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Abstract

Galloping cheetahs, climbing mountain goats, and load hauling horses all show desirable locomotion capability, which
motivates the development of quadruped robots. Among various quadruped robots, hydraulically driven quadruped robots
show great potential in unstructured environments due to their discrete landing positions and large payloads. As the most
critical movement unit of a quadruped robot, the limb leg unit (LLU) directly affects movement speed and reliability, and
requires a compact and lightweight design. Inspired by the dexterous skeleton—muscle systems of cheetahs and humans, this
paper proposes a highly integrated bionic actuator system for a better dynamic performance of an LLU. We propose that a
cylinder barrel with multiple element interfaces and internal smooth channels is realized using metal additive manufacturing,
and hybrid lattice structures are introduced into the lightweight design of the piston rod. In addition, additive manufacturing
and topology optimization are incorporated to reduce the redundant material of the structural parts of the LLU. The mechanical
properties of the actuator system are verified by numerical simulation and experiments, and the power density of the actuators
is far greater than that of cheetah muscle. The mass of the optimized LLU is reduced by 24.5%, and the optimized LLU shows
better response time performance when given a step signal, and presents a good trajectory tracking ability with the increase
in motion frequency.
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Introduction

Inspired by quadruped animals, especially cheetahs, many
multi-legged robots have been recently developed. Compared
to wheeled robots [1] or tracked robots [2], legged plat-
forms demonstrate better flexibility and terrain adaptability
due to their discrete ground support in rugged environments,
such as mountains, jungle, or land covered in snow or ice.
Quadruped robots are gaining popularity within robotics due
to their superior gait stability and robustness to various dis-
turbances. Taking inspiration from the cat family [3, 4], the
urgent demand for high-speed and high-flexibility locomo-
tion has prompted many robotics researchers to improve
actuators, the mechanical design, and the control algo-
rithms of quadruped robots. Superior to electrically driven
quadruped robots, hydraulically driven quadruped robots
such as the Wildcat [5] and HyQ [6] have been developed
to achieve higher speeds and carry heavier payloads. How-
ever, closed-chain triangles consisting of a hydraulic linear
cylinder and two connecting rods are complicated. To realize
lightweight limb leg unit (LLU) designs, many researchers
have focused on simplifying the leg structure and removing
redundant mass.

To simplify the joint drive mechanism of the LLU, a cen-
tric slider—crank mechanism was introduced to the Wildcat.
The lower leg served as the crank, and the knee joint actua-
tor was embedded in the thigh as a slider, which avoided the
frequent swing of the actuator. In addition, the leg mecha-
nism was optimized, and the body weight of the Wildcat was
thereby reduced. The Wildcat can reach a maximum speed
of 32 km/h [5]. Moreover, Atlas, a bipedal humanoid robot
with highly agile locomotion [7], adopted the same prin-
ciple. With the use of three-dimensional (3D) printing and
through the internal integration of multiple channels and the
actuator into a single part, the weight of an Atlas robot was
reduced from 152 to 80 kg. However, the rotary shaft seal
is hard to guarantee under reciprocating actuation, and the
built-in design can be challenging to manufacture and repair.
In addition, rotary hydraulic cylinders can simplify the trans-
mission mechanism of the LLU [8], which can output torque
directly. In other examples, the HyQ-REAL robot from the
Italian Institutes of Technology [9] and JINPOONG 1 from
the Korea Institute of Industrial Technology [10] both used
rotary cylinders as the actuators of hip joints, and the overall
mechanistic complexity of the legs was thereby significantly
reduced. However, rotary cylinders are relatively heavy and
their low speed stability cannot be guaranteed due to exces-
sive leakage on sealing contact surfaces. Hence, quadruped
robots usually adopt closed-chain linkages with three hinges
to provide rotating joint motion.

Aiming to reduce redundant mass, many efforts have been
taken to propose a new actuator concept using lightweight
structures. For instance, He and Gao [11] developed a novel
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hybrid actuator Hy-Mo that consisted of a low-friction cylin-
der, a novel valve driven by an electric motor, and two
pressure sensors. This design eliminated the need for a cooler,
filter, and accumulator, which realized a more compact and
lightweight design, and featured lower leakage and bet-
ter energy efficiency. Moreover, highly integrated hydraulic
smart actuators share the same design as various other forms
of processing technology [6]. Ultra-compactness can be
achieved through the introduction of metal additive manufac-
turing, and external oil pipes and messy wire channels can be
eliminated through internal integration. Xu et al. [12] put for-
ward a new design in which a cylindrical barrel was replaced
by local composite fiber reinforced polymers (CFRP). This
reduced the mass of hydraulic linear cylinders by 40%. Con-
sidering the complex sealing system and sliding surface for
the piston seal, the barrel used a processed aluminum alloy
as a liner, and fibers were wound on it after dipped in lig-
uid resin. In addition, some scholars have paid attention
to the lightweight design of this mechanical structure. For
example, researchers from ETH Ziirich [13] unlocked the
potential involved in redesigning and developing the lower
leg of a hydraulically actuated quadruped robot by combin-
ing CFRP with additive manufacturing. In this design, the
leg was separated into four parts, each manufactured using
different processes, including additive manufacturing, fila-
ment winding, and fused deposition modeling. In addition,
topology optimization can be effective for minimizing struc-
tural weight and guaranteeing a certain level of performance
[14], which is why it is widely applied [15, 16]. At present,
topology optimization has also been applied to hydraulic
quadruped robots. Huang et al. [17] presented one approach
to removing excessive hydraulic cylinder end cap volume
through additive manufacturing and topology optimization.
This process took both optimal geometries and flow chan-
nels into consideration, and the volume of the end cap was
reduced by 50.7%. Although most cases have shown satisfy-
ing results in mass reduction, the optimization effect using
the methods described above is local, not global. Further-
more, designing and manufacturing a lighter LLU within a
strength constraint, as well as quantitatively analyzing the
relationship between weight reduction and movement speed,
had rarely been performed.

Inspired by the skeletal muscles and leg structures of
cheetahs, this paper presents a custom, highly integrated
hydraulic skeletal muscle-like actuator and optimized struc-
tural parts adopting the bionic design concept to solve these
problems. Here, the cylinder barrel was designed with inte-
grated flow paths using additive manufacturing, and exhibits
a very compact design. In addition, hybrid lattice structures
were introduced to reduce the weight of the piston rod.
Topology optimization was used to remove the extra material
from the structural parts. These three newly designed compo-
nents (hip part, thigh part, and lower leg) were all additively
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Fig. 1 Simplified model of LLU based on the cheetah skeleton—muscle
system. LLU: limb leg unit

manufactured using AlSijgMg. Finally, the dynamic per-
formance enhancement of the proposed LLU was analyzed
quantitatively using step response and trajectory tracking
experiments.

This paper is constructed as follows. Sect. "Analysis and
performance requirements of the LLU" describes the overall
design of the LLU and its performance requirements. The
bionic lightweight design of the LLU is introduced in two
aspects: the hydraulic actuator design (Sect. "Highly inte-
grated hydraulic cylinder design") and structural part topol-
ogy optimization (Sect. "Topological optimization of struc-
tural parts"). Then, the experimental results are expressed in
Sect. "Results and discussion", followed by a conclusion in
Sect. "Conclusions."

Analysis and performance requirements
of the LLU

Overall design

The two-degree-of-freedom LLU depicted in Fig. 1 consists
of hip and knee joints, which are represented by B and E,
respectively. A and C indicate the connecting positions of the
hip joint actuator with the hip and thigh parts, respectively.
D and F indicate the connecting positions of the knee joint
actuator with the thigh and lower leg parts, respectively. G
indicates the touching point at the foot end to O.

The complex mechanical structure of the LLU is simpli-
fied (Fig. 1) for the convenience of modeling and analysis.
Here, we use /1 and [; as the lengths of OA and OB, respec-
tively. I3 and Is represent the mechanical parameters of the
hip joint, AB and BC, respectively. lg and g represent the
mechanical parameters of the knee joint, DE and EF, respec-
tively. I4 and [7 denote the lengths of the thigh part and the
lower leg, respectively. In Fig. 1, AABC and ADEF are the

driving triangles of the hip joint and the knee joint, respec-
tively. The kinematic dimensions of each link are given in
Table 1. The origin of the coordinate frame O is set at the hip
part. Hy indicates the distance along the vertical axis from
the foot end to O.

Performance requirements

Many quadruped robot prototypes have been developed and
demonstrated a variety of motions including squatting, walk-
ing, and trotting [18, 19]. However, many problems have
appeared during debugging and maintenance, including dis-
tributed oil pipes that interfere with the movement of the
LLU and leakage due to excessive oil interfaces. To realize a
higher motion velocity of the LLU, we first developed a list
of technical requirements:

1. achieving a compact design and fewer connections by
adopting new manufacturing processes;

2. developing a layout for the oil pipes to offer sufficient
workspace for the swing motion of the LLU;

3. integrating the design of the actuators and servo valves
for the high-performance control of the LLU;

4. introducing a lightweight design of the actuators and
structural parts to reduce the overall mass of the LLU.

Regarding lightweight design principles, based on the
biomechanical studies of animals of different sizes [20],
stride frequency is known to be related to mass. This is rep-
resented by the following equation:

f =335 x My, (1)

where f is the stride frequency at the preferred trotting speed,
and M is the mass of the animal.

The preferred stride frequency for a trotting gait can there-
fore be obtained as follows:

Jf =335 x (miorso +4 X mleg)ioAB’ 2

where morso 1S the mass of the torso and meg is the mass of
the leg.

Equation (2) reveals that the stride frequency increases
when the mass of the LLU reduces. This quantitative rela-
tionship can be taken as the key optimization design principle
of the LLU.

Highly integrated hydraulic cylinder design
Muscles generate mechanical force according to stimulation

by motor neurons, and the energy required for muscle con-
traction is carried through the blood [21]. These effect and
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energy transmission modes are similar for hydraulic cylin-
ders; i.e., after receiving a signal from a control unit, a piston
rod extends or retracts, as shown in Fig. 2. With these struc-
tural characteristics, a bionic hydraulic actuator needs to be
designed to achieve the dual functions of weight reduction
and the integration of its core components, including a cylin-
der barrel with an embedded flow path, a piston rod, and other
accessory elements.

Cylinder barrel design

The cylinder barrel is chiefly used as connection interfaces
for multiple parts, and includes a rotary direct drive servo
valve, a hinged end, two pressure sensors, and external flow
channels. Here, additive manufacturing is introduced to real-
ize integration design, and the model of the cylinder barrel
we developed is shown in Fig. 3a. Here, the oil inlet and
outlet are arranged on the same side, which are connected to
the rod-side and piston-side cavities through embedded flow
channels. Two pressure sensors are, respectively, connected
to the rod-side and piston-side chambers to estimate the tran-
sient force. This can help to achieve contact force control and
avoid impact failure when the foot end is in contact with the
ground; this results in higher reliability and less signal noise.
The servo valve is installed on the valve block on the top of
the cylinder barrel by four threads.

The integrated design method is inspired by blood vessels
and reduces the steps involved in oil movement, resulting
in a smoother transition for oil flow, and thereby improving
performance and avoiding energy dissipation. In addition, the
envelope dimensions of the actuator are minimized, and the
total weight is lower. According to the working conditions of
the LLU, the stress analysis of the cylinder barrel is shown
in Fig. 3b. An internal pressure of 21 MPa is applied on
the cylinder barrel and the embedded hydraulic pipes, the
hinged end is subject to an axial force of 10,000 N, and a
fixed constraint is set on the right outer ring of the barrel.
The static simulation results are shown in Fig. 3c, with a
maximum stress of 222.97 MPa that does not exceed the
allowable stress.

Piston rod design

As the core component of the actuator, the outer diameter
of the piston rod is usually small. In addition, to guarantee
the seal between the cylinder barrel and the piston rod, the
piston rod usually offers interfaces for a Glyd ring and a
guide ring, and therefore this shape may not be a standard
stepped shaft. As the element that transfers output force, the
compression of the load affects the reliability and fatigue
strength, as well as the stability of the compressed piston
rod. In addition, it should resist the impulsive force when
the foot touches the ground. Complicated force conditions

Table 1 Mechanical structure
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Fig.2 Biomimetic design of a hydraulic actuator
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Fig. 3 Model and mechanical property verification of the cylinder barrel
and piston rod: a cylinder barrel model, b stress analysis of the cylin-
der barrel, ¢ finite element simulation results of the cylinder barrel,

and a confined envelope size can hinder the development of
lightweight piston rod designs.

Lattice structures are 3D arrangements of many smaller
units, and their mechanical properties can be easily manipu-
lated by adjusting the unit type or spatial layout. Therefore,
the piston rod can be lightened without changing the dimen-
sion. Moreover, since the compression performance, bending
performance and energy absorption cannot be simultane-
ously satisfied by a type of lattice structure, a hybrid lattice
concept is proposed to integrate the advantages of two or
more kinds of lattice structures.

Here, we refer to previous studies published by our group
regarding the mechanical properties of different lattice types
[22], especially abending-dominated unit called “Grid” and a
stretch-dominated unit named “Octet.” These units, depicted
in Fig. 3d, are combined according to a tensile modulus peak
value, as shown in Fig. 3e. Figure 3f illustrates that the yield
stress increases by 15.7% after adding the Octet block to the
Grid block.

A sectional view of the piston rod is shown in Fig. 3g in
which most of the piston rod structures that were originally
solid are replaced with hybrid lattices. The weight of the pis-
ton rod is thereby reduced by 23% relative to a hollow piston
rod. Moreover, for removal of residual powder effectively, an
opening hole is reserved.
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The hybrid design method applied to the piston rod finds
the best compromise for achieving a lightweight design with
adequate durability and performance within limited available
space. A simulation force setting of the piston rod is shown in
Fig. 3h. Here, an external pressure of 21 MPa is added to the
piston rod, and it is then subjected to an axial force of 10,000
N with the right end face fixed. The static simulation results
for the two types of piston rod are shown in Fig. 3i, and they
show maximum stresses of 225.29 and 235.35 MPa, respec-
tively. Although the maximum stress increased slightly, the
average stress of the piston rod reduced by 15.3% from 63.09
to 53.45 MPa relative to the original design.

Manufacturing and operational testing
of the actuator

First, the cylinder barrel and the piston rod were additively
manufactured using a selective laser melting machine (Huff-
man Corporation, United States, HP-115CL) with AlSijoMg
aluminum alloy powder. A focused laser beam of 500 W was
deflected to solidify the metal powder, and the spot size was
set to 80.00 pwm. The layer thickness during manufacturing
was 30.00 pm, and the scan speed was 1200 mm/s.

Next, post-processing techniques, including machining,
heat treating, and finishing, were used to remove residual
powder and reserved layers from the metallic work pieces,
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Fig.4 Manufacturing of the actuator: a cylinder barrel, b piston rod,
¢ accessory components, and d highly integrated hydraulic actuator

as shown in Figs. 4a and 4b. The Glyd ring mounted on
the piston acts as a pressure barrier between the two cham-
bers. Then, two guide rings were installed to absorb radial
loads and ensure that the piston and piston rod are centered
within the cylinder barrel. The end cap is usually attached to
the cylinder barrel using a threaded connection, which con-
tains the entire sealing system for the piston rod. A step seal
was used to prevent the working fluid from leaking, and a
wiper seal was used to prevent dust, debris, and moisture
from entering the cylinder, as depicted in Fig. 4c. The com-
pleted integrated hydraulic actuator is shown in Fig. 4d.

