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Abstract: Due to the high power-to-weight ratio and robustness, hydraulic cylinders are widely used
in the actuation area of the legged robot systems. Most of these applications are focused on the
motion stability, gait planning, and impedance control. However, the energy efficiency of the legged
robotic system is also a very important point to be considered. Hopping locomotion requires a fast
extension of the tibia leg at the end of the take-off phase, which causes a continuous increment of the
cylinder velocity under the normally direct attachment geometry (DAG) of the cylinder. This leads to
a high flow requirement, large pressure drop, and low energy efficiency. Therefore, we propose a
four-bar mechanism attachment geometry (FMAG) to improve the energy efficiency by refining the
relationship between the joint angle and cylinder displacement trend. The kinematic and dynamic
models of the bionic one-legged robot are built to calculate the hopping process during the take-off
phase. Based on the established dynamic models, the design parameters in both the DAG and FMAG
are optimized to maximize the hopping height, respectively. The hopping experiments are conducted
to verify the effectiveness of the new attachment geometry. The experimental results show that the
robot hopping energy at the end of the take-off phase increases 14.8% under the FMAG.

Keywords: bionic one-legged robot; cylinder attachment geometry; vertical hopping height; energy
efficiency; four-bar mechanism

1. Introduction

The legged robots have superior mobility and adaptation on the rough road compared
to the wheeled and tracked robots. This significant advantage has encouraged scholars to
research the legged robot over the past decades. Raibert et al. developed one-legged, biped,
and quadruped running robots which performed highly dynamic ability in the 1980s [1-3].
All these robots used a pneumatic cylinder as a telescopic leg. The cylinder worked as
an air spring that could store and recover the kinetic energy during the landing phase.
Ahmadi et al. developed a one-legged hopping robot ARL-Monopod, which was driven
by an electric motor. The mechanical springs located at the telescopic leg and hip joint
improved this robot’s hopping efficiency [4,5].

Besides the telescopic type of the leg, the articulated leg, which could mimic the
locomotion of animal, was developed and used in the bionic legged robots [6-8]. Lee et al.
designed an articulated one-legged robot Monopod, which mimicked the segment pro-
portion of the horse’s hindlimb [9]. Hyon et al. developed a bionic one-legged hopping
robot KenKen [10,11]. Boston Dynamics designed the famous quadruped robot BigDog in
2008 [12]. This robot was able to run at about 1.6 m/s with a trotting gait and keep balancing
after a strong lateral disturbance. The success of the BigDog encouraged many researchers
to focus on the large quadruped robot research all over the world (e.g., HyQ [13,14],
HyQ2Max [15], Scalf [16], Baby Elephant [17]). All of these quadruped robots used the
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double-acting hydraulic cylinder as the joint actuator due to the wide dynamic range and
the high power-to-weight ratio of the cylinder.

The limbs of reptiles like lizard, alligator and gecko are laterally to the body, which
cause a different locomotion posture from mammals. Alligators use sprawling posture to
slide across the muddy land and erect posture to walk on the dry land [18]. To mimic the
particular locomotion of alligators, Shriyam et al. developed an alligator-inspired robot [19].
Geckos have extraordinary climbing ability due to the high adhesion and friction force on
their toes [20]. Kim et al. developed Stickybot to mimic the reptilian locomotion of geckos
on vertical surfaces [21].

The jumping mechanisms of small animals like frog [22,23], galago [24,25], locust [26-29]
and flea [30] are studied and used in the small legged robots. Due to its compactness,
diversity and controllability, the electric motor is wildly used in small legged robots. Based
on the hopping strategies, small-sized legged robots can be divided into two kinds. Some
hop through the direct actuation of the electric motor [31,32], while the others are actuated
by the catapult mechanism [33-38]. Most existed catapult mechanisms work with two
stages. First, the mechanical spring stores the electric motor’s energy during the slow
contraction of the leg. Then, the mechanical spring quickly releases to accelerate the
robot’s body.

