

Abstract—The leg mechanism holds considerable

significance for the load-bearing and lightweight design of
legged robots. Herein, an integrated leg system was constructed
to address the instability challenges in extreme operational
environments. Utilizing the vector algebra and linear
transformation methods, the explicit geometric analysis
equations and quasi-static force balance equations for the leg
mechanism were established. Subsequently, an optimization
model was proposed with the coordinates of joint points as the
design variables, leading to an optimized structural layout for
the leg mechanism. The results show that the optimized leg
mechanism effectively reduces the peak force of the hydraulic
cylinder, thereby enhancing its extreme load-bearing capacity.

Index Terms—legged robot, integrated leg, mechanism
optimization, minimize maximum

I. INTRODUCTION
OR dynamic working environments, legged robots
demonstrate versatility by traversing diverse terrains

with adept detection and obstacle avoidance capabilities [1].
Hydraulically driven legged robots, as an important robot
type, boost advantages of high power density and strong
adaptability compared to other drive methods [2]. In this case,
legged robots have attracted considerable academic attention
worldwide. Specifically, Mosher [3] introduced the world's
first hydraulic-driven quadruped robot known as "Walking
Truck", opening up a new path for the development of
hydraulic-driven robots. Representatives such as robots
including BigDog and Atlas developed by Boston Dynamic,
and HyQ developed by the Italian Institute of Technology
were introduced in [4]-[7].
In recent years, numerous universities and research

institutes have conducted extensive research on
hydraulic-driven legged robots. For instance,
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hydraulic-driven legged robotic platforms equipped with
mobile power sources have been developed by Harbin
Institute of Technology [8]-[9], National University of
Defense Technology [10], and Beijing University of
Technology [11].

Fig. 1 BigDog and HyQ robots

These platforms are highlighted for their excellent
adaptability to non-standard road conditions. Grounded in
existing research regarding quadruped robots and biomimetic
motion, various hydraulic-driven quadruped robots with
certain field operation capability, such as SCalf and SCalf-II,
have been developed by the Robotics Research Center of
Shandong University [12].
The leg mechanism serves as the cornerstone for

controlling both the gait and stability of the entire legged
robot system [13]-[14]. The Robotics Research Center of
Shandong University has recently proposed an innovative
approach to cylinder-leg integration (Fig. 2). This solution
streamlines the hydraulic circuitry of the robot and achieves a
reduction in mass by incorporating the hydraulic cylinders
directly within the framework. Zong [15] has found that
single-leg weight reduction can be as significant as 10%.
However, the compact design of the leg mechanism can result
in suboptimal performance, particularly under extreme
working conditions such as navigating steep slopes or
initiating movement from a prone position.
Herein, the kinematic and quasi-static dynamics analyses

of the new integrated leg mechanism were initially carried out.
Then, the objective function, optimization variables, and
design constraints, such as spatial dimensions and motion
interference, were determined [16]. Ultimately, the kinematic
and quasi-static dynamic analyses were integrated into an
optimization algorithm to reduce the peak force of the
hydraulic cylinders [17].
The remaining part of the paper is organized as follows.

Section Ⅱ presents the integrated leg mechanism and its
connection. Section Ⅲ summarizes the integrated leg linkage
configuration and conducts a corresponding geometric
analysis. Section Ⅳ introduces the quasi-static dynamic
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analysis of the integrated leg linkage configuration. Section
Ⅴ establishes the optimization model for the integrated leg
mechanism. Section Ⅵ illustrates the effectiveness of the
mechanism optimization by presenting a case study. Section
Ⅶ introduces the suspended swing experiment of the
integrated leg, verifying the effectiveness of the mechanism
optimization. SectionⅧ concludes the entire article.

II. INTEGRATED LEG MECHANISM

Fig. 2 Integrated single-leg mechanism diagram

The integrated leg mechanism, as depicted in Fig. 2. The
hinge points D, C, S, and E form the hip joint of the leg
mechanism. Among them, hinge pointsD and E are hinged to
the frame. The end point M of the hydraulic cylinder MN is
hinged on the frame, and the end point N is connected to the
hip joint. The horizontal movement of the hydraulic cylinder
MN drove the thigh to achieve oscillation. The hinge points I,
J, and K form the knee joint of the leg mechanism, enabling
the movement of the shank. This single-leg mechanism
boasted two active degrees of freedom (DOFs).

