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Abstract— Inspired by biological systems, robots that exploit
the natural dynamics of compliant joints are developed in recent
years to obtain stable and efficient locomotion. In these robots,
series elastic actuator (SEA) is widely used due to its compliant
property and energy storage capacity. However, robots that are
equipped with SEA have drawbacks of substantial delay and
limited bandwidth. Additionally, high speed locomeotion also
engenders severe vibration and cause noise pollution in posture
measurement of the robot. These inevitable features make
the efficient robots hard to demonstrate precise control and
perform dynamic balance. To cope with these problems, beside
traditional hopping and foot hold selection algorithms, two
methods are proposed in this paper for consecutive hopping:
(1)a position controller which generates active damping to
stabilize the joint position;(2)a learning algorithm for body
balance control. The learning algorithm discretizes the contin-
uous control problem into phases and adopts integration form
of body dynamics to maintain balance. Instead of empirically
tuning the control parameters, model identification and learning
algorithms are employed to automatically tune these proposed
controllers. Experiments were conducted on SEA based single
leg robot by swinging leg between two demanded position
and maintaining body balance during consecutive hopping. By
combining the proposed algorithms, stable and efficient hopping
was implemented.

I. INTRODUCTION

Inspired by the motion pattern of biological systems,
researches of legged robots have made progress in these
years. One category is consisted of robots without compliant
components in their joints. Traditional rigid robots which
are built on a strong industrial background require highly
elaborated motion planning to achieve stable locomotion[1],
[2]. Besides, due to impact-robust and high power to weight
ratio properties, the hydraulic actuators based humanoid and
quadruped robots such as Boston-Dynamics’s BigDog[3],
LS3[4] or HyQ[5] exhibits significant versatility, robustness,
and speed under high environmental disturbance and uncer-
tainties. In spite of the success these robots have achieved,
they are inefficient in energy consumption. An exception of
such kind of robots is the MIT Cheetah[6], which equips
high torque motors and low ratio reducers to achieve high
performance of running and hopping, and employs capacitors
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to recycle energy. However, the actuators of the robot require
custom design[7].

Addressing the importance of energy efficiency, high
compliant components are used to build efficient legged
robots which can perform stable locomotion with simple
control algorithm[8], [9] and are more robust to interact
with environmental uncertainties and disturbance[10]. To
exploit the passive dynamics of spring-load system which
is inspired by biological compliant element as tendon or
muscle in human and quadruped animals, a lot of studies
have been done and researches on efficient locomotion of
hopping and running have made a great progress these years.
R. Niiyama developed a bipedal hopping and landing robot
Mowgli with pneumatic actuators and passive springs[11],
S.H.Hyon built a hydraulic hopping robot KenKen[12] with
a spring in passive ankle joint to achieve efficient hopping.
Such robots are based on hydraulic or pneumatic actuators,
but the requirement of external air compressor or hydraulic
pump make these robot difficult to downsize.

Then, several prototypes of bipedal robots with serial
elastic actuators (SEA)[13] are successfully achieved high
performance on dynamic motions in recent years. By de-
signing the stiffness and damping carefully, J. Hurst and
J. W. Grizzle employed pulley systems and antagonistic
spring systems to build efficient hopping robot Thumper[14]
and running robot MEBAL[24] with variable compliance.
The robots can perform walking and running on uneven
terrain with high stability and controllable velocity. M.
Hutter designed unified SEA to develop single leg robot
ScarlETH[16], [17] for efficient and versatile locomotion,
and successfully apply their unified leg prototype into their
quadruped robot StarlETH[18]. Efficient hopping locomotion
is demonstrated by their single leg prototype and various sta-
ble gaits are implemented on their quadruped robot. Grimmer
built a hopping robot with SEA in ankle joint to reduce
peak power and energy requirement of the actuators[19].
Other bipedal robot such as HUME[20], BIOBIPED[21],
COMAN][22] or M2V2[23] are also equipped with SEA
actuators to implement force control based algorithms. The
SEA can be wielded as either a torque servo or position
servo. Additionally, as a high power density element, the
spring installed in the robot is used to decouple motor
inertia and load inertia, eliminating the inelastic collision and
the associated energy loss, restore and recycle the hopping
energy[24].

