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Abstract

The spring-loaded inverted pendulum (SLIP) model has been proven successfully applied to implement spring-like walking for
biped robots. This work presents a compliant leg configuration that can meet the requirements of the SLIP model. The leg is
characterized by the fact that most of the mass is concentrated in the hip, and the leg is spring-like and light in weight. Numerical
models were introduced to analyze the stiffness of the leg, and its dynamic characteristics with the mass of the leg being taken into
account. Using the proposed model, the analysis on the stiffness showed that the leg could be taken as a variable stiffness spring
with respect to the length of the leg, the longer the leg, the greater the stiffness. In addition to this, it suggested that the mass of the
leg should be maintained below one-tenth of the mass concentrated in the hip to perform spring-like walking. Experiments
regarding the stiffness and dynamic characteristics showed a good agreement with the simulation results, thus verifying the
presented leg configuration and the numerical models. Afterwards, experiments were conducted on vertical jumps of the leg,
demonstrating the feasibility of the leg to perform the biped’s spring-like walking, regardless of being at a certain speed, or at
varying speeds.
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1 Introduction

Biped robots have demonstrated lots of advantages in
communicating with human-built environments due to
their human-like configurations [1]. To implement the
walking of a biped robot, the two legs are the main
parts that touch the ground successively, and therefore,

Guifu Luo and Ruilong Du contributed equally to this work.

Research supported by NSFC Project (No. 51905495, No.51821093,
No0.51890885), the China Postdoctoral Project (No. 2020M671821),
NSF Project of Zhejiang Province (No. LQ20E050009, No.
LQ21F030003), and the National Key Research and Development
Project (2018YFB2001203).

>< Ruilong Du
durl@zhejianglab.com

P4 Sumian Song
songsm@zhejianglab.com

P4 Haihui Yuan
yuanhh@zhejianglab.com

< Hua Zhou
hzhou@zju.edu.cn

the locomotion behavior of a biped robot would be
greatly influenced by its leg configuration. For decades,
there has been great interest in developing different
types of leg configurations and their related walking
mechanisms.

Typically, two main concepts could be found on exploring
the walking mechanisms of biped robots. One of them would
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firstly interpolate the joint angle trajectories by splines or
polynomials; then analyzes the walking behavior leveraging
the dynamic parameters of the robot [2]. The other would
analyze the walking behavior directly using a simplified mod-
el, among which the linear inverted pendulum (LIP) model
characterized a concentrated mass above and a massless leg
below, was the most commonly used; then the joint angle
trajectories could be acquired by inverse kinematics [3].

Using these concepts, many biped robots have been con-
structed, trying to implement the biped’s dynamic locomotion,
such as Asimo [4], Walker-man [5], Walker [6], and the biped
robot built in our earlier work [7], and et al. [8]. Common to
these robots’ leg configurations is that the leg is taken as a
mechatronic system pursuing the goal of obtaining mechani-
cal structures with higher strength, joint drives with higher
power density, and control systems with higher bandwidth
[9, 10]. With regard to the leg’s stiffness, it is typically hoped
that the stiffness should be large enough since larger stiffness
could reduce the legs’ deflection during movement, thus im-
proving the control accuracy of the joint angle trajectories [11,
12]. However, in addition to a mechatronic system, the biped
robot is characterized by a legged terrestrial locomotion base,
whose legs take turns to be the swinging leg and the standing
leg. By switching from the swinging phase to the standing
phase, a great impact could be observed when the foot touches
down to the ground, causing several unfavorable aspects to the
biped robot [13]. Firstly, great energy loss would be observed
since the velocity component of the swinging leg normal to
the ground had to come to a sudden stop. Secondly, a great
impact pulse would be generated due to the sudden stop,
which might cause damages to the robot’s structures, reducers
and motors. Thirdly, the sudden stop would alter the continu-
ous state of the leg’s movement and the impact pulse could be
taken as a disturbance to the robot, which inevitably added to
the difficulty of the stability control of the biped, in particular
when travelling on uneven terrains [14].

Biological biped systems, such as humans, birds, et al.,
inspire a promising design concept for biped robots that can
overcome the aforementioned unfavorable aspects [15]. This
is due to the excellent locomotion performance of biological
bipedal systems that can be observed in everyday life, i.e.,
energy-efficient walking, less prone to injuries, and excellent
dynamic locomotion behavior. With regard to the bio-inspired
design concept, Seyfarth et al. studied the basic dynamics of
human walking and running [16], and Daley et al. focused on
the bipedal locomotion of striding ground birds [17]. An in-
triguing common aspect to their research findings is that the
biological biped locomotion dynamics behave in a spring-like
way and the legs could be taken as compliant elements, re-
gardless of humans or birds [18]. To explain the biological
biped’s spring-like walking behavior, a spring-loaded inverted
pendulum (SLIP) model was proposed, which was character-
ized by a concentrated mass above and a massless spring
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below, and could be mathematically modelled like a spring-
mass system [19].