Site acceptance tests showed that the actuators complied
with the demands of the optimized design. After 10,000
extension and retraction motions, the actuators showed no
signs of internal or external leakage, and the starting pres-
sure of the integrated actuators was 0.18 MPa. In addition,
the initial length and stroke of the actuators remained the
same as those of the original actuator.

Topological optimization of structural parts

The original structural parts were manufactured by direct
milling and drilling of metal. Using conventional manufac-
turing methods results in the inclusion of many unnecessary
volumes that account for a large proportion of the structural
parts weight. Many studies have shown that bone structures,
such as those found in the human body, can be taken as exam-
ples of good reference designs with respect to shape, size, and
orientation [23, 24]. Moreover, the hollow structure enhances
the bending resistance of bone without making bones heavy.
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Thus, inspired by the structures of the skeleton shown in
Fig. 5a, hollow structures with dense structures at both ends
have been created for use in the original LLU. However, there
still exists redundant mass, and topology optimization was
introduced to remove the material in the least loaded areas.

Topology optimization model

Topology optimization is a mathematical method that opti-
mizes material layout within a given design space and a given
set of loads via different algorithms. Of these algorithms,
the solid isotropic material with penalization algorithm for
topology optimization penalizes intermediate densities to
encourage discrete void-solid designs, and therefore caters
to the mass reduction demand of the structural parts of LLU
as shown in Fig. 5b.

A topology optimization model designed to minimize
structural strain energy with volume constraints can be
described as follows:

, 1 1
min C(x) = EuTKu =3 E 1 (xi)Pu,-TKoui,
=

subject to K (x) - u(x) = F, 3)
\%

(x) = volfrac,

Vo

0 <Ximin < X < Xjmax < 1,

where x=(x1, x2, ..., x)T is the cell density vector, and X;min
and x;max are the lower and upper limits of x;, respectively;
C(x) is the flexibility of the structural parts; u is the total
displacement vector and u; is the unit displacement vector;
K is the stiffness matrix and Ky is the initial cell stiffness
matrix; F is the loading matrix; P is the penalty factor; V
is the volume fraction and V is the initial volume fraction;
volfrac denotes the given volume fraction.

Topology optimization process

A force analysis of LLU is shown in Fig. 5c. Here, two actu-
ators are simplified as rigid mechanical linkages to transfer
a force of 1500 N exerted on the foot end. Importantly, the
hip structure is fixed throughout this simulation. The finite
element analysis results shown in Fig. 5d are then taken as
inputs for topology optimization. Taking minimum compli-
ance as the objective, the penalty factor was set to three [25],
and the response constraint condition was set to the volume
percentage in which the volume retained percentages were
90% for the hip part and 50% for the other parts.

The optimization processes for the structural components
of the LLU are illustrated in Fig. Se. Here, the optimal mate-
rial distributions were derived by increasing or decreasing
the materials used. Because the optimization mass range was
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Fig.5 Optimization procedure for LLU structural components: a char-
acteristics of bone structures, b original model, ¢ schematic dia-
gram of force direction, d finite element simulation results before

only 10%, the optimization of the hip joint was completed
after four iterations. According to these topology results, the
hip and thigh parts showed material reduction on the side, and
the lower leg was hollowed out to include a cavity within
the structure. The smoothed element models after manual
removal of the burr are shown in Fig. 5f. Moreover, finite
element analysis results of the LLU are shown in Fig. 5g.
These results show that the maximum stress is 255.54 MPa
within the allowable stress of AlSijoMg. Finally, the ratio-
nality of the optimized model is demonstrated in Fig. Sh.
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Results and discussion
Weight reduction

The original LLU, shown in Fig. 6a, consists of CFRP
actuators, structural components manufactured by milling
or drilling processes, a rubber buffer, and connectors. The
geometry of the LLU has been shown to be reasonable based
on plots of the maximum hydraulic actuator torque versus the
joint angle for extending and retracting cylindrical motion.
Hence, the length of the structural parts and the parameters
of the two actuators remain unchanged during the optimiza-
tion processes. Moreover, the optimized LLU is shown in
Fig. 6b, and includes two highly integrated actuators with
rotary direct drive valves and new structural components
designed using topology optimization.
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Fig.6 LLU prototype before and after optimization: a mass distribution and components of the original LLU, b mass distribution and components
of the optimized LLU, and ¢ weight reduction of the three structural parts. LLU: limb leg unit

The mass of the additively manufactured hydraulic cylin-
der is 416.4 g, representing a reduction of 33.9% relative to
the CFRP hydraulic cylinder. In addition, the mass of the
highly integrated barrel is 231.1 g, representing a reduction
of 19.1% compared to the CFRP barrel including the end cap.
This reduction is achieved despite the fact that the CFRP bar-
rel itself had already been lightened significantly relative to
the barrels of mature industrial actuators. More than half of
the piston rod weight was reduced through adoption of hybrid
lattice structures, and fewer accessories were used after opti-
mization.

Table 2 shows the weight reduction of the optimized LLU
after the introduction of metal additive manufacturing and
topology optimization. Weight reduction was realized in var-
ious degrees in three structural parts of the LLU. As shown
in Fig. 6c¢, the weight of the hip part was reduced by 4.3%
via removal of excess material. The weight reduction of the
thigh part reached 29.5%, with most of the weight reduc-
tion concentrating at the left and upper ends. The lower leg
yielded the most significant mass reduction by exchanging
solid metal with cavity, and the wall thickness was gradually
decreased toward the foot end, which resulted in a weight
reduction of nearly 409.6 g. The mass of the set of struc-
tural components was reduced by 24.5%, and the total mass
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Table 2 Weight reduction after lightweight design

Configuration/ Original Optimized Weight

component weight (g) weight (g) reduction
(%)

Hip part 920.0 880.0 43

Thigh part 645.0 455.0 29.5

Lower leg 1049.6 640.0 39.0

Actuator (without 630.0 416.4 33.9

valve)
Limb leg unit 4970.0 4090.0 17.7

of the LLU decreased from 4970.0 to 4090.0 g, represent-
ing a reduction of 17.7%. Notably, the lightweight design of
the LLU has a positive effect on the whole quadruped robot,
since it decreases the demand on the hydraulic power unit and
further lightens the mass of the robot torso. In addition, the
manifold and other connection components can be optimized
by further adoption of the metal additive manufacturing pro-
cess.
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Bench tests

Figure 7 depicts the experimental setup used to assess the
dynamic performance versus mass reduction relationship of
the LLU prototype. In addition, Table 3 shows the detailed
parameters of the bench test. The LLU control framework
was built using MATLAB/SIMULINK and was converted
into C language using Code Composer Studio environment.
The hypogynous machine was comprised of a digital signal
processor TMS320F28335 controller with other chips. This
controller can receive instruction signal through a controller
area network (CAN) bus. Given the excellent performance
of DOMIN S4 PRO servo valves in the consistency and
frequency response, the extension and retraction of two actu-
ators were implemented with two DOMIN S4 PRO servo
valves. Two absolute angle encoders, OIDC3815524S, were
installed at the rotating shaft to measure the position of the
hip and knee joints.

