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Abstract This work addresses the question whether active impedamteotis key
to a breakthrough for legged robots. In this paper, we wik &bout controlling
the mechanical impedance of joints and legs with a focusifinests and damping
control. In contrast to passive elements like springsyadthpedance is achieved
by torque-controlled joints allowing real-time adjustrhehstiffness and damping.
We argue that legged robots require a high degree of vergatiid flexibility to
execute a wide range of assistive tasks to be truly usefultieams and thus to lead
to a breakthrough. Adjustable stiffness and damping intirealis a fundamental
building block towards versatility. Experiments with oulr By hydraulic quadruped
robot HyQ demonstrate that active impedance alone (thupnogs in the struc-
ture) can successfully emulate passively compliant elésrguring highly-dynamic
locomotion tasks (running and hopping); and, that no sjgrarg needed to protect
the actuation system. Here we present results of a flying @isbd referred to as
running trot. To the authors’ best knowledge this is the firae a flying trot was
successfully implemented on a robot without passive elésnguch as springs. A
critical discussion on the pros and cons of active impedanneludes the paper.
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1 Introduction

Robots with arms and legs have the potential to become tsistaists to humans
in everyday life and might replace them for dangerous, dudl dirty tasks. While
the legs will allow these robots to move with agility in any#iof terrain accessi-
ble to humans and animals, their arms will allow them to et@tasks with human
dexterity. However, today’s most advanced robots arevatily far from this goal. In
fact, the majority of today’s legged robots struggle to moveven slightly rough
terrain. This inability presents a stark contrast to humepabilities. The discrep-
ancy in performance has several reasons. Historicallyptratms — and later legs —
were controlled with stiff position-controlled joints.teractions with the environ-
ment had to be carefully planned in the kinematic domainesirather information
about the contact dynamics and forces could easily be tatermccount, nor force
and torque control was available. While this may be sufficienmost tasks of to-
day’s industrial robots, an autonomous machine will neeecalble to obtain neither
a perfect map of the environment nor a perfect robot staimagon. Thus, pre-
cise kinematic planning of footholds is not a feasible solufor tomorrow’s robots
that have to move and interact in challenging and dynanyicilanging environ-
ments. Handling collisions and non-smooth interactiorsstbebe part of their list
of specifications.

The physical laws governing interaction dynamics show ithiatparamount to
control also the joint torques and/or the contact forcegndunteractions with the
environment [19], e.g. during locomotion on irregular &énc Studies support the
assumption that humans and animals are able to controltfmigties thanks to an-
tagonistically acting muscle pairs. The elasticity of thedons in combination with
muscle control allow to adjust both the passive and active jmpedance, respec-
tively [18, 36, 40]. Active impedance for the hand or the fsobbtained by means
of muscle control by co-contracting the antagonistic magelir [13, 10, 31]. This
control naturally has a delay of few tens of milliseconds aren[15, 24]. During
collisions, the passive compliant@and damping in the tendons helps to protect the
actuation system during this delay. The smaller the delteyldss passive compli-
ance/damping is needed to prevent damage.

In the last decades, researchers have proposed severddl@agays on how
to more properly cope with the interaction forces with theiemment. Some ap-
proaches use the passive dynamics of mechanical and priewmdgs in the leg
structure to govern the interaction dynamics (e.g. Buestel. [9], Raibert et al.
[30]). The resonant frequency of the resulting spring-nsstem is then used to
achieve a resonant hopping and running motion. Pratt 2 8l groposed the series
elastic actuator (SEA) where (usually stiffer) springs pue in series to the actu-
ator. The main purposes of the spring in a SEA is to contraitjdrces, absorb
impact peaks and temporarily store energy. Springs aregdiyegopular for elec-

1 Compliance is the inverse of stiffness.
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trically actuated robots, as they can protect the defansn getting damaged during
collisions and non-smooth interactions.

