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Abstract—In recent years, hydraulic quadrupedal robots
have received increasing attention for their good adaptability
and high load carrying capacity. However, weight management
remains a key challenge for mobile robotic systems, especially
considering the limited on-board energy. Topology optimization
has now become a tool to significantly reduce weight and size
while maintaining structural integrity. A comprehensive design
methodology for electro-hydraulic actuator structures for
quadruped robots that integrates topology optimization design,
internal runner optimization and additive manufacturing is
proposed. The use of topology optimization not only ensures the
mechanical properties required for the practical application of
the electrohydraulic actuator, but also reduces the mass and
volume of the electrohydraulic actuator by more than 15.2%.
Through the optimized design of the bionic flow channel, the
pressure loss of the rotor is reduced by 40%, and the energy
transfer efficiency is significantly improved. In addition, this
work successfully demonstrates the integration of topology
optimization and additive manufacturing, which provides new
ideas for the study of advanced electrohydraulic actuators for
legged robots. This innovation not only improves the
performance of hydraulic quadruped robots, but also
establishes a new paradigm for the design and fabrication of
complex robotic systems.

Index Terms—Hydraulic foot robots, Electro Hydraulic
Actuators, Bionic vascular flow channel, Topology optimization,
Additive manufacturing

I. INTRODUCTION

N recent years, the Italian Institute of Technology (11T), in
collaboration with Moog, has integrated intelligent
actuators (ISAs) into the HyQ-real robot [1]. This
advancement significantly improved the power-to-weight
ratio of the system, resulting in a highly reliable and efficient
hydraulically driven mobile system. However, limited energy
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access remains a key challenge for robots, especially for
those operating at high speeds or under heavy load
conditions.

Weight reduction is widely recognized as a key method to
minimize additional on-board energy consumption.Elasswad
et al. used neural algorithms to analyze and improve the
original mechanical structure of the humanoid robot
HYDRO'D, thus optimizing its actuators [2]. In order to
reduce the weight, they replaced some metal parts with
carbon fiber and succeeded in reducing the weight of the
robot from 125 kg to 97 kg [3-4]. Similarly, Hyon et al. (2013)
also optimized the actuator of the hydraulic leg by replacing
the linkage mechanism in the actuator with a carbon fiber
reinforced plastic material to achieve a weight reduction
effect between the actuator and the rest of the equipment and
showed the results of the single-leg experiments [5].
MiniHyQ is the lightest hydraulic quadrupedal robot
currently available, with a total weight of only 35 kg. It uses
minimal hydraulic pumps and other hydraulic components to
fulfill its work requirements [6]. It uses a more compact
mechanical structure to minimize unnecessary materials. In
the hydraulic system, a centralized valve block replaces the
distributed valve block, resulting in a smaller size and weight
of the block with the same functionality, further reducing the
weight of the quadruped robot. Semini et al. (2015) optimized
the manifold of the HyQ2Max robot by improving the
conventional manifold with the design concept of 3D printing.
The conventional manifold has low material utilization and
auxiliary holes [7]. However, all the above methods of
lightweighting hydraulic systems use trial and error, and then
test the appropriate working conditions to determine if the
part meets the operating requirements [8]. Although all the
above studies have achieved satisfactory results in terms of
weight reduction, most of them are still based on experience
and are not user-friendly for engineers.

Currently, with the gradual maturity of additive
manufacturing technology and topology optimization design
methods, the integration of topology optimization and
additive manufacturing has been widely promoted and
applied in aerospace and automotive engineering [9].

For example, the Houston Research Laboratory in the
United States, in collaboration with Morf 3D, a 3D printing
design software company and aerospace manufacturing
service provider, developed an aircraft fuel heat exchanger
with a spiral internal structure. This innovation resulted in a
146% increase in surface area, a 50% reduction in wall
thickness, and a 300% increase in heat transfer rate [10].
Similarly, RUAGSpace in Europe used selective laser
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Figure 1 Quadruped robot structure

melting (SLM) technology to fabricate an aluminum alloy
antenna mount for an Earth observation satellite [11]. Zhong
et al. used additive manufacturing techniques to introduce
hybrid mesh structures into lightweight design and combined
additive  manufacturing with  topology optimization
techniques to reduce redundant materials in structural
components [12]. In the field of topology design, Sanford
Meek et al. designed Kagome, cone and hexagonal rhombic
unit structures. These structures were used to fabricate
(AISi10Mg) porous grid heat exchangers through SLM
equipment to provide technical support for their application
in aero-engines [13]. Topology optimization has emerged as
a powerful technique for achieving structural lightweighting
while maintaining the required level of performance [14],
leading to its widespread adoption in various engineering
fields [15, 16].

Recently the application of topology optimization and
additive manufacturing has been extended to hydraulic
quadruped robots with significant progress by Huang et al
[17]. Their innovative approach combined additive
manufacturing with topology optimization to redesign a
hydraulic cylinder end cap, achieving a 50.7% volume
reduction by simultaneously optimizing the structural
geometry and fluid path. In addition, Hansen and Andersen
used topology optimization techniques to optimize the entire
hydraulic system, considering individual components and
operating conditions. This approach enables the use of the
most cost-effective components to meet weight reduction
requirements [18]. Kubo et al. applied topology optimization
to optimize the internal passages of the manifold to achieve
minimum pressure loss [19]. However, the challenge of
combining low pressure loss with compact size and reduced
mass remains an area for further research.

As described in reference [20], this research focuses on
lightweighting techniques for legged robot electro-hydraulic
actuators. The research will investigate topology
optimization and additive manufacturing techniques for key
components of legged robots, with a focus on integrating
these two approaches. The main objective is to develop
electro-hydraulic actuators characterized by enhanced
strength, stiffness and weight reduction, thus addressing the
specific technological requirements of legged robotic
systems. In addition, this research aims to establish a
theoretical foundation and practical framework for
lightweight structural design and additive manufacturing of
electro-hydraulic actuators, potentially contributing to future
technological developments in this specialized field.

Il. MECHANICAL STRUCTURE AND ACTUATOR DESIGN

A. Robot structure

Fig. 1 illustrates the mechanics of the quadrupedal robot
under study, which is characterized by symmetrical design,
compactness and dexterity of movement. The robot employs
a biologically inspired front-elbow-back-knee structure that
mimics the mammalian quadrupedal form. This biomimetic
design greatly enhances the system's terrain adaptation,
obstacle negotiation, and dynamic stability during
locomotion. The integrated robotic platform consists of three
core subsystems: a control system, a mechanical system and
an electro-hydraulic servo system.

B. The Overall Design of The Electro-Hydraulic Actuator

In quadrupedal robotics research, lightweight and efficient
electro-hydraulic actuators are essential for improving the
performance of quadrupedal robots. Minimizing the
unnecessary material usage, operating power requirement,
and device loading capacity of the actuator is one of the main
methods to improve the high-power density of the actuator.
For the actuator rigid body part, the authors conducted a
related lightweighting study, and in the initial phase of the
study, the research team developed and designed
comprehensive 3D models for each component of the
electrohydraulic actuator. Based on the actual manufacturing
and material properties, aluminum alloy was selected as the
main material for the actuator. Aluminum alloy components
offer better weight advantage for the same volume. However,
aluminum alloys are not as weldable as steel, making the
components unsuitable for welding after forming. The weight
of the actuator is further reduced by the replacement of a
dense steel material with an ultimate strength of 455 MPa by
an aluminum alloy. Although the weight of the actuator has
been greatly reduced, there is still much to be optimized, and
topology optimization can be effective in achieving this goal.
The structure of the machined integrated electrohydraulic
actuator is shown in Fig. 2.

Figure 2 Machining integrated bionic electro-hydraulic actuator
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I1l. ELECTRO-HYDRAULIC ACTUATOR TOPOLOGY
OPTIMIZATION AND FLOW PATH OPTIMIZATION DESIGN

A. Topology Optimization Design

Prior to topology optimization, a static analysis of the
existing integrated electro-hydraulic actuator must be
performed. This analysis is an important foundation for the
subsequent optimization process, ensuring that structural
integrity and performance requirements are met prior to
material redistribution.

A Static structure

Type: Equivalent stress

Unit: pa

Time: 1s

(a) Stress nephogram under working condition 1

A Static structure

e Type: Total deformation
1.8211e-5
9.1054¢-6
0 Min
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Time: 1s

(b) Strain nephogram under working condition 1
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3.0019¢7
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(c) Stress nephogram under working condition 2
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Type: Total deformation

7.8157¢-6 Unit: m
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Time: 1s
(d) Strain nephogram under working condition 2
Figure 3 Stress-strain diagrams of cylinders under two operating conditions

Since the hydraulic cylinder block is the most complex
component in the whole integrated electro-hydraulic actuator
and has the largest proportion of its mass, the topology
optimization and redesign mainly focus on the cylinder
component.