Step response experiments and trajectory tracking exper-
iments were implemented to evaluate the dynamic perfor-
mance improvement of the optimized LLU. All experiments
were developed under the same pressure of 14 MPa, and a
closed-loop proportion integration differentiation (PID) con-
troller was adopted for all joints. A whole block diagram of
the control algorithm is depicted in Fig. 8. Notably, during
the tests of the original and optimized LLUs, two DOMIN S4
PRO servo valves were applied to control the joint actuators
to ensure experimental accuracy.

LLU step response experiments
The step response experiments of the foot end of the LLU

were developed to evaluate the performance improvement
after the optimization of the actuator and the structural

components. For these tests, a 200 mm step signal was intro-
duced in four different conditions as shown in Fig. 9a; these
included horizontal abduction/adduction and vertical abduc-
tion/adduction.

Figure 10 shows that the speed improvements of the foot
end were visibly noticeable in all four cases. This result
reveals that the mass reduction was conductive to higher
motion speed of the LLU. Of the four motion directions,
the maximum speed increase occurred for vertical adduction,

PID Servo
—
control 1

Inverse

kinematics

Servo Knee 0

valve 2 I joint <
I f

Fig. 8 Block diagram of the control algorithm during the performance
tests

PID
control 2

Table 3 Parameters of the bench test

Item Value

Working pressure 14 MPa

Hydraulic oil 46#

Step response of valves <3.0 ms
at 100% step rate

Frequency response (+25% signal) >150 Hz

Inner diameter of cylinder barrel 25.0 mm

Diameter of piston rod 12.0 mm

Actuator stroke 72.0 mm

@ Springer
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Fig. 10 Average speed of the foot end step response before and after
optimization

with an increase of 31.95%. This was followed by the hor-
izontal adduction motion direction, which saw an increase
in the speed of the foot end from 1.375 to 1.763 m/s, rep-
resenting an increase of 28.22%. The speeds of the vertical
abduction of the two LL.Us were 1.986 and 2.288 m/s, respec-
tively. The smallest increase in speed was for the horizontal
abduction direction, which increased slightly from 1.787 to
1.870 m/s.

Notably, when the direction of the motion was adduction,
the lightweight LLU showed a more obvious speed increase.
This was due to the fact that in this direction, the LLU moved
opposite gravity, and weight was therefore more significantly
involved in these movements.

Trajectory tracking experiments

A quintic polynomial trajectory model was adopted for the
foot end as shown in Fig. 9b. The duty cycle of the gait
was 0.5, and the step length S was 0.3 m. The stride H was
0.1 m, and the initial height of the LLU H( was 0.55 m. The
equations for the foot trajectory are as follows:
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Figure 11 shows the foot position trajectory for the air-
walking motion task. Here, it can be observed that the
experimental trajectories of the two LLUs were in perfect
agreement with the given trajectories when the foot move-
ment frequency was 0.25 Hz. However, with increasing
motion frequency, the foot end of both LLUs gradually devi-
ated from the target point, and the tracking effect of the
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Fig. 12 Joint angle changes at different motion frequencies

original LLU was worse than that of the optimized LLU at
the same frequencies.

When the foot end tracked the given trajectory, the angles
of the two joints at different motion frequencies were mea-
sured to evaluate the tracking effect. These results are shown
in Fig. 12, and the experimental results followed well with
the given signals for both the hip and knee joints when the
motion frequency was lower than 0.25 Hz. However, as the
motion frequency increased from 0.25 to 1.0 Hz, tracking
errors in amplitude and phase trended slightly upward. When
the frequency reached 1.67 Hz, the original LLU was unable
to follow the preset trajectory due to its weight limit being
reached. In contrast, the optimized LLU tracked better than
the original LLU, although the amplitude and phase were not
satisfying.