These springs, however, introduce passive dynamics anffé&muency 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 highlg&ffit running), it drasti-
cally reduces the versatility and thus usefulness of aserabot in human environ-
ments. Even the normally stiffer springs of the SEA redueedtttuator bandwidth
as a result of the resonant modes, and therefore make cexsamwhere a stiff and
precise motion is required impossible. This topic is furthleaborated in Sect. 6.

To overcome this problem researchers have been working iable stiffness
actuators (VSA) [42] that can vary the stiffness of eachtjaiith the help of a (gen-
erally smaller) second actuator. While recent progresstss field have increased
the range of adjustable stiffnesses [41], the actuatorstdidulky, complex and
often cannot absorb high energy impacts due to the limitezlai the springs.

Active impedance is a promising alternative that does ngtire any physical
springs, because the required stiffness and damping isatiedt by software and
torque-controlled joints (e.g. impedance control [20k@tional space control [25],
and virtual model control [28]). Any stiffness and dampiagthin the limitations of
the actuation and control system) can be selected in reaéiither for the endeffec-
tor or for each joint independently [5]. This approach hastaavantages of VSA
without the above mentioned limitations. Boaventura e{5lpresent an experi-
mental comparison study of active versus passive com@iand show that active
impedance systems can emulate passive elements in the ityrzange needed for
locomotion and interaction with the environment in generak performance of the
emulation is such that there is no relevant difference betviire dynamic behavior
of the actively controlled system and its fully passive '#ate’ system.

In this work we will demonstrate that active impedance caabéaa legged robot
to potentially execute a wide range of different tasks iruretenvironments and
thus increase its versatility and usefulness. We will pmesar previous work on our
torque-controlled hydraulic quadruped robot HyQ [32, 38{his context. And, we
will demonstrate the advantages and the potential of astipedance and torque-
controlled robots with two new experiments: a flying trot aesonant hopping. The
flying trot demonstrates the robustness and performanteafitpedance controller
in a very demanding situation due to the high frequency irtgpaicthe touch down
moments. The resonant hopping demonstrates the flexibitity versatility of the
control concept.

The major contribution of this work is the presentation of yanf}j trot with
an 80kg quadruped robot with purely impedance-controbgd | thus without any
springs in its mechanical structure. To the best knowledgbe authors no ma-
chine has achieved this before. In this paper we use the ssioé¢his experiment
as an example to discuss the importance of active impedariegged robots for
real-world tasks.

2 Reduction gears are required to amplify the low output tergfuelectric motors.
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This paper first discusses the state of the art in the field célpumpedance-
controlled legged robots and machines that successfuthodstrated a flying trot.
Section 3 then introduces the active impedance controfleup quadruped robot
HyQ. The control required to implement a flying trot is expkdl in Sect. 4; and
Sect. 5 presents the experimental results of a flying trot@smhant hopping motion
with variable joint stiffness. Finally, Sect. 6 discusdeactive impedance can help
legged robots to break through and Sect. 7 concludes the pépedinal remarks.

2 State of the Art

We will discuss the state of the art of active impedance ogddgobots and work
related to experimental implementations of flying trots aadruped robots.

2.1 Legged Robotswith Active | mpedance

In this section we will focus on legged robots with active batpassive impedance,
i.e. without any physical spring in their structure. For arengeneral and extensive
review of impedance control in robotics, including fieldselihaptics and manipu-
lation, please refer to Boaventura et al. [6, 5]. There exidy a few examples of
purely impedance-controlled legs with internal torquetomioop in the literature.
Ott et al. [26] presented a bipedal walking robot with aciusibased on the mod-
ular drives of the DLR-Lightweight-Robot-II [17]. Thesetaator units are based
on torque-controlled electric motors with integrated fdgorque sensors. The robot
successfully demonstrated walking on flat ground and stagsvell as balancing
and posture control. No highly-dynamic gaits like runnirayé been demonstrated
so far. Another electrically actuated robot with purely edance- controlled legs is
the MIT cheetah robot. Seadt al. [35, 34] presented a quadruped robot with joint
torque control, implemented with electric motors with lowag ratio (5.8:1) and
current control. No springs or torque sensing elements eeeed in this approach
(except an elastic spine for energy storage). The robot pastgd by a boom — suc-
cessfully demonstrated a running gait on a treadmill andvsdaeliable impedance
control on joint level. A similar approach was taken by Buetlal. [8] with Little-
Dog that had joint level torque control based on electricanotirrent control. The
authors showed how a feedforward torque term obtained réevdynamics can
reduce the position gains and allow for a successful diature rejection of unper-
ceived obstacles. The high gear ratio, low control bandwédgitd non-robust gears,
however, made it very difficult to implement well controlldgnamic gaits.

There are also a few examples of hydraulically actuatedtsotith only ac-
tive impedance. The Sarcos humanoid robots at ATR [22], CBR]) &nd more re-
cently at USC [16] have torque controlled joints based oquersensors. The three
research groups have shown balancing and simple stepppegisents on their
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robots, but none of them has shown any more dynamic gaits.islg@ydraulically-
actuated quadruped robot developed at the Istituto lw@l@irTecnologia [32, 33]
with joint torque control based on torque sensors [6, 12}.10@bot has successfully
demonstrated various dynamic gaits ranging from fast wglKR m/s), jumping,
rearing to balancing over rough and instable terrain [2EdR¢ experimental studies
[5] on a single leg of HyQ compared active versus passive dapee and showed
that high-performance impedance controllers can sat@fficemulate passive el-
ements such as spring-dampers. In Sect. 5 of this paper wsheilv how active
impedance can enable highly-dynamic and versatile locimmot

2.2 Robots Running with a Flying Trot

Next, we will discuss robots that have successfully demratest a flying (or run-
ning) trot. Note that we include robots with active and passimpedance, SEA,
etc. in this overview. Raibert’s quadruped robot of the CMid #éater MIT leg lab
was the first quadruped robot to demonstrate a flying trot [89prismatic legs had
pneumatic springs in their structure that allowed the rabotin in resonance. Big-
Dog is a hydraulically-actuated quadruped robot [29]. le ofithe online videos,
this robot demonstrated a flying trot. To date, no experialengsults have been
published. BigDog has torque-controlled joints and sggiimgthe last segment of
its legs. We believe that a combination of active and passipedance is used in
BigDog. StarlETH is quadruped robot developed at the ETHchuwith relatively
stiff springs in series with its actuators (SEA) making itudlyf torque-controlled
robot [21]. This platform has recently shown trotting withost flight phases [14].
The Cheetah-cub is a 1.1 kg electric quadruped robot thahtlycdemonstrated a
flying trot [37]. Its legs are designed around a spring logaittograph mechanism.

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

A few other robots have shown running gaits while some ofttiegrees of free-
dom are restricted by a boom or other guiding mechanism ftteegbiped MABLE
[38] (using passive compliance with active force contrlQLT [11] (springs in
legs), MIT Cheetah (see Sect. 2.1), Boston Dynamics’ Chegta information
available)), thus not fully and convincingly demonstrgtihe versatility required
for a useful service robot.

3 Active Impedance

With active impedancee mean that the mechanical impedance is (actively) con-

trolled and adjustable in software. Note that in our case or@rol both stiffness
and damping, but did not implement inertia-shaping.
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Fig. 1 Block diagram of the HyQ cascade impedance control arditeclt includes an outer
impedance loop and an inner torque loop. The outer loop stensf a feedback controller and can
include also a feed-forward controller such as rigid bodseiee dynamics controller. The inner
torque loop uses a feedback linearization approach foraeased tracking performance.

To implement active impedance on HyQ, we use a cascadeddtanthitecture
as depicted in Fig. 1. In this control scheme, an outer impeglaontrol loop feeds
back the joint angular positions and produces a torque cordraa output. Then,
this torque command becomes the input reference for an torgue control loop.
The high performance of the inner torque controller, oladithrough low-level
model-based techniques [6, 12], was essential to suctlgsafthieve adjustable
impedance through software, without the presence of reaign

The outer impedance loop defines the impedance charaicterigtthe robot,
either set in joint or task space. The joint stiffness andglamcan be implemented
through a simple proportional derivative (PD) joint pasiticontroller. In this case,
due to the presence of the inner torque loop, the propoltmgaia of the position
control acquires units om/rad, which corresponds to a rotational spring, and
the derivative gain acquires the ulNims/rad, which corresponds to a rotational
damper. Therefore, by setting the proportional and deviegiosition gains it is
possible to define the stiffness and damping of the robotgoifhis joint-space
impedance scheme is used for the flying trot experimentgithestin Sect. 5.2.