Previous research has demonstrated that the compliance of
the leg plays a crucial role in the SLIP model for the biped’s
spring-like walking, and lots of efforts could be seen putting to
the implementation of the leg’s compliance. Generally speak-
ing, two main strategies could be seen in the previous works to
realize compliance, i.e., active compliance and passive com-
pliance. In terms of active compliance, the leg configuration
could maintain the same as those biped robots that were built
based on the LIP model, except for the adding of sensing units
for force or torque, such as joint torque sensors for electrically
driven robots, fluid pressure sensors for hydraulically driven
robots [20]. This is because the sensing information of forces
or moments in contact with the ground needs to be fed back so
as to achieve compliance via active control approaches, such
as impedance control [21], force-position hybrid control [22],
et al. As a result, realizing active control would inevitably add
to the complexity of the control approach, and more energy
was needed to maintain joint angle trajectories to match SLIP
model. In terms of passive compliance, elastic elements, such
as springs or leaf springs, will be added to the leg configura-
tion, and the compliance of the leg is passively determined by
the properties of the elastic elements. Utilizing the concept of
passive compliance, several biped robots with different leg
morphologies, capable of dynamic and efficient locomotion,
were constructed [23, 24].

Despite different morphologies, these robots share two
main features that are consistent with the SLIP model, the
majority of mass concentrated over the thighs or waist, and
the compliant leg structure via the introduction of elastic ele-
ments. In some academic studies, the exact morphology of the
SLIP model was directly utilized, where a linear guided spring
was put at the distal end and a point mass was put above, just
like a pogo stick or clock-actuated SLIP. However, these leg
configurations cannot work in the same way as articulated
legs, thus limiting their practical applications in general
human-built environments [25-27]. Some leg configurations
adopted typical series articulated configuration, using series
elastic actuators (SEA) for joints’ drive to implement the SLIP
behavior. However, the joint’s spring in series usually played
a role as a second-order low-pass filter on the high-frequency
dynamics, thus limiting the bandwidth of the control system
[28-30]. Lee et al. proposed a biarticular mechanism using
SEAs, where the control bandwidth could somehow be im-
proved via parameters optimization of the biarticular mecha-
nism [31]. Luo et al. designed a biped robot driven by series
elastic hydraulic actuators to implement the SLIP-based con-
trol and realized spring-like locomotion [32]. Nils et al. built a
robot RAMone driven by high compliance series elastic actu-
ators to exploit the natural dynamics of biped locomotion [33].
Ames et al. developed a robot DURUS by placing springs in
the shanks [34].
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In 2015, Hurst et al. developed a biped robot Atrias
adopting a parallel and antagonistic mechanism in the leg.
Two parallel motors were placed above and two leaf springs
in series with the motors were placed in the lower leg [35].
The leg configuration of Atrias was quite a successful design
that approximated the SLIP model and enabled robust loco-
motion over the unstructured ground. However, the two par-
allel motors would do antagonistic work during walking, thus
casing unnecessarily power dissipation and power require-
ments. Noticing this flaw, Hurst et al. developed a new biped
robot Cassie with two serial motor joints, a hip motor and a
knee motor, which enabled the leg to swing strictly by the hip
motor, thus avoiding doing antagonistic work [36]. It is worth
noting that the knee motor joint, together with five other
joints, including two spring joints and three passive joints,
forms a compliant six-bar linkage mechanism. Such a leg
configuration proves successful for spring-like walking and
meets the practical need of collapsibility like other articulated
legs [37].

By introducing a compliant six-bar linkage mechanism, the
leg’s kinematics and dynamics which would largely influence
the performance of the spring-like walking, are inevitably
growing much more complicated and desperately worth
discussing. However, with regard to the publications of this
particular leg configuration, most of them addressed the issues
of spring-like gait panning, and related control strategies
[38-40]. Few publications could be found on discussing the
compliant mechanism of the leg configuration, in particular
the stiffness of the leg, which was one of the most important
parameters in the spring-mass system, i.e. the SLIP model.
Xiong et al. discussed a derivation of the leg stiffness based
on the motion of the spring joints and the motor joints.
However, Xiong’s work mainly focused on the jumping or
walking control of the biped, while factors affecting the leg
stiffness were not discussed from the perspective of the leg
configuration [41, 42].

Furthermore, regarding the SLIP model, it should be noted
that although the SLIP model takes the leg as a massless
spring, it is not feasible in the actual leg configuration design
since legs inevitably have mass in the actual configuration. In
the case of a massed leg, impact and energy loss would still
occur when touching down to the ground, though the leg is
spring-loaded. Karssen et al. discussed the impact effect for
optimizing the swing-leg retraction rate for running with re-
spect to a kneed leg configuration [43, 44]. To the best of the
authors’ knowledge, few publications could be found
discussing the influence of the mass of the leg regarding the
leg configuration with a compliant six-bar linkage
mechanism.