Fig. 3 Integrated leg linkage configuration

III. KINEMATIC GEOMETRY ANALYSIS

The integrated leg linkage configuration is shown in Fig. 3.
The global coordinate system xEy took the joint point E as
the origin, vertically downward as the positive direction of
the x-axis, and horizontally to the left as the positive
direction of the y-axis. The positive direction of the z-axis
was hereby determined by the right-hand rule. To solve the
coordinates of each hinge point, the swing angle θ between
the positive direction of the x-axis and EI was taken as a
input parameter to construct the functional relationship
between the coordinates of each joint point and the swing
angle θ.
The coordinates of joint point I were determined form

swing angle θ:
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where the subscript "G" represents the global coordinate
system xEy .
The included angle  between ES and EI is obtained from

the distance between S, E and I, and then the coordinates of
joint point S are:
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As shown in Fig. 3, a body coordinate system B Bx Fy was
established by taking joint point S as the origin, DS as the
horizontal axis, and the straight line perpendicular to DS as
the vertical axis.  denotes the rotation angle from the
positive direction of the x-axis of the global coordinate
system xEy to DS. It could be derived from the coordinates
of joint point S and joint point D as:
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Given the distances between C, D, and S in the retracted

state of hydraulic cylinders, the included angle  between
CS and DS can be derived. In the body coordinate system

B Bx Fy , the coordinates of joint point C can be derived by
knowing CSL ,  :
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where the subscript "B" represents the body coordinate
system B Bx Fy .
Then, the coordinates of joint point C in the global

coordinate system xEy are derived according to the
coordinate transformation equation:
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The coordinates of joint point N can be obtained according
to the Pythagorean Theorem:
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(7)

where Nx is a constant, because the hydraulic cylinder MN
can only move horizontally.
Eqs. (1-7) were explicitly formulated, allowing for the

direct determination of the geometric coordinates of the
specified points, without solving the equations or calculating
their roots.

IV. QUASI-STATIC DYNAMIC ANALYSIS

To establish the quasi-static mechanical equilibrium
equations, the moment EM driving the thigh ESI was
employed as the input, while the force of the hydraulic
cylinder MN was adopted as the output for simplicity.

Fig. 4 Thigh force analysis diagram
As shown in Fig. 4, HF represents the force on the foot in

vertical plane. Taking the thigh ESI and the connecting rod
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CS as a whole, the moment equilibrium equation was
established for point E, and the force CSF could be obtained
as:

2

 

E

CS
MF

CSEC n
(8)

where EM indicates the magnitude of the driving moment
applied to the joint point E (along the z-axis direction);
" 2 " denotes the Euclidean norm of the vector; "×"
represents the vector product; EC refers to the force arm
vector of the moment at point E generated by FCS; and CSn is
the unit direction vector of FCS.
Subsequently, taking the mechanism DNCS as a unified

system, the moment equilibrium equation at point D was
established to solve the reaction force NCF on the hydraulic
cylinder:
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where CD and ND are the direction vectors of the pendulum
CD and the connecting rod ND, respectively; and NCn
represents the unit direction vector of the force on the
connecting rod NC.
Finally, the output force MNF of the hydraulic cylinderMN

was obtained:
cosMN NCF F (10)

where  refers to the rotation angle from the connecting rod
CN to the hydraulic cylinder MN.