On the other hand, sometimes it might be more convenient tbes@npedance at
the end-effector instead of at the joints. A very intuitiveywof defining a task-space
stiffness and damping is through the implementation ofreircomponents [28]. As
for the PD position controller mentioned above, these glraomponents are also
implemented in the impedance loop shown in Fig. 1. In HyQ, esighed a virtual
spring-damper between the hip and the foot, as depictedgin6~on the left. The
desired forcef created by these virtual components can be linear or nanrlinih
respect to the stiffness, damping, and virtual prismatidéagth [6]. Once the end-
effector forcef is calculated, it is then mapped into joint-space throughldrcobian
transpose of the kinematic transform of the virtual moderdmate system to the
joint coordinate system. The use of the virtual prismatgikalso a simple way
of actively implementing the well-known spring loaded ireel pendulum (SLIP)
model [4], which is a useful abstraction that describes tring-like behaviour
found in human and animal running and walking. This taskespmpedance con-
troller is employed in this paper in Sect. 5.3, where thérstgs of the linear spring
is changed on the fly to create a resonant hopping with HyQ.
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In addition, the inner torque controller permits a strafigiward implementation
of high-level model-based control techniques, such ad tigdy inverse dynamics,
and gravity compensation. The output torques from the abmrdioned techniques
can be easily added as a feed-forward torque to the torgererefe command from
the outer loop, as shown in Fig. 1. Some of these model-basbaigues provide
very convenient capabilities for performing robust locdimo in unstructured and
partially unknown environments [8]. Essentially, suchtcohmethods permit low-
ering the position gains (hence the system’s stiffnes$)awit giving up on position
tracking performance.

4 Flying Trot Motion Generation and Control

A trot is a gait in which diagonal leg pairs move simultandgualternating with
the other pair of legs. A flying trot (or running trot) is a spgcase characterized
by a ballistic body motion, i.e., by a period in which there ao legs in contact
with the ground. The body flight phase depends on the ratiwd®st the time that a
leg stays in contact with the ground (teance phageand the time that a leg takes
to swing to the next foothold (thewing phasg This ratio is calledDuty Factor,
hereafter defined &3¢, and varies between 0 and 1. During trotting, if all the legs
have a duty factor of less than 0.5 (i.e. swing phase longer $fiance phase) then
the body undergoes a flight phase for a certain time fractidheogait cycle.

A comprehensive locomotion control framework is requirediake a robot per-
form a stable flying trot. This control framework needs t@grate appropriate tra-
jectory generation and body motion control in a closed laaghfon. Our recently
presented Reactive Control Framework (RCF) [2] implem#rgse aspects and we
adapted it to achieve a flying trot with HyQ. The RCF integsatee basic compo-
nents for robot motion generation and robot motion contdol.information about
the environment, such as terrain surface level or obstaslesquired to achieve a
basic robust (reactive) locomotion behavior.

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 suampters to achieve a
flying trot.

The generation of the reference trajectories for the fdebisely inspired by the
Central Pattern Generators (CPGs) of animals [23], withaitheantage of having
intuitive parameters such as step length and step heidigs&tshaped trajecto-
ries (called primitives) are generated by a network of foom-finear oscillators,
whose state represents the Cartesian coordinates of eztdB[faas depicted in Fig.
2 on the left. The oscillator parameters that define the asp¢io of the ellipse
are directly related to the step lendthand the step heighis. Each oscillator has
an angular frequenoys, associated to the corresponding leg step frequégays
might be different for the stance and swing phases, to aefd@uty factor different
from 0.5. Non-linear filters are coupled to the output of teeaork of oscillators to