In this work, a biped’s compliant leg as shown in Fig. 1,
which was comprised of two serial motors and a compliant
six-bar linkage mechanism, was developed and analyzed.
Regarding the spring-like walking via utilizing the passive

Fig. 1 Current leg configuration of our compliant leg design

compliance of the leg, it is expected that when the leg touches
the ground and gets into the standing phase, it would firstly be
compressed just like a spring; and then it would return to its
original length (the relaxed length). By designing the walking
gait, the leg leaves the ground and gets into the swing phase
when the leg returns to its original length. Therefore, it is
crucial to investigate the stiffness and the dynamic character-
istics of the compliant leg, which would be analyzed theoret-
ically and experimentally in this work with respect to a
jumping motion. The jumping motion covers both the stand-
ing phase and the flying phase, and would have characteristics
similar to those of spring-like walking, thus contributing to the
understanding of spring-like walking. The main contributions
of this work can be summarized as: 1) a compliant leg is
proposed and the relation between its kinematics and stiffness
is presented; 2) the influence of the mass of the leg is account-
ed for to analyze the dynamic characteristics of the leg; 3) an
algorithm for the leg’s jumping is presented taking the leg’s
mass into consideration.

The rest of this work is organized as follows. In section 2, a
detailed description of the leg configuration is presented, and
after that, a numerical model is introduced on the kinematics
and stiffness of the leg. Section 3 depicts the dynamic model-
ling of the compliant leg and the algorithm for jumping plan-
ning taking the leg’s mass into account. Section 4 brings the
numerical results and discussions on the kinematics, stiffness
and dynamic characteristics of the leg. Section 5 introduces
the experiment setup and related experimental verification re-
sults. After that, Section 6 presents the conclusions and the
future work.

@ Springer
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Fig. 2 The CAD model of the designed compliant leg
2 Design and Modelling the Compliant Leg
2.1 Structural Design of the Leg

Figure 2 presents the CAD model of the designed compliant
leg in this work, whose dimension is based on human leg
proportions, with the height being able to reach around
900 mm under full extension and 300 mm under full contrac-
tion. The leg mainly consists of three parts: a hip with two
serial actuated motors, a thigh composed of a compliant link-
age mechanism by leverage of two leaf springs, and a shank
connected with an underactuated foot.

To satisfy the SLIP model and further to satisfy the biped
robot’s spring-like walking behavior, the two serial motors im-
plement the leg’s swinging and contraction; and the compliant
linkage mechanism implements the leg’s spring-like behavior.
The leaf springs are made of the same material with elasticity
and their geometric parameters are carefully matched. The
underactuated foot is adopted to increase the contact area with
the ground, compared to the point-footed configuration. The
underactuated foot is connected to the shank through a rolling
bearing, and thus, it can rotate around the ankle freely. To avoid
the foot sole flipping over during the jumping phase, a sponge
strip is stuffed into the ankle joint to prevent excessive rotation
of the foot when it leaves the ground.

According to the design principle of the SLIP model, most
of the mass is concentrated in the hip thanks to the two heavy
motors. Additionally, extra load can be put above the hip, so
as to further increase the ratio of the mass above the spring leg.
To ensure the lightweight and sufficient strength of the leg, the
hip structure uses aluminum alloy material while the thigh and
the shank use carbon fiber and POM materials. It is worth
mentioning that, to investigate the leg’s mass on its dynamic
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characteristics, additional weights could be attached to the
ankle or the knee joint to alter the leg’s mass.

2.2 Kinematics and Stiffness Modelling

The leg’s kinematics and stiffness are of prior concern in order
to implement the spring-like walking behavior. As shown in
Fig. 3, a kinematic analysis schematic for the designed leg is
presented. As observed, three types of joints are presented:
purple for the actuated motor joint, yellow for the spring joint
and green for the passive joint. With regard to the kinematics,
the foot’s position F (xg, yr) relative to the hip position M (xy,
ym), which denotes the leg’s length and the swinging angle (Z,
0), is of particular concern. Putting point M as the origin, with
the known geometric parameters of the lengths of the linkages
(Lmns Lnps ---), and the known initial angles of the spring
joints (fp, 0g), all the joints’ positions X(x, y) can be deter-
mined by four parameters (6, On, dp, 0g)

X = £ (6w, 0x, 0, 5q) (1)

where 0y and Ay denote the rotation angles of the motors M
and N. dp and d denote the deflection angles of the spring
joints P and Q.

As shown in Fig. 3(a), the rotation angle of motor M is
defined as the angle between the vertical direction and the
linkage MN; the rotation angle of motor N is defined as the
angle between the linkage MN and the linkage NP. The pos-
itive directions of the motors are shown by the red arrows.