Although benefits of robustness and efficiency have been
achieved by applying SEA in the joints of robots, the intrinsic
characteristics of SEA impose limitations to the performance
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Fig. 1: Mechatronic system of single leg robot

of joints and should be carefully investigated. The optimal
passive dynamics of compliant joint and its mathematical
model is analyzed by J. W. Hurst[25]. It points out that damp-
ing plays an important role in improving the performance
of SEA by preventing re-bouncing and oscillation. While in
ScarlETH, two methods were used to generate damping: the
first one is to install damper and rely on the internal collision
to reduce load energy, the second one is to introduce LQR
controller to provide active damping to prevent the leg from
oscillation[16], [17]. However, the control parameters were
tuned empirically, and the body balance controller based on
SEA was not mentioned in this paper.

In order to make the controller easy to adapt different
robots, methods that can simplify and automate the tuning
process are demanded. Hence, two auto tuned controllers
are proposed in this paper: (1)a modified position controller
is employed to control position of SEA joint by generating
active damping; (2)a balance control algorithm to maintain
body balance during consecutive hopping, which discretizes
the continuous control problem into phases and adopts in-
tegration form of body dynamics. The main contribution
of the proposed algorithms is their capability to employ
model identification and learning algorithms to ease the
pressure of repeated tuning, especially for such SEA based
system in which spring stiffness always varies after being
used for a long time. Experiments of position control and
body maintenance validate the effectiveness of the proposed
controller.

Remainder of the paper is organized as follows. Section II
describes the system and main scheme of controller. Section
IIT introduces the implementation position controller. Section
IV explains the body balance maintenance algorithms. Sec-
tion V demonstrates the experimental result. In Section VI,
conclusions and future work are discussed.

II. SYSTEM DESCRIPTION

A. The Design of Robot

The robot is composed of three linkages, body, thigh and
shank. Two articulated SEA joints are used to control the
motion of knee and hip joint of the robot, and a passive
joint is configured to constrain the motion of body in sagittal
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Fig. 2: Photograph of single leg robot

plane. A parallel four-bar linkages mechanism is employed
for motion transmission and allows placing knee motor close
to the body. While the CoG of the whole robot is close
to the axis of hip link, fast response and low energy loss
are obtained through this mechanical design. A carbon fibre
tube with extra loads is installed on the robot to increase the
moment inertia of body. The mechatronic structure is shown
in Fig.1. The photograph of the robot is shown in Fig.2.

To efficiently drive the robot and minimize the energy
an actuator should provide during consecutive hopping, one
important aspect is to fully exploit the passive dynamics
of the robot. Hence the configuration of the robot should
be selected carefully. Two 200W 4-pole Maxon motors are
combined with 120:1 CSG harmonic reducers to actuate
the knee and hip joint. The stiffness of hip joint and knee
joint is selected to engender a natural frequency vibration
of approximately 2Hz when the robot crash to the ground,
which is close to hopping frequency of human beings. The
detailed configuration of mechanical parameters which are
calibrated by measuring and identification will be shown in
Section V.

Each joint is equipped with two absolute encoders to
measure the deformation of spring in SEA. An MEMS IMU
is installed at the center of the body to measure the tipping
angle(pitch), while a contact sensor is installed at the foot.
‘When the robot moves forward or backward, it rotates about
an vertical axis where an incremental encoder is installed to
measure the velocity of the robot.

B. The Design of Controller

To control the robot, a real time control system is im-
plemented on the robot. Maxon motor in each joint is
controlled by an Elmo servo controller with 10kHz current
loop and 1kHz velocity loop. Both controllers and encoders
are connected to a micro-processor, which can directly sends
velocity command to the servo controller and controls the
compression of joint spring with 400Hz. A real time system
monitors all the data transmitted by micro-processor, IMU
and contact sensor, and implements high lever actions such as
body balance control, Raibert flight algorithms and position
control. To design and implement these controllers, definition
of coordinate frame and the symbols of important parameters
illustrated in Fig.3 and Tab.I are employed. The coordinate
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Fig. 3: Parameter definition of single leg robot

TABLE I: Definition of symbols in Fig.3

Iy Length of the thigh
i Length of the shank
len Distance between CoM of thigh and hip joint
lek Distance between CoM of shank and knee joint
lcBody Distance between CoM of body and hip joint
Kgp Spring stiffness of hip joint
Kk Spring stiffness of knee joint
Kouter Spring stiffness of outer spring
(%3 Angle of hip joint
05 Angle of knee joint
pitchpody Tipping angle of knee joint
Whody Tipping angular velocity of knee joint
mp Mass of the thigh
mg Mass of the shank
Mpody Mass of the body
Iy, Moment Inertial of the thigh
Iy Moment Inertial of the shank
Tyody Moment Inertial of the body
Kan Damping ratio of hip joint
Kak Damping ratio of knee joint
Th Torque of hip joint
Th Torque of knee joint

frame takes the center of body as the origin, the axis of joint
as X axis and the horizontal forward direction as Y axis.