V. INTEGRATED LEG OPTIMIZATION MODEL

A. Design variables
By changing the configuration of the thigh linkage

mechanism to reduce the peak force of the hydraulic cylinder
MN. This involved altering the horizontal coordinate of joint
point N, as well as the horizontal and vertical coordinates of
joint points C, D, and F. They served as the design variables.
In this case, the design variables could be expressed as:

 T, , , , , , N C C D D F Fy x y x y x yx (11)

B. Objective function
The objective function was defined as the peak force of the

hydraulic cylinder MN in the working range.
( ) max( )MNf x F (12)

C. Constraint conditions
1) Lower bound of rod length
The rod NC should be designed to incorporate a

single-axis force sensor, ensuring that its length
accommodated the necessary space for the sensor's
installation.

minNCL L (13)
where minL represents the minimum length of the connecting
rod NC determined by the size of the force sensor.
2) Monotonicity of mechanism motion
For precise control of the hydraulic cylinder with an

increased swing angle θ, the movement of the hydraulic
cylinder MN must be monotonic. This indicated that as the

cylinder extended within its specified working range, the
swing angle θ of the thigh should consistently increase.

d 0
d



MNL

(14)

3) Anti-interference requirements
a) To prevent the movement of the connecting rod NC and

the sliding sleeve of the hydraulic cylinder MN from
interfering, the rotation angle  of the connecting rod NC to
the hydraulic cylinder MN should not exceed the maximum
permissible value max .

max  (15)
b) A bearing should be installed at point F, and the

included angle  between ES and EI should be maintained
not less than the minimum permissible value min to prevent
interference with the installation space and the internal
mechanism layout within the thigh.

min  (16)
c) As the thigh EFI moved within the working range, the

following requirement should be emphasized to prevent
interference between the pendulum CD and the joint point E,
and to maintain a safety distance d:

2 1
2


  CD E

CD

w r d
L

DE DC (17)

where DE denotes the position vector of DE, and DC
represents the direction vector of pendulum CD. The left side
of the inequality is the vertical distance between the joint
point E and the pendulum CD. LCD refers to the length of the
pendulum CD; CDw denotes the width of the pendulum CD;
and Er is the radius of the bearing at point E.
d) To avoid interference with the rest of the machine, the

horizontal distance between points M and E should be
controlled during installation and operation.

maxME MEL L (18)
e) Joint point D requires the installation of a joint bearing,

and joint point E should be furnished with a dynamic sealing
structure. Hence, it is essential to ensure that the distance
between points D and E is greater than the sum of their
respective radii to properly accommodate these components.

min  ED D EL r r (19)

VI. EXAMPLE ANALYSIS

During the robot's walking motion, the swing angle θ of the
thigh EFI and the drive moment EM at joint point E were
simulated and measured for each operating condition.

[8 ,55 ]    for the robot walking on flat ground,
while [55 ,64 ]    when climbing a 25° slope. The value of
the driving moment was set according to the performance
requirements of the robot, which varied with the swing angle
θ. The final values of the drive moment at joint point E within
the swing angle [0 ,105 ]    are shown in Fig. 5.
Grounded in the layout of the original thigh linkage

mechanism, the force exerted by the hydraulic cylinder MN
was calculated as the swing angle θ changed.
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Fig. 5 Driving moment at joint point E

Fig. 6 presents the magnitude of the force of the hydraulic
cylinder MN. At a swing angle θ of 58°, the hydraulic
cylinder MN's thrust force was at its peak, amounting to
8383.9 N. Conversely, at a swing angle θ of 54°, the
cylinder's pull force was maximized, reaching 6592.9 N. At
this time, the hydraulic cylinder MN failed to meet the
performance requirements of the extreme working
conditions.

Fig. 6 Cylinder force before optimization

Considering both the working range requirements of the
thigh mechanism and the spatial limitations of the entire
machine's installation space, the constraints of the optimized
design were established as:
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where the rotation angle  does not exceed 15°; the included
angle  should be kept as least 7°; the length of the
connecting rod NC should be no less than 70 mm; the
distance of ME is no more than 450 mm; the distance of ED
is no less than 33 mm; and the distance between the
pendulum rod CD and the joint point E should be no less than
33 mm.
The coordinates of each point of the original and optimized

mechanism are shown in Table I. Meanwhile, Fig. 7 compares
the original mechanism configuration and the optimized
mechanism configuration.