Due to the low power-weight ratio of the electric motor, a gear reduction device that
converts the high speed into the large torque is necessary for the electric motor actuated
legged robots. The gear reduction device introduces extra friction and damping and
reduces the efficiency of the electric motor. The reduction gear is also easy to damage with
excessive impact. Therefore, compared to the electric motor, the hydraulic cylinder is more
suitable for the large legged robot.

In most hydraulic-actuated legged robots, the ends of the hydraulic cylinder always
directly connect to the robot leg segments, which is named as the direct attachment geom-
etry (DAG) in this paper. During the take-off phase, the fast extension of the tibia leads
to a continuous increment of the cylinder velocity and flow requirement under the DAG.
On the other side, the unavoidable pressure drop and energy consumption existing at the
orifice of the control valve will deteriorate with the increment of the flow rate. Therefore,
the efficiency of the hydraulic actuated legged robot is low at the hopping locomotion.

Since the relationship between the cylinder displacement and the joint angle is directly
affected by the cylinder attachment geometry, the hopping performance of the legged robot
could be improved by optimizing these attachment geometry parameters. Although the
DAG structure is compact and simple, the number of the DAG design parameters limits the
improvement of the hopping performance through parameter optimization. In this paper,
a new attachment geometry of the cylinder with more design parameters is proposed. The
new attachment geometry uses a four-bar mechanism to connect the cylinder rod and
robot tibia, named as the four-bar mechanism attachment geometry (FMAG). A bioinspired
one-legged robot that is only actuated by the knee joint cylinder and hops at the vertical
rail is used to compare the performances of the DAG and FMAG. This vertical hopping
model with a single actuator is wildly used in the robot field to study and test the actuator
property [39-42]. The design parameters in these two attachment geometries are optimized
respectively. For the accuracy of the simulation, the dynamic equations of the fluid pressure
are considered during the calculation of the hopping process. The prototypes under the two
attachment geometries are fabricated, and the vertical hopping experiments are conducted
to verify the simulation results.

The rest of the paper is organized as follows. In Section 2, the design and parameters
of the kangaroo inspired one-legged robot are described. In Section 3, the dynamic equation
of the vertical hopping is given firstly, then the mathematical models of the DAG and
FMAG are built, respectively. In Section 4, the constraints of the two attachment geometries
are given, and the design parameters are optimized respectively to achieve their maximum
hopping heights. In Section 5, two prototypes based on the two attachment geometries
are fabricated. The simulation and experiment results are presented and analyzed to
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explore the inherent difference between the two attachment geometries. In Section 6, the
conclusions and future work are discussed.

2. Kangaroo Inspired One-Legged Robot

Compared with the prismatic leg, the articulated leg has a better biomimetic char-
acteristic by using rotating joints to mimic the knee and ankle joints of the animal. In
early articulated leg structure as Bigdog, each joint in the sagittal plane was actuated by a
cylinder. Although this kind of leg structure had superior kinematic flexibility, the cylinder
at the ankle joint rapidly increased the leg’s inertia. Therefore, researchers proposed a
compromise design that the ankle joint and knee joint were coupled by a closed chain.
Based on this design principle, Sangbae Kim et al. designed a low inertia bio-inspired leg
structure [43] and quadruped robot MIT Cheetah [44]. The experiment result of the MIT
Cheetah has demonstrated the effectiveness and superiority of this coupled leg structure.

In this paper, a similar articulated leg is used to mimic the kangaroo’s hindlimb
structure. The 3D model of this kangaroo inspired one-legged robot is shown in Figure 1a.
This robot is mainly comprised of parallel plates and hydraulic cylinder. The parallel plate
structure provides a robust and adequate space for the hydraulic cylinder. Moreover, plate
type part can be manufactured easily by the laser cutting. The body and leg are made of
7075 aluminum alloy (8 mm thickness) because of its high strength-to-weight ratio. The
high-tensile shoulder bolt (10 mm diameter) is used as the joint shaft. The needle roller
bearing (BK1010) is used to decrease the friction between the revolute pairs due to its
compactness and high radial load capacity. A rotational toe is used to support the robot
during the take-off phase. The femur and metatarsal are parallel through a parallelogram
mechanism, resulting a coupled relationship between the knee joint and ankle joint. To
study the effect of the cylinder attachment geometry on the hopping height individually,
the robot should only be actuated by one cylinder. Therefore, the robot body is fixed on a
horizontal rack which can only slide through the vertical rail, and the one-legged robot is
actuated by the cylinder installed at the knee joint. The sketch of this one-legged robot is
shown in Figure 1b.
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@) (b)
Kangaroo inspired one-legged robot. (a) 3D model, (b) Sketch of the robot.

The centroid of the body is set at the horizontal rack. The centroid positions of the
tibia and metatarsal are assumed to be located at the axis of each segment. The deflection
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angle a1 of the centroid position of the femur is caused by the extra mass of the hydraulic
cylinder. The segment proportions of this leg are set as 1:2:1, which are similar to the
hindlimb proportions of the red kangaroo [45,46]. Based on the 3D model, the inertial
of each leg segment relating to the corresponding joint axis has been calculated. It is
worth mentioning that the inertia of the thigh is assumed to be constant for calculating the
dynamic process easily in the next section. However, in reality, the inertia of the cylinder
varies with the movement of the piston. Therefore, this simplified inertia model of the
thigh is imperfect. On the other hand, imperfection is unavoidable in the real device [47].
Since the variation of the cylinder inertia is slight compared to the whole inertia of the
thigh, this simplification is acceptable. The parameters of this one-legged robot, including
sizes, mass, and inertia data, are listed in Table 1.

Table 1. Parameters of the kangaroo inspired one-legged robot.

Parameters Value Parameters Value
I; (m) 0.2 J» (kgm?) 0.05
my (kg) 1.72 I (m) 0.26
J1 (kgm?) 0.0631 I3 (m) 0.2
l;1 (m) 0.174 m3 (kg) 0.52

a1 (°) 5 J3 (kgm?) 0.0131

12 (m) 0.4 lc3 (1’1’1) 0.12
no (kg) 0.908 mo (kg) 10

3. Vertical Hopping of the Kangaroo Inspired One-Legged Robot under the DAG
and FMAG

3.1. Dynamic of the Vertical Hopping of the Kangaroo Inspired One-Legged Robot

Assuming there is no sliding between the toe and ground during the take-off phase
and the hip joint and the toe are in the same vertical line, the hip joint and knee joint should
satisfy the equation as

(lh +13) cos 6y — I cos(Ogpee — 01) =0 1)

where 603 is the angle between the metatarsal and ground, while 6; and 6y, are the hip

angle and knee angle.
The coordinates of each centroid of the leg and body can be expressed as

X3 = lc3 Ccos 93

Y3 = ZC3 sin 93

Xy = I3c0s 03 + Ip cos(7T — Ogee + 61)

Y2 = 130803 + oo Sin(7T — Oppee + 61) o)
X1 = I3cos 03 + Ip cos(7T — Ogee + 61) + Ic1 cos(67 — aq)

Y1 = 130803 + I cos(7T — Ogpee + 61) + L1 Sin(61 — 1)
xp = I3c0s 03 + I cos(7T — Ogyee + 01) + 11 cos(01 — aq)
Yo = I3 cos 03 + I cos(7T — Ogyee + 61) + 11 sin(0 — aq)

Using the Lagrange equation, the dynamic of the vertical hopping locomotion of the
robot during the take-off phase can be written as

d JL _JL __
dt (aékﬂl’ﬁ> aekme
L=T-U
3 3
T = % 'Zo(mlviz + ]Zwlz) ®)
i=
3
u= Z m;8Y;i
i=0
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where T is the knee joint torque generated by the cylinder, T is the total kinetic energy of
the robot and U is the potential energy of the robot, while m; and J; (i = 1, 2, 3) are the mass
and inertia of each leg segment.