Judging from Eq. (1), to obtain the kinematics, the deflec-
tion angles of the spring joints need to be determined first. As
shown in Fig. 3(b) is the layout of the spring joint P. In the
actual layout, the joint P is a passive revolute joint in parallel
with a leaf spring which can be taken as a cantilever beam
with a length /. Putting a force F,, to the end of the leaf
spring, a deflection Ad,,, can be seen at the end of the leaf
spring, which would result in the same displacement of the
thigh, as shown in Fig. 3(c). Hence, the passive joint P can be
taken as a spring joint as shown in Fig. 3(d), which would
undergo a deflection of Jp under a torque M. And the stiffness
of the spring joint P can be evaluated as:

M F.l F.I? 3EI

- @

= S T Al (F-PY/GED)

where E denotes the elastic modulus of the leaf spring; /7 de-
notes the cross-sectional moment of inertia of the leaf spring; /
denotes the length of the leaf spring. The stiffness of the spring
joint Q can be defined in the same way.

As shown in Fig. 4, when forces F and F, are acting on the
foot, deflections of the spring joints P and Q (dp, dg), as well as
a displacement of the foot (Ax, Ay), are expected. Via force
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analysis of the leg configuration, several momentum balance For the spring joint P:

equations for the joints can be derived. ()
FA X rpa + kp'6P =0 (3)

For the spring joint Q:
K2 xrga + FI x rgr +kqrbg =0 @

where

<
\ £

AP A
® N Fo" = -FY (5)

For the passive joint B:

FBQB) X rgg + kg6 =0 (6)

where

B F A

For the passive joint C
FP9 X reg =0 (8)
Fry where

Frx FyO = FY ©)

B = Fq
Ax
\ 4

In Egs. (3)—(9), vector F denotes the force vector, where the
subscript denotes the point of the force acting on, and the

Fig. 4 Deflection of the leg due to forces applied on the foot
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superscript denotes the linkage to which the force acts; vector
r denotes the linkage vector.

Judging from Eq.s (3) (4) (6) and (8), it can be seen that
they form a system of nonlinear equations that includes four
unknown variables (0, , dq, Fiay, Fiay). Hence, it can be nu-
merically solved using Newton’s iterative method (converged
to 10°°).

After getting the deflection of the spring joints dp and dq,
the kinematics of the legs could be achieved, including the
foot’s new position thanks to forces Fy and F\. Hence, the
resultant displacement of the foot (Ax, Ay) shown in Fig. 4
could be calculated; and the stiffness of the leg can be deter-
mined as:

ky  ky Ax Fy
{kyx kyy}[AJ’} N {Fy} 19
where k, and k, denote the unidirectional stiffness in x and y
directions, respectively; ky, and kyx denote the stiffness in
mixing directions.

According to the SLIP model, the leg’s stiffness denotes
the stiffness in y direction. Moreover, when the leg is only
subjected to a vertical force Fy, (Fx = 0), only the deformation
in the y-direction is desired and no deformation in the x-direc-
tion is desired. By optimizing the stiffness of the spring joints
P and Q, the value of Ax could be minimized when subjected
to only the vertical forces Fy (Fy = 0); and thus, the leg’s
vertical stiffness could be evaluated by Eq. (11). This work
mainly focuses on the vertical characteristics of the leg, and

therefore the leg’s vertical stiffness is also referred to as the
leg’s stiffness in the rest of this work.

k=Fy/Ay (11)

3 Dynamic Modelling of the Compliant Leg
3.1 Modified Spring-Mass Model of the Leg

After getting the stiffness of the leg, a modified spring-mass
model can be utilized to investigate the dynamic characteris-
tics of the leg, as shown in Fig. 5, where m denotes the mass
concentrated on the hip; m, denotes the mass of the leg; &
denotes the stiffness of the leg; and ¢ denotes the damper of
the leg induced by the friction of the joint bearings, et al.
With respect to the motion phases of a single leg, it can be
divided into two types: the flying phase in the air and the
standing phase on the ground. This work is focused on the
vertical jumping motion of the leg, and its related two phases
are shown in Fig. 6: the vertical flying phase and the vertical
standing phase. Using the modified spring-mass model, the
motion equation for the vertical jumping can be expressed as:

@ Springer

Fig. 5 Modified spring-mass model for the designed compliant leg

A R ST
e & T+ sy
—0 (12)

where L denotes the relaxed length of the spring; F, denotes
the contact force between mass m, and the ground, i.e. the
contact force between the foot and the ground.

Regarding the vertical flying phase, as shown in Fig. 6(a),
mass m; and m, are in the air with F, = 0. Regarding the
vertical standing phase, as shown in Fig. 6(b), mass m, is on
the ground with /2, = 0 and hy, = 0.

As for the switch from the flying phase to the standing
phase, the judging criteria can be described as:

. T m
hy
& ~

B

/T
hy
. N h\
h:ﬁ 7)) k |:j ¢

h,

n[ o]

(a) vertical flying phase (b) vertical standing phase

Fig. 6 Two motion phases with respect to the vertical jumping motion.
(a) vertical flying phase (b) vertical standing phase
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{hy > 0&h =0} (13)

As for the switch from the standing phase to the flying
phase, the judging criteria can be described as:

Fo > 0&F+ = 0&h. >0 14
c C 1

where the superscript - denotes the case prior to a certain
moment, and the superscript + denotes the case after a certain
moment.