Fig. 3 shows the stress-strain cloud diagrams of the
cylinder under two operating conditions. In operating
condition 1, the cylinder is subjected to a thrust force of
11,000 N. The stress and strain distributions of the cylinder
are shown in Fig. 3(a) and Fig. 3(b), respectively. In working
condition 2, the cylinder is subjected to a pulling force of 700
N. The corresponding stress and strain distributions are
shown in Fig. 3(c) and Fig. 3(d). In Case 1, the maximum
stress of 140 MPa occurs at the intersection of the two
internal runners. Similarly, in case 2, the maximum stress
occurs at the intersection of the two internal runners with a
value of 135 MPa. Since the selected cylinder material has a
yield strength of 455 MPa, the current hydraulic cylinder
design meets the required safety and performance criteria.

Based on the results of the static analysis, it can be inferred
that the material on both sides of the cylinder is most likely to
be removed during the structural optimization process. This
is since these areas have negligible stress concentrations and
are therefore ideal areas for material reduction without
compromising structural integrity.

D : Structure optimization

[ Design avea: Topology structure  Optimized region

B xctusion area
Figure 4 Cylinder bore optimization area setting

Iteration number: N/A

The optimized areas of the cylinder were carefully selected
as shown in Fig. 4. The oil transfer passages were designated
as no-go areas for optimization; these passages were
designed integrally within the cylinder while remaining
consistent with the external structure of the cylinder. The rest
was set as the design domain. Fig. 5 shows the evolution of
the interpolated density contour plots corresponding to the
optimization results of the different iteration steps.

By analyzing the final topology optimization results, there
are limited areas available for optimization. The main area of
material reduction is located on the left side in contact with
the rotating oil distribution shaft. In addition, a small portion
of the material was also removed from the cylinder skin
surface. However, the overall optimization effect was not
significant. The main reason for this result was the presence
of internal runners and the process holes required to create
them. These features limited the extent to which material
could be removed without compromising functionality. To
address this limitation, it was necessary to redesign the
runner using an additive manufacturing approach. This
approach allows for more complex internal geometries,
improved optimization results, and further weight reduction
of the cylinder structure.
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Figure 5 Optimized density cloud images under different iterative steps

B. Runner Optimization Design

Original Runner Design

Conventional electro-hydraulic actuators typically utilize
hydraulic hoses connected to a hydraulic fluid source to
supply oil to the actuator. To solve the “heavy” and “messy”
problems associated with hydraulic flow paths, machined
actuators utilize a rotary oil distribution structure. As shown
in Fig. 6, the oil distribution shaft is attached to the end of the
cylinder of the actuator. This design eliminates the need for
pipe fittings and other structures on the actuator, which
reduces the risk of leakage and enables a tubeless design of

the actuator.

Fig. 7 shows the internal structure and runner distribution
of the designed integrated electrohydraulic actuator. The
connection between the inlet and outlet positions was
realized by machining processes such as drilling and boring.
However, the runner distribution was not optimally adjusted.
Although the oil ring cavities were effectively utilized, the
large corners of the machined runners would negatively
affect the oil transfer efficiency. Therefore, it is necessary to
optimize the design of the runner.

Oil distribution shaft Cylinder

Figure 7 Runner distribution in integreiféd electro-hydraulic actuator

Runner Optimization Design

The idea of runner optimization mainly starts from the
cross-sectional area. Considering that the hydraulic runners
overlap with the cylinder wall, not only can the weight be
reduced, but also the runners can be attached to the outside of
the cylinder wall to form a reinforcement, so as to achieve the
purpose of increasing strength. In addition, the principle of
bionics can be used to optimize the runner design with
reference to the human cardiovascular system.

i arteries

capillary
blood

d vessels
vein

Figure 8 Human cardiovascular and arteriovenous connection network

The human circulatory network is a closed-loop system
consisting of cardiac structures, arterial pathways, capillary
networks, and venous channels, as shown in Fig. 8. In a
bionic electrohydraulic actuator, the fluid transfer network
consists of four main components: a pressure supply conduit
for the servo valve, a return conduit, a rod and column
conduit, and a non-rod conduit. The anatomical layout of the
arteriovenous network in biological systems provides
valuable insight into optimizing these hydraulic channels. To
accurately replicate the morphology of the vascular junctions,
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a cubic Bessel curve algorithm was used for geometric
modeling.

In a biomimetic fluid conduit construction, the rotary
distributor annular chamber functions similarly to a heart
structure in a biological system. After flowing from the rotary
chamber, the hydraulic medium is delivered to the servo
valve through a geometrically optimized Bessel curve
conduit as previously designed. However, to minimize flow
losses within the flow channel, the machined single hydraulic
flow channel can be integrated with the fractal cardiovascular
model shown in Fig. 9 to transition to a multi-channel design.
The hydraulic flow channel of the integrated bionic
electrohydraulic actuator is also affected by factors such as
flow rate, pressure, number of branches and layout angle.
Therefore, it is necessary to further analyze and design the
parameters of the fractal flow channel to optimize the
performance.

\
-y

L o
Y

Figure 9 Fractal cardiovascular mode

According to Poiseuille’s law, assuming that blood is
incompressible, when a fluid with a viscosity coefficient of
M flows in a horizontal tube with a radius of I, if the

pressure difference between the two ends of the fluid with a
length of L is Ap , the blood flow is: q(mL/S):
4

Tr'A

q="r 2P (1)
8ul

In the process of laminar flow, the liquid is subjected to
internal friction of the pipe wall, resulting in a pressure
difference Ap , which is related to the radius change.
According to Poiseuille's law, the energy consumed by blood
to overcome resistance is shown in Equation (2):

By =0Ap=—7r7r- )
T
Providing nutrition requires energy consumption as shown
in Equation (3):
E,=brl, 1<a<? 3)
The calculation formulas of the primary vessel length
| and the secondary vessel |; are as Equation (4):
l=L-H/tgé
lb=L-H/sing
The calculation formula of the total energy £ consumed

during blood flow is shown in Equation (5):

kq? (L—Hj ke 2(L-H) ®
= 4 pre g |22
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According to Equation (5), calculate the partial derivative
I', iy for respectively, and obtain Equation (6):

(4)

r

(6)
% _o
on,

And further get the relationship between the primary blood

vessel and the secondary blood vessel, such as Equation (7):
1
r =

P 4a+4 (7)
n

According to the calculation formula 3.5 of the total
energy E consumed in the process of blood flow, and then
calculate the partial derivative of @, get the Equation (8):

oE
— =0 8
50 (8)

The angle relationship can be obtained, as shown in
Equation (9):

r -4 a4
cosé = 2(—} =2a+4 9)
I

Under the condition of 1< a < 2, the design domain of

vessel radius and angle can be finally determined, as shown
in Equation (10):

1.26< <132
n (10)

74° <20 <98

According to Equation (10), the optimal ratio of the radii
of the main and branch pipes should be designed in the range
of 1.26 to 1.32. Notably, the ratio of 1.26 satisfies Murray's
law, which is essential for effective fluid dynamics. For the
bifurcation the angle between the main and branch ducts
should be designed between 74<and 98< as this range is
consistent with the results of thrombosis analysis. In this
range, the rate of thrombus formation in the vessel can be
effectively reduced. Considering these factors, a 45°angle
was finally chosen for the design.

Figure 10 Actuator line port location

During the development of additively manufactured
integrated electro-hydraulic actuator cylinders, the runner
configuration becomes a key factor affecting the hydraulic
transmission performance and system dynamics. Based on
the fractal bionic runner structure, we designed a compact
rotating fluid distribution mechanism to accommodate the
basic hydraulic connections of the actuator: pressure inlet (P),
return outlet (T), rod-side port (A), and non-rod-side port (B).
The optimized geometric configuration of these hydraulic
connections is shown in Fig. 10.