TABLE I
COORDINATES OF POINTS OF THE ORIGINAL AND OPTIMIZED THIGH LINKAGE

MECHANISM

Joint points Original/mm Optimized/mm
M (40, -442) (40, -448)
N (40, -149) (40, -136)
C (70, -32) (66, -37)
D (-10, -40) (-23, -48)
E (0, 0) (0, 0)
F (39, 31) (58, 32)
I (104, 386) (104, 386)

M, N, C, D, E, S, I - coordinates of joint points of the original mechanism
configuration

M', N', C', D', E, S', I' - coordinates of joint points of the optimized
mechanism configuration

Fig. 7 Original and optimized mechanism configuration

As depicted in Fig. 8, the comparison curves of hydraulic
cylinder force between the original and optimized
mechanisms presented a reduction in both the maximum
thrust and pull forces exerted by the hydraulic cylinder. Upon
optimization, the maximum hydraulic cylinder pulling force
was 5542.3 N at 54   , and the maximum hydraulic
cylinder thrust force was 7061.2 N at 58   . The
comparison revealed that upon optimization, the hydraulic
cylinder's thrust and pulling forces were reduced by 15.78%
and 15.94%, respectively. The force of the hydraulic cylinder
MN before and after optimization is illustrated in Table Ⅱ.

Fig. 8 Comparison of hydraulic cylinder forces of the original and optimized
mechanism

TABLE Ⅱ
PEAK OUTPUT FORCE OF THE HYDRAULIC CYLINDER MN OF THE ORIGINAL

AND OPTIMIZED MECHANISM

Original/N Optimized/N Reduced
percentage

Maximum
thrust force 8383.9 7061.2 15.78%

Maximum
pulling force 6592.9 5542.3 15.94%

VII. VALIDATION OF OPTIMIZATION EFFECTS BASED ON
EXPERIMENT

Herein, a suspended swing experiment on the integrated
leg mechanism was conducted, and verified the effectiveness
of the integrated leg kinematic model and the optimized
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model by comparing the measured hydraulic cylinder force
with the calculated hydraulic cylinder force from the
integrated leg kinematic model. The strain electrical
measurement was conducted on key parts to obtain the actual
stress distribution and verify whether the leg mechanism can
meet the strength requirements.

A. Platform of the integrated leg mechanism
As shown in Fig. 9, the single leg experimental bench

consisted of three parts, including a sliding support, a vertical
slide rail, and the integrated leg mechanism. The single leg
experimental bench retained the pitch degrees of freedom of
the thigh and shank, enabling the longitudinal swing of the
leg mechanism. The leg mechanism frame was fixed on a
sliding support, ensuring the height variation of the leg
mechanism.

Fig. 9 Single leg experimental platform

The power mechanism of the single leg experimental
platform was the ground hydraulic station, which provided a
maximum hydraulic cylinder force of 18 MPa and a
maximum stroke of 72 mm.
In the integrated leg mechanism, the thigh hydraulic

cylinder was integrated using a displacement sensor, and a
force sensor was installed at the connecting rod CS. In this
case, the operating parameters of the thigh cylinder could be
better measured. A single-axis force sensor model M3624A
was used on the connecting rod CS.

B. The suspened swing experiment
The motion conditions of thigh suspended swing were set

up, encompassing parameters like running velocity, the
lengths of the thigh and calf cylinders, and the dwell time. As
shown in Fig. 10, the thigh swing condition facilitated to
maintain the shank joint angle at 54.6°, and to ensure the
endurance of 2 seconds when the thigh joint angle shifted to
15°, 35°, 55°, 75°, 85°, and 90°, respectively. Subsequently,
the thigh joint angle was adjusted to 15° again to initiate the
next cycle of motion, and a total of 3 cycles of motion were
performed.
Fig. 11 shows the parameter changes of the force sensor

within 1 cycle. Then, the corresponding parameters were
substituted into the kinematic model, and the force on the
connecting rod CS was calculated. Following that, the output
value of the kinematic model was compared with the
experimental data to verify the effectiveness of the kinematic
analysis. The comparison of the two data is shown in Table
Ⅲ.