3.2. The DAG of the Cylinder

The configuration of the DAG at the knee joint is shown in Figure 2. The cylinder,
femur and tibia form a triangular configuration AKCHj at the knee joint. The equivalent
lever length of the cylinder as the distance between the cylinder axis and the knee joint can
be expressed as

r = Ikcsinfkch, 4)

where 0,/xcy, = cos™! {(112((: + Z%Hl — ZIZ<H1)/ (2ZKCZCH1)} is the function of the cylinder

length. The output torque at the knee joint generated by the cylinder can be expressed as
T = Feyr 5)

where F;, is the output force of the cylinder.

Figure 2. The DAG of the cylinder at the knee joint.

To decrease the inertia of the leg, the cylinder should be close to the thigh. The
minimum inertia of the leg can be achieved when minhy = ry;, + r¢1 + 0.0005. hy is the
distance between the cylinder axis and the hip joint, and can be expressed as:

hy = Iy, sin(0mp,k + 0/kH,C)

lgn, = \/112<H1 + ZIZ<H — 2lxm, Ik cos By

Y (B, + By, — B ) / licen T, |
B, + 2y, — e ) / (2l lcm,) |

where rj;, = 0.005 m is the radius of the hip joint axis and 7,7 = 0.015 m is the radius of

the cylinder, 0.005 is set as the safe distance to avoid the collision, Ixy = [ is the length
between the hip joint and knee joint, and Icy, is the length of the cylinder. When the

(6)

0/ HH,k = cos™

QZHHlC' = cos ™!
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cylinder fully retracts, the knee joint is set to 40° in this paper. The relationship between
and f, can be expressed as

° -1 ZI2<H1 + ZIZ<C B Z%Hl_min
B1 + B2 = 40° — cos (7)
2lkn, ke
Therefore, [y, and Igc are the independent design parameters in the DAG, B and 8,
can be calculated from Equations (6) and (7).

3.3. The FMAG of the Cylinder in the Knee Joint

Although the DAG of the cylinder is compact and convenient, there are only two
design parameters (Ixy, and Ixc) which limits the improvement of the hopping efficiency
through parameter optimization. Besides the direct attachment geometry, the cylinder rod
can also connect the tibia through a multi-bar linkage mechanism. Because of the diverse
design parameters in the multi-bar linkage mechanism, the robot can achieve a further
improvement of the hopping performance. Considering the size and complexity, we choose
a four-bar mechanism in this paper.

The FMAG of the cylinder is depicted in Figure 3. Linkage AB is set as the frame of
the four-bar mechanism. There are eight parameters in this FMAG as 4, Ipc, Icp, lAD, IBE,
0,45E, By and B,. Based on the triangular configuration ADAE, the torque at the joint A
generated by the cylinder can be expressed as

' = Fylap sin®,apk
0,apE = cos” [(Bp + Ihg — 5¢) / (2LaplpE)] 8)

lag = \/11243 + Z%E — 2l 4BlBE cos 0, ABg

Figure 3. The FMAG of the cylinder at the knee joint.
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Based on the vector loop of the four-bar mechanism, the relationship between 6, 4pc
and 6, 4p can be expressed as

0,4Bc = 0,48D +0,/DBC
~1 Gp+lEn—"ip
2l4BlBD

lip+ac—1Ep
2lpplpc 9)
Igp = \/lqu + 5 p2laglap cos(0./8AE0 D AE)

2 2 2 .2 12
1 s tlar—lse g — coe—1 Faptlap—Ipe
Maplap 7 V4DAE = COS 2laplaE

0, 4Bp = cos ,0/pBc =

0/pAE = cOs™

Then, the output torque at the knee joint can be calculated as

T/

= 10
d0,apc/ 46 /pAE {10
Combing Equations (8) and (10), the equivalent lever length of the cylinder in the

