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In recent years, hydraulic quadruped robots have received increasing attention because of their strong
environment adaptability and high load capacity. However, weight control is an important issue for mobile sys-
tems in consideration of limited onboard energy. Overweight will cause extra load on joints, reduce the flexibility
of movement, and consume more power. Topology optimization is an effective tool to reduce volume and weight
while maintaining enough strength. This article takes both optimal geometries and contained flow channels into
consideration and gives solutions to structure design and good print quality in a manifold used on a robot. Using
topology optimization, the volume of the manifold is further reduced by 50.7 %, while it can meet the mechanical

requirement for actual application.

The hydraulic quadruped robot can be traced back to the
1960s: GE and the United States Army developed a hydraulic
servomotor system-driven quadruped robot, called Walking
Truck (Mosher, 1968). This attracted the attention of other
research teams and generated widespread research, such as
the Kumo-I and Titan series robots developed by the Tokyo
Institute of Technology (Hirose and Kato, 2000; Kitano et
al., 2013), KOLT by Ohio State University, and BigDog by
Boston Dynamics (Playter et al., 2006). At present, more hy-
draulic quadruped robots are still in urgent development, and
scholars have studied the improvement of the mobile perfor-
mance of the robot, the light weight of the mechanical struc-
ture, and the improvement of the overall energy utilization.
The faster speed is one prior developing trend in
quadruped robots. In 2012, Boston Dynamics launched the
Cheetah prototype (Li et al., 2011), and the travel speed was
increased to 45.5kmh~!. The highly integrated WildCat (Si-
mon, 2015) was launched in the following year, which can
achieve high-speed running in variant environments with dif-
ferent gaits. The Italian Institute of Technology (IIT) has de-
veloped a fully hydraulically driven quadruped robot, HyQ
(Semini, 2010; Semini et al., 2008, 2010, 2011), which uses

high-precision hydraulic components and high-precision po-
sition and torque sensors for each joint to achieve accurate
motion. In recent years, the IIT has cooperated with Moog to
use the Integrated Smart Actuator (ISA) on HyQ-real, which
increases the power-to-weight ratio of the system, and the
robot has highly reliable and efficient hydraulic actuation
(Barasuol et al., 2018).

Limited energy access on mobile systems is an obstacle
for robots, especially for high-speed and heavy-load robots.
Weight reduction is expected to be a necessary method which
can reduce extra onboard energy consumption by reducing
weight. Elasswad et al. (2018) optimized the actuator of the
humanoid robot HYDROID and verified and analyzed the
original mechanical structure through a neural algorithm. In
order to reduce weight, part of the original metal area is re-
placed by carbon fiber. Reduce the weight of the original
125 kg robot to 97 kg. Hyon et al. (2013) also optimized the
actuator for hydraulic legs, replacing the link mechanism in
the actuator with carbon-fiber-reinforced plastic material to
achieve a 1:1 weight result between the actuator and other
devices, and the experimental results of a single foot are pre-
sented. The MiniHyQ is the lightest hydraulic quadruped
robot today, with a total weight of only 35kg. It uses the
smallest hydraulic pump and other hydraulic components



that meet the needs of the work. It uses a tighter mechanical
structure to reduce unnecessary materials. In the hydraulic
system, the centralized manifold replaces the distributed one,
so that the manifold with the same function has less vol-
ume and weight, which further reduces the weight of the
quadruped robot (Khan et al., 2015a, b). Semini et al. (2015)
optimized the manifold of the HyQ2Max robot and adopted
the design idea of 3D printing to improve the traditional man-
ifold, which has low material usage ratio and auxiliary holes.
However, the above methods for reducing the weight of the
hydraulic system adopts the trial-and-error method, and then
the corresponding working conditions are tested to determine
whether the parts meet the working requirements or not. Al-
though all the above studies have shown satisfying results
in mass reduction, most research is still based on experience
and is inconvenient enough to engineers.