8 Claudio Semini, Victor Barasuol, Thiago Boaventura, Mafcigerio, Jonas Buchli

reshape the elliptical trajectories to semi-ellipticakento make the robot capable
of adapting to the actual terrain profile. The non-lineagfdtreshape the primitive’s
trajectories according to an estimation of the foot positid touchdown; this in-
formation is either predefined, when the surface is well kmoov computed from
sensory information (for example using force sensors). Stepe of the adapted
trajectories are illustrated in Fig. 2 on the right.

z CPG Oscillator - primitive z ¥ Filtered trajectory

Wg > e -
/ Swing phase H, Swing phase
behavior \ / behavior

\ Stance phase )
. behavior __~

2pa = —0.4H,

ztq = —0.8H
€T .I'f

Fig. 2 The foot trajectory generated by the CPG oscillator (on ¢fig &nd the trajectory modu-
lated by the non-linear filter (on the righg}, andx,, are the reference coordinates of the primitive’s
trajectory, whilezs and x; are the filtered references sent to the joint controligris the filter
parameter which determines where the original elliptigettory has to be interrupted. (Figure
modified from Barasuol et al. [2])

Thestep deptlparametery affects the reshaping of the trajectory by determin-
ing at which height the ellipse has to be interrupted, asalegiin Fig. 2 on the
right. The desired robot forward velocit¥ determines the relative velocity of the
foot with respect to the robot trunk, which is imposed dutimgrectified 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 thediforces. On the other
hand, the feet trajectories can be dynamically adjusted #vbe robot is walking
blindly, e.g. by using feedback from the foot or joint force sensseg [2]. This
feature makes locomotion more robust also with respect oo gtate estimation.

In this paper we show experiments performed on flat grounccalisider the flat
ground as a well-known surface and, therefore, we assayme 0 for all the legs.
With z4 = 0 the shape of the primitives becomes a half-ellipse.

During a flying trot the most important parameters are the IstegthLs, the duty
factor D¢, the desired forward velocity; and the step frequendi. In the RCF
approach all these parameters can be independently meduled achieve a sta-
ble spring-mass$ouncing motion of the robot’s centre of mass (COM), the tsbo
motion during the stance period needs to match the systea@nant frequency
(defined by the robot's mass and leg stiffness). Selectingppgp duty factor and
step frequency allows us to obtain a stance phase that ns¢todeatural resonance
period. SinceD¢ and fs are then defined, choosing a desired forward veldéjty
consequently determines the value of the step lehgth

In our flying trot we explore the independent parameter matitui capability of
the RCF approach to generate a variable swing velocity ofeheThe idea is to
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move the leg faster in regions where there is a low risk of ichpdth obstacles,

while slowing it down in proximity of the expected touchdowegions, to reduce
the impact forces. We obtain this leg behavior by modulatiiegangular frequency
of the primitives according to the collision-free regiorahe unknown touch-down
region, without affecting the total swing period. See Fi@)3

) Forward velocity 0.1! ’ [ —— LFRH Pair RF/LH Pair |
—_—
T 04
Collision-free 7 0.05 :
region for Region with o\

unknown ~ __ 35§ [—— LF/RH Pair
0
touch-down &

position ~ 0.5

\ N o5
\

] 0 0.2 0.4 0.6 0.8 1

Terrain Time [s]

@) (b)

leg motion _ RF/LH Pair |
’ N

\
\

Fig. 3 Modulation of the angular frequenays. (a) In the collision-free region the angular fre-
guencyws is greater than the average angular frequengyf the swing phase. In the unknown
touch-down regiorwg is smaller thanws. (b) The plot shows the foot's relative positian
(step height) and the corresponding velodityréferences for each pair of diagonal legs (Left-
Front/Right-Hind and Right-Front/Left-Hind legs). Theisg period in the collision-free region is
chosen to be half of the swing period in the unknown touchsdosgion. The duty factor is 0.45,
the desired forward velocity is 1 m/s, the step frequencyHz 2nd the step height is 0.12 m.