FMAG can be expressed as
/ _ lapsinf, ape (11)

~ d6 apc/ A0, paE

In the FMAG, 4B, Ipc, Icp, lap, Ipe and 0, 4pE are the independent design parame-
ters. The value of the angle parameter 8} can be given as

By = 40° —minf, 4pc + B} (12)

where B is calculated from the equation as mink| = Thip + Teyn + 0.005. The equation of
the 1| can be expressed as

h’l =lIyg Sin(QLHEB + elBED)

Iy = \/Z%H + I%E — 2lpylRE COS(94ABE - 13/1) (13)
0/ = cos™ ! ((Iyp + I5p — 1) / (2luelpe))
0pep = cos™ ((Igg +1pe — I3p) / (2IgelDE))

where Ipy = I is the length between the hip joint and knee joint, Ipg is the length of
the cylinder.

3.4. Dynamic of the Pressures of the Cylinder

Because the hopping locomotion lasts a very short period, the flow rate of the cylinder
varies largely during the take-off phase. The driving pressure and return pressure in
the cylinder chambers cannot be treated as constant values. Ignoring the leakage of the
cylinder, the pressure dynamics in the cylinder chambers can be written as

. Be _ :
pl - VlOJF(le*lcy_min)Al ( Allcy + Ql)

Be (AZicy - Q2)

. (14)
pz - VZO*(lcy*lcy_min)AZ

where p; and p; are the driving pressure and return pressure in the cylinder chambers, S
is the hydraulic fluid bulk modulus, icy is the cylinder velocity, Vig and Vpg are the initial
fluid volumes of the two chambers and hoses, A1 and A, are the section areas of piston
side and rod side, while Q; and Q, are the supply flow rate and return flow rate of the
cylinder and can be given as

{ Q1 = kqu/ps — p1 (15)
Q2 = kqu\/p2 — pr
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where ps and pr are the supply pressure and the tank pressure of the hydraulic system, k;
is the flow gain coefficient of the control valve, and u is the control voltage supplied to the
control valve.

4. Optimization of These Two Attachment Geometries

With fixed input energy from the hydraulic system, the higher hopping height implies
a more efficient hopping process of the robot. To verify the effectiveness of the FMAG, the
hopping heights of the robot body under the DAG and FMAG are optimized and compared.
The objective function is formulated as

2
Ufinal
H= J;l;ﬂ "’"yO(ekneeffinal) (16)

where v, is the take-off speed of the robot body and yyee_fina is the angle at the end of
the take-off phase. The robot is set to hop from the maximum compression position, and the
control valve opens from zero displacement to the maximum displacement under the maxi-
mum input voltage. Given the initial states as [0y, = 40°, ék,m =0, p1 = pr,p2 = prl
the take-off phase can be simulated using the Runge-Kutta solver. The simulation process
will be stopped when the ground reaction force decreases to zero. A commercial hydraulic
cylinder is used in this paper. The supply pressure of the hydraulic system is set to 10 MPa.
The control valve is a four-way proportional directional valve with 4 L/min flow rate at
maximum valve opening and 1 MPa corresponding pressure drop. The parameters of the
hydraulic system are estimated and listed in Table 2.

Table 2. Parameters of the hydraulic system.

Parameters Value Parameters Value

Be MPa) 700 ley_min (m) 0.256

Vi (m3) 42 %1075 cylinder stroke (m) 0.07
Vao (m?) 5x107° Aq (m?) 3.14x10~*
kq(m3/ (sVVMPa)) 6.64 x 107° Ay (m2) 201 x 1074

Before the optimization, there are some geometry constraints that should be satisfied.
According to the previous literature [48-50], the range of the knee joint of the kangaroo
is more than 100°. Therefore, the legged robot should have a similar motion range of the
knee joint to mimic the motion of the kangaroo. To ensure the force transmission quality of
the cylinder, the minimum transmission angle of the cylinder rod should be larger than
30°. In the DAG;, the equivalent lever length r should be constrained to escape the collision
between the cylinder rod and the knee joint. Thus, the constraints of the DAG are given as

max0y,,.. > 140°
IN > Tinee + Feya +0.005 (17)
30° < 8/kchH, < 150°

where ry is the distance between the cylinder axis and the knee joint when the cylinder
fully stretches, 7y, = 0.005 m and 7.2 = 0.006 m are the radius of the knee joint and
cylinder rod, and 0.005 is set as the safe distance.

Besides the constraints of the transmission angle and the range of the knee joint,
there are more geometric constraints in the FMAG. The lengths of [ 45, Ipc, Icp, and I4p
should satisfy the motion of the four-bar mechanism. When the cylinder fully stretches,
the distances between the knee joint and linkages CD and AD as hj,, and k%), should be
constrained to escape the collision. The distances /} and hz should also be considered to
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avoid the collision between joint D and the thigh and shank. Therefore, the constraints of
the FMAG are given as

|ZBC — lCD|< minlgp

maxlgp < Igc + Icp

lcy;max - ZAD < lAE < lcy?min + ZAD
max6,,, > 140°

héN > Tknee + 0.51 + 0.005

héN > Tinee + 0.50 + 0.005

min[k), h%] > rp + 0.5k + 0.005
30° < 0,4pg < 150°

(18)

where h = 0.02 m is the width of the links BC and CD, h; = 0.05 m is the width of the
thigh and shank. Considering the size and compactness of the four-bar mechanism, the
intervals of the six design variables are constrained as I 4p, Ipc, Icp, lap € [0.04 m,0.08 m],
Ipe € [0.3m,0.36 m] and 645 € [8°,25°]. Genetic Algorithm is used to complete the
optimization in this paper. The optimal results of the DAG and FMAG are listed in
Table 3. The maximum angles of the knee joint in the DAG and FMAG are 140° and
148°, respectively.

Table 3. Optimized results of the design parameters in the DAG and FMAG.

Optimized Design Parameters

DAG a; = 0.2883 m, a, = 0.0462m, B =4.8°, fo = —7°
FMAG lAB = 0.0665 m, lBC = 0.0468 m, lCD = 0.0819 m, ZAD = 0.0627 m,
Ipe = 0.3538 m, B,pF = 15.15°, B = 12.2°, B, = 29.56°

5. Experiment
5.1. Experimental Setup

The one-legged robot platform is built to verify the optimization results of the DAG
and FMAG, as shown in Figure 4a. The frame (1.6 m X 1 m X 1.8 m) is built by aluminum
extrusions (6060). Two cylindrical linear rails (16 mm diameter) are fixed vertically on the
frame. Four slide blocks (SBR16) are fixed symmetrically on the horizontal rack. The robot
body, the horizontal rack and slide blocks weigh about 7.2 kg in total. Therefore, another
3 kg load is fixed on the rack to match the mass m in Table 1. An angular transducer is
installed to measure the displacement of the knee joint.
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Figure 4. One-legged vertical hopping robot platform. (a) Prototype of the one-legged robot and the
test platform; (b) Close-up view of the DAG; (c) Close-up view of the FMAG; (d) Close-up view of
the toe.

Because the landing stage is not considered in this paper, to prevent the undesired
impact at the foot of the leg, the robot is locked by a locking mechanism after reaching the
highest height. The locking mechanism is mainly composed of a roller chain and a single
speed freewheel (20 teeth), which works as a ratchet mechanism. The close-up views of
the knee joint structures of the DAG and FMAG are shown in Figure 4b,c. The structure
of the rotational toe is shown in Figure 4d. To increase the friction force between the toe
and ground and prevent the sliding during the take-off phase, an elastic tape with high
adhesion ability is stuck at the bottom of the toe.