Impact with the ground would occur as it switches from the
flying phase to the standing phase, since the mass of the leg is
accounted for. The impact was taken as fully inelastic impact,
i.e. the velocity of mass m, came to a sudden zero at the
switching moment, and the energy loss could be evaluated as:

o = Ll (15)

Using the modified spring-mass model, the force acting on
the hip refers to the force arising from the spring and the
damper, which is directly related to the torque of motors M
and N, can be evaluated as:

Fyp = k(/’n*hz*Ls) + C(h.lfh'z) (16)

3.2 Algorithm for Vertical Jumping Planning

Judging from the kinematics modelling in Eq. (1), the relaxed
length of the spring Ls denotes the relaxed length of the leg
with deflections of the spring joints ép = 0 and 5 = 0. Hence,
the relaxed length of the spring is determined by the rotation
angles of motors M and N, and can be described as:

Ls = g(0m,0n) (17)

Fig. 7 presents the jumping up process via the motor joint
actuation from the initial static standing phase.

The spring leg is subjected to a compressed deflection s
with respect to a relaxed length L, and an equation can be
obtained as follows:

Li=hi +s (18)

The jumping up process ends followed by switching into
the flying phase, which is judged by Eq. (14). Take the relaxed
length L, as a polynomial on time #:

Ly = o0+ oyt + 0(2'1‘2 + Oéj,'t3 + 0[4'1‘4 + Oé5't5 + 0(6'1‘6 (19)

hy

Fig. 7 Jumping up process via the motor joint actuation from the initial
standing phase

which is subjected to

Lg|i—y, = a0 = Lini
LS.E (Lmin» Lmax) (20)
LS|I‘:[0 = 0] = 0

where L;,; denotes the initial relaxed length of the leg; L,
and L.« denote the minimum and maximum relaxed length
of the leg that could be arrived at via motor joint actuation,
respectively; and [ag, @y, s, a3, 4, s, o] denotes the
parameters to be optimized for a specific purpose of the
jumping up process, such as the minimum time for the
jumping up process, the maximum velocity 4, at the
switching moment, et al.

After obtaining the optimized parameters for «, the trajec-
tory of the relaxed length of the leg can be achieved and the
motor joint angle trajectories can be obtained via in-
verse kinematics using Eq. (16). Then the jumping pro-
cess could be implemented via a position control strat-
egy of motors M and N.

4 Simulation Results and Discussion
4.1 Kinematic Analysis

The length of the linkages of the leg depicted in Fig. 3 is
provided in Table 1.

Figure 8 demonstrates the leg’s swinging from the perspec-
tive of kinematic analysis using MATLAB modelling. As
observed, motor N would stay standstill, and the leg’s swing-
ing could be implemented by only rotating motor M. As

@ Springer
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Table 1 Length of the linkages of the leg

linkage length (mm) linkage length (mm)
MN 100.00 NP 92.00

PA 372.00 AQ 38.35

QB 110.42 BC 402.90

CM 71.88 QF 352.61

shown by the red dashed line, the leg swinging is character-
ized by the foot travelling at a circle centered at motor M,
which suggests that the leg length remains the same as the
leg swings. More importantly, a one-to-one linear relationship
between the rotation angle of motor M and the leg’s swinging
angle could be observed, which makes it easy to control the
leg swinging in the SLIP model.

The leg’s contraction could be implemented by only rotat-
ing motor N. However, motor M also needs to be rotated in
order to remain the leg’s swinging angle constant, as shown in
Fig. 9. By rotating motors N and M, the leg can be contracted
from around 900 mm to 300 mm, featuring vertical movement
of the foot, thus enabling control of the leg length in the SLIP
model. As shown in Fig. 10, a two-to-one linear relationship
could be seen between the rotation angles of motor N and
motor M, with the purpose of easily controlling the vertical
contraction of the leg. As shown by the blue line in Fig. 10, the
leg length extends from 300 mm to 900 mm as motor N rotates
from 40° to 160°, and the contraction rate lowered as the leg
length increases. Between 600 mm and 800 mm, which is the
typical leg length range for walking, motor N rotates from 80°
to 120°, and the contraction rate lies at around 5 mm/°.

4.2 Stiffness Analysis

Figure 11 demonstrates the leg’s deflection due to a vertical
force F, with respect to different relaxed leg lengths. The blue
circle denotes the relaxed state of the leg while the red circle
denotes the deflection state under a 300 N vertical force Fy. As
observed, the positions of motors N and M remain unchanged

0 L
E
E
~ -500¢
-1000 . I I I I
-1000 -500 0 500 1000
x (mm)

Fig. 8 Kinematic demonstration of the leg swinging
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-500 0
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Fig. 9 Kinematic demonstration of the leg contraction

while the spring joints deflect to resist the vertical force, lead-
ing to a deflection of the lower leg. This is favorable for the
SLIP model-based control since the lower leg has a small
mass and behaves like a spring. Two cases of the relaxed leg
lengths were displayed by changing the rotation angle of mo-
tor N. As shown by the adjacent blue and red circles, a greater
deflection could be seen for the case of shorter initial leg
length, indicating that the stiffness decreases as the relaxed
leg length becomes smaller.

Figure 12 depicts the values of Ax and Ay when the foot is
subjected to a vertical force Fy. As seen, the ratio of Ay to Ax
is greater than 10, and the ratio could be seen rapidly rising as
Oy increases (the leg length increases), suggesting the defor-
mation in the x direction can be ignored when only the vertical
force is applied. For a certain relaxed leg length, Ay increases
as the loading force increases, which is in accordance with the
behavior of a spring. Additionally, for a certain loading force,
the value of Ay could be seen growing as the rotation angle
decreases (the relaxed leg length decreases), suggesting a

E 900 160 ~
g N
= Z
2’ 600 130 S
"e0 —— leglength ED
@ <
_1

-- rotation angle of motor M| 1
20

W
(=]
(=

T
(=
(=3
[«

I

80

~
[w]
—_
™
[w]

1
Angle of N (°)

Fig. 10 Angle relations between the hip motor and knee motor for the leg
contraction
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Fig. 11 Demonstration of the leg deflection due to vertical forces Fy with
respect to different leg lengths

rather interesting phenomenon, namely that the stiffness of the
designed leg increases with increasing leg length.

Figure 13 depicts multiple curves of the leg stiffness re-
garding different rotation angles of motor N ranging from
60° to 130°, and the relaxed leg length from around 450 mm
to 850 mm. For a curve related to a certain rotation angle, the
rightmost point of the curve refers to the relaxed length of the

leg. As observed, as the loading force increases, the leg length
decreases due to the leg being compressed, and the stiffness of
the leg is getting smaller as well. It is worth noting that despite
the different relaxed lengths of the legs (different curves), their
stiffness values and the paths of becoming smaller remain
very well in agreement, which suggests that the stiffness of
the legs is much more related to the length of the legs and less
related to the relaxed length of the legs. Noting this, the stiff-
ness of the leg can be approximated by a polynomial relating
the length of the leg, as shown by the red fitting curve:

k= B+ Bi-L+ ByL* + ByL* + By-L* (21)

where [, is the polynomial parameter.

4.3 Dynamic Performance under Different Leg Mass
and Stiffness

To investigate the dynamic characteristics of the leg with re-
spect to different mass and stiffness, the leg was lifted to a
height of 0.1 m, and then dropped. In this subsection, the
dynamic performance of the leg’s dropping was evaluated
using MATLAB simulation.

Fig. 14 depicts the leg’s dynamic performance regarding
different leg mass (m; = 10 kg, £ = 8000 N/m, ¢ = 0). It can
be seen that when the leg is taken as massless (0.001 kg), the
trajectories of m; and m, exhibit periodical patterns and they
can climb up to the same maximum height in the following

Fig. 12 Ax and Ay when 12 T T T T T
subjected to a vertical force Fy, s, 00N i
~8r 150N | A
g R 200N 4
N 7 P U R N I 250N
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Fig. 13 Leg stiffness with respect x10*
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flying phase, since there is no energy loss at touchdown. As
the leg mass grows, the maximum height of the flying phase
becomes smaller, due to a greater energy loss induced by the
impact according to Eq. (15). As for the force acting on the
hip, as the leg mass grows, no significant increase could be
seen during the standing phase while a significant increase
could be observed during the flying phase. It suggests that as
the leg mass grows, higher and varying torque is required for
motors M and N during the flying phase, which is an unfavor-
able aspect from the point of view of energy consumption, and
a more unfavorable aspect from the perspective of motion
control of the leg.

With regard to the biped’s spring-like walking, the swing-
ing phase of the leg refers to the flying phase here. The re-
quirement of higher and varying torque on the motor would
inevitably add to the difficulty of controlling the swinging leg,

Fig. 14 Dynamic performance
regarding different leg mass

leading to greater errors when the leg touches the ground, such
as the touchdown location, the leg length at the touchdown
moment, et al., which would certainly further affect the per-
formance of the standing phase and the biped’s walking.