Figure 3(b) shows an example of Cartesian references foirgyftyot run at 1
m/s when the swing period in the collision-free region issdmoto be half of the
swing period in the unknown touch-down region.

5 Experimental Results

We performed a series of experiments with our quadrupedtrbly® that uses

only active (and no passive) impedance. After a descriptiothe platform, we

will present the results of a successful flying trot expenirend a resonant hop-
ping. Both examples illustrate the advantages and potsrifaactive impedance
for legged robots.

5.1 Experimental Platform HyQ

The platform used for these experiments is HyQ, a quadrupeat with hydrauli-
cally and electrically actuated joints [32, 33]. The maehiveighs 80 kg, is roughly
1 meter long and has a leg length of 0.78 m with fully-exterldgd. All of its 12 de-
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grees of freedom (DOF) are torque-controlled joints: Thedbhduction/adduction
joints are driven by DC brushless motors with strain-gausged torque sensors for
torque control [12]. All 8 joints in the sagittal plane (hipaknee flexion/extension)
are actuated by hydraulic cylinders connected to load delisforce measure-
ment. High-performance servovalves enable joint-levajue control with excel-
lent tracking [6] that led to the implementation of activepiedance as described in
Sect. 3. Note, that besides a thin rubber layer at the feste thre no passive stiff-
ness/damping elements (e.g. springs) present anywhére iolot’s leg structure.

Since 2011 HyQ has demonstrated a wide range of static armhdlgnmotions
such as a crawl gait, stair climbing, walking trot over flatlined and rough terrain
(indoors and outdoors), squat jumps, rearing, balancidgudisturbances and step
reflexes.

5.2 Flying Trot Experiment

We conducted several experiments of a flying trot with HyQeldasn the approach
presented in Sect. 4. Figure 4 shows a picture sequence off tinese experiments
to illustrate the flight phases (right hand side frames) betwthe stance phases of
the two diagonal leg pairs. A link to a video of this experirnean be found at [1].

Fig. 4 Picture sequence of the flying trot experiment with the HyQotpwhich shows the flight
phase achieved by setting the duty factor at 0.45. The tirhedss each frame is 80 ms, and the
whole sequence represents 400 ms of the actual experiment.

Figure 5 shows the knee joint torque plots of the four legstaadrertical ground
reaction forces. The duty factor during this experiment weisto 0.45, the step
height 0.12 m, forward velocity 1.3 m/s, step length 0.28 m e joint-level ac-
tive stiffness 300 Nm/rad for the hip and knee flexion/exi@mmgoints. Note that
the joint torques of all four legs stay inside the maximungjta limits’ of 181 Nm

3 Note that we recently increased the hydraulic system pressiuthe HyQ robot to 20 MPa,
increasing the maximum torque of the hip and knee flexioefesibn joints to 181 Nm.
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demonstrating that active compliance can successfullgralibe high impacts dur-
ing the running and cope with these collisions. The plote alsow that the joint
torques and ground reaction forces go to zero between theesphases of the di-
agonal leg pairs. This illustrates that the robot was indedtight phases. To the
best of our knowledge no other robot has successfully shovabast flying trot

with active impedance only, i.e. without passive elementhiss springs in its legs.

Front legs Front legs

‘\J'Vm\

“.
',
2005 125 13 135 14
Time [s] Time [s]
(a) Torque at the knee joints (b) Vertical ground reaction forces

Fig. 5 Force profiles during the flying trot experiment; the bluesmefer to the left legs, the green
ones to the right leg¢a) This plot shows the torques at the four knee joints of the t;dbe short
intervals during which all the torques are close to zero a td the flight phasgb) This plot
illustrates the ground reaction forces during the same timtegval, estimated from the torques at
the knees and hips with the transpose of the Jacobian.