A fixed displacement pump with 2 ml/rev is driven by a brushless servomotor at 800
r/min. The system pressure is set as 10 MPa by the relief valve. To absorb the fluid shock
and decrease the instant pressure drop, an accumulator with 0.4 L volume and 6 MPa initial
pressure is added to the hydraulic system. The hydraulic circuit is shown in Figure 5. Both
pressures in the cylinder two chambers are measured by the pressure transducers. The
analogue signals of the knee joint angle and the fluid pressures are fed back to a computer
through the data acquisition card (Advantech PCI-1716L).
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Figure 5. Hydraulic and test system. (a) Sketch of the hydraulic system; (b) Physical layout of the hydraulic and test system.

brushless
servomotor

5.2. Experiment Results

In this subsection, we conduct the hopping experiments to compare the hopping
performance of the two attachment geometries. Figure 6 shows the images of the vertical
hopping of the one-legged robot under the DAG and FMAG captured by a high-speed
camera. The initial picture of the hopping locomotion is chosen when the robot leg has
a slight movement. As shown in Figure 6a,b, the take-off phase of the robot under the
DAG and FMAG last about 0.3 s and 0.24 s, respectively. And the corresponding hopping
heights of the robot body are about 1.122 m and 1.241 m. Therefore, the FMAG can achieve
a shorter takeoff time and a higher hopping height. Thanks to the high friction force of the
elastic tape at the toe, there is no foot sliding during the take-off phase. The swing of the
leg after the take-off phase is mainly caused by the pulling of the pipeline.

\
180 ms

(b)

Figure 6. Images of hopping locomotion under the two attachment geometries recorded at 100 fps. (a) Hopping locomotion
under the DAG; (b) Hopping locomotion under the FMAG.

The simulation results and the experiment results of the cylinder pressures and the
knee joint angles are illustrated in Figure 7. The difference between the simulation and
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experiment results is mainly caused by the friction force at the cylinder and vertical rail and
the delay of the control valve. With the opening of the control valve, the driving pressure
of the cylinders both under the DAG and FMAG quickly rise from the initial pressure, and
the knee joint angle begins to accelerate from 40°. After reaching the highest pressure,
the driving pressure begins to decrease continuously, and the return pressure begins to
increase correspondingly. In Figure 7a, the decrease of the driving pressure accelerates
gradually from about 0.04 s to 0.23 s. After that, the speed of the driving pressure decline
begins to slow down from about 0.23 s to 0.32 s. In Figure 7c, the duration of the accelerated
decline of the driving pressure is shorter (from about 0.035 s to 0.16 s). And the duration
of the slowdown of the driving pressure decline is longer (from about 0.16 s to 0.27 s).
Moreover, the final pressure drop under the DAG (5.4 MPa) is larger than that under the
FMAG (4 MPa). The hopping results of the DAG and FMAG are listed in Table 4.
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Figure 7. Simulation and experiment results of the cylinder pressures and knee joints under the DAG and FMAG. (a)
Cylinder pressures of the DAG; (b) Knee joint angle of the DAG; (c) Cylinder pressures of the FMAG; (d) Knee joint angle of

the FMAG.

Table 4. Hopping results of the kangaroo inspired one-legged robot.

Maximum Hopping y Take-Off Maximum
Height Take-Off Speed Duration Pressure Drop
DAG 1122 m 2.69m/s 0.32s 5.4 MPa
FMAG 1.241 m 3.04m/s 0.27 s 4 MPa
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5.3. Discussion

To explore the intrinsic reason and find how the FMAG achieves a higher hopping
height than the DAG, the experiment results combining the variation of the equivalent
lever length are discussed in detail. According to the bionic leg structure in Figure 1, the
angular velocity of the knee joint in this paper can be expressed as

22Jbody

(ll + 12 + 13) COS(Bknee/Z) (19)

Winee =

where vy, is the vertical velocity of the robot body during the take-off phase.

