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Abstract: The integrated valve-controlled cylinder combines various control and execution components in hydraulic transmission
systems. Its precise control and rapid response characteristics make it widely used in mobile equipment for aerospace, robotics,
and other engineering applications. Additive manufacturing provides high design freedom which can further enhance the power
density of integrated valve-controlled cylinders. However, there is a lack of effective design methods to guide the additive
manufacturing of valve-controlled cylinders for more efficient hydraulic energy transmission. This study accordingly introduces
an energy-saving design method based on additive manufacturing for integrated valve-controlled cylinders. The method consists
of two main parts: (1) redesigning the manifold block to eliminate leakage points and reduce energy losses through integrated
design of the valve, cylinder, and piping; (2) establishing a pressure loss model to achieve energy savings through optimized
flow channel design for bends with different parameters. Compared to traditional valve-controlled cylinders, the integrated valve-
controlled cylinder developed from our method reduces the weight by 31%, volume by 55%, and pressure loss in the main flow
channel by over 30%. This indicates that the design achieves both lightweight construction and improved hydraulic transmission
efficiency. This study provides theoretical guidance for the design of lightweight and energy-efficient valve-controlled cylinders,

and may aid the design of similar hydraulic machinery.
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1 Introduction

The valve-controlled cylinder is a crucial power
unit within hydraulic transmission systems, and is typ-
ically comprised of a motor, a pump, a controller, var-
ious control valves, and a hydraulic cylinder (Padovani
et al., 2020). It enables local and independent move-
ment, and finds application in aerospace, robotics, and
other engineering machinery (Niraula et al., 2018;
Zhang et al., 2018; Wu et al., 2020). Metal additive
manufacturing technology currently holds significant
potential for development in molding manufacturing
methods (Huang et al., 2015; Pratheesh Kumar et al.,
2021). This approach operates on the principle of
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piecewise superposition to create 3D objects with sig-
nificant design flexibility (Satish Prakash et al., 2018),
offering new possibilities for enhancing the perfor-
mance, integration, and lightweight nature of valve-
controlled cylinders.

For integrated valve-controlled cylinders with
multiple components, additive manufacturing technol-
ogy simplifies the original component layout. It re-
duces the number of connection joints and auxiliary
process holes, and significantly decreases the weight
of valve-controlled cylinders (Langelaar, 2018; Xie
et al., 2020). It also eliminates sharp bends, resulting
in improved flow channels (Pietropaoli et al., 2017;
Zhang et al., 2020; McClain et al., 2021). Moog col-
laborated with an Italian research institute to develop
an integrated valve-controlled cylinder that utilized
additive manufacturing to integrate hydraulic cyl-
inders, servo valves, sensors, and connecting chan-
nels. The cylinder achieved high-performance control
while reducing energy loss and compacting the entire
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actuator structure (Barasuol et al., 2018). Wang et al.
(2022) redesigned a three-degree-of-freedom robot ac-
tuator with a rotating hydraulic cylinder using additive
manufacturing technology, which increased the output
torque of the actuator while reducing its weight and
volume. Boston Dynamics used additive manufactur-
ing to form an entire leg actuator, improving the
hydraulic flow channel efficