
we implemented two different virtual elements: a lineaiirgpand an exponential
spring-damper, as depicted in Fig. 2(a). In this experimargingle HyQ leg was
fixed to a low-friction vertical slider which constrainecdetleg motion to the sagittal
plane. The impedance tracking results are shown in Fig. 2ilthis experiment,
we submitted these two virtual elements to different dymacanditions: the lin-
ear spring was tested by pushing the leg down by hand while standing on
the floor; the exponential spring-damper, however, wasstiyated under a more
dynamic situation where a 2 Hz sinusoidal excitation wasliepdo the spring
natural length. As we see in Fig. 2(b), the impedance tracignalmost perfect
under low-frequency perturbations and still acceptablengre dynamic circum-
stances. Section 6.3 shows a comparison between the Hy@lvptismatic leg
and a custom-made version of the same leg with a real spengpdr during a drop
test.
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Fig. 2 HyQ virtual elements:(a) Drawing of a HyQ leg with virtual elements. A spring-damper
connects the hip to the foot, creatingpasmatic virtual leg In the hip joint, a simple joint-space
position PD control can be seen as a rotational spring-dar(ipe®pring force vs. displacement
plot. Two different virtual elements were tested: a linearrgp(if = 25001) and an exponential
spring-damper f{ = 3¢?®! — 5031). The red thick line represents the desired impedance profile,
and the black thin line represents the actual impedance pobfite HyQ leg.

This task-space impedance controller is also used for therarent presented
in Sect. 5.4, where the stiffness of the linear spring is gledron the fly to create a
resonant hopping with HyQ.

4 Flying Trot Motion Generation and Control

Atrotis a gait in which diagonal leg pairs move simultandguternating with the
other pair of legs. A flying trot (or running trot) is a spectase characterized by
a ballistic body motion, i.e., by a period in which there acelegs in contact with
the ground. The body flight phase depends on the time that stdgg in contact
with the ground (thestance phageand the time that a leg takes to swing to the
next foothold (theswing phasg The ratio between the stance period and the stride
period (stance+swing) is called tBeity Factor, hereafter defined d3¢, and varies
between 0 and 1. During trotting, if all the legs have a duttdaof less than 0.5
(i.e. swing phase longer than stance phase) then the bodygoes a flight phase
for a certain time fraction of the gait cycle.

A comprehensive locomotion control framework is requirediake a robot per-
form a stable flying trot. This control framework needs tegrate appropriate tra-
jectory generation and body motion control in a closed laaghion. Our recently
presented Reactive Control Framework (RCF) (Barasuol. €2a1.3)) implements
these aspects and we adapted it to achieve a flying trot witQ. Hhe RCF inte-
grates the basic components for robot motion generation@at motion control.
No information about the environment, such as terrain serfavel or obstacles, is
required to achieve a basic robust (reactive) locomotidrabieur.
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Next, we will highlight some of the important features of tREF in relation
to the generation of a flying trot: the generated profile fer fibet trajectories; the
trajectory generator parameters; and how we choose suempggrs to achieve a
flying trot.

The generation of the reference trajectories for the felebisely inspired by the
Central Pattern Generators (CPGs) of animals (ljspee@8Q0with the advantage
of having intuitive parameters such as step length and stgghthinstead of angu-
lar joint displacement for example. Ellipse—shaped ttajées (called primitives)
are generated by a network of four non-linear oscillatorisose state represents
the Cartesian coordinates of each foot (Barasuol et al.1(20as shown in Fig. 3
on the left. The oscillator parameters that define the agpdict of the ellipse are
directly related to the step length and the step heights. Each oscillator has an
angular frequencys, associated with the corresponding leg step frequdgcys
might be different for the stance and swing phases, to aelaeuty factor different
from 0.5. Non-linear filters are coupled to the output of tbawvork of oscillators to
reshape the elliptical trajectories to semi-ellipticaéento make the robot capable
of adapting to the actual terrain profile. The non-lineaefdtreshape the primitive’s
trajectories according to an estimation of the foot positid touchdown; this in-
formation is either predefined, when the surface is well kmogv computed from
sensory information (for example using force sensors). Strape of the adapted
trajectories are illustrated in Fig. 3 on the right.

z / CPG Oscillator - primitive z Filtered trajectory
P f
Wy >
/ Swing phase H, Swing phase
behavior \ / behavior
Stance phase \ D
Dohavior__ =0
zta = —0.4H, a
LS td s Ztd = *O.S‘HS
£Ep xf

Fig. 3 The foot trajectory generated by the CPG oscillator (on tfi¢ d&ad the trajectory modu-
lated by the non-linear filter (on the righg), andx, are the reference coordinates of the primitive’s
trajectory, whilez; andx; are the filtered references sent to the joint controllero(thh inverse
kinematics)zq is the filter parameter which determines where the origingtelltrajectory has
to be interrupted. (Figure modified from Barasuol et al. (2D13)

Thestep deptlparameter,y affects the reshaping of the trajectory by determin-
ing at which height the ellipse has to be interrupted, asategiin Fig. 3 on the
right. The desired robot forward velocit¥ determines the relative velocity of the
foot with respect to the robot trunk, which is imposed dutimgflattened part of the
semi-ellipse (i.e. during the stance phase). If a terraip imavailable the swing-to-
stance transition can be planned in advance, reducing thectforces. On the other
hand, the feet trajectories can be dynamically adjusted #évbe robot is walking
blindly, e.g. by using feedback from the foot or joint force sensseg Barasuol
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et al. (2013). This feature also makes the locomotion madbesbwith respect to
poor state estimation.

In this paper we show experiments performed on flat groundcvisider the
flat ground as a priori known surface and, therefore, we assymi= 0 for all the
legs. Withzy = 0, the shape of the primitives becomes a half-ellipse.

During a flying trot the most important parameters are the IstegthL, the duty
factorD+, the desired forward velocity; and the step frequendy. In the RCF ap-
proach all these parameters can be independently modultdeatchieve a stable
spring-mas$ouncing motion of the robot’s centre of mass (COM), the tshuo-
tion during the stance period needs to match the systentmaes frequency (de-
fined by the robot’s mass and leg stiffness). Selecting agurdpty factor and step
frequency allows us to obtain a stance phase that matchestheal resonance pe-
riod. With Ds and fs defined, choosing a desired forward velodityconsequently
determines the value of the step length

V¢D
Ls=—— (6)
S

In our flying trot, a key feature is the exploration of the ipdadent parameter
modulation capability of the RCF approach, which can be usegknerate a vari-
able swing velocity for the leg. The idea is to move the ledgefiam regions where
there is a low risk of impact with obstacles, while slowinddivn near the expected
touchdown regions, to reduce the impact forces. We obtainlély behaviour by
modulating the angular frequency of the primitives acaagdio the collision-free
region and the unknown touch-down region, without affertine total swing pe-
riod. See Fig. 4(a).

Figure 4(b) shows an example of Cartesian references foirgyftyot run at 1
m/s when the swing period in the collision-free region iss#moto be half of the
swing period in the unknown touch-down region.

5 Experimental Results

We performed a series of experiments with our quadrupedtraly® that uses
only active (and no passive) impedance. After a descripifdhe platform, we will
present the results of four experiments: (1) a successfalgfifrot experiment on
asphalt, (2) indoor flying trot trials on a treadmill, (3) o@sint hopping and (4) a
series of squat jumps. The results presented in this sadtistrate the advantages
and potentials of active impedance for legged robots. \daga@ll experiments can
be found in Extension 1.
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Fig. 4 Modulation of the angular frequenays. (a) In the collision-free region the angular fre-
guencyws is greater than the average angular frequewgypf the swing phase. In the unknown
touch-down regionws is smaller tharws. (b) The plot shows the foot's relative position;
(step height), and the corresponding veloctty, references for each pair of diagonal legs (Left-
Front/Right-Hind and Right-Front/Left-Hind legs). The sgiperiod in the collision-free region is
chosen to be half of the swing period in the unknown touch-dagion. The duty factor is 0.45,
the desired forward velocity is 1 m/s, the step frequency is 2 Hdzla@ step heightis 0.12 m.

5.1 Experimental Platform HyQ

The platform used for these experiments is HyQ, Fig. 5a, amueed robot with
hydraulically actuated joints (Semini (2010); Semini et(@011)). The machine
weighs 80 kg, is roughly 1 meter long and has a leg length & @awith fully-
extended legs. All of its 12 degrees of freedom (DOF) areuercpntrolled joints:
The hip abduction/adduction (HAA) joints are driven by rgtaydraulic actuators
with strain-gauge based torque sensors for torque cowtil@.joints in the sagittal
plane (hip flexion/extension (HFE) and knee flexion/extem¢KFE)) are actuated
by hydraulic cylinders, Fig. 5b, that are connected to logltsdor force measure-
ment. High-performance servovalves (MOOG E024) enabfd-jevel torque con-
trol with excellent tracking (Boaventura et al. (2012b)attted to the implemen-
tation of active impedance as described in Sect. 3. Not¢ bidsides a thin 5mm
layer of stiff rubber at the feet, there are no passive iffiidamping elements (e.qg.
springs) present anywhere in the robot’s leg structure. Ss%. 6.4 for a discus-
sion on compliance inside and outside the robot structuableTl lists the main
specifications and features of the robot.

Since 2011 HyQ has demonstrated a wide repertoire of staticlgnamic mo-
tions ranging from squat jumps (Semini et al. (2012)), rgaiBoaventura et al.
(2012b)), step reflexes (Focchi et al. (2013)), walking teer flat, inclined and
rough terrain (indoors and outdoors), balancing undeudisinces (Barasuol et al.
(2013)), perception-enhanced trotting and crawling (Hgcet al. (2013); Bazeille
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(b) Picture of HyQ’s hydraulic actuator unit

Fig. 5 (a) Picture of lIT’s quadruped robot HyQ. (Picture credit: AgeéAbrusci, 11T);(b) Picture
of HyQ’s hydraulic actuator unit consisting of a double-agtaylinder, manifold and servovalve.

Table1l Overview of the specifications and features of the HyQ robot.

Properties/Features

Values

dimensions
link lengths

weight

active DOF

hydraulic actuation (HAA)
hydraulic actuation (HFE, KFE)

motion range

maximum joint torque (HAA)
maximum joint torque (HFE, KFE)
position sensors

torque sensors

perception sensors
onboard computer
joint control (rate)
locomotion skills

1.0m x 0.5m x 0.98m (LxWxH)
HAA-HFE: 0.08m
HFE-KFE: 0.35m
KFE-foot: 0.35m
80kg
12
double-vane rotary actuators
double-acting asymmetricroydirs
(Hoerbiger LB6 1610 0080)
90(HAA), 120° (HFE, KFE)
120Nm (peak torque at 20MPa)
181Nm (peak torque at 20MPa)
relative encoder, 80000cpr in all joints
(AVAGO AEDA3300 BE1)
custom torque (HAA), 5kN loadcell (HFE, KFE)
(Burster 8417-5000)
IMU, stereo camera, lidar
PC104 stack with Pentium CPU board
position and torque (1kHz)
walking (crawl, trot), running (flying tropresented in
this paper), hopping, squat jumping, rearing

et al. (2014)), to an optimized crawl gait for walking on stednd stepping stones
(Winkler et al. (2014)). A summary video of these resultsvailable online (IIT,

ADVR, DLS lab (March 2014)).
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5.2 Flying Trot on Asphalt

We conducted several experiments of a flying trot with HyQ sphalt using the
approach presented in Sect. 4.

Figure 6 shows the HFE and KFE joint torque plots of the fogsland the
vertical ground reaction forces. The duty factor during tekperiment was set to
0.45, the step height 0.12 m, forward velocity 1.3 m/s, séggth 0.28 m and the
joint-level active stiffness 300 Nm/rad for the hip and kflegion/extension joints.

Note that the joint torques of all four legs stay inside thexmaim torque limits
of 181 Nm demonstrating that active compliance can sucakgsibsorb the high
impacts during running and cope with these collisions. Tlbésm@lso show that the
KFE joint torques and ground reaction forces go to zero betvike stance phases
of the diagonal leg pairs. This illustrates that the robos waleed in flight phases.
To the best of our knowledge no other robot has successtudiyis a robust flying
trot with active impedance only, i.e. without passive elataesuch as springs in its
legs.

5.3 Flying Trot on Indoor Treadmill

For the flying trot experiment presented above we first setkttie kinematic ref-
erences (e.g. forward velocity, step height, step frequenesed on previously ob-
tained parameters that are suitable for a walking trot (éadior> 0.5) as described
in Barasuol et al. (2013). Subsequently, the duty factorgvadually reduced from
0.55 to below 0.5 to induce a flying trot. Finally, to createobust flying trot, we
matched the (virtual) spring-mass system’s resonancetgatt frequency by hand-
tuning the joint stiffness of HFE and KFE.

To study the influence of the joint stiffness on the flying natustness, we per-
formed a series of experiments on a custom-made indoomhidadhe joint damp-
ing Ky of all joints is set to 6 Nns/rad. While the stiffness of HAA was kept con-
stant atk, = 300 Nm/rad, the HFE and KFE stiffness is adjustable. Fig.divsh
the vertical ground reaction force plots fi§p = 350, 250, and 150 Nm/rad.

The plots show that higK values lead to higher force impact peaks at touch-
down, as can be seen in the beginning of the stance phasesfotttsubplot. With
decreasind, the robot cannot maintain a robust flying trot. This is illased by
disappearing flight phases in the lowest subplot. The robots an increasingly
asymmetricJimping behaviour (see also Extension 1). The figure shows that stiff
ness values for HFE and KFE in the range of 250 to 350 Nm/rad tiea robust
flying trot for the 80kg HyQ robot. Suitable stiffness and qémg values depend
on the robot weight, kinematics and the task. We discussdteetion of optimal
impedance values at the end of Sect. 5.5.

3 Note that we recently increased the hydraulic system pressuteedflyQ robot to 20 MPa,
increasing the maximum torque of the hip and knee flexion/exiensints to 181 Nm.
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Fig. 6 Force profiles during the flying trot experiment; the blue stiiés refer to the left legs,
the black dashed lines to the right le¢®). This plot shows the torques at the four hip joints (HFE)
of the robot;(b) This plot shows the torques at the four knee joints (KFE) ofrti®ot; the short
intervals during which all the torques are close to zero aeetduhe flight phasegc) This plot
illustrates the ground reaction forces during the same timevaiteestimated from the torques at
the knees and hips with the transpose of the Jacobian.

5.4 Resonant Hopping Experiment

In this section we show HyQ’s ability to change the virtualisg stiffness on the
fly, to achieve a resonant hopping motion. To achieve thismpéemented a virtual
linear spring-damper for all four legs of HyQ as shown in Ei¢p). The length of
the virtual linear springd (= 0.58 m) is varied sinusoidally (peak to peakdB m)
at a constant frequency of6lHz. During the experiment, the stiffness of the virtual
springs is linearly changed frok = 2000 N/m toK = 5000 N/m.

As shown in Fig. 8, after 1 s the spring stiffness starts toeiase and, conse-
quently, the amplitude of the ground reaction force odiilies grows due to reso-
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Fig. 7 Force plots of flying trot experiments on an indoor treadmilieTplots show the vertical
ground reaction forces of the four legs for three trials vdifferent stiffness values for the HFE
and KFE. TopKp = 350 Nm/rad, middleK, = 250 Nm/rad, bottomK, = 150 Nm/rad. Note
that the stiffness is decreasing from top to bottom. The forcesstimated from the torques at
the knees and hips with the transpose of the Jacobian. The béetkdbtted line indicates the
presence of a flight phases# 0.

nant effects. We show the ground reaction force for the tefttf(LF) leg in the top
plot. When the stiffness increases to the point that the gpriass system resonates
with the frequency of the sinusoidal spring length exaitatithe robot starts to hop
and the ground reaction forces go to zero during the flighseHhall four legs in
the air). The resonance peak occurs at about 10 s, whenffnessiis around 3800
N/m.

5.5 Squat Jumps with Adjustable Damping

Leg compliance and damping are important for versatile éegmpbots, especially
if they are designed to perform highly dynamic motions sugluanping and run-
ning. In this section we show an example of how active impedaman be used as
a "degree-of-freedom” to manage the robot-environmergrattion forces while
maintaining a position objective such as body posture ar@{\V position. HyQ
performed a number of squat jumps to create repeatable teypathe robot’s legs
during the landing. To reduce the forces transmitted to dhetrstructure, we stud-
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Fig. 8 Experimental results of resonant hopping: We implemented a hgppbtion by exciting
the HyQ robot in resonance by varying the virtual legs stiffn@é® top plot shows the ground
reaction force for the left front (LF) leg, which reachesaaefter around 9 s demonstrating the
presence of a flight phase. The bottom plot presents the lin@aigehin stiffness applied to the
legs.

ied the influence of joint stiffness, and damping<y on the impact force and set-
tling time. Additionally, we present the results of a simptmtrol law that adjusts
the joint damping during the landing.

In all experiments the robot starts in a symmetric defaustifpan with all four
legs on the ground. A vertical force impulse is then appl@dhe robot's COM
(4000N peak and 300ms duration). The robot controller mhijssforce reference
from COM space to joint space, creating a feedforward totgua for the joint
torque controller. After lift-off the robot enters a pardéibdlight phase that lasts
around 350ms for the given force impulse. The results of @@€rrepetitions with
the same jump force profile demonstrated that the experirmeapeatable, by pro-
viding equal kinetic energy before the landing, and is thuitable for this study.
This allowed us to compare the measured knee joint torquissneld during the
trials with different joint stiffness and damping values.

Figure 9 shows the results of a selection of 5 experimentsetreee torques and
COM vertical position are evaluated. The COM position isneated through the
leg kinematics. The first 4 experiments have the followingtjstiffness/damping
pairsKp, Kq for HFE and KFE: 300 Nm/rad, 6 Nisirad (black thin solid line), 150
Nm/rad, 6 Nms/rad (blue dashed), 150 Nm/rad, 12 Nfrad (red dash-dotted), 200
Nm/rad, 12 Nms/rad (green thick solid).