From Equation (19), with the increments of the knee joint angle and the body velocity,
the angular velocity of the knee joint continues to increase during the take-off phase. The
cylinder velocity vcy at the knee joint can be expressed as the product of the knee join
angular velocity and the equivalent lever length

Ocy = Wipee? (20)

Based on Equation (20), the equivalent lever length can be divided into two stages. In
the first stage, both of the angular velocity wy,,, and the equivalent lever length r increase.
And the speed of the increment of v, will accelerate. In the second stage, the equivalent
lever length r begins to decrease continuously. The decline of r can partially offset the
increment of wy,... And the speed of the increment of v, will slow down gradually. Based
on the upper optimization results, the equivalent lever lengths of the DAG and FMAG are
shown in Figure 8a. The first stage in the DAG accounts for 38.4% of the range of the knee
joint, while it is only 16.6% in the FMAG. Moreover, in the second stage, the variation of
the equivalent lever length of the FMAG (from 0.0479 m to 0.0171 m) is larger than that of
the DAG (from 0.0462 m to 0.0251 m).

The experiment results of the cylinder velocity and the corresponding equivalent
lever length of the DAG and FMAG are shown in Figure 8b,c. The larger initial equivalent
lever length under the FMAG causes a quicker increment of the cylinder velocity at the
beginning. Benefitting from the low percentage of the first stage, the increment of the
cylinder velocity under the FMAG begins to slow down (at about 0.16 s and 0.3 m/s) earlier
than that under the DAG (at about 0.23 s and 0.36 m/s). With the decrease of the equivalent
lever length, the speed of the cylinder velocity increment decreases continuously. The
cylinder velocities both under the DAG and FMAG almost maintain constant at the end
of the take-off stage. Due to the larger proportion of the second stage of the equivalent
lever length, the final cylinder velocity under the FMAG (0.43 m/s) is smaller than that of
the DAG (0.49 m/s). Therefore, the pressure drop under the FMAG is smaller than that
under the DAG. And more energy is supplied to the cylinder, resulting in a higher hopping
height of the robot body under the FMAG. The robot hopping energy as the sum of the
kinetic and potential energy increment is shown in Figure 8d. The final hopping energy
under the FMAG (about 93 ]) is larger than that of the DAG (about 81 J). Thus, the robot
can receive 14.8% more energy under the FMAG.
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Figure 8. Analysis of the experiment results. (a) Relationship between the knee joint angle and the equivalent lever

length; (b) Cylinder velocity and the corresponding equivalent lever length under the DAG; (c) Cylinder velocity and the

corresponding equivalent lever length under the FMAG; (d) Robot hopping energy under the DAG and FMAG.

6. Conclusions

The high energy consumption and low efficiency of the hydraulic actuated legged
robot during the hopping locomotion are still severe problems at present. One reason for
this is the large pressure drop at the control value when the robot requires a high flow rate.
This is mainly caused by the traditional attachment geometry between the cylinder and
the leg segments. To improve the hopping height of the legged robot, this paper presents
a new attachment geometry FMAG to replace the traditional attachment geometry DAG.
The FMAG brings six design parameters to modify the relationship between the joint angle
and the cylinder displacement, while the DAG only has two design parameters. Based on
the dynamic model of the vertical hopping, these design parameters in the two attachment
geometries are optimized to maximize the corresponding hopping height. Prototypes are
fabricated with these optimized parameters. The simulation and experiment results verify
the effectiveness of the FMAG. With a 10 MPa supply pressure from the hydraulic system,
the hopping height of the robot body under the FMAG is about 0.12 m higher than that
under the DAG.

The intrinsic difference between the DAG and FMAG is the relationship between the
equivalent lever length and the joint angle. Compared with the DAG, the FMAG has a
larger range of the equivalent lever length and a larger proportion of the descent stage of
the equivalent lever length. These properties of the FMAG can offset the increase of the
joint angular velocity and slow down the driving pressure drop better at the end of the
take-off phase. In further research, another hydraulic cylinder will be added to the hip
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joint, making the prototype a fully actuated one-legged robot. The control strategy for the
continuous hopping of the robot with the FMAG in the knee joint will be studied.
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