It is pointed out that topology optimization is an effec-
tive means of minimum weight and guaranteed performance,
and this method has wide applications in the aerospace field
(Zhu et al., 2016). Researchers such as EADS try to opti-
mize the structure of the aircraft by using topology optimiza-
tion so that it has a light weight and high-rigidity design.
The final design model was completed through metal addi-
tive manufacturing. The overall procedure saves up to 64 %
of the weight while retaining mechanical properties (Tom-
lin and Meyer, 2011). Hansen and Andersen (2005) used the
topology optimization method to perform optimization on
the entire hydraulic system, taking into account the various
components and working conditions in the system, so that
the results can be used with the most economical compo-
nents and then achieve weight reduction requirements. Kubo
et al. (2017) used the topology optimization method to opti-
mize the internal channel of the manifold to obtain the mini-
mum pressure loss. Even so, the combination of low-pressure
loss and small volume and mass is still worth investigating.

This article is different from the traditional manifold de-
sign method. It takes static structure strength and flow paths
as well as manufacturing convenience into consideration us-
ing the topology optimization technology.

Figure 1 is the skeleton of the quadruped robot under re-
search, and the design object (the actuator and manifold) in
this article is shown. The quadruped robot has the charac-
teristics of symmetrical and compact structure and flexible
movement. The designed technical indexes are listed in Ta-
ble 1. It adopts the front elbow and rear knee structure, which
is the form of most natural quadruped mammals in nature. It
has been widely acknowledged that the leg distribution struc-
ture of the front elbow and rear knee improves the obstacle
surmounting ability and movement stability in complex ter-
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Quadruped robot model.

Parameters of the quadruped robot.

Parameters of the quadruped robot

Size 1000 mm x 540 mm x 700 mm
Weight 100kg

Drive unit Servo valve, asymmetric cylinder
Leg configuration  Front elbow and back knee
Freedom Whole robot 12; GSingle leg 3

rain and reduces the slip (Meek et al., 2008; Zhang et al.,
2005).

The motion of four legs is driven by linear actuators, and
the joint motion mode is shown in Fig. 2. When the actuator
is in the limit position of legs (points a and b), the hydraulic
cylinder is in the same horizontal state. This design ensures
that the effective force arm has a small change in length /,
which is conducive to the control of the drive unit and at
the same time can ensure that the rotating mechanism has a
sufficiently large rotation angle .

The hydraulic system has the characteristics of a high power-
to-mass ratio, a large load-bearing capacity, a wide speed
range, and various speed control modes, which make it par-
ticularly suitable for a quadruped robot to deal with variant
environments. The actuator composed of a hydraulic cylinder
and a hydraulic valve is the functional part to realize recip-
rocating movement that is the basic motion model for every
joint control. For each leg, there are two actuators mounted
on the hip and one mounted on the knee, respectively, and
the hydraulic system diagram is shown in Fig. 3.

A high-force and light actuator should be designed for mo-
bile robots. This can contribute to high power density by re-
ducing unnecessary material, reducing the power required for
system operation and increasing the loading capacity of the
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7-High pressure filter 8-Filter 9-Low-pressure safety valve 10-Temperature sensor
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15-Air cooler 16-High-pressure safety valve 17-Pressure sensor 18-Servo actuator

Schematics of the hydraulic actuation system.

device. For the rigid body part, relevant lightweight research
was carried out in our lab. For example, we have changed the
barrel region to carbon fiber and metal composites, which can
also be observed in Elasswad et al. (2018). In addition to car-
bon fiber, aluminum alloy materials are also used in other
areas. Aluminum alloy has a lower density, and the parts
made of aluminum alloy material have a better weight advan-
tage under the same volume. However, aluminum alloy does
not have better welding performance like steel, so parts are
not suitable for additional welding processes after forming.
Shown in Fig. 4, aluminum alloy replaces conventional high-
density steel materials whose ultimate strength is 455 MPa,
further reducing the weight of the actuator. However, even
if the mass of the actuator has been greatly reduced, there
are still many areas that can be optimized, and this can be
effectively achieved through topology optimization.