From the results it can be seen that a higher joint stiffikgs®duces the steady-
state error of the COM vertical position (created by grafices), but leads to a
higher joint load when the leg changes from compressiontension (and the body
reaches the lowest point). It can even create reboundinghi@sn with the black
thin solid line of the top plot. HigheKy values dampen the system response (by
stabilizing the system as quickly as possible), but leadh@mhber joint load at the
moment of touch-down when the velocity error state reactsemaximum value.



Towards versatile legged robots through active impedanceaton 19

—— Kp=300, Kd=6

- - - Kp=150, Kd=6

--= Kp=150, Kd=12
——Kp=200, Kd=12

=== Kp=150, Kd=variable

PR A =5

i
a
o

=
o
(=]

50

Knee load [Nm]

Kd [Nms/rad]
5

0 u

s EEER RN Tesrrrsssrccccaemmo-,

CoM Position [m]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [s]

Fig. 9 The plot shows the results of 5 squat jump trials performed witferint stiffness and
damping pairkp, Ky, where each pair is equally set for the HFE and KFE joints; 8@Black thin
solid line), 1506 (blue dashed), 1502 (red dash-dotted), 2002 (green thick solid), 15@ariable
(black thick dashed). The black thick dashed line is associatéuettrial with variable damping
for the HFE and KFE joints. The middle plot shows the value of thelmhated joint dampind{g
while the bottom plot shows the estimated COM vertical positiorirg) the landing, where COM
=0 is the desired vertical position.

The red dash-dotted and green thick solid lines of the topgdl&ig. 9 show that
even with different, gains Kp = 150 Nm/rad anKp = 200 Nm/rad) the initial
impacts are stronger than in the trials with = 6 Nm-s/rad.

A modulation of the damping value can therefore combine theuatage of low
damping to reduce the initial impact peaks, with the higtengding to dampen the
system response after the impact. The black dashed linesshewesult of a landing
with fixed K, = 150 Nm/rad and variable damping, that is modulated accgridin
the knee joint velocity as follows:

Kg = Kgqo+AKq4 o(knee joint velocity @)

whereKgyo = 6 Nms/rad,AKq = 9 Nm-s/rad ando (arg) is a sigmoid function that
continuously ranges from 0 to 1 according to its argunzegt The following sig-
moid function is used for the active impedance modulation:

1
1+e Ksarg (8)

where the sigmoid constalt is equal to 50. This leads to a continuous modulation
of the damping from 6 to 15 depending on whether the leg is iorapression
or extension phase after the impact. The black dashed litleeofop plot in Fig.

o(arg) =



20 C. Semini et al.

9 shows how a low initial impact peak can be combined with a $ettling time.
While this is a very simple control law, more sophisticatedioiations are possible,
such as for example the skyhook controller that we impleptimt Kostamo et al.
(2013) for a semi-active magneto-rheological damper.

The stiffness and damping values used for the experimeatepted above are
obtained experimentally. They work well for a robot of theswiand kinematics
of HyQ (see Table 1). The relation between leg stiffness amha running per-
formance is studied by biologists. Lee et al. (2014), fomepke, analyzed the leg
stiffness of mammals during bouncing gaits and provides ticrte estimate their
leg stiffness in relation to body mass. A scaling study tésglin dimensionless
approximations of suitable impedance parameters for fferelint locomotion tasks
of a versatile legged robot is part of future work.

In general optimal or learning gain scheduling controlgersh as those presented
by Buchli et al. (2011) could be used to design the dynamiabielir of the robot at
each instant in an optimal way. Thus, the four experimerag/athere demonstrate
how active impedance, by enabling the adjustment of therjasof the system on
the fly, creates a large potential for new control methodseigged robots.

6 Discussion

An important contribution of this work is to discuss how getimpedance control
can lead to a breakthrough for versatile legged robots. iSoetid, this section will
first provide possible reasons why legged robots are stilirfan a breakthrough.
We will then discuss why springs are currently not ideal te, asd mention the pro
and cons of active impedance. Finally, we will propose ingoarfuture topics of
research that will help legged robots become a reality inyeday life.

6.1 Crucial Limitations of Today’s L egged Robots

As mentioned in the introduction, despite decades of rekaar legged locomotion,
today’s robots are still far from being able to move in humavinments. Two of
the main requirements for such robots are (1) the abilityofmeawith collisions and
non-smooth interactions, since they cannot be avoidedch savironments; and
(2) the versatility to execute a wide range of tasks to beciuhg useful assistants.
Very few examples of robot designs and their associatedadindmeworks meet
these two requirements.
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6.2 Springsin Serieswith the Actuator

Springs are often added to an actuator to meet the first esgeint. However,
springs are not an ideal solution to meet the second regantfor the follow-
ing reasons. A truly versatile robot should be able to exetasks ranging from
a precise and careful manipulation of a delicate objectptomotion in environ-
ments with unperceived obstacles where a soft interactinralso fast reflex mo-
tions are required. While some tasks require very precisafyrolled joints, others
need compliant behaviour. Others require very fast joinions to react to an exter-
nal perturbation, e.g. when being pushed or for safety stygxise motions at any
speed require either a very good mddsfithe robot and possibly the environment or
high gain (i.e. 'stiff’) contro?. In addition, if fast motions are required, as a reaction
to an unforeseen event (e.g. side step to keep balancege#tepar stopping a robot
arm in front of a person) a very high actuation bandwidth guieed. Compliant
behaviour as reaction to an unforeseen perturbation regjlaw output impedance
and is in contradiction to a quick controlled movement withasing a model. This
fundamentally limits the ability to achieve a quick stop sualden reactive move-
ment. Therefore, a compliant robot (or human) needs to teeeguired bandwidth
and high gain control available to be robust in such situati@.g. a safety stop of a
human arm requires immediate stiffening up). For SEA, thingstiffness funda-
mentally limits the control bandwidth and this trade-offiied at design time. As
mentioned in the introduction, VSA might be a possible sofuto this problem,
however this technology (still) has several limitationst & VSA, the ability to stop
quickly is fundamentally limited by the (usually slow) adagion of the stiffness. In
the case of an active impedance system, the limitationssiaiy from sensing and
actuation delays (actuator physics, data acquisitios piaicessing), which are, to
a large extent, design parameters.

It is important to understand that actuator force is alwaygmlled over a trans-
mission element with finite stiffness. Evstiff actuators without additional springs
in series have a certain transmission stiffness that isalrtar force control. In a
hydraulic system, for example, this is given by the compbdgy of the oil (bulk
modulus) and hose elasticity; and in an electric actuates the gear box. The
transmission stiffness @tiff actuators, however is usually 1-2 orders of magnitude
higher than the stiffness of state-of-the-art robots wE#ASoints. Figure 10 shows
a plot of the linear and rotational stiffness of SEA robotmpared withstiff actu-
ator robots. The cylinder stiffness of HyQ is a non-lineardiion depending on the
piston position. Its lowest value is 19/m (Boaventura (2013), page 115). Mapped
into rotational joint space the lowest stiffness become2Nmy/rad.

To sum up, a versatile robot needs to be able to control it$ giffness in a wide
range. Springs in the structure of a robot including thé sgifings of SEA reduce

4 Note that the fact that models are required for good performaoes not address the question
where the model comes from. For robots it can sometimes be derived@AD data, sometimes
must be estimated/learned. Humans acquire models by learning.

5 Itis worthwhile discussing these issues in the control theoretions of nominal behaviour and
disturbance reaction.
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Fig. 10 Transmission stiffness of a selection of robd): Linear transmission stiffness of the
Yobotics SEA23-23 actuator (Yobotics) and the hydraulic ¢ypnder of HyQ (Semini (2010)).
(b) Rotational transmission stiffness of a selection of robots with $&ts (CheetahCub by
Sproewitz et al. (2013), StarlETH by Hutter et al. (2012),MIAN by Tsagarakis et al. (2013))
andstiff actuator robots (KUKA LWR Il by Hirzinger et al. (2001) and yby Semini (2010)). It
can be seen that the SEA robots have 1-2 orders of magnitude jsarits.

the maximum joint stiffness and control bandwidth; and tthesrobot’s versatility.
We argue that legged robots with active impedance, whilairdy not the only so-
lution, are a promising solution that meet both of the abogationed requirements.
Importantly, they are implementable withday’savailable technology thus putting
versatile service robots within immediate reach.

6.3 Active vs. Passive Compliance

Active impedance has several advantages when comparedgsveaprings and
dampers. With current advances in actuator, control andpaten technology, a
wide range of stable stiffness and damping values can beataadu(Boaventura
et al. (2013)), which leads to more versatile robots. Thes@es can be adjusted in
real-time to swiftly adapt to changing conditions in theieswment or task. Further-
more, robots with active impedance can take advantage op@ogrammable type
of impedance (e.g. exponential springs, nonlinear damparscle models, etc.) as
described by Boaventura et al. (2012b). A potential drakled@ctive compliance
is low energy efficiency, as no energy can be stored due tkafgthysically com-
pliant elements. Despite this disadvantage we do not cengids a major problem
for the following reasons: One, new methods of high-densitgrgy storage are
currently being investigated in various research fieldsy Nempact energy sources
will eventually be able to power legged robots for entire slég.g. Bruce et al.
(2012)); Two, new ways of energy recovery such as energynexgéve electronics
for electric motors have recently been proposed for jointh active impedance
(Seok et al. (2012)). Furthermore, passively complianhelats are only really able
to increase energy efficiency of a robot during repetitiveioms, such as walking,
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running, scrubbing etc. if the motion frequency is arouraréssonant frequency of
the systerf.

Two additional important points that should always be dised when compar-
ing active and passive impedance are: 1) how accuratelyrcastavely-compliant
system emulate its passive counterpart; and 2) how welleaadtive system handle
impacts. To address these two points, we have previousigrpezd (and presented
in Boaventura et al. (2013)) an experimental comparisowden two versions of
the HyQ leg, shown in Fig. 11. The actively-compliant vensis identical to the
one used in HyQ, while the passively-compliant version hasssive spring be-
tween the upper and lower leg segment instead of the kneedeyli Due to the
significance of this comparison, we are going to summarizedigscuss the exper-
imental results next. For an in-depth discussion ofgfee& consof active versus
passive impedance and details about this comparison wethefénterested reader
to Boaventura et al. (2013).

(@) Fully actively- (b) Partially passively-
compliant leg compliant leg

Fig. 11 HyQ leg fixed to a vertical slider. In (a) the traditional aetixcompliant HyQ leg, and
in (b) a modified version using a real spring-damper between tharfdghe foot. The passively-
compliant version of the leg was only used for comparison andatid purposes. This version
of the leg is not used on HyQ.

To best compare the active and passive leg during an impatt, legs were
dropped from a height of 28monto a force plate, where the vertical ground reac-
tion forcesFgr were measured. The impedance of the actively-compliantviesg
set in software to match the passive version of the legns K = 5250N/m),
damping B = 10Ns/m), and spring lengthl (= 0.3m). Also, the weight is roughly
the same for both legs. As we can see in Fig. 12, the virtuéhgqtamper of the
actively-compliant leg was able to qualitatively mimic thessive leg behaviour and
to handle the impacts. Also, we can notice in the zoom viewhatop right cor-
ner, that the impact forces for the actively-compliant légshed red line) are even

6 In recent years, researchers have experimented with clutolddsrakes added to SEA to control
the release of the stored energy (e.g. Leach et al. (2012)abaffi et al. (2014)). However, these
prototype actuators have not yet been tested on highly dyremdiwersatile legged robots.
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smaller than the forces for the leg with the real spring-danfgolid black line). This
is an unexpected result, but we have some insights that reigiein it. For the real
spring-damper assembly, mechanical play and a non-ideakidlo behaviour for
the spring, in addition to a possible increase in the ungpruass might increase
the initial impact forces. On the other hand, for the acyisvempliant leg, the inter-
nal valve leakage, although not significant, might mitigde impact force peaks.
We are currently preparing experiments that will carefaltalyze the behaviour of
the actively-compliant leg during an impact and study ttilience of components,
hydraulic piping, sampling time etc. See also Sect. 6.4 farther discussion about
impact force peaks. In any case, this result is very imporarte it demonstrates
that a purely actively-compliant system can handle impastsell as (or even better
than) passive svstems.
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Fig. 12 Vertical ground reaction forces measured with a force platendwa drop test with both

fully actively-compliant leg (dashed red line) and the modifpegsive-spring version of the leg
(solid black line). As we can see, the actively-compliant legaaalitatively emulate the behaviour
of its passive counterpart. In addition, in the zoom view ofuiley firstimpact, we can notice that
the passive version of the leg has impact forces that are eveartitggn the ones of the active leg.

This experiment also illustrates the main difference betweslectric actively
compliant systems (such as the aforementioned LWR familyrdbpts) and the
herein used actuation system. While from the mechanicafjdesid control point
of view the systems are very similar, hydraulics has a tiotdefdvantage over the
electric actuation system as currently used in most leggbdtics application’s
Due to the high output forces at low speeds, hydraulics doeseed a high-ratio
gear between actuator and load. Thus, (1) the systems carilbeith very robust
transmission such that even an initial, not fully contrdlilepact (cf. Fig. 12) is well
within the design specifications and no spring is needednfipact protection. (2)
The actuation system has a larger actuation bandwidth hagiinportant for reac-
tive stepping, and this in turn is a key for robust locomotjgnolen et al. (2012);
Barasuol et al. (2013)). (3) It allows for a higher overalhtrol bandwidth at the

7 with a high-ratio reduction gear in series to the motor (see 8eak (2013) for an exception.)
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forces and torques required for legged robots (i.e. fordepasition bandwidth mea-
sured at the output of the actuatafter gears/transmission). These differences are
all very critical in enabling the use of actively compliamt@ation for locomotion
and other tasks requiring repeated impact loading.