The regulation of these controllers is totally event-based.
When the robot takes off the ground and gets into flight
phase, a foot hold selection algorithm which is proposed
by Railbert in their early research is conducted to control
the velocity of hopping[26]. Meanwhile, the position con-
trol algorithm is employed to move the joint to demanded
position. When the robot contacts the ground and gets into
stance phase, the hopping algorithm is started. Relying on
the bouncing ability of an elastic robot, the injected energy
is only required to compensate the energy loss of crash and
damping. Hence a demanded position is sent to the knee
motor to inject energy during stance phase. Meantime, body
balance controller is activated to control the balance of body.
All sampled data of the robot during hopping or other testing
are recorded by the dynamics estimator which will calculate
the dynamic parameters of robot offline to tune controllers.
The whole control framework is shown in Fig.4.

III. SEA JOINT POSITION CONTROLLER

Although SEA possesses advantages of low torque output
noise and low energy loss when a robot crashes to the
ground[14], traditional position control which is based on
joint torque is hard to implement on SEA joints. Firstly, the
limited bandwidth for torque output makes the joint difficult
to track torque curve with high frequency. Secondly, as the
torque controller of SEA is based on velocity control of joint
motor[13], the control frequency is too low to satisfy the
requirement of high speed response.

Hence, instead of using the joint torque to control joint
position, the velocity of joint motor is selected as the
control variable for the controller. However, directly sending
a demanded position to joint motor will generate undesired
oscillation and impairs the performance of position control.
Thus, modification of demanded velocity of joint motor is
required to eliminate the oscillation.

A position controller is proposed in this section due to the
analysis above. While the damping ratio has a large stable
range to select,parameters except the active damping ratio in
the controller can be identified automatically based on the
result of dynamic model identification.

As the shank of the robot is relative light compare to the
thigh which is used to install both SEA of knee and hip, a leg
of the robot during flight phase can be treated as a pendulum
system. Moreover, as the inertia of body is much larger than
the inertia of leg, we assume the body can be regarded as a
rigid body without angular acceleration during consecutive
hopping. The dynamics equation is:

L0y + Kanby + mylesin(0n + 0.) (g + avoay) = (1)

where I; is the inertia momentum of the leg, m; is the mass
of the leg, [, is the distance between CoG of the leg and
the axis of hip joint, Ky is the damping of hip joint, 6},
is the angle position of hip joint, 6. is the angle offset of
the CoG when 6}, is zero, T is the torque of hip joint. g is
the gravitational acceleration, a4y is the acceleration of the
robot body.

Specifically, for the two-joint single leg robot, following
equations are substituted to calculate the dynamics of leg:

myl, sin(9h + 90) = (’/ﬁh + ﬁlk—)lh Sin(eh) + Rhy COS(H}L)
+myply sin(0y, + 0k) + Rky cos(0y, + 0) )
I, = INh + INk + Tﬁk(li + 2lhlk COS(ek)) — ]:Zky sin(@k) 3)

where

= len cos(O.p,) 1+ lp — ek cos(Ocr) @
I Uy

g = my, ek ©0S(Fck) Cols(ec’f) 5)
k

Rhy = My sin(&ch)lh (6)

Rky = mg Sin(@ck)lk (7)

=~ 2 lk — lck: COS(eck) 2

Ih:Ih-l-mhlch-l-mkl—lh )

k
fk =1+ mklgk )
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Fig. 4: Architecture of controller framework
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Fig. 5: (a)Simulation results of controller without motor
limits; (b)Simulation results of controller with motor limits

are the base parameters of this system and can be iden-
tified uniquely by dynamics identification algorithms. The
definition of base parameters and dynamics identification
algorithms are introduced in [27], [28].

In a SEA, the torque is represented by the compression of
serial spring:

Th = Ksn(Onm — 1) (10

where K is the stiffness of spring, 6}, is the position of
motor in hip joint. Based on the inner velocity loop of motor,
we intend to control the position of joint 8}, to track a desire
trajectory 64 by the velocity of motor éhm.

A combine error is introduced in the controller:

PR 11

where éh = Opq — Oy is the tracking error. To stabilize
the system, following equation is designed to obtain the
controller[29]:

54+2X05+A25=0 (12)

Substituting (1)-(11) into (12), the corresponding con-
troller is deduced as:

Onm = O + Kan ) Ksn0n +m1(g + apody )lccos(0n + 0.)0),
I w - 5
o (O +220)00 + (201 + Xl +230)  (13)
Ksh

where the parameter \; and Ao are manually configured
value to determine the poles of the system.

In Fig.5a, it is shown that when the the velocity éhm and
acceleration 6y, are not limited, the global convergence of
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Fig. 6: (a)Simulation results of controller without motor
limits; (b)Simulation results of controller with motor limits

the controller is guaranteed. However, in robotic systems the
capacity of motor is limited, which bounds the maximum
value of acceleration or velocity the servo controller can
demand. These limitations cause unexpected oscillation if
the parameters are not selected carefully. In Fig.5b, it is
shown that when \; is selected as 100 or 150, the system
controller engendeys oscillations. Besides, the feedback of
the load velocity 6 is unstable when measurement noise
and output delay exist in the systems. To deal with such
problem, a modified form of the controller is proposed by
simply change (13) into:

Onm =0na + Kan/Ksn0n + mi(g + apoay)lccos(0y, + 0.)6y,

1 '.: 8 ~
= (O +2)8h + (27 + )0 +8)

i (14)

where the first term éh in (13) is modified to éhd to avoid
self-excited oscillation, and fix the value of A5 to 1 to lessen
the feedback gain. The required accuracy 6., of the joint is
set to be a dead zone for the controller to prevent oscillation
near the demand position. The demand value of éhd and éhd
outside the dead zone is calculated by:

ml(g + abody)ZCSin(ehd + oc)
K,

éhd = \/Qéhd ‘Aeh — eerrsg’n(Aeh)‘Sgn(Aeh) (16)

In control system, the controller is initialized and bounded
by:

AH}L = ehd - ehNL + (15)

Ona(0) = 04 (17)
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Ona, (éhd < aset) (18a)
Ona(k)=14 Ona(k — 1) + agerdt, (é’hd > aset> (18b)
Ona(k — 1) — aserdt, (é)’hd < —aset> (18¢)
Ona(k) _(Z”d(k mt)) (éhd < aset) (19a)
Ona(k)=1< ayer, (éhd > aset) (19b)
et (61a < —a.er)190)

A trajectory with acceleration ag.; is generated by this
controller. As the position of each joint does not require
high precision for force based robot, the algorithm make the
controller more stable by sacrificing position accuracy. The
simulations shown in Fig.6 indicates that the dead zone of
the controller improves stability of position control.

For a practical system, dynamic parameters of the robot
are not precisely equal to computed value of mechanical
design. To implement the controller, dynamics identification
algorithm[28] is adopted to calculate the value of leg dy-
namics. After identification, only the parameter \; which
indicates active damping ratio requires manual configuration,
while a wide range for this parameter can stabilize the
controller.

IV. BODY BALANCE MAINTENANCE

For a robot with high compliant SEA hip joint, the
substantial dynamics and the capacity of actuators imposes
limitation on the performance of torque output, and pose
various challenges for us to implement traditional algorithms.
In traditional hopping strategy, a simple PD controller is
employed to maintain body balance. For an SEA based hip
joint, several problems confine the use of a PD controller:
(1) a short period exists after the robot crashes to the
ground, during which the joint torque is uncontrollable;
(2) the natural dynamics of the hip joints causes delay
and bandwidth limitation in torque output; (3) the hopping
engenders severe vibration and pollutes the measurement of
body posture pitchyoqy and angular velocity wpody -

Fortunately, two properties of body balance maintenance
problems inspire the design of a new controller. Firstly, the
control of body balance is only conducted during stance
phase. Hence, if the robot takes off the ground with large
rotating velocity of body, the robot will tip severely and
require large torque to push the body back. Secondly, it is
observed that during each flight phase, the pitch angle of
body varies in an approximately constant velocity. Hence,
instead of measuring and controlling angle and angular
velocity of body at every instant, the average angular velocity
during flight phase can be chosen as the objective of the
controller.

Based on the analysis above, instead of a continuous
control problem, the issue of body balance maintenance is
regarded as a discretized problem. The objective is to control
the average velocity of body rotation during flight phase. To
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achieve the objective, the integration of hip torque during
stance phase is employed to control the rotation. The model
to calculate the demanded integration value of hip joint
during stance phase can be fitted by the sampled data during
hopping. Hence. instead of manually tuning, the controller is
learned after several successful or failed hops. The scheme
of the body balance controller is shown in Fig.7.

The value of average angular velocity of n*" hop @yay (1)
is calculated by:

_ pitchyy(n) — pitcherasn(n + 1)
tﬂy(n) — tcrash(” + 1)

where pitch s, (n) is the pitch angle of body at n'" take-off
of hopping, ¢ 1, (n) is the time of n'" take-off, pitcherqsn(n)
is the pitch angle of body at n*”* crash of hopping, tcrqsn (1)
is the time of n!”" crash.

The dynamics equation of body during stance phase is:

‘Dbody (n) (20)

Tyody@hody = MbodyleBody SIN(Pitchyody)(g + abody) — Th

2D
Instead of (21), the integration form of dynamic equation is
used to control the average angular velocity Wyoqy (). As
lcBody and pitchyoqy is small when the robot is not tipping,
the change of angular velocity between two adjacent flight
phase is proportional to the integration of hip torque during
stance phase. More generally, a polynomial function f(.) is
employed to represent this equation:

/tfly(")
terasn(n)

where 7, is the torque of hip joint. The function f(.) is fitted
by the data sampled from experiments.

To maintain the body balance, the demanded angular
velocity for the next flight phase is calculated by the pitch
angle of robot body:

(Dbody (n) - (Dbody (TL - ]-) = f < Th(t)dt) (22)

() = Pitchpody(t) — pitchge
tflight

Wdemand (23)
where pitchge; is the set value of body posture, pitchpoqy
is the measurement of pitch angle of robot body, t;ign: is
the time duration of flight phase, which is determined by
experiments. Then the set value of integration of hip torque
of n" stance phase is calculated by:

Inthip(t) = f71 (Wdemand(t) — Whody (n—1))

To achieve the integration value of hip torque, an online
plan algorithm is designed to calculate the demand torque of
hip joint:

(24)

t

Alntny(t) = Intnip(t) — / adt @5
tcrashr(n)
Tha = /2004 | ATty (8) sgn(ATnty (1) (26)

where Alntpp,(t) is the residue of demanded torque inte-
gration, 734 is the demanded torque of hip joint, 7,4 is the
bound of torque variation to limit the bandwidth of demanded
torque.
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TABLE II: Configuration of robot

Parameter Value Calibration Method
In 0.342m Measuring

g 0.324m Measuring
leBody 0.081m Measuring
K, 212.1Nm/rad Measuring
Kk 172.3Nm/rad Measuring
Kouter 33.16 Nm/rad Identification
mp 2.432kg Identification
m 0.293kg Identification
Mpody + Mg +mp, | 13.61kg Measuring
Ry 0.0805kg.m Identification
Ry 0.0012kg.m Identification
f;L 0.2686kg.m?2 Identification
I 0.0497kg.m? Identification
Tpody 3.502kg.m? Identification
Kan 0.2686 Nm.s/rad | Identification
Kk 0.1523Nm.s/rad | Identification

According to the control algorithm of SEA prototype in
[13], a PD controller of inner velocity loop with compen-
sation of joint velocity feedforward is applied to implement
precise torque output. Low noise and high disturbance rejec-
tion is achieved in this SEA based joint, while a substantial
delay in tracking of a step set point is presented.

V. EXPERIMENTAL RESULTS
A. Calibration of Robot Dynamics

To implement proposed controllers, the calibration of
dynamic parameters is conducted firstly. The weight of robot,
length of each link and the stiffness of joint spring are
measured directly, other dynamic parameters are identified
by dynamics estimator. The results of calibration are shown
in Tab.IL

B. Results of Position Control

The experiments of position control is taken on the hip
joint of the robot by swinging the leg from one demanded po-
sition to another. To implement the algorithm in the system,
in which the second order deviation of 6; engenders large

!
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~ = SetPosition

05 —— HipPosition 05
~ = SetPosition

Position/rad
=)
Position/rad
o

69 69.5 70 85.5 86 86.5 87
Time/s Time/s
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Fig. 8: (a)Position controller without active damping;
(b)Position controller with active damping

noise and introduces oscillation, an id@ntiﬁed equation of
(1) is used to estimate the acceleration . Two experiments
are compared to validate the effectiveness of the position
controller. One is an experiment of position controller with
no active damping(A; = 0), and another is of position
controller with proper active damping ratio(A; = 30).

The experimental result is shown in Fig.8. Due to the
active damping the controller generates, the joint can move
fast from one position to the demanded one and absorb
extra energy in spring instantly. Otherwise, with the position
controller without active damping the joint should dissipate
its extra energy during moving by its passive damping, which
causes oscillations in the joint.

C. Results of Body Balance Maintenance

To validate the effectiveness of body maintenance algorith-
m, consecutive hopping experiment is taken on the single leg
robot. To get the dynamics function f(.) for body balance
maintenance, sampled data and fitted curve are shown in
Fig.9. Following form is used to fit the sampled data:

f(z) = ap + a1 + azz® + asza® (27)

in which the value of ay to as are calculated by least
square algorithm. These values are shown in Tab.IIl. By
learning the curve from experiments, the demanded value
of torque integration during stance phase can be calculated
from inverse function of the curve.
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Fig. 10: Snapshot of Hopping Experiment
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Fig. 9: Fitted relationship between the integration of hip
torque during stance phase and change of average angular
velocity during flight phase

TABLE III: Coefficients of fitted function

ag 0.3708 al
as 0.0016 as

—0.1445
—0.0016

In this experiment, the robot successfully hops for several
times without tipping its body. The snapshots of the experi-
ment are shown in Fig.10 and the video of experiment result
can be found in https://v.qq.com/x/page/s0382oilrnc.html.
Data of robot during consecutive hopping are shown in
Fig.11.The curve of pitchyoqy shows that the pitch of robot
body is maintained among —1.5 degree to 4 degree during
consecutive hopping. The noise of angular velocity mea-
surement wyeqy 1S too strong to implement a traditional PD
controller. The integration value of torque during each stance
phase and average angular velocity of body during each
flight phase are shown in Fig.12. The plot demonstrates that
the integration value of torque always reach the demanded
value during each hop by applying the proposed online
torque planner. The output of precise torque integration,
the average angular velocity of body is maintained. From
the curve of hip torque during stance phase in Fig.13, the
benefits of introducing integration form to control are shown:
(1)although an impact occurs in hip joint after the robot
crashes to the ground, the online torque planner compensates
the influence of impact and reach the demanded integration
value; (2)although inaccuracy and substantial delay exist in
torque output of hip joint, the torque planning algorithm
suppress the ultimate error in torque integration.

The power curve of motor and joint during stance phase
shown in Fig.14b demonstrates that the hopping recycles the
energy and achieves energy efficiency. The whole energy a
motor need to inject to the system W, o0 18 8.3339J, and
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Data of Robot During Hopping
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Fig. 11: Data of robot during consecutive hopping
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Fig. 12: The integration of hip torque and average angular
velocity of robot body in each hop

the output energy of knee joint Wiy is 21.4334.J during
stretch phase. Hence, 13.0995.J energy is stored in one hop.
The energy efficiency is calculated by the equation in [17]:

o Wknee - Wmotor
Wk:nee

The calculated efficiency 7 is 0.612 during one hop, which
is close to the efficient hopping robot of [17].

VI. CONCLUSIONS

This paper introduces the design of an SEA based single
leg robot, and proposes algorithms to achieve stable and

(28)
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efficient hopping in consideration of the limitations of SEA.
Resorting to online and offline identifications, these algo-
rithms are auto tuned and stable hopping is implemented
on a practical system. However, due to the limitations of
the SEA actuator in hip joint, the velocity of hopping is
still not controlled precisely due to the imprecise foot hold
of the robot during consecutive hopping. Hence, beside the
active damping a position controller generates, extra damping
mechanism on SEA joints is still demanded for a more
controllable hopping robot with SEA joints. Future work
will extend the proposed algorithms in bipedal robots to
implement efficient locomotion.
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