5.3 Resonant Hopping Experiment

In this section we show HyQ's ability of changing the virtgaking stiffness on the
fly to achieve a resonant hopping motion. For doing so, we eminted a virtual
linear spring-damper for all four legs of HyQ as shown in Fegon the left. The
length of the virtual linear spring$ € 0.58 m) is varied sinusoidallyd = 0.05 m)
at a constant frequency of6LHz. During the experiment, the stiffness of the virtual
springs is linearly changed frok = 2000 toK = 5000 N/m.

As shown in Fig. 6, after 1 s the spring stiffness starts toease and, conse-
quently, the amplitude of the ground reaction force ogidltes grows due to reso-
nant effects. We show the ground reaction force for the tefitf(LF) leg in the first
plot. When the stiffness and thus spring-mass system resonéth the frequency
of the sinusoidal spring length excitation, the robot stéwthop and the ground re-
action forces go to zero during flight phase (all four legshia &ir). The resonance
peak occurs at about 10 s, when the stiffness is around 3880 N/

This example shows how active impedance allows to adjusdyhamics of the
system, thus creating a big potential for new control mestfodlegged robots.
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Fig. 6 Experimental results of resonant hoppirgit: HyQ virtual elements: a spring-damper
connects the hip to the foot (red elements), creatingismatic virtual leg In the hip joint, a
simple joint-space position PD control can be seen as dontdtspring-damper (green element).
right: We implemented a hopping motion by exciting the HyQ robot iasonant way by varying
the virtual legs stiffness. The top plot shows the groundtiea force for the left front (LF) leg,
which reaches zero after around 9 s demonstrating a presércélight phase. The bottom plot
presents the linear change in stiffness applied to the legs.

6 Discussion

An important contribution of this work is to discuss the ialitquestionls Active
Impedance the Key to a Breakthrough for Legged R&bdtsthis end, this sec-
tion will first provide possible reasons why legged robotsstill far from a break-
through. We will then discuss why springs are currently degl to use, and men-
tion the pro and cons of active impedance. Finally, we witlgwse important future
topics of research that will help legged robots become dtyealevery-day life.

As mentioned in the introduction, despite decades of rekear legged locomo-
tion, today’s robots are still far from being able to move imfan environments.
Two of the main requirements for such robots are (1) thetghidi cope with col-
lisions and non-smooth interactions, since they cannovbmlad in such environ-
ments; and (2) the versatility of such machines to execut&la vange of tasks to
become truly useful assistants. Very few examples of robsigths and their asso-
ciated control framework meet these two requirements.

Springs are often used to meet the first requirement. Howsepengs are not
an ideal solution to meet the second requirement for thevatig reasons. A truly
versatile robot should be able to execute tasks ranging &grecise and careful
manipulation of a delicate object, to locomotion in envireents with unperceived
obstacles where a soft interaction but also fast reflex metare required. While
some tasks require very precisely controlled joints, atimeied compliant behavior,
yet others require very fast joint motions as reaction to xeraal perturbation,
e.g. when being pushed or for safety stops. Precise motioasyaspeed require
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either a very good modebf the robot and possibly the environment or high gain
(i.e. 'stiff’) control®. In addition, if fast motions are required, as a reactionro a
unforeseen event (side step to keep balance, step reflegppisg a robot arm in
front of a person) a very high actuation bandwidth is requit@ompliant behavior
as reaction to an unforeseen perturbation requires lowubingpedance and is in
contradiction to a quick controlled movement without uséngiodel. It fundamen-
tally limits the ability of a quick stop or a sudden reactivevament. Therefore,
a compliant robot (or human) needs to have the required bidtidand high gain
control available to be robust in such situations (e.g. atgatop of a human arm
requires immediate stiffening up). In case of a SEA the gpstiffness fundamen-
tally limits the control bandwidth and a trade-off has beendiat design time. As
mentioned in the introduction, VSA might be a possible sotuto this problem,
however the technology has (still) several limitationst &8d/SA, the ability of a
quick stop is fundamentally limited by the (usually slowpathtion of the stiffness.
In case of an active impedance system, the only limitatiées $rom sensing and
actuation delays (actuator physics, data acquisitiors piadcessing), which are, to
a large extent, design parameters.