We need to remark that, in general, implementations of aatiypedance control
with an inner torque loop may suffer from some limitations.plarticular the fact
that the feasible range of stable stiffness and dampingsalan be strongly limited
by the bandwidth of the inner torque loop as well as by therfédted sampling
frequency. An extensive analysis on how these aspects mufuthe stability region
of impedance parameters as well as the passivity of therystm be found in
Focchi (2013).

6.4 Stiff Inside and Soft Outside

This section attempts to give general recommendationstabeguestion where to
add compliance into the structure of versatile legged ®hntl what the parameters
of this compliance should be. We introduce the appraithinside, soft outside
Stiff inside means that the actuaiosidethe robot (joints) should be very stiff to
maximize active impedance control and position trackingiggenance. Soft outside
means that a certain degree of soft material should be platceboutsideof the
robot, i.e. the interface point between the robot and thempiqe.g. at the foot) to
reduce force peaks during impact. The required amount optiante at the outside
is related to the performance of the actuation system (éoged-loop bandwidth,
sampling delays). The compliance at the interface can hhikerinitial force peak
during the first few milliseconds of the impact before thetoolfer starts acting.
Thus, the faster the actuation, the smaller the requiredotiancte if a maximum
tolerated force should not be exceeded (e.g. structurdtsliof load cells and at-
tachment points). Haddadin et al. (2007) investigatedrtpact between an actively
compliant manipulator arm (DLR lightweight robot Ill) andinans to analyse the
risk of injuries. The paper contains an analysis of the fest milliseconds of the
impact and is therefore highly related to this discussiaw. fRanipulators where
safety is important, a skin force sensor at the interfaceachtlitionally reduce im-
pact peaks. Such a sensor is able to detect a collision bif®jeint torque sensors,
since the measured impact force at the interface is not rddskéhe inertia of the
link. A force sensor at the foot of a legged robot has a singféect. In hydraulic
actuation, the reaction time depends both on the valve bigittt\and the hydraulic
stiffness (bulk modulus and oil volumes in cylinder chanstemd piping). There is
an effective way to limit the maximum (impact) force insideyalraulic cylinder by
adding relief valves that open the chamber to tank abovetaingredefined thresh-
old pressure. All the above mentioned points regardinggininpact force peaks,
delays, force limiters are part of ongoing studies at IIT.
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6.5 Discussion Summary

Now that we understand the limitations introduced by sgring can rethink and ad-
just future research agendas to focus on the importantsdipid will lead to a faster
introduction of legged robots into everyday life. First 8f torque-controlled robots
open up a wide range of control methods besides active inmoeda.g. model-
based control of rigid body dynamics (gravity compensatiorerse dynamics, etc.)
and control of contact forces. These are all methods thatesitl to improved ma-
nipulation and locomotion skills in human environmentse@articularly important
aspect that helps to support increased performance in botimlotion and manip-
ulation is by reducing the burden on the perception and jtansystems. This
is achieved by offering a great deal of robustness againsteicise perception or
slightly misplanned actions at the high level control level

Research into optimal selection of stiffness trajectdioes large range of tasks
is required. Investigations into how to build more compaut kess complex VSAs
with fast stiffness adjustment are important because thgptrbe useful in saving
energy during repetitive motions. Questions regardingstifety and reliability of
active impedance systems were not discussed in detailsnabik due to lack of
space, but they are important topics that will be inveséidan future work. Last
but not least, more research into more energy efficientaatipedance systems is
required.

7 Conclusions

We have shown, to the best of our knowledge, for the first timéhe academic
literature how a legged robot with only active impedance. (vithout springs) can
execute highly dynamic tasks that involve large and impel&inpact forces, such
as those generated when running and hopping. Our expesmszgented here and
elsewhere (Boaventura et al. (2013)) show that it is posgiblachieve the same
behaviour with a fully actively controlled system as withspize systems. Active
impedance, however, also offers the additional advantagersatility and flexi-
bility, allowing a robot to create the most suitable dynatméhaviour on the fly.
The results from this paper show that the assertion thateasyistems are too slow
to control does not hold for the dynamic range that is reguioe highly dynamic
locomotion and interaction tasks on time-, force- and lerggtales typical for hu-
mans. We consider this approach fundamental to creatingakthmrough in versa-
tile robotic assistants with arms and legs and we have demaded that the required
control performance is achievable.

Appendix A: Index to Multimedia Extensions

The multimedia extensions to this article are at: http:Awijr.org.
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Extension  Media Type  Description

1 Video The accompanying video material contains scenes ofdiranents
presented in Section 5: (1) flying trot on asphalt, (2) flying to
indoor treadmill, (3) resonant hopping and (4) squat jumps.
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