(a)15° (b)35°

(c)55° (d)75°

(e)85° (f)90°
Fig. 10 The motion conditions of thigh suspened swing

Fig. 11 Experimental data of thigh swing of physical prototyper

TABLE Ⅲ
FORCE COMPARISON OF THE CONNECTING ROD CS

Thigh joint
angle/° Measured force/N Model calculation force

/N
15.0° 43.7 37.9

35.0° 105.5 92.3

45.0° 141.2 139.1

75.0° 170.7 180.3

85.0° 184.5 198.1

90.0° 191.1 205.8

In the kinematic analysis of the integrated leg mechanism,
the gravitational effects of components like servo valves and
hydraulic lines were overlooked. This oversight led to the
unstable force readings. These vibrations contributed to
discrepancies between the force values predicted by the
kinematic model and those measured experimentally.
However, the maximum error was found to be 13.3%,
confirming the efficacy of the integrated leg mechanism
kinematic model within an acceptable range.
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Upon the completion of the thigh swing condition, the
tester readjusted the motion condition of the leg mechanism,
as shown in Fig. 12. The thigh joint angle was kept at 75°,
and the shank joint angle was stabilized at 41.4°, 66.3°, 91.1°,
and 105° for 2 seconds, respectively. Then, the shank joint
angle was adjusted back to its initial value, and the next cycle
of motion began. Three cycles of motion were conducted,
and the displacement sensor and force sensor values were
collected.

(a)41.4° (b)66.3°

(c)91.1° (d)105°
Fig. 12 The motion conditions of shank suspened swing

Fig. 13 shows the data on the force sensor of the shank
cylinder within one cycle. Similarly, the average force of the
shank cylinder was calculated over three cycles, resulting in
data for four distinct postures during the suspension swing.
The cylinder lengths for these postures were then input into
the dynamic model, which then provided the corresponding
forces exerted by the shank cylinder. The final comparison
between the dynamic model and actual measured data during
leg suspension swing is shown in Table Ⅳ.

Fig. 13 Experimental data of shank swing of physical prototype

TABLE Ⅳ
COMPARISON OF SHANK CYLINDER FORCE VALUES

Shank joint
angle/°

Model calculation force
/N

41.4° 116.6

66.3° 95.7

91.1° 76.1

105.0° 50.

Measured force/N

123.8

103.9

84.1

57.0 3

By comparing forceand considering the differences
between the actual physical prototype and the dynamic

model modeling, the maximum relative error was found to be
11.8% at a shank joint angle of 105°, while the absolute error
was only 6.7 N. Within an acceptable range, it was verified
that the dynamic model could effectively solve the shank
cylinder force.

C. Strain electrical measurement experiment
Due to the complex force distribution during the operation

of the integrated leg mechanism, uniaxial strain gauges and
three-axis 45° strain gauges were employed to ensure
measurement accuracy. For each uniaxial strain gauge
measuring point, the direction of the principal stress σ was
known, and the measured strain was the principal strain of the
measuring point. When the principal strain ε was measured,
Hooke's law could be directly used to calculate the stress
value at the measurement point position [18]-[20].

TABLE Ⅴ
PARAMETERS OF STRAIN GAUGE AND STRAIN ROSETTE

Resistance/Ω Sensitivity
coefficient

120.0±0.1 2.17±1%

350.5±0.

BE-120-3AA-P150 Strain gauge

BE-350-3CA-P100 Strain rosette 3 2.17±1%

The hinge points of the integrated leg mechanism were
relatively fragile compared to other parts, presenting high
stress. More critically, it was also an important part for
transmitting force. Consequently, the measurement points
were mainly arranged near the hinge points. As shown in Fig.
14, the numerical numbers (1-4) indicate the location of the
strain gauges to be pasted, necessitating a total of four strain
gauges. Meanwhile, the letter number (a-g) represents the
position of the strain rosettes pasting, requiring a total of 7
strain rosettes.