To sum up, a versatile robot needs to be able to control it$ gpiffness in a wide
range. Springs in the structure of a robot including thé sfifings of SEA reduce
the maximum joint stiffness and control bandwidth; and ttingsrobot’s versatility.
We argue that legged robots with active impedance, whil@irdy not the only so-
lution, are a promising solution that meet both of the abogatmned requirements.
Importantly, they are implementable withday’savailable technology thus putting
versatile service robots within immediate reach.

Active impedance has several advantages when compareddivgpaprings and
dampers. With today’s advances in actuator, control andpcen technology a
wide range of stable stiffness and damping values can beaged 5], which leads
to more versatile robots. These values can be adjustedlitimesato swiftly adapt
to changing conditions in the environment or task. Furtteemrobots with ac-
tive impedance can take advantage of any programmable fyjpepedance (e.g.
exponential springs, nonlinear dampers, muscle-modsddaprings, etc.) [6]. A
potential drawback of active compliance is low energy efficly, as no energy can
be stored due to a lack of physically compliant elementspideshis disadvantage
we do not consider it as a major problem for the following oems On one hand,
new methods of high-density energy storage are currentgstigated in various re-
search fields. New compact energy sources will eventualphbeto power legged
robots for entire days [7]. On the other hand, other ways efgynrecovery such as
energy regenerative electronics for electric motors hagently been proposed for
joints with active impedance [35]. Furthermore, passiaynpliant elements are
only really able to increase energy efficiency of a robot miyriepetitive motions,

4 Note that the fact that models are required for good perfomaaloes not address the question
where the model comes from. For robots it can sometimes leeddrom CAD data, sometimes
must be estimated/learned. For humans models are typadyired by learning.

5 It is worthwhile discussing these issues in the control t&&onotions of nominal behavior and
disturbance reaction.
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such as walking, running, scrubbing etc. if the motion fieaey is around the reso-
nant frequency of the system. For an in-depth discussiomegfro & consof active
versus passive compliance we refer the interested rea&r to

For humans we see this trade-off in the example of Oscarritis®) a below-
knee amputee who has won several medals in sprint runningsetetwo carbon-
fibre curve-shaped springs as foot prosthesis that allowtbimun fast and effi-
ciently. After the races and trainings however he wears agrstiff prosthesis. It is
therefore a good example of the limited versatility impobgdprings.

Now that we understand the limitations introduced by s@ing can rethink
and adjust future research agendas to focus on the imptotaos that will lead to a
faster breakthrough of legged robots into everyday lifestfif all, torque-controlled
robots open up a wide range of control methods besides aatipedance, e.g.
model-based control of rigid body dynamics (gravity comgegion, inverse dynam-
ics, etc.) and control of contact forces. These are all nusthioat will lead to im-
proved manipulation and locomotion skills in human envinemts. Additionally,
research is required into optimal selection of stiffneagetritories for a large range
of tasks. Investigations into how to build more compact &sd complex VSA with
fast stiffness adjustment are important because they neiggnttually be useful to
save energy during repetitive motions. Questions reggttii@ safety and reliability
of active impedance systems were not discussed in this weekal lack of space,
but they are important topics that need to be investigatadt hut not least more
research into energy efficient active impedance systenesgjisned.

7 Conclusions

We have shown, to the best of our knowledge, for the first tioe & legged robot
with active impedance only (i.e. without springs) can exedughly dynamic tasks
that involve large and impulsive impact forces, such asingand hopping. Our
experiments presented here and elsewhere [5] show thatasible to achieve the
same behavior with a fully actively controlled system aswvpiassive systems. Ac-
tive impedance offers the additional advantage of veisagihd flexibility, allowing
to specify the most suitable dynamic behavior on the fly. Té@ dhown indicates
that the argument of active systems being too slow to codtyes not hold for the
dynamic range that is used for highly dynamic locomotion iaeraction tasks on
time-, force- and length-scales typical for humans. We anghis approach fun-
damental to the breakthrough of versatile robotic asdistaith arms and legs and
we have demonstrated that the required control performarazhievable.
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