The maximum height of the first flying phase in Fig. 14 is
of particular interest for the biped’s spring-like walking.
Define two ratios A and ¢ as shown in Eq. (22), the first of
which is the mass of the leg to the mass concentrated in the
hip, and the second of which is the maximum height in the
first flying phase to the initial dropping height:

A= m2/m1
{ €= (h f,max_hs,min)/(hini_hs,min) (22)

Fig. 15 depicts the relations of two defined ratios A and €. It
can be seen that ¢ decreases from 1 as A increases from 0,

— m,=0.001kg ——— m,=1 kg

Hip pos.
(mm)

Foot pos.
(mm)

Force (N)
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Fig. 15 Relations of two define ratios for presenting the influence of the
leg’s mass

demonstrating the unfavorable aspect of the mass of the leg. It
can also be seen that e for m; could reach up to 0.9 when A is
less than 0.1, while it would decrease sharply when A is great-
er than 0.1. This suggests that the leg mass should be main-
tained below one-tenth of the mass concentrated in the hip
when designing the leg for spring-like walking.

Fig. 16 depicts the leg’s dynamic performance regarding
different leg stiftness (m; = 10 kg, m, = 1 kg, ¢ = 0). No
significant difference could be seen in the maximum height of
the flying phase, as the stiffness changes. However, earlier
arrival of the maximum height can be observed as the stiffness
increases. This is mainly because the time spent in the stand-
ing phase is considerably shorter, which is defined by the
intrinsic frequency of the typical spring-mass system during

Fig. 16 Dynamic performance
regarding different leg stiffhess

the standing phase in Eq. (23). It suggests that a higher step
frequency for a higher travelling speed could be realized by
increasing the leg’s stiffness when performing a spring-like
walking. According to.

Eq. (21), this could be satisfied by increasing the leg length.
As for the force acting on the hip, a significant increase could
be observed in the standing phase as the stiffness increases,
demanding higher torque of motors M and N. The greater the
leg length, the higher the leg stiffness, the faster the step fre-
quency, and the greater the motor torque required.

w=k/m

(23)

4.4 Dynamic Performance of Vertical Jumping

Fig. 17 depicts the dynamic performance of the leg’s vertical
jumping using MATLAB simulation. It can be seen that the
hip’s location is lower than the leg length due to the compres-
sion of the spring-loaded leg at the initial moment. During the
jumping up process, motors M and N rotate to ensure that the
leg extends vertically, as shown by the blue solid line. The
difference between the hip position and the leg length is pro-
gressively increasing and then diminishing, and the final hip
position catches up with the leg length. This is because the
mass concentrated on the hip needs to accelerate upward first
to ensure that the jumping speed is obtained, thus requiring a
greater spring force. As a result, a greater leg compression can
be observed in the first place. After it has gained sufficient
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velocity, it needs to decelerate to make the contact force be-
tween the foot and the ground zero, thus satisfying the
jumping condition defined by Eq. (14). It is worth noting that
the curve of the spring force and the leg compression do not
exactly coincide because the leg is a variable stiffness spring,
the longer the leg, the greater the stiffness. It is also worth
noting that the compression length of the leg is not reduced
to a zero, but to a negative value, namely in an extended
condition, because it takes the mass of the leg into account.

5 Experimental Verification
5.1 Experimental Setup

In order to validate the analysis on the leg’s stiffness and its
dynamics, experiments were conducted on the designed leg
configuration with the experiment set up displayed in Fig. 18.
As observed, the upper end of the leg (the hip) was connected
to a guiding plate which could only move up and down along
the guide bar. The total weight of the guiding plate and the
mass concentrated above was around 100 N, and the leg was
around 10 N. Additional weights could be added on the guid-
ing plate for increasing the loading force; and additional
weights could be added to the ankle for increasing the mass
of the leg, as well. The other end of the leg (the foot) was
standing on the ground, supporting the weight of the leg, the
guide plate and additional weights. Two displacement sensors
(effective scale: 0—1500 mm and 0-350 mm,; accuracy: 0.5%
FS) were placed on the ground for measuring the

@ Springer

displacement of the foot and the hip. The two motors are the
same as each other, with rated voltage 48 V, sample time 1 ms,
maximum torque 60 Nm, and maximum speed 60 rpm. The
sample rate of sensors was set to 1 kHz.
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Fig. 18 Experiment setup for measuring the leg’s stiffness and jumping
height
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5.2 Experiments on Stiffness

To verify the model on the stiffness of the leg, a loading
experiment was conducted for measuring the stiffness.
Figure 19 depicts the experimental data with respect to differ-
ent leg lengths and vertical loading forces. The data in the red
box was the relaxed length of the leg, and the leg length could
be observed to getting reduced as the loading force increased,
consistent with the spring-like behavior. Moreover, it could be
seen that the measured leg length (shown by the black stars)
was in good agreement with that obtained from the stiffness
model (shown by blue line), validating the stiffness model.
Apart from that, straight lines were displayed as well (the
red dotted line), which connected the data referring to 0 N
and 300 N. Both the experimental data and the data from the
model could be seen in the right-hand side of the straight lines,
validating the characteristic of variable stiffness, the longer the
leg, the higher the stiffness.