The manifold mounted on the end of the actuator has two
functions, working as the structural part as well as the valve
installation baseplate. The original manifold model adopts
the traditional design method that is subject to the con-
ventional manufacturing method. It is made by milling and
drilling, and the flow channels are sharply crossed as shown

Carbon fiber barrel

Manifold
Cap

Piston rod

Displacement sensor Force sensor

The actuator designed by our laboratory.

(a) Complete manifold (b) Conventional channels

Original manifold prototype.

in Fig. 5b. From our previous study (Liu et al., 2019), the
form of the flow path has determined effects on pressure loss
and caused additional energy dissipation, which should be
avoided in actuator design.

On the other hand, the conventional design also introduces
redundant mass and volume that is unnecessary. Constrained
by traditional manufacturing, the manifold block usually has
regular geometries, and this occupies large space. The vol-
ume of the model is 108 255.8 mm?>, while the weight is up
to304.2 g.

In this mean, the optimization of this manifold has two
meanings: one is reduced pressure loss by flow path opti-
mizing and another is cutting down additional energy loss by
reducing weight.

Topology optimization is a mathematical method that opti-
mizes material layout within a given design space, for a given
set of loads. Compared with conventional sizing optimization
and shape optimization, topology optimization has more de-
sign freedom and can obtain extreme models, which is the
most promising aspect of structural optimization. The mesh
data and material properties are given in Table 2. There are in
total 917 831 elements and 647 189 nodes in the discretized
model.

The main idea of this article is comparing and choosing the
best simulation results under different working conditions.
The optimized part for the manifold has two working con-
ditions, namely pulling (condition A) and pushing (condi-
tion B): the simulation is divided into two settings as shown
in Table 3. The direction of force in the table is shown in
Fig. 6. The difference between the two working conditions
is that the load direction of the hinged end is the opposite.
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Figure 6. Schematic diagram of the force direction.

Table 2. Mesh and material definition.

Mesh
Mesh type Tetrahedrons +Hex dominant
Elements 917831
Nodes 1300603
Aluminum alloy
Density 2810kg/m?3
Young’s modulus 71000 MPa
Poisson’s ratio 0.33
Bulk modulus 75098 MPa
Shear modulus 28796 MPa
Tensile ultimate strength 572 MPa
Tensile yield strength 455 MPa
Table 3. Working conditions.
Condition A Condition B
Hinged end force +10000N —10000N
Threaded hole preload 400N 400N
Threaded hole torque 5000Nmm 5000 N mm
Pressure 21 MPa 21 MPa
Axial force 10000N 10000N

The working conditions of the actuator are calculated based
on the expected load demand of the whole robot. In particu-
lar, in order to ensure that the ring at the hinged end has cer-
tain strength under the condition of tension or compression, a
ring with an inner diameter of 26 mm and a wall thickness of
5 mm is reserved without optimization. Between them, one
condition that can meet both conditions A and B is accepted.
Such operation can ensure that the topological results have
certain strengths in actual working conditions.

The operating conditions settings explained next are the
same in both simulations (conditions A and B). The threaded
holes that fix the valve and the manifold are subjected to
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Figure 7. Channel design.
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Figure 8. Stress and deformation of the conventional model.

force and torque. There are two forces on the threaded holes:
one is preload force and the other is the repulsive pressure
given by the oil. In general, there is no torque in the threaded
hole after installation. However, considering the bolt tight-
ening during assembly, torque will be generated. When ig-

https://doi.org/10.5194/ms-12-249-2021
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Figure 9. Topology-optimized pull model.

noring the torque, the model after topology will have a weak
connection strength between the wall surface of the bolt hole
and other areas and will deform or even break when the bolt
is tightened. The part where the manifold is connected to is
set as fixed, and the axial force is given at the position of
the countersunk bolt hole. The axial force is determined by
the bolt preload and the loading force when the system is
working. Set the pressure generated under extreme working
conditions in the flow channel.

The static simulation results of condition A and condi-
tion B are, respectively, optimized by the variable density
method, whose penalty factor is 3. The solution methodol-
ogy uses the sequential convex programming method (SPC),
which is an extension of the MMA method. SPC ensures
convergence by rejecting steps that do not lead to an op-
timal solution of the underlying problem (Zillober, 2002).
Take the minimum compliance as the objective and volume
percentage as the response constraint, where volume retain
percentage sets the range of 20 %—40 %. According to the
topology results under the two working conditions, model A
and model B can be obtained, respectively. Verify the two
models, respectively, under working conditions A and B, and
determine which model has the ability to adapt to the changes
in the actual hydraulic cylinder working conditions. Finally,
the optimal model is selected as the topology optimization
model.

3.3 Channel printability guarantee

According to the complexity of the optimized model, ad-
ditive manufacturing (AM) should be the best processing
method. Therefore, when designing the channel, special con-
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Figure 10. Stress and deformation of the pull model.

sideration should be given to the collapse of the chan-
nel printing. Because the traditional design of the channel
is based on the circular section, it is bound to need sup-
port structures when being processed using AM technology.
However, the support structure in the channel may have prob-
lems that are difficult or even impossible to remove.

The proposed flow passage design adopts the results of
our previous research; that is, the diamond-shaped channel
is suitable for the AM process (Liu et al., 2019). According
to the original channel size, the diamond cross-section chan-
nel is designed as having the same hydraulic diameter as the

Mech. Sci., 12, 249-257, 2021
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Figure 11. Topology-optimized push model.

original design, and the diamond cross section is gradually
changed into a circular cross section in a gradual way (shown
in Fig. 7 area b). As the other flow channels conform to the
maximum unsupported printing radius, the forming quality
can be maintained within a reasonable range when the radius
is within 2 mm (Fig. 7 area a). In addition, combined with
the previous flow performance study (Liu et al., 2019), the
transition between the original flow channels was vertically
crossed, and now it is changed to a smooth transition to im-
prove the flow performance.

The proposed flow passage and the original flow pas-
sage will be subjected to fluid simulation to verify the im-
provement of flow performance. The physical properties of
the fluid medium are set to a density of 834.3kg/m> and
a dynamic viscosity of 0.01391 Pas. Flow rate is set to 3—
15 L/min. The simulation is carried out by Fluent. Use the
RNG k-e model and solve it through the simple solver. In
particular, the physical properties of the flowing medium do
not consider the influence of temperature during the simula-
tion process, and the fluid—structure coupling is not used in
the simulation, meaning that the interaction forces between
the fluid and the wall will be ignored. More simulation set-
tings such as mesh design can be found in the reference Liu
etal. (2019).

4 Results and discussion

The static simulation results of the traditional model are
shown in Fig. 8. For condition A, the hinge end of the model
is subject to the maximum deformation and stress, the stress
is 225.35 MPa, and the maximum deformation is 0.033 mm.
For condition B, the same is the maximum deformation and
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Figure 12. Stress and deformation of the push model.

stress on the hinge end of the model, the stress is 179.01 MPa,
and the maximum shape variation is 0.00706 mm. In the tra-
ditional model, we can find that there are many areas with
small stress values, which means the traditional design model
has low material utilization.

The topological optimization is carried out by using the
static simulation data under condition A, and the pull model
is obtained (shown in Fig. 9). The volume gradually con-
verges with the process of topology optimization, and fi-
nally the necessary interfaces are patched to obtain the final

https://doi.org/10.5194/ms-12-249-2021
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model. The optimized model volume is 53 377 mm?>. The ver-
ification results under two working conditions are shown in
Fig. 10. It can be found that the maximum stress is 225.4 MPa
under condition A and 236.29 MPa under condition B. Under
both conditions, the safety factor is nearly 2 and can avoid
mechanical failure.

For condition B, the topological push model is as shown
in Fig. 11, and the optimized model volume is 52213 mm?>.
The verification results are shown in Fig. 12. It can be found
that the maximum stress is 679.89 MPa under condition A
and 185.16 MPa under condition B. The data of condition A
show that the stress has exceeded the strength requirements,
and there will be mechanical failure in use. Therefore, the
topological results based on the original model simulation
data of condition B cannot be used. This is because material
will not be added to the reserved ring during topological con-
dition B. Comparing Figs. 9 and 11, the clear difference can
be observed in thickness of the hinged ring, which makes the
push model less efficient when being pulled.

The data comparison between the models is shown in Ta-
ble 4. Comparing the stress of the two models under condi-
tion A, it can be found that the pull model has smaller stress
generation under the same working condition, which means
the model has better stress dispersion ability and makes it
more durable. However, the stress of the push model is as
high as 679 MPa, which is beyond the range of material per-
mission, and will cause safety hazards in use. Under condi-
tion B, the push model has better stress performance. Back
to the practical application level, the quadruped robot will
produce two kinds of working conditions when it is running,
which is why we consider these two extreme working condi-
tions when setting up the simulation.

In terms of performance on volume reduction, the pull
model can reduce the volume by 50.7 % and by 51.8 % for
the push model. However, generally, the overall performance
of the pull model is much better, because the strength is much

6 9 12 15
Flow rate (L/min)

Results of the pull and push models.

Original Pull Push
manifold model model

Volume (mm?) 108255.4 53377 52213
Stress (con. A) (MPa) 225.35 2254  679.89
Stress (con. B) (MPa) 179.01 236.29 185.16

Deformation (con. A) (mm) 0.0332  0.0334 0.0928
Deformation (con. B) (mm) 0.00706  0.0273  0.0154

Results of two channels.

Flow rate Q (L/min) 3 6 9 12 15

Pressure loss ~ Origin 0.12 038 076 126 1.82
AP (bar) Diamond 0.05 0.13 023 035 048

stronger in the pull model. It is noteworthy that the reduc-
tion of the volume is not in the range of preset 20 %—40 %:
this is because the material distribution should guarantee the
strength first and generate this inconsistency.

The simulation results of the channels are shown in Ta-
ble 5. As the flow rate increases, the pressure loss of the two
channels increases. However, compared with the traditional
model, the overall pressure loss is greatly reduced by using
our transitional design and diamond cross section. It can be
seen from Fig. 13 that the pressure loss can be reduced by
73 % under the maximum flow. In addition, the streamline is
also shown in Fig. 13. It can be seen that the original design
caused a large area of vortex, which is the main reason for the
greater pressure loss. This diamond-shaped transition design
helps to reduce pressure loss.



This article discussed the lightweight design for manifolds
mounted on the hydraulic robots. It can be seen that there is
large low-stress volume, meaning these materials would not
take effects.

Through the topology optimization method, the parts can
be further lightened, and the model that meets the working
condition requirements can be obtained so that the power-to-
mass ratio of hydraulic transmission parts can be improved
more.

When a part has many working conditions, the extreme
working conditions should be studied to avoid failure in the
performance requirements in all working conditions. In this
article, the optimal result is the pull model, which can meet
both the pulling condition and pushing condition.

Combined with the previous research, we proposed a
diamond-shaped channel, which can ensure the forming
quality of the manifold during the additive manufacturing
process, and the smooth transition of the channel reduces the
pressure loss by more than 50 %.

According to the design idea of additive manufacturing, it
is a feasible research method to integrate the hydraulic man-
ifold and actuator part into one part and then perform topol-
ogy optimization design together to obtain lighter parts.

In the future, the authors will continue to advance relevant
research, including the effect of the additive manufacturing
on the performance of the entire part after post-processing,
verification of the flow performance of the design channel,
and finally the experimental test.

The code/data used to support the
findings of this study are available from the corresponding author
upon request.
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