In an additively manufactured electrohydraulic actuator
system, the pressure (P) and return (T) ports are connected to
a rotary distributor mechanism that facilitates the supply of
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external hydraulic fluid to the actuator. To accommodate the
non-coplanar arrangement of the fluid circuit inlets and
outlets, the annular chamber of the rotary distributor utilizes a
fractal design. This configuration is connected to the servo
valve mounting platform via a hybrid channel that combines
Bessel curve segments and linear segments, arranged in a
Bessel-Linear-Bessel sequence.

|

(b) The path of that fluid conduit 2
Figure 11 Actuator fluid conduit line and location

In the additively fabricated electro-hydraulic actuator
system, port A establishes hydraulic connectivity with the
rod-end chamber, while port B is connected to the
non-rod-end chamber, which together enable piston
translation and mechanical output generation. The fluid
conduit for Port A utilizes a direct linear configuration, while
the path for Port B, shown in Fig. 11, utilizes a more complex
geometry.

The design conceptualizes the servo cylinder as an annular
chamber that is connected to the valve platform by circular,
linear and Bezier curve topologies. This optimized flow path
geometry enhances fluid dynamics, reduces flow resistance,
and improves actuator operating efficiency and dynamic
response characteristics.

Additive Manufacturing Integrated Bionic Electro-Hydraulic
Actuator Simulation Forming

A comprehensive simulation of the selective laser melting
additive manufacturing process of the redesigned hydraulic
cylinder barrel assembly was performed by applying
Simufact additive software. The simulation parameters are
summarized in Table 1.

TABLEI
SIMULATION PARAMETER TABLE

Parameter Numerical value
Filling spacing 120 um
Laser power 300W
scanning speed 1300 mm/s

Powder layer thickness 30 um

During additive manufacturing, parts can be strategically
oriented at 45<or 90 “relative to the build platform. The 45°
placement has several distinct advantages over the 90
orientation. This angular configuration improves stability
during the printing process, which greatly reduces the
requirement for support structures. As a result, this
optimization reduces manufacturing time and material
consumption. In addition, the smaller angle between the part
surface and the build platform minimizes interlayer gaps,
thereby improving the surface quality of the final product.

Fig. 12 shows the simulation results when the holder is
placed at 45<for printing. The simulation results show that
during the printing process, the maximum stress of the
cylinder is 370MPa, the total deformation is 1.31mm, and the
maximum displacement is 0.75mm. The material of the
cylinder part is 7075 aluminum alloy, and the yield strength
of 7075 aluminum alloy is 455Mpa.Combined with the
practical  experience, the maximum  deformation
displacement is within the controllable range, which is in line
with the requirements.

Figure 12 SLM metal additive simulation results when the cylinder is placed in a direction of 45 degrees
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C. Runner Optimization Comparison

To verify that the improved integrated bionic
electro-hydraulic actuator cylinder meets the required
specifications, static analyses were performed under two
operating conditions. The results were compared with those
of the original integrated electrohydraulic actuator cylinder
before structural optimization.
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Figure 13 Stress-strain cloud diagram of optimized cylinder under working
conditions 1 and 2

Fig. 13 shows the stress-strain distribution of the modified
cylinder under two different operating conditions. For
operating condition 1, the structural analysis shows a
maximum von Mises stress of 153 MPa, concentrated at the
threaded interface between the hydraulic valve and the

cylinder block, and a maximum deformation of 57 pm. It is
worth noting that these values imply an increase in stress and
deformation of only 13 MPa and 24 um, respectively,
compared to the baseline design. In operating condition 2, the
mechanical response exhibits more favorable characteristics,
with peak stresses localized in the internal oil passages of 141
MPa and maximum displacements limited to 72 pm. The
changes due to optimization are negligible, with only a 6 MPa
increase in stress and a 2 micron increase in deformation
compared to the original configuration.

Comparative mass and volume before and after
optimization are shown in Table 2. The optimization resulted
in a mass reduction of about 140 grams, a reduction of about
15%, and a volume reduction of about 50,000 mm, a
reduction of about 15%. An effective balance between mass
reduction and structural performance maintenance was
demonstrated.

TABLE I
COMPARISON OF MASS AND VOLUME OPTIMIZATION OF CYLINDER

Project Before optimization After optimization
Mass 916.36 g 776.54 g
Volume 326105.25 mm?® 276349.24 mm3

Surface area 107730.62 mm? 104572.96 mm?