The joint angle errors of the two LLUs are shown in
Fig. 13. For example, the hip joint of the original LLU showed
an average tracking error of 1.02° at 0.25 Hz, 2.04° at 0.5
Hz, 4.11° at 1.0 Hz, and 7.05° at 1.67 Hz. For the knee joint,

Knee joint angle ( °

the average tracking error was 0.92° at 0.25 Hz, 2.27° at
0.5 Hz, 3.74° at 1.0 Hz, and 4.30° at 1.67 Hz. Thus, both
joints showed increased errors at higher frequencies. Specif-
ically, an obvious error increase was seen after the frequency
exceeded 1.67 Hz. Furthermore, at the 2.0 Hz condition, the
average tracking error was 12.93° for the hip joint and 10.54°
for the knee joint. Finally, the maximum error was 26.73° for
the hip joint and 21.07° for the knee joint.

With respect to the optimized LLU, the average tracking
error of the hip joint was 0.83° at 0.25 Hz, 1.89° at 0.5 Hz,
3.94° at 1.0 Hz, and 5.46° at 1.67 Hz. The average tracking
error of the knee joint was 0.78° at 0.25 Hz, 1.87° at 0.5
Hz, 2.56° at 1.0 Hz, and 4.00° at 1.67 Hz. The same upward
trend continued to 2.0 Hz, where the average tracking error
was 6.68° for the hip joint, and 7.53° for the knee joint.

These results show that the joint angle errors of the opti-
mized LLU at different frequencies were less than those of
the original LLU, and the average error in the hip joint was

@ Springer
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Fig. 13 Joint angle errors at different motion frequencies

reduced by 22.55% at 1.67 Hz. In addition, higher motion fre-
quency values were reached after optimization, as evidenced
by the foot tracking data depicted in Fig. 11 and the growth
in tracking error shown in Fig. 13.

In addition to the average speed and the tracking error,
we examined the tracking effect versus motion frequency
to evaluate the performance improvement of the optimized
LLU. According to Fig. 11 and the tracking results at 2.22 Hz
shown in Fig. 14, it can be seen that in contrast to the tracking
performance of the original LLU at 1.67 Hz, the optimized
LLU reached the same limit at 2.22 Hz. Thus, higher motion
frequencies can be realized with the same tracking effect,
and the frequency increased by 32.93% after optimization of
the actuator and structural components. Moreover, with the
same step length (0.3 m) and limit motion frequency (1.67
Hz, 2.22 Hz), the maximum speed of the foot end increased
from 1.00 to 1.33 m/s after optimization.

Conclusions

Inspired by the skeleton—-muscle system of cheetahs and
humans, this paper presented a novel bionic optimization
approach for the LLUs of quadruped robots. The opti-
mal LLU contained two highly integrated actuators and
new structural components designed via topology optimiza-
tion. The mechanical properties and dynamic performance
enhancement were then verified by finite element analysis
and prototype experimentation. The main conclusions are
summarized as follows.
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e Strengthening the piston rod using hybrid lattice struc-
tures achieved better mechanical properties with less metal
materials, and helped to create a lightweight piston rod
design. Moreover, modeled after the blood vessels within
muscles, the cylinder barrel was embedded with many
interfaces for two pressure sensors and many internal flow
paths. This enabled it to realize excellent compactness with
the aid of metal additive manufacturing. Consequently, the
actuator had a reasonable layout and avoided motion inter-
ference and leakage.

e A considerable weight reduction effect was validated fol-
lowing topology optimization of the LLU. The material
distribution results were similar to bone structures. The
mass of the structural parts was reduced by 24.5% with
similar linkages.

e The performance enhancement of the optimized LLU was
described quantitatively via step response and trajectory
tracking experiments.

Future work will concentrate on tapping the potential of
additive manufacturing to realize an ultra-lightweight mecha-
nism. Moreover, the advantages of introducing hybrid lattice
structures will be analyzed in greater detail in the future.
Finally, the derivation of more precise dynamic models
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may contribute to ultra-lightweight designs, and such per-
formance enhancements can be validated on a quadruped
robot.
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