(a)

(b)
Fig. 14 Position of test points

Fig. 15 Paste diagram of strain gauges and strain rosettes
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Once it was confirmed that the strain gauges (strain
rosettes) at each measuring point met the experimental
requirements, the testing system was preheated and cleared
to zero in preparation for data collection, while the leg
mechanism was suspended. As shown in Fig. 16 (a), a weight
of 9.16 kg was placed on the sliding support. In the initial
state, the length of the thigh hydraulic cylinder was 269.8
mm, while that of the shank hydraulic cylinder was 215 mm.
The length of the thigh hydraulic cylinder was adjusted to
266.9 mm, while that of the shank hydraulic cylinder was
changed to 232 mm, kept for 10 seconds. Then, the length of
the thigh hydraulic cylinder was adjusted again to 264 mm,
and that of the shank hydraulic cylinder to 255 mm. After a
10-second hold, the system was adjusted back to its initial
state, and the entire procedure was repeated. Data from the
entire process were collected.

(a)Posture 1

(b)Posture 2

(c)Posture 3
Fig. 16 Working condition of squatting with load

A total of 3 cycles of motion were conducted, with 11
measurement points collected from each group. Once the
data for each operating condition had stabilized, strain values
at the measurement points were recorded, and the average
strain values across different postures within three cycles
were determined. The tested component was 7075 aluminum
alloy, with an elastic modulus of 71.7 GPa, Poisson's ratio v
= 0.33, and a yield strength of 455 MPa. The Mises stress
value at the measurement point position was calculated
according to Hooke's law. The experimental data of the
measurement points are presented in Fig. 17 and Table Ⅵ.

(a)Test point 3

(b)Test point a

(c)Test point c

(d)Test point d

(e)Test point f

(f)Test point g
Fig. 17 The Mises stress at the test point
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TABLE Ⅵ
STRESS OF EACH MEASURING POINT OF LEG MECHANISM

Point posture 1/MPa posture 2/MPa posture 3/MPa

3 9.45 11.41 12.84

a 2.08 3.07 3.74

c 1.45 1.22 0.89

d 3.86 3.82 3.72

f 7.22 5.03 2.38

g 1.46 1.33 1.40

According to Fig. 17, neglecting the small stress at points
1, 2, 4, b, and e, point 3 had the maximum stress when the
three postures were stable. The stress fluctuated due to the
sliding of the foot against the ground during the squatting
motion of the leg mechanism, peaking at approximately 18
MPa.
Following the weighing process, the total weight of the

single leg platform was approximately 36 kg. When installed
on the entire machine, the curb weight was 180 kg, and the
design maximum load was roughly 70 kg. During the motion
process, the gait characteristics and impact load of the robot
were considered, and the maximum load on a single leg was
about the full load mass of the entire machine. By comparing
the numerical relationship between the load on a single leg
platform and the load on a single leg of the complete machine,
it was estimated that the maximum stress on the connecting
rod of the integrated leg mechanism was approximately 125
MPa. The yield strength of the material was compared,
further confirming that the integrated leg mechanism
satisfied the strength requirements and left a certain safety
margin.

VIII. CONCLUSION
Herein, the configuration of a innovative integrated leg for

legged robots was investigated and optimized. Initially, an
explicit parameter equation regarding the dynamic
coordinates of the hinge joints was established using vector
algebra and linear transformation methods, and the force of
the hydraulic cylinder was accurately calculated.
Subsequently, in order to minimize the force of hydraulic
cylinder, the optimization model of the integrated leg
mechanism was established. Ultimately, the effectiveness of
the mechanism optimization was verified through
experiments. The research conclusion could be listed as
follows:
1) Utilizing the vector algebra and linear transformation

methods, the hydraulic cylinder force of the leg mechanism
could be derived by the plantar force. The original leg
mechanism exhibited excessive hydraulic cylinder forces,
resulting in inadequate performance during extreme tasks
like rising from a reclined position and traversing steep
slopes while the entire machine was down.
2) In determining the plantar force, the hydraulic cylinder

force of the leg mechanism was related to the positions of the
hinge points. By changing the position of the hinge points,
the peak force of the hydraulic cylinder could be reduced,
and the working performance of the leg mechanism could be
improved.

3) The effectiveness of the dynamic model and the effect of
the optimization were both confirmed through suspension
experiments. The error of the dynamic model fell within a
reasonable range, and the optimized hydraulic cylinder force
was reduced by 15%.
4) The actual stress distribution of the leg mechanism was

obtained through strain electrical testing experiments, and it
was found that the leg mechanism can meet the strength
requirements.
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