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Motion Control Lab, Department of Robotics Engineering, Degu Gyeongbuk Institute of Science and Technology, Daegu,
South Korea

The mass-spring system-like behavior is a powerful analysitool to simplify human

running/locomotion and is also known as the Spring Loaded erted Pendulum (SLIP)
model. Beyond being just an analysis tool, the SLIP model istilized as a template for
implementing human-like locomotion by using the articul&d robot. Since the dynamics

of the articulated robot exhibits complicated behavior wha projected into the operational

space of the SLIP template, various considerations are redred, from the robot's

mechanical design to its control and analysis. Hence, the opuired technologies are
the realization of pure mass-spring behavior during the iastaction with the ground

and the robust position control capability in the operatioal space of the robot. This

paper develops a robot leg driven by the Series Elastic Actuar (SEA), which is a
suitable actuator system for interacting with the environent, such as the ground. A

robust hybrid control method is developed for the SEA-drivie robot leg to achieve the

required technologies. Furthermore, the developed robotl has biarticular coordination,
which is a human-inspired design that can effectively tramait the actuator torque to the

operational space. This paper also employs Rotating Worksace (RW), which specializes
in the control of the biarticulated robots. Various experimnts are conducted to verify the
performance of the developed robot leg with the control metbdology.

Keywords: biarticular actuator coordinate, series elasti c actuator, rotating workspace, leg force control,

impedance control

1. INTRODUCTION

Humans and animals' dynamic walking has been attracting mangineers' and scientists'
attention, and the dynamic walking of a robot itself has beemiy prominent research topic for
robotic engineers.

Researches on dynamic walking can be categorized into twggr@un engineering approach
and a scienti ¢ approach. The engineering approach aims to bleitgyed robots and to nd a
control algorithm that can realize the dynamic walking of tledot walk. Various research aiming
to build biped robots and quadruped robot8¢aventura et al., 2013; Englsberger et al., 2014; Hutter
et al., 2016; Kuindersma et al., 2016; Jung et al.,)4d686dnsidered to be within this approach.
Walking algorithm theories such as Zero Moment Point stahilion are also categorized into
this research approach, whereas the scienti ¢ approach attetopisalyze actual human walking
and then derive a walking dynamic modebdyfarth et al., 2002; Geyer et al., J00bedical
researchers, physical therapists and even zoologists avenbbermore involved in this research
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(Farley et al., 1993; Ferris et al., 1998; Zajac et al., 2003, 2 continuously. Hence, force control is applied to the leg to rend
Moreover, the advances in motion measurement technologigbe dynamic response of a robot leg against external force.
boost the demand for better algorithms of these approachedlowadays, many humanoid robots have employed a force/torque
There also are attempts to integrate the two approaches—tlwontrol platform (Englsberger et al., 2014; Hyon et al., 2017
realization of dynamic walking using an actual legged rdiasted However, force control of a robot leg has various challesges
on dynamic characteristics. as friction and noise in the force sensors. To solve this prable

The Spring Loaded Inverted Pendulum (SLIP) model is a robot leg that is fully driven by two Series Elastic Actustor
promising dynamic model based on a scienti ¢ approach tha{SEASs) is developed in this research.
can explain humans' dynamic walking and running in a simple Since SEAs enable high-performance force control,
formulation (Poulakakis and Grizzle, 209hich is dierent the proposed robot leg exploits this high-performance
from the complicated engineering approach. In the SLIP modeforce control to realize ideal SLIP dynamics. There are
it is assumed that a (robotic) leg behaves as a pure springy. Stlemarkable studies which equip SEAs for the biped robot dalle
building an actual robot leg that can exhibit the pure dynamic*ATRIAS” (Rezazadeh et al., 2015; Martin et al., J0However,
characteristics of a spring is challengirngh(and Kong, 201}  the main di erence with this paper is that ATRIAS utilizes
Most recent studies have focused on "utilizing SLIP dynafoics the SEAs as a velocity source to regulate the ground reaction
locomotion/hopping' after the work oRaibert (1986)Raibert force under the SLIP-based high-level controls and swic¢he
has developed a mechanical leg design that is a combination cdntrol method depending on the gait phase (ight/stance). In
a linear actuator for the interaction and a rotary actuator f this paper, the SEAs are focused on a realization of pure SLIP
the leg swing motion. This mechanism is intuitively matchied dynamics based on their force controllability.
the motion of SLIP dynamics, thus enabling a successful-SLIP In addition to the employment of SEAs, the introduction of
based locomotion. The other straightforward mechanicaligie the biarticular actuation mechanism is applied to facilitate th
that has been designed is called “clock-actuated ShliEhdorfer  realization of SLIP dynamics of the articulated robot leheT
et al., 2001; Seipel and Holmes, 200Fhe mechanism also biarticular actuation is known for its speci ¢ functionakts and
matches motions the mechanical characteristics of the SLIRles in human motions\(an Ingen Schenau et al., 1987; Zajac
dynamics. Even though the mechanisms have successfullyal., 2002, 2003Also, many biomimetic robots have employed
realized SLIP-based running/locomotion, they are stiledint  this mechanism for jumping and runningHurst et al., 2010;
from the real human- or animal-like leg. Therefore, theseNiiyama et al., 2010 Taking into consideration this advantage
approaches can be utilized only for their respective application of the biarticular actuation mechanism, the proposed robot leg

Furthermore, some researchers have intensively analyzéxl designed based on this mechanism. The dynamic analysis
this problem and came up with control algorithms that canof joint-space motion is conducted based on the biarticular
address the realization of dynamic motion based on robo&ctuator coordination.
dynamics famaguchi et al., 1999; Khatib et al., 2008; Tsagarakis The approaches above are considered as mechanical
etal., 2013; Koolen et al., 2016; Oehlke et al., R(A@r instance, contributions to realizing SLIP dynamics using an articatht
Hutter et al. (2010)claimed that the problem is caused by therobot. Contribution from software can be seen in the
inherent dynamics of the articulated robot in the operatibna development of Hybrid Control (HC). HC is a combination of
space and proposed an operational space dynamics contrahpedance control for the realization of spring dynamics and
However, this research is still in a bottleneck because thinad  position control for attack angle control of the SLIP dynasmic
does not utilize any feature of the articulated leg or the spec To implement this controller, suitable operational space—elhi
workspace. Therefore, the method needs improvement of this called Rotating Workspace (RW)—is employedh(and
dynamic modeling, with additional complexity coming from Kong, 201 The dynamic behavior of the developed robot leg
the modeling based on the Cartesian workspace. However, iit the RW is analyzed to improve the performance of HC. This
can be said that there is still a large discrepancy between tipaper proposes a serial and systematic procedure to achieve
two approaches. Therefore, the previously proposed walkin§LIP dynamics by fully utilizing the advantage of the biaiéc
dynamics still cannot be applied to the actual robot, becalise t mechanism as well as the employment of SEAs and HC
dynamic behavior of the actual robot is quite di erent fromgh in RW.
theoretical model, especially during fast and dynamic mmio
Moreover, there is no recent signi cant nding afterH(tter
et al., 201p to provide the solution for enabling pure SLIP 2. MATERIALS AND METHODS
dynamics of the articulated leg. . . .

The other signi cant issues due to the discrepancy are th€-1. Design of Series Elastic
di erence of the dynamic model disturbed by external forcesActuator-Driven Robot Leg
and the nominal dynamic model, and as a result, it is morerigure 1 illustrates the force-controllable robot leg which is
dicult to control. Specically, in the dynamic reaction of developed in this research. The development of the robot leg is
a robot walking, the ground reaction force aects the robot2-fold: the introduction of the biarticular actuator meafhiam

and the application of the Series Elastic Actuator. The fahow

Abbreviations: DOB, Disturbance Observer; SEA, Series Elastic Actuator; sLiSUPSections provide the advantages of these design comsonent
Spring Loaded Inverted Pendulum. and methodologies of force control.
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biarticular
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Series Elastic Actuators
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torque controlled
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SEA-driven Robot Leg

FIGURE 1 | Developed series elastic actuator-driven biarticular radt leg including force controller.

lliopsoas

Gluteus maximus

Rectus femoris i Monoarticular muscles

Hamstring

FIGURE 2 | Representative biarticular muscles in the human lower exmity.

2.1.1. Design Motivation of Bio-inspired Robot Leg
Using Biarticular Actuator Mechanism

In the musculoskeletal system, biarticular muscles arechess
that cross two joints to generate torque at both joints. Mdghe

the co-contraction of a pair of monoarticular muscles, the
associated biarticular muscles act as powerful monoarticular
muscles that actuate the whole extremity. Also, the length
change of the biarticular muscles is much smaller than that
of the monoarticular muscles for generating normal human
motion (van Ingen Schenau et al., 1987

Consequently, the biarticular muscle mechanism enables the
high e ciency and performance of the human lower extremity
movement. This high e ciency has been theoreticallyl{ et al.,
2019 analyzed and evaluated through experimeriisi¢i et al.,
2016; Roozing et al., 2018

2.1.2. Implementation of Biarticular Actuator

Mechanism

Muscle coordination is known to play an essential role in vasio
multi-joint human motions ¢ajac, 1998 Similar to this concept,
the actuator coordination of a robot is also to be well-destjne
to enhance the performance of actuators in a systeigure 3
illustrates possible actuator coordinations to con gure a iwo
link robot. Figure 3A is the conventional serial type two link
robot, each joint of which is equipped with an actuatom et al.
(2011) has shown the ine ciency of this actuator coordinate

human muscles that generate a large amount of force or powén terms of torque/force generation. Moreover, the actuar
are usually biarticular muscles, such as the rectus fenadris located on each link in this con guration which imposes the
the front thighs, and the hamstring at the back thighs as sihowweight of the actuator on every link. It is also noticeablettha

in Figure 2

this con guration needs to utilize the relative joint coandites

In the human locomotion mechanism, biarticular musclesto describe its motion.

play a vital role to link the movement of muscles in the
limb (Zajac et al., 2002, 2003When a joint is locked by

Figures 3B,Cillustrates the biarticular actuator coordination
in a two-link robot, where the belt/wire inFigure 3B and

Frontiers in Neurorobotics | www.frontiersin.org

May 2019 | Volume 13 | Article 17


https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurorobotics#articles

Lee and Oh SEA-Driven Robotic Leg

the linkage inFigure 3C are utilized to transmit the torque transmitted to the links through the timing belts, which haae
of one actuator in the proximal joint to the distal link. This gear ratio of 2:1. For simplicity of the dynamics, both mono-
transmission enables the biarticular actuator coordimatin  and biarticular-side links are designed to be equal to 0.3 he T
a robotic system Choi et al., 2016; Roozing et al., 2D1As  speci cations of the parameters are summarized in the table on
this mechanism can locate the actuators on the proximal jointthe right-hand side oFigure 4.
the weight of the distal link is reduced, which is considessd
another advantage. 2.1.3. Actuator Design: Transmission Force Sensing
This research adopts the link mechanism Figure 3Cto  Type Series Elastic Actuator
employ the biarticular actuator coordination as well as toSEA ofPratt and Williamson (1995utilizes a spring as a part
guarantee large force transmission along with robustngasat  of its transmission to measure and control the interactingcé
an impact from the environment. between the motor and the load. As explained in section 1, SEA
Figure 4 shows the details of the developed SEA-driveris employed as the actuator system in this research sincanit ca
biarticular robot leg. Two SEAs are connected on the bodprovide high- delity torque/force while it is robust againghe
to provide mono- and biarticular torques. The torques areimpact due to its inherent compliance.

serial robot biarticular robot

linkage

FIGURE 3 | Various con gurations of a two link robot.(A) series con guration, (B) biarticular con guration (wire/belt-driven)(C) biarticular con guration
(linkage-driven).

top view front view specification
gear ratio of 21
timing belt
link length 03m

(mono and bi)

link mass (mono) 1.1 kg

monoarticular

!Iink of X joint actuator
—~ monoarticula

.; Ii joint

link mass (bi) 0.4 kg

monoarticular

Kf actuation

body mass 5.5 kg

FIGURE 4 | Details of the developed SEA-driven biarticular robot ledgop view, front view and speci cations of the robot.
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There are various types of SEA con gurationse¢ et al.,, 128 Nm/rad, which leads to a high force sensing resolution of
2017 such as the direct force sensing type (FSEARYyaf{t and 0.3835 mN-m/tick with a 19-bit absolute encoder. Note that
Williamson, 199), the reaction force sensing type (RFSEA)hese speci cations including output sti ness are obtainedhe
(Paine et al., 2014; Park et al., 2Dafd the transmission force biarticular joint coordinates after timing belts and geasshown
sensing SEA (TFSEA)ee and Oh (2016)TFSEA is utilized as in Figure 4.
the actuators for the proposed robot leg.

Figure 5 shows the TFSEA utilized in this research, where2-1.4. Robust Torque Control for the Developed SEA
the spring is located between the ring gear of the planetart Provide Ideal Torque Source
gear and the ground. This con guration allows the measureme TO achieve high-performance force control of the cPEA in the
of the absolute transmission force by using a single encod@oposed robotic leg, model-based force control developed by
and the robustness against the dead zone caused by gédpand Kong (2017js applied in this research.
backlash. The details of the con guration of TFSEA are dbscr To design the model-based force control, the general
in Lee and Oh (2016) dynamics of the SEA is derived from the free-body diagram in

The SEA inFigure 5 developed for the robot leg consists of Figure 6as follows:

a current/torque-controlled BLDC motor with a servo driver

(Maxon motor, EC 4-pole 48V and ESCON70/10), a harmonic WhRD ;s BFR
gear (Harmonic Drivé, CSF-11), a torsional spring (custom- JRD s BF
made), and two encoders (incremental type motor-side encode <D Ks s 1)

is 5,000 count/turn resolution and absolute type spring dé@t

encoder is 19-bit resolution). The maximum continuous toeq whereJ and ] are the moment of inertias of the motor and the
of the SEA is 55.2 Nm (peak: 686 Nm), and the maximumoad B andB, are the joint damping coe cients of the motor and
permissible velocity is 80 rpm. The stiness of the spring isthe load, and; and | are the joint position of the motor and the
load. sis the spring de ection. | is the torque generated by the
motor and s is the torque transmitted through the sprinks is
the spring sti ness.

spring From the dynamics of the SEA in Equation (1), the transfer
deflection encoder function from the motor torque j to the SEA transmission torque

/ ,0\ output scan be obtained as follows.

PS(S) D j KS(‘JSC BI)

D
harmonic drive i (IsCBIJFCBYCKIICYsC (B C Bj)(%)

The actuator dynamics of SEA is basically linear. Howe¥ber, t
torsional spring value of the load-side moment of inertiais subjected to varying
joint angle conditions, particularly in a multi-link robotike
motor-side encoder the proposed robotic leg. Therefore, a robust torque controlle
is required to provide an ideal torque source to the proposed
FIGURE 5 | Developed transmission force sensing t ies elasti robotic leg regardiess of the joint angle.
cctuator (TESEA) P g ype series elastic To that end, a Disturbance Observer (DOB)-based robust
torque controller is applied for the torque control of two

——> position
0 |
SEA E< il N —— torque
—> 0, —> 0
1 TS 1
T motor [¢ *| load
1o NN . |
B;6, K _1B,6,
[
FIGURE 6 | Free body diagram of the SEA. The black-colored arrows indate motor, load position and spring de ections, and the red-®lored arrows denote motor,
spring forces and friction force.
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SEAs. The overall control scheme of the SEA torque contralalue before the safety protection of the motor driver is dedb

is illustrated in Figure 7. In Figure 7, Psnl(s) indicates the (safety stop has occurred at the high-frequency region with
inverse model of the nominal transmission dynamics in6 Nm magnitude reference). Therefore, 5 Nm is chosen as the
Equation (2), and Q(9 is the second-order Q-lter of magnitude of the reference torque for the evaluation of the
DOB. C(9 and C (9 are the feedback and feedforward robustness of the SEA torque control.

controller, respectively.

DOB can nominalize the dynamics of SEA in a specic
frequency bandwidth determined by the Q- lter, leading to a
robust force control against varying load conditior. (9 is 0
designed as the inverse model of the nominalized SEA dyrsmic
with alow-pass Iter that can enhance fast-tracking performoe.

The performance of the torque control algorithm is veri ed
using the closed-loop frequency response measurements. -
To investigate the robustness of the torque control, these
experiments were conducted with two di erent load conditions
with free-load, which means no additional load is attached t
the SEA, and with the xed-load environment. To analyze the
performance of the frequency responses in these load conditio
a chirp-type excitation signal is applied with frequencies o |
0.1-100 Hz. The output torques of SEA are measured by I | ‘ ‘
torque sensor, and the experiments were conducted ten times M ‘ L “
calculate the average frequency responses. ‘w i "‘ il 1

Note that the performance of the closed-loop response ¢ {H‘J"‘“ ‘\‘ f‘ ’W‘ il
the SEA torque control depends on the magnitude of the LA (“ ‘ ‘
torque reference. This concept is called Large Force Batldwid i ‘ ‘
(LFB) (Hutter et al., 2015 Figure 8 shows the characteristics 10° 10' 10°
of the torque-controlled SEA in this paper as well as the Freqency [Hz]
bandwidth variance regarding the magnitude values of th
reference. Moreover, 5 Nm (red-colored) is the critical miagpte

:
—— INm ——2Nm 3Nm ——4Nm —— 5Nm|

Freqency [Hz]

200
f

)
g

—F

| .
1
|
I

Phase [deg]
(=]

=)

-101

B
=1

a)
I FIGURE 8 | Large force bandwidth characteristics of torque-controd SEA.

SEA dynamics
A
r A
I 1
Jis+ By wi | s el
Ts T -
" Cry(s) ’
T: + v— 1
+ A— Cfb(s) + A— + T+ Jjs+B;
+ —_—

FIGURE 7 | Block diagram of SEA dynamics with Disturbance Observer-bsed robust torque control.
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Gain [dB]
Gain [dB]

10! 10? 10! 10
Freqency [Hz] Fregency [Hz]

Phase [deg]
o

Phase [deg]
(=]

-100

. . ) -200 2 . )
10 10 10 10
Freqency [Hz] Fregency [Hz]

A B

FIGURE 9 | Frequency responses of the proposed force control of the TFBA. (A) force control with free load condition, and(B) with locked-load condition.

The experimental results for the robustness evaluation are
shown inFigure 9 where the plots ifrigure 9Aare the responses
with the free-load, and the plots iRigure 9B are the responses
with the xed-load. The gray-colored lines are the resultsem
repetitions, and the red-colored lines are the averaged respo
The responses are matched with second-order low-pass lters:
0.00§§Cl0.004Cl and o.oo4sszc1:o.ooac1' The bandwidths are 32
and 35 Hz, respectively, which can be calculated from the
Iter models.

The results verify that the SEA with the model-based forc
control can provide high- delity force generation with snhal
performance variation (8.57%). It can also be validated that t
closed-loop frequency bandwidth of the force generatiampiso
32 Hz regardless of the load condition.

1%

(Pe; Py)

A B
2.2. Theoretical Analysis of Biarticular
FIGURE 10 | Basic con guration of a two-link system with two types of

ACtuator COOI’dInatlon actuator coordination. (A) conventional serial actuator coordinates, andB)
For the realization of SLIP dynamics using SEAS, the KinetiCpiarticular actuator coordinates.

characteristics of the robot are analyzed in the joint space:
Since the developed robot incorporates the biarticular actuat
coordination, the kinematic and dynamic characteristibswd
be formulated in this coordination.

where P and Py, are the end eector position in the
Cartesian coordinate system, and and » represent the

2.2.1. Kinematics and Statics Analysis of Biarticular angles of two joints.| is the length of links. Note that
Coordination the length of the rst and second links are the same las
The basic actuator con gurations of a two-link robot are in this paper.

illustrated in Figure 10 where Figure 10A is the conventional On the other hand, the kinematics of the biarticular

serial link with two independent (monoarticular) actuators actuator-coordinated link (irfFigure 108 is described using the
(which generate torques; and ), and Figure 10B is the monoarticular joint angle ,, and the absolute biarticular joint
proposed con guration with one monoarticular actuator anden angle p, which are related to the conventional joint anglegnd

biarticular actuator (which generate torques and ). 2 as follows.
The kinematics of the conventional serial robot con gurati
shown inFigure 10Ais given as D
m 1
Py Dlcos1Clcos(1C ) br D 2,
Py D Isin 1Clsin(1C »), 3) b D 1C 2D mC 4)
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where , is relative angle between the links of the monoarticular

and biarticular joints.
Based on this relationship, the end e ector positi®p and
Py can be re-described using the biarticular coordinatignand
p as follows.

P D Icos mClcos
Py D Isin m Clsin y

®)

The Jacobian matrix for the biarticular coordination
can be derived by utilizing the partial dierentiation of
Equation (5) as follows:

B
R

sin m
COS m

sin
oS p

P
DI %‘ D J,

o030

., (6)

whereJ, is Jacobian for the biarticular coordination. The statics

of the biarticular coordination can also be derived utitigithis
Jacobianl, as follows.

Fx
Fy

Sin m COS m

F
m Dy X DI T
b Sin p COS p

. )
This statics can be reorganized as follows, which veri es the
biarticular torque , works on the rst joint and the second joint
at the same time.

m
b

11
D 01 (8)
2.2.2. Dynamics of Two-Link Robot With Biarticular
Actuator Coordination

Utilizing this relationship, the dynamics description in
Equation (9) can be rewritten as in Equation (11), which is th

dynamics description in the biarticular coordinates.

m D Im |c( b.r) %
b le( br) b R
R) (m)
C m.c( brs b mgl m , 11
ocl_ br» F) ool b) (1)
where the inertia is reformulated as

Im D 11 C myl?

Iy D 12
le( br) D malad cos py D Ci cOS py, (12)

Coriolis force and gravity e ect in the biarticular coordireatire
reorganized as follows:

me( brs Fl;) D maladsin py Fg D Gsin p; Fg,
bel br, ) D malad sin o, B D Cisin p, B2, (13)

And
mg( m) D g(milic C mol1) cos m D Gy cos m,

bg( b) D gmplccos , D qu cos , D Gycos . (14)

Notice that Coriolis torquesm.c( br, ), bel br, ) @and gravity
eects mg( m), ng( b) consist of sole physical values. Namely,
Coriolis torque mc is proportional only to Fg, and . is also
proportional only to P2, Moreover, the gravity termsngand pg
are also proportional to cos, and cos y, respectively.
Furthermore, the common coupling coe cient; appears in
many equations including Coriolis torque in (13) and the gt

Equation (9) describes the dynamics of a two-link robote ect G, in (14), which are basically constant coe cients. In
with the conventional actuator coordination, which has twoother words, the coupling coe cient and the gravity e ects can

independent torque inputs1 and > shown in Figure 10A
where R and B are the accelerations of two jointg is
the acceleration of gravitylic is the distance from the center
of a joint i to the center of the mass point of the link
i, m is the weight of the linki and I; is the moment
of inertia.

I1CI,C m2I2 C 2malacl cos 2 12 C molyd cos 2 3
12 C malacl cos 2 ) 6
o Meladsin o(BC2RR)
malad sin o P
c 9milicCml)cos 1 € gmplaccos(1C 2) 1 ©)
gnplaccos(1C 2) 2

This dynamics description can be rewritten utilizing the
biarticular coordinates with i, b, m and . Equation (10)

represents the relationship between the biarticular
coordinates and the conventional coordinates;, 2, 1
and ».

1 10 m m 1 1

) D 11 R D 01 (20)

be identi ed in a simple way with these biarticular coordieat

2.3. Bio-inspired Leg Interaction Control to
Realize SLIP Dynamics Using SEA-Driven
Robot Leg

This section introduces the control algorithm to realizenman
locomotive characteristics by using SLIP dynamics. As shiawn
Figure 11, the section includes four subsections as follows:

Section 2.3.1The control approach and its required technique
are obtained to achieve the SLIP dynamics, which describes
bio-inspired locomotion such as a running human.

Section 2.3.2.The hybrid control methodology is proposed
for the realization of SLIP dynamics, and the SLIP-oriented
coordination of the biarticular robot leg, which is called
Rotating Workspace, is dened concerning the hybrid
controller implementation.

Section 2.3.3:The kinematics, statics and dynamics of the
biarticular robot leg are analyzed in the Rotating Workspace,
and the reasons and problems that require the joint-space
sub-control techniques for better hybrid control performan
are explained.
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A B C D
Section 2.3.1 Section 2.3.2 Section 2.3.3 Section 2.3.4
Desired SLIP dynamics Hybrid Control Rotating Workspace Joint Space Control
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Realization of SLIP Dynamics for Biarticular Robot Leg

FIGURE 11 | Organization and classi cation of contents in section 2.3(A) Desired SLIP dynamics to realize human-like locomotior{B) Hybrid Control strategy to
achieve SLIP dynamics(C) Rotating Workspace coordination for Hybrid Control(D) Joint space control for better control performance.

Section 2.3.4:The joint-space controllers are designed todeveloped to mimic the human muscular-skeletal con guration
improve the performance of hybrid control for pure SLIP butto realize SLIP dynamics.

behavior of the developed biarticular robot leg. Articulated robot legs, such as the proposed robot leg,
are realized by using the scienti ¢ approach to meet human-
2.3.1. Introduction of SLIP Model Based on like locomotion specication. However, the conventional

approach suers from a technical bottleneck since the
Due to the recent improvements in the anthropometricOperational coordinate system of articulated robots diers
techniques, human motions can be measured and analyzed ffPm the operational space of SLIP dynamics, even though the
a theoretical way more than ever. One of the most simpli ed®®n guration of the robot leg is derived from a bio-inspired
and well-formulated approaches to deriving the dynamic modefl€Sign. Therefore, it is challenging to implement SLIP dyitam

of human walking and running focuses on the spring-like®f the articulated robot directly. _
interaction of the leg with the ground during the stance phase "€ novel point of this paper is the transformation of the
and the free motion of the leg during the swing phase. Th&perational cgordmate to develop a complemgntary coor@nat
model that is developed to describe this feature is the Sprinff SLIP motion. In other words, the operational coordinate

Loaded Inverted Pendulum modelB{ickhan, 198} Since the SYStem of the articulated leg has to be transformed to inelud
SLIP model simpli es the description and analysis of humarihe interactive operational and swing operational axes f@& th

locomotion, it is becoming a powerful template to realize hmma SL!P dynamics. In this perspective, the new Hybrid Control {HC
like locomotion using various types of robots. described |r_F|gur_e 1_1B|s designed in the Rotat_lng Workspace
As described irFigure 11A the main requirements to realize (RW) described inFigure 11Cto match the articulated robot
stable and periodic running of a robot are the realization ofvith the operatlgnal space OfSL.|PQynam|(.:s. T'he overall cbntr
spring dynamics and attack angle control. These correspongiructure torealize SLIP dynamics is describegiigure 12 The
to the SLIP model-based locomotion as 2-fold: a pure masroPosed robust Rotating Workspace Hybrid Control (RWHC)
spring behavior during the ground interaction or stance phas@90rithm consists of three layers, which are HC, Rotating
is rendered, and the correct attack angle with regards to th¥/orkspace transformation and joint-level controllers, ars
momentum of the mass at the landing moment or incidence angl&NOWn as a dashed squareriigure 12 In the following sections,
of the leg is required. the details of these control parts are designed and analyzed.
One successful engineering approach to achieve the SLIP
model-based running of a robot is a combination of a linear2.3.2. Proposed Approach to Realize SLIP Dynamics:
actuator for the interaction and a rotary actuator for thegle Hybrid Control in Rotating Workspace
swing motion Raibert, 198f In this approach, the robot can This subsection introduces the HC method, which is a control
realize SLIP model-based running even if the con guratidn o method to realize SLIP dynamics. HC refers to the simultaiseo
the robot is far from a human-like design. The robot is notcontrol of - and r-directions as shown irfFigure 11B These

Characteristic of Human Locomotion
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FIGURE 12 | Overall control structure of the Robust RWHC for biarticutarobot.

directions are the operation directions in RW and are requireddynamic behavior between the plant and the environment, e.g.
for realizing attack angle control and impedance controltué t the interaction of a second-order spring-mass system with th
spring dynamics of SLIP iRrigure 11A As shown inFigure 11B  ground. There are two typical ways to render the mechanical
both the position controller with respect to-direction for impedance of the robot: position-based admittance control and
the attack angle control and impedance control with respecforce-based impedance control. The former needs a position-
to r-direction for the spring dynamics are implemented to controlled robot system and end-e ector force sensor, and the
accomplish HC in RW. latter requires a force-controlled actuator system andtjoi

A robust position controller is chosen to overcome theposition sensors. Since the proposed robot leg does not have
in uences of inherent coupling dynamics of the robot leg andan end-e ector force sensor but includes force-controlld8AS
external disturbances and to achieve precise attack angteoto  with measurable joint positions, the force-based impedance

For this requirement, the DOB-based two-DoF controller iscontrol is utilized to realize spring dynamics of the SLIP
adopted once more, but it uses a dierent dynamic modelmodel with respect tor-direction in the RW. Moreover, in
with the case of SEA torque control in section 2.1.4. Thehis the force-based impedance control, the inherent coupled
basic concept of this control approach has been proposediynamic behavior also appears on the closed-loop system in
in Oh and Kong (2014) the RW. Therefore, the dynamics of the robot leg in the

The nominal inverse model of DOB is obtained based on &W is analyzed for the proper rendering of the desired
dynamic relationship between thedirectional motion and the spring dynamics.

-directional force of the robot leg in the RW. In the viewpoirito ~ The r-directional impedance control law consists of the
the implementation, the statics and kinematics are alsoiobth  r-directional position displacement as a feedback signal and
to transform from the measured joint angles, and , to the reference impedance model. Thedirection position

-directional motion and to generate the appropriate torqueddisplacement can be calculated by using the kinematic
through the joint actuators. The coordinate transformatio relationship between the biarticular joint space angles and
(kinematics) is required to project the reference positioonfr  the r-directional motion, and the reference impedance model is
the attack angle to the joint position. de ned based on the desired spring model of SLIP dynamics.

On the other hand, the realization of the spring dynamicsFurthermore, the-direction position displacement is multiplied
requires impedance control with respect tadirection in the by the reference impedance model to calculate the required

RW. The impedance control method enables rendering of desireddirectional force. The statics of the robot leg is reqdir®
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generate the appropriate torques in the joint-space for remderi The physical representations of the coordinates in the RW can
the reference impedance. be exactly matched with the SLIP motion. Thedirectional

In summary, for the implementation of the proposed movement of the robot end e ector corresponds to ground
RWHC in the low-level joint control, workspace coordination— interactive motion and -directional movement corresponds to
including the derivations of kinematic and statics—is reqd. leg swing motion, i.e., determination of the attack angle of
Furthermore, the dynamics of the proposed robot leg in the RWhe SLIP dynamics.
is necessary for realization of the DOB-based position adntr  The Jacobian is obtained by considering the end e ector
and analysis of the behavior of the impedance-controlletesys  velocities in the RW, which is given by

2.3.3. Analysis of the Developed Robot Leg in BDP (16)
Rotating Workspace for Hybrid Control DR (17)

A novel operational space that is suitable for the coordimatb

the robot leg and the realization of spring dynamics and cohtr where 8% denotesr-directional velocity andf® represents -

of attack angle is needed to implement SLIP dynamics. Theirectional velocity as shown iRigure 11C The velocities can
coordination that can perfectly match the biarticular joirgaxce be described also by multiplication of the rotation matrix and
and the demands of SLIP dynamics is RW transformation, unlik@iarticular Jacobian matrid,, and this yields the RW Jacobian
the conventional workspace dynamics and its control whiah ar J as follows:

designed in the Cartesian coordinate system.

In this section, the Jacobian, the statics, kinematics and 3 CO$ sin X R
the dynamics are de ned in the RW, which conforms with I , Sin cos R
the implementation of SLIP dynamics of the biarticular robot

in &t in &r P
leg as follows: pI Mz S by (18)
C0S—5- COS—5- b

susU

Kinematics: a kinematic relationship between the measured

joint angles (m and ) in the biarticular coordinate By using the obtained RW Jacobiajg, the static force
system and the inputs ¢ and r-directional motions) of relationship between the biarticular joint space torqued #me
HCler is obtained by using the positions in the referenceRW forces can be described as follows:
coordinate system (and is utilized for RW control and " #
Jacobian derivation). m ool FR DI sin§¢ cosg  FR
Jacobianthe coordinate relationship between the jointangular b R F)? sin-4° cos-4t F)?
velocities , and B) and end e ector velocities@® and ) is

derived from a di erentiation of kinematics (and is employed where FR and F} indicate r-directional and -directional

for RW dynamics derivation and statics derivation). forces. The derived kinematics in Equation (15) and staitics
Statics: force transmission from the joint actuator torques Equation (19) enable the RW coordinate transformation in the
(m and ) to end e ector forces Y and ) is derived middle layer ofFigure 12 to realize RWHC. Using these, the
from the Jacobian (and is employed for RW control andjeg dynamics in the RW is also derived for the analysis of the
dynamics derivation). coupling behavior with inherent dynamic characteristics.

RW dynamics: The dynamic relationship between the |norder to obtain the dynamics of the robot leg in the RW, the
biarticular joint torques and RW motion is obtained coordinate description of acceleratioRandy® is obtained. The
by utilizing Jacobian, statics and joint space dynamicgcceleration relationship of two operational spaces can teatk

in Equation (11) (and is utilized for analysis of the py time di erentiation and rearrangement (frondg to Jg*) of
dynamic behavior and performance improvement of Rotating=quation (18) as follows.

Workspace HC).

P
The RW is rst introduced byOh and Kong (2014)The paper % D J:! ;xg IR 1Bk P (20)
provides the whole procedure for obtaining the transformatio b

mathematics in detail and bri hows the pr re for bett . . . .
athematics in deta d brie y shows the procedure for be where B; denotes a time di erentiation of the RW Jacobian.

understanding the controller design based on a RW formufatio ) -~ . .
9 g RW dynamics of biarticular actuator mechanism can be derived

The kinematics between RW and biarticular joint-space i ? . - .
represented by a coordinate system that is rotated by theeangl%y using the inverse of Equation (19) and the Equation (20)

(19)

as shown irFigure 11B The angle is the relative angle between as follows:
the rgference_coordinate system and the robot endpoint pmsiti I ;:)2 b m Im 1 br) R
r, which are given by RF b le( br) o R
q 1 c m.c( brs Ft))) Cc m.g( m)
rD PECPED2cosi(b m) bel b ) C bg(b)
P, 1 PR Im 1o br) & R
1Y = X D (JLy ! m c\ br 3.1 7 m
Dtan '2"D 5(5C m) (15) P GR) o) 1 R @R ROR
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c @t me( br» B) C mg( m) (21) Equations (12)~(14). Based on these equations, required
R bel brs ) C bg( b) compensation torquest, and ¢ are obtained as follows:

Based on Equation (21), it can be concluded that the RW €D Cecosp B Csinpy Fgc Gm COS m
coordinate corresponds kinematically to SLIP motion. Hoarev .
the dynamics is complicatedly coupled in the RW coordinate. g D Ci cos b, R C Csin F,% C Gycos (22)
Because of these dynamic characteristics (dynamics cauplin
and gravity e ect), the motions in the RWxR and yR, which
are to be controlled, adversely a ect each other. Therefibre,
performance of HC is deteriorated as shownRigure 13 The
next section shows how to remove the dynamic coupling e ec
and improve its performance e ectively.

m and p are measured by position sensors of each joint SEA
and , is calculated by Equation (4)m, B, R and R can

be calculated by numerical di erentiation of,, and . Three
goe cients, Gm, Gp and C;, are required to implement this
compensation; however, the gravity term of biarticular-gmlat

Gy, includes the common coupling coe cien€C; as derived in

2.3.4. Joint Space Dynamic Decoupling to Improve Equation (14). Therefore, simple identi cation @&, and G,
Performance of Robust Rotating Workspace HC enable this compensation. Note that the identi cation medfor

As described above, the attack angle control for the SLIFmandGyis described in section 3.3. o

dynamics can be implemented using the high gain feedback 1S compensation results in a fully decoupled joint-space

without consideration of dynamics behavior in the RW. Howeve dynamics in the biarticular coordinate system as follows:

for the realization of the spring behavior of SLIP dynamits, i .

is not straightforward to render the desired dynamic bebavi mom p Im 0 R, D Iy R, , (23)

without considering the in uence of mechanical characsids b b 0l R R

such as inertia coupling and gravity e ect. In this section,

systematic dynamic decoupling methods in the joint space ar&herely; is the diagonal inertia matrix., g and p

designed to enhance the performance of the proposed RwH&'e the new torque references for the closed loop system with

based on the structural advantage of the biarticular robgtle ~ the proposed compensation in Equation (22). Because of the
A study on dynamics modication such as dynamic compensation, the dynamics of the joint-space are decoupled

decoupling for a general multi-link robot has been rst propdse and simpli ed.

in Khatib (1987) Khatib has developed the “Operational Space In order to analyze the e ect of the compensation in RW,

Nonlinear Dynamic Decoupling' method to directly modify the the modied dynamics is obtained in a similar way as in

robot's dynamic characteristics based on an identi catioh Equation (21).

the coupling and gravity terms appearing in the workspace

without using the structural features. The method requires R D (3 Ypdst 53 R R
. h . . . . . h FR R bivR FB R P
correct identi cations of complicated inertia coupling, Golis y N 4 b
and gravity terms; hence, it is not e ective to directly apply Im 0 R =
Khatib's approach to the biarticular robot leg. D 'Cgs or #® B P (24
In order to decouple the dynamics of the leg e ectively, a ICIcos pr b

systematic approach is required based on a structural adganta

of the biarticular robot leg. In section 2.2.2, the struatur WhereF; andF are the new force reference regarding the RW
advantage was found to be that the robot legs on the biarticulecoordinates with the proposed compensation in Equation (22).
coordinate system are congured to be identied easily.(JR) 'lbidg" indicates operational space inertigatib, 198J.
Therefore, the proposed method utilizes joint level idendition Even though the inertial compensation is achieved in
and decoupling in the biarticular coordinate to simplify the Equation (24), the diagonal components of the inertia matrix
complex dynamics in Equation (21) (detailed in section 213.4 vary with p;. These variations deteriorate the performance of
Furthermore, inertia control is applied to the simplied joint RWHC. In particular, the variation of the rst inertia term
space dynamics to achieve better HC performance in the RWaas— Which is the projected inertia with respect to

(detailed in section 2.3.4.2). direction, aects the realization of spring behavior of SLIP

dynamics. In order to solve this phenomenon, the rst inertia
2.3.4.1. Compensation of Inherent Dynamics - Inertia term should be controlled as a xed inertia by adding a separat
Decoupling and Gravity Compensation inertia control.

As mentioned before, because of the torque control,

measurement capabilities of the SEA and biarticular actuatof-3.4.2. Inertia Control for Robust Rotating Workspace

mechanism, the identi cation and compensation of the grayit Hybrid Control

Coriolis and inertia torque in the joint space are simpler tfian  In this subsection, the additional inertia control is deségl to x

RW. Hence, the compensation of inherent dynamic coupling ig-directional inertia for better performance of RWHC.

performed in the joint space. In order to x the rstterm llé*m in an operational space
The controller for inertial and gravity compensation is inertia matrix, |, should be modulated to include the term

designed based on the joint-space dynamics derived ihcos . Therefore, the goal of inertial control can be de ned as
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modulating the joint-space inertik, asM('f(I I cos py), where  compensate the remaining damping-like e ect as
ME is the desired inertia (mass) of the SLIP model.

The result of the compensated dynamic system in the FR D KR }Mff(cos b 1)B (27)
biarticular actuator coordinates is linear and is simple eglo as 2
shown in Equation (23). Hence, the inertia control can belgas
implemented in the biarticular joint-space. The requirednjoi
torques ' and " to modulate the inertidnm, asMg‘(I I cos )

where desired spring constamg* and massM§ are given by
the desired SLIP model. This redesigned RWHC with joint level
controls including decoupling control, gravity compensatio

are given by and inertia modulation renders pure mass-spring behavior with
respect ta-direction.
rpr: D ME(1 lcos ) Im . 0 R (25) Interestingly, the -directional inertia in Equation (26) is
b 0 MG( Tcosp) b R also simpli ed asMTtan? -5°. Considering that the leg posture
is mainly placed in a common position, i.e.; 5, the

Note that the second term of inertia control can be designed i term tanz% in the inertia can be regarded as 1. Therefore,

another way; however, this paper choob&¥1  1cos b;) lo  the nominal inverse model in the DOB iffigure 13 can be
for simplicity. de ned asMJs?. Even though the-directional motion driven

By applying the inertia control to x the-directional inertia, = impedance control of HC causes variation offirectional
the dynamics in Equation (24) can be reformulated in the RW by y mp

utilizing the RW Jacobian and statics in Equations (18) arf) (1 dynamic behavior (because of,r), dynamics variation and

as follows: unmodeled terms can be actively rejected as a disturbance by
the ability of DOB. Therefore, the developed SEA-driven tobo
R R leg with the proposed RWHC, including two-axes controllers,
R D My 0 = realizes SLIP dynamics robustl
=5 0 MRtar? g W y -

The overall structure of the Robust HC in the RW for

Mg(cos by 1R, 0 § (26)  biarticular robot leg is described Figure 14

1
C _
2 0 ME@  cos b)) Br

3. RESULTS

Even though the closed-loop dynamic behavior in Equation ) o
(26) with respect ta-direction contains the damping-like term 3.1. Experimental Realization of Robust
%Mg*(cos br )Ry, theinertiais xed and decoupled as desired Rotating Workspace Hybrid Control
inertia ME. For the perfection of spring behavior of SLIP model,Experiments are conducted using the developed SEA-driven
the r-directional impedance model of HC can be redesigned taobot leg to verify the following points:

FIGURE 13 | HC in the RW for biarticular robot leg.
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FIGURE 14 | Robust HC in the RW for biarticular robot leg. The nal form offte controller consists of inertia decoupling, gravity combl and inertia control.
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1. Hardware part:the developed SEA-driven robot leg takes fullfrom SEAs to the end e ector through the biarticular mechanis
advantage of SEA and the biarticular mechanism in termand Rotating Workspace transformation. For this purpose, the
of ease of parameter identi cation, force transmissibiltyd  endpoint of the leg is connected to a load cell through a unialers
Rotating Workspace coordination. joint, which distresses any unexpected kinematic constraint

2. Software part: Robust Rotating Workspace Hybrid Control the setup. A single axis (vertical direction) load cell is chdse
consisting of the decoupling control, inertia modulation, measure the vertical force exerted from the endpoint. Thel loa
impedance control and DOB-based position control iscell (CAS, SBA-50L) used in this setup has a resolution that ¢
e ectively applied to a robot leg. measure up to 0.02 N of force with low-pass Itering (100 Hz).

In this setup, the body position and the load cell position can
to systematically verify the contribution points above. IDI§e.adjusted with respect to the vertical guide and the hotiabn
guide to change the leg posture.

Section 3.3System identi cation using motor position control

ngFA 4 AVert cation of Statice us " . 3.3. System Identi cation of SEA-Driven

ection 3.4Veri cation of Statics using gravity compensation . —

and Rotating Workspace force control of the robot leg RObOt_Leg With Biarticular Actuator
Coordination

Section 3.5Veri cation of inertia decoupling control using | ’ . .

decoupling control in the biarticular coordinate As explained in section 2.2.2, the coe cienGn and Gy of
Section 3.6 Performance veri cation of Robust Rotating the gravity terms in (Equation 14) are characteristic partrs
Workspace Hybrid Control investigating the e ectiveness ofhich also include the inertia coupling coe cienCy. The

inertia modulation in the biarticular coordinate, impedanc identi cation of the gravity coe cient is a vital identi cdion
control and position control in the Rotating Workspace process for the whole system. Moreover, the SEA in the proposed
robotic leg enables measurement of the interacting torques

and gravitational torques by the link weights for the system

3.2. Experimental Setup identi cation. Taking advantage of these two points, the egst
The experiments for the veri cations are set in two ways: thedenti cation of the robotic leg is proceeded as follows (in
dynamic experiment and static experiment. The experimentaFigure 16; the motor-side angle (in Figure 7) is controlled to
setups are shown iRigure 15 be constant, and the spring torques(n Figure 7) is measured

The setup for the dynamic experiment in the left-handafter the system becomes steady state. Then, the load angle
side ofFigure 15is utilized for the system identi cation and in Figure 7 is utilized as the mono and biarticular joint angle
performance veri cation of proposed HC with joint level contro  values of ,, and , and the measured spring torque is
Then, the robot leg moves according to the control algorithm utilized as the mono and biarticular gravitational torques g
Note that the system identication in section 3.3 uses thisand g This measurement process has been conducted with
experimental setup for a variety of leg postures. However, theeveral di erent angles ofs, andFigure 17shows the results of
actual experimental behavior can be more properly described #se measured torques and angles,. Two results are plotted as
‘quasi-static' than “dynamic' (detailed experimental pcotos the measurement results using two SEAs: one for monoaaticul
given in section 3.3). joint and the other for the biarticular joint.

The setup for the static experiment in the right-hand side ofThe plots show the relationship between(D m, and D )
Figure 15is utilized for veri cation of the force transmissibility and (D mg, andD pg) and exhibit a cosine function pattern,

FIGURE 15 | Experimental setups. Dynamic experiment: xed body and frely moving leg. Static experiment: xed body and leg with load ell.
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FIGURE 16 | System identi cation procedure of the robot leg by utilizinghe force, position measurement and position control capaliities of SEA.

FIGURE 17 | Gravity coef cient identi cation result. (A): relationship between m and m.g, and (B): Relationship between , and 4.

which corresponds to the derived relationship in Equatiod)(1 compensated in the following experiments utilizing the idesdi

By tting the curves with appropriate scale selection, the gyav &, and &),

coe cients Gm and Gb can be identied. In this case, the Statics is veried through the force tracking at the end
coe cient of monoarticular joint gravity termGp, is identied  point where step-wise force references are given in the Ragtatin
as 3.15 Nm, and the biarticular joint coe cienG, D TgC| is  Workspace, and these references are converted to the require
identi ed as 0.33 Nm. Therefore, the coupling inertia te@y  torque references for SEAs. The required torques are getkera

is calculated as 0.0%% based on the parameter valugsD by SEA torque control, and the force generated at the endipoin
9.81m/€ andl D 0.3m. by these SEA torques are measured by the load cell and compared
with the initial references.

. . . Figure 18shows the results of the force tracking and thus the
3.4. Statics Veri cation of the Proposed statics veri cation. Various force references are giveanging
Robot Leg With Biarticular Actuator directions as shown in the right graphs Bigure 18 The black-
Coordination solid lines in the right plots are the reference signals, amel t
The statics for the biarticular actuator torque coordinated dash-colored lines indicate the sensor measured forces.

the force in the Rotating Workspace given in Equation (19) are The rise time, which measures the rate of the rise from 10 to
veri ed through experiments. The joint torques, and , are  90% of the steady-state response, is calculated and avéraggil
provided by SEA torque control, and the end e ector force ison the measured data sets, and the result is 6.1 ms. The aderage
measured by the load cell. The relationship between the gealvi root mean square error (RMSE) is also calculated, and the result
joint torques and the measured end e ector force is compareds about 0.15 N. Note that the responses appear negligible steady
to verify Equation (19). Various poses of the robot leg areaset state errors in most cases; however, case (f) indicates addu
shown in (a—g) offigure 18 Notice that the gravitational force is of steady state error, and this may be caused by misalignment
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FIGURE 18 | Veri cation of Static with various robot postures.(A) robot leg postures, and (B) end point force tracking performance.
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between load cell and leg in the experimental setup with réspec The comparison of the unexcited joint velocities

to critical posture of the leg. before and after 1.5 s shows that unexcited joints in the
The results imply that the force of the endpoint in the Rotatingboth cases are not aected by the motion of the other

Workspace can be controlled using statics in Equation (1@) anjoint. This result veries that the proposed decoupling

the high-performance torque control of SEAs. In particuldwgt control can successfully decouple the e ect from the other

results show that the torque control of the SEA can guaratitee joint torque.

stability and fast response time for the step-wise refereniteav

sti environment. .
3.6. Robustness and Tracking Performance

3.5. Performance of Decoupling Control in Veri cation of Rotating Workspace Hybrid
the Biarticular Coordinate Control for Realization of SLIP
Dynamics of the robotic leg with the biarticular actuator The performance of the proposed Rotating Workspace Hybrid
coordination can be decoupled as Equation (23) by applyingontrol to realize SLIP template-based movement is veri ed
decoupling control (Equation 22). The performance of thisthrough experiments. To assess the performance in detail, the
decoupling control is examined in this experiment. following points are investigated.

The elxperlmental setup anql protopol are given as fOHOWSL Impedance control performance of the robot leg in the radial
a sinusoidal torque reference is provided to only one SEA t0 direction
generate only one forque inputy or p, and the dynamic 2. High delity position tracking in the tangential directio

b(_ehawor of all J_omt anglesm and_ b are examined with and 3. Robustness of radial directional impedance control during
without decoupling control (Equation 22). high accuracy tangential control
A sinusoidal torque with an amplitude of 5 Nm and a 9 ytang

frequency of 3 Hz is generated by a SEA of the speci ¢ joinFor this purpose, two types of experiments are designed.
(m or p) as an excitation. In addition to this excitation  Firstly, the legis dragged and released in the radial doadb
torque, additional decoupling control torques designed s i examine the controlled impedance against external pertiwhat
Equation (22) are added to both SEAs, and all the joint angulaThe results of dynamic behavior of the leg are compared with
velocities b, and B are measured under this condition. After the theoretic solution that is analytically calculated dzhn
several seconds (1.5 s in the following experiments) ofaikait, the reference impedance model. The several types of reference
the decoupling control torques are turned o, and the chandge oimpedance models implemented on the leg vary with the sti ness
the joint angular velocities are measured and compared wigh t and damping values, which are 100, 150, and 250 N/m (low,
behavior of the decoupling control. mid and high sti ness with mid damping), and 5, 15, 25 Ns/m
Figure 19 shows the results of the decoupling control. The(low, mid, and high damping with mid sti ness). This varying
upper graphs are the angular velocitiBs of the monoarticular ~ sti ness and damping setting enables veri cation of the anti-
joint, and the bottom graph is the angular velocify of the inertia variation e ect of the inner-loop inertia modulatio
biarticular joint. The left result inFigure 19A is when the control in the biarticular coordinate. The desired inermg in
excitation signal is given to the monoarticular SEA, and Rotating Workspace is set to 1.5 Kg, the length of the leg in the
the right result inFigure 19Bis when the excitation signal is radial directional is set to 0.4 m, and the end point is draghed
givento p,. ahand as far as 0.25 m.

FIGURE 19 | Performance veri cation of the proposed decoupling contral (A) excitation signal on monoarticular actuator, andB) excitation signal on
biarticular actuator.
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FIGURE 20 | Dynamic response of the end point with different impedanceetting. (A) various stiffness settings, andB) various damping settings.

Figure 20 is the result of the drag-and-release test, whic
shows the behavior of the end point in the radial direction.
The graph inFigure 20Ashows the result with varying sti ness
conditions, and the graph inFigure 20B shows the result
with varying damping conditions. The red-, green- and blue-
colored lines indicate low, mid and high sti ness/damping
cases, respectively. The solid lines are the theoretigabmess,
and the dashed lines are the measured responses. Most | of
the experimental results match well with theoretical resgsns
except the low damping case, which su ers from the nonlineal
behavior after rst oscillation. Even though the magnitualethe
response is di erent from the theoretical model in this case t
natural frequencies are still well matched with the respooise
theoretical models.

Second, the dynamic response in the radial direction is
investigated while the motion in the tangential directios i
controlled. To examine the dynamic behavior of the end padint,
is pushed in the radial direction, and the response in the radia
direction against this pushing perturbation is measured and
investigated. During this push and recovery process in th@aftad
direction, the end point is position-controlled in the tangéit
direction. The reference for this motion is a sinusoidal patt motion decreases dramatically. The radial motion exhibits
with 2 Hz frequency and 0.2 rad magnitude. The referencée dynamic response designed by the radial impedance
stiness and damping for the radial direction impedance arecontrol against the second push. While the two pushing
set to 75 N/m and 10 Ns/m. In this experiment, the engperturbations work in the radial direction, the tangential
point is pushed and recovered two times. In the rst IDUSh_motion is not aected by the perturbation in the radial
recovery process, the inertia modulation and the decoup”néﬁrection, which validates the robustness of the tangential
control are turned o, and it is turned on in the second Position control.
push-recovery process.

Figure 21is the result of this experiment. The upper graph
shows the position of the end point in the radial direction, Wehi 4, DISCUSSION AND CONCLUSION
the bottom graph shows the position in the tangential direstio . . . . .

The end poi%t ig pushed at4§at rst,anditis pl?shed again at lé-l- Discussion for Contribution Points of

s. Even though the endpoint recovers after the rst push, tt cathe Paper

be veri ed in that the radial motion su ers from the coupling by The paper proposed a mechanical design analysis of SEA-driven
the tangential motion up to 10.4 s. robot leg and controller design to realize the SLIP dynaniite

At 10.4 s, the decoupling control and inertia modulation discussions for the contribution of this paper are categatias
control are switched on, and the coupling in the radialshown in the following subsections.

FIGURE 21 | Robustness and tracking performance veri cation of Rotatig
Workspace Hybrid Control.
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4.1.1. Advantage of SEA-Driven Robot The dynamic performance depends on the body state; hence,
The SEA, utilized in this paper, is one emerging actuator systethis approach cannot be generalized for every legged robot.
in the robotics eld. The benets of the SEA are the torque For example, the dynamic reaction of the body of quadrupeds
control capability based on a spring de ection measurementand bipeds are totally dierent. Therefore, the theory and
This paper has analyzed the dynamics of SEA and designedperiments have been analyzed and performed in a given xed
the DOB-based torque controller based on the dynamics. Thieody condition. In order to extend the proposed approach, the
robustness has been examined with regards to the variation dynamics with the un xed body condition should be considered
the load inertia. This is a signi cant feature when the SEAdsd and compensated, even though the controller performs well in a
in multi-joint robots such as the robot leg in this paper, sincegiven condition.

the inertia varies continuously under the dynamic conditio .

The other advantageous feature of SEA is that the SEA can fe2- Conclusions and Future Work

used as an identi cation tool with a speci ¢ mechanical desig Human locomotion leads to a simple result of moving the body
such as the biarticular mechanism in this paper. SEA has varioposition; however, the dynamical operation, which is realize
output states; namely, it is a multi-output system. In this paperi” the human leg, is complicated. In order to analyze human
the motor side position control has been utilized to identifie ~ locomotion, an analytical tool that can make descriptionsifro
physical parameters of the robot leg. This enables the dynamiBe viewpoint of being outside of human motions as simple as
parameter identi cation without any extra-measurementiold ~ POossible is required, rather than a complex neuromuscular
mass or center of mass, and it allows an accurate dynamisdba analysis approach that considers all the muscles' coordination
control including gravity compensation, inertia decoupliagd ~ from a vantage point inside the human body. Robotics,

inertia modulation. which has been developed mainly from the perspectives of
engineering, now starts to turn to humans and nature. The bio

4.1.2. Bene ts of Biarticular Mechanism and Rotating inspired actuation and coordination systems and their ihtsgy

Workspace Coordination in Terms of SLIP Dynamics obtained through the observation on the human and nature

Realization will provide a new perspective to establish fundamentals for

This paper has developed the SEA-driven articulated robatjc |ebio-inspired robotics.

with the biarticular actuation mechanism taking advantazfe In this article, biarticular actuator coordination for desiing,

biarticular muscles in their design. The design has complasten analyzing and controlling robotic systems has been invatii
the robot actuator coordination and human musculoskeletallhis paper showed a serial procedure to realize the SLIP
system. In addition, the RW, which is suitable to the coordiina dynamics for the articulated robot. Based on the realizetPSL
system of the SLIP model, has been utilized and analyzed in tifeynamics, the foundation for extending the robot leg to vas
operation of the biarticular actuator-coordinated robotgatisfy ~locomotion such as running, gaiting and so on has been
the requirement for human-like locomotion. discussed. Such mechanical design and control technolegy i

Taking advantage of biarticular actuator coordination, aan underlying technology that can be applied to bipedal and
systematic strategy was shown to compensate for the compléxadrupedal walking robots. Therefore, the future work ofthi
dynamic behavior of the robot leg in the Rotating Workspaceesearch is to utilize the proposed technigue in hopping and
within bio-inspired coordination. Based on this, the RWHC haswalking motions of the robot leg and to extend the technique to
been developed to enable the biarticular mechanism to reali2 quadruped robot.
SLIP behavior robustly.
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