Numerical simulation of the flow channel before and after
optimization is performed to analyze and compare the
velocity distribution, pressure distribution and flow
distribution of the fluid in the flow channel, and then analyze
the energy loss of the fluid in different regions. The boundary
conditions for numerical simulation are set as inlet velocity
and outlet pressure. According to the mechanical design
manual, the inlet velocity is 2.5m/s, the outlet pressure is 10
MPa, and the fluid medium is 35# aviation hydraulic oil with
a density of 850kg/m2 and a kinematic viscosity of 0.03965
m2/s. The inlet velocity is 2.5m/s and the outlet pressure are
10 MPa.

A comparison of the flow path simulations before and after
optimization is shown in Fig. 14. Fig. 14(a) and (b) show that
in the pre-optimized flow channel, the fluid is subjected to a
large centrifugal force when passing through the elbow
section, resulting in the formation of vortices and secondary
flow patterns. These flow perturbations result in an uneven
pressure distribution throughout the flow channel. In contrast,
the optimized design shown in Fig. 14(c) and (d) shows
significantly uniform pressure distribution and complete
suppression of vortex formation, indicating a substantial
improvement in the flow characteristics.

Fig. 15 shows the simulation results comparing the runner
performance at point B of the cylinder before and after
optimization. As shown in Fig. 15(a) and (b), the
pre-improved runner design exhibits significant flow
perturbation when the fluid passes through the bend. The
sudden change in flow direction leads to a drastic change in
the fluid flow line, resulting in a localized velocity surge and
the formation of a backflow vortex. In addition, the gradual
expansion of the cross-sectional area of the runner
downstream of the bend enhances the flow spreading and
increases the fluid resistance and friction losses. In contrast,
the optimized design shown in Fig. 15(c) and (d) significantly
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improves the flow pattern. The fluid pressure distribution in
the channel is highly uniform and the generation of vortices is

eliminated.
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Figure 14 Simulation comparison diagram of runner before and after
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Figure 15 Simulation Comparison Diagram of Point B runner before and
after Optimization

A comprehensive quantitative evaluation of the hydraulic
losses of the runners was performed and the evaluation data
are shown in Table 3. The pressure distribution of the runners
for conventional and additive manufacturing was analyzed
and compared. The experimental results show that the
additive manufacturing flow channel has more superior
performance, and the pressure loss is significantly reduced
compared with the conventional machining flow channel
under the same conditions of exit velocity and pressure.
Specifically, the pressure loss of the conventional system was
0.0188 MPa at PT and 0.0106 MPa at B. The pressure loss of
the conventional system is significantly lower than that of the
conventional system. By implementing the Bessel curve
transition zone in the optimized design, these losses were
reduced to 0.0108 MPa (PT) and 0.0048 MPa (B), or 42.55%
and 54.71%, respectively. This optimization significantly
improves the energy transfer efficiency by more than 40%
over conventional manufacturing runners.

TABLE Il
COMPARISON OF PRESSURE L0OSS OF ADDITIVE MANUFACTURING ACTUATORS

Piping model Inlet Outlet Pressure Compared with the_ linear transition
Pressure/Mpa pressure/Mpa Loss/Mpa pressure loss reduction percentage/%
Traditional pipeline at PT 10.0188 10 0.0188 /
Optimized pipeline at PT 10.0108 10 0.0108 42.55
Traditional pipeline at B 10.0106 10 0.0106 /
Optimized pipeline at B 10.0048 10 0.0048 54.71
Traditional pipeline at PT 10.0188 10 0.0188 /
Optimized pipeline at PT 10.0108 10 0.0108 4255
Traditional pipeline at PT 10.0188 10 0.0188 /
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IV. CONCLUSION

In this study, based on the existing machined integrated
electro-hydraulic ~ actuator, the integrated  bionic
electro-hydraulic actuator was redesigned by integrating
topology optimization, bionic vascular runner design and
additive manufacturing technology. And the corresponding
static analysis, additive manufacturing simulation analysis
and runner simulation analysis were carried out. The results
show that the difference of stress and strain under various
working conditions before and after optimization is very
small, which ensures that the design meets the requirements
of practical applications, while the mass and volume of the
electro-hydraulic actuator cylinder are reduced by 15%,
which meets the requirements of lightweight. Simulation
results show that the pressure loss of each runner is reduced
by more than 40% after optimization, and the energy transfer
efficiency is significantly improved. This paper successfully
applies the fusion of topology optimization and additive
manufacturing, which provides a new idea for the research of
electro-hydraulic actuators for legged robots.
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