5.3 Experiments on Dropping

To verify the influence of the mass and the stiffness of the leg,
a dropping experiment was conducted via dropping the leg
from a height of 0.1 m, and then measuring the displacement
of the foot and the hip. The mass of the leg could be
increased via adding additional weights to the ankle, as
shown in Fig. 18; and the stiffness of the leg could be
changed via adjusting the leg length. Figure 20 depicts the
experimental data for dropping the leg with respect to
different leg masses. As observed, as the mass of the leg
rising, the maximum height of the flying phase is decreas-
ing. Particularly in the case of 4 kg, there is almost no
significant flying phase, thus justifying the influence of
the leg’s mass. Basically, only one flying phase could
be observed, which was believed to be due to the damper

‘ * experimental —model -

straight lines ‘

300

[
(=3
(=)

100

Vertical force (N)

\
relaxed
[length

-

AV VN VNS S .
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Fig. 19 Experimental data with respect to different leg length and vertical
force
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g
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Fig. 20 Experimental data for dropping with respect to different leg mass

of the leg and the friction between guiding plate and the
guide bar, leading to a greater energy loss.

Fig. 21 depicts the experimental data with respect to differ-
ent stiffness of the leg. The black curves represent the exper-
imental dropping data for the shorter leg with smaller stiff-
ness; the red curves represent the experimental dropping data
for the longer leg with greater stiffness. As the stiffness in-
creases, the arrival of the maximum height in the flying phase
could be seen arriving earlier, consistent with the analysis in
Eq. (23). By understanding this dynamic feature and experi-
mentally verifying it, the step frequency for the biped’s
spring-like walking could be changed via adjusting the length
of the leg to change the travelling speed.

5.4 Experiments on Jumping

Figure 22 depicts the experimental data for a single vertical
jump and its related snapshots. The initially planned relaxed
length of the leg was 700 mm, while the initial height of the
hip could be observed around 685 mm, which was believed to
be due to the compression of the leg due to the mass concen-
trated on the hip. It switched to the flying phase after a vertical
jumping up process which took around 0.17 s. At the
switching moment, the leg length was around 837 mm, which
was around | mm longer than the planned relaxed length of
the leg, and this was believed to be because of the mass of the
leg. The maximum jumping height in the flying phase was
around 150 mm, followed by several flying phases after the
leg touched down to the ground again. The final length of the
leg was around 826 mm after it had stopped moving up and
down. The compression of the leg was 15 mm when the re-
laxed length of the leg was 700 mm at the initial state, and
10 mm when the relaxed length of the leg was 836 mm at the
final state. This justifies the characteristic of variable stiffness
of'the leg, and the planning algorithm for the vertical jumping,
as well.

@ Springer



64 Page140f17

Journal of Intelligent & Robotic Systems (2022) 104: 64

Fig. 21 Experimental data for
dropping with respect to different
stiffness

Fig. 22 Experimental results on a
single jump of the leg. (a)
snapshots for a single jump. (b)
experimental data for the single
jump
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The leg could perform consecutive jumps by squatting after
touching the ground, and then stretching to jump up again, as
depicted in Fig. 23. As observed, it could jump higher by squat-
ting to a lower position in order to gain more elastic potential
energy in the spring leg, as shown in the red box. Apart from that,
periodical consecutive jumps could be performed as well, as
shown in the blue box. This demonstrates the feasibility of the
leg performing the biped’s spring-like walking, regardless of
moving periodically at a certain step frequency and speed, or at
different speeds by changing the step frequency or the step size.

6 Conclusion

In this work, a compliant leg configuration capable of imple-
menting spring-like walking for a biped robot was presented.
Numerical models were introduced to analyze the stiffness
and the dynamic characteristics of the leg, taking the leg’s
mass into account.

Simulation results showed that the leg could be taken as a
variable stiffness spring with respect to the length of the leg,
the longer the leg, the greater the stiffness. Furthermore, it
suggested that the mass of the leg should be maintained below
one-tenth of the mass concentrated in the hip for spring-like
walking. Apart from that, the dynamic analysis suggested that
a greater stiffness of the leg could lead to a faster step frequen-
cy for spring-like walking, thus enabling different travelling
speed via adjusting the length of the leg.

Experiments were conducted to verify the numerical model
and the dynamic analysis. Experiments on the stiffness of the leg
showed a good agreement with the stiffness calculated by the
presented numerical model, and the experiment in which the leg
was dropped from a certain height justified the dynamic analysis
of the leg. Afterwards, experiments were conducted on single
vertical jumps and consecutive jumps of the leg respectively,
demonstrating the feasibility of the leg to perform the biped’s
spring-like walking, regardless of a certain speed, or different
speeds by changing the step frequency or the step size.

1000 |
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Fig. 23 Experimental data for consecutive jumps

In the next step, a biped robot will be constructed with two
compliant legs presented in this work, to implement planar
spring-like walking for biped robots. In the long term, a 3D
biped robot featuring spring-like walking will be built with the
ability to travel in real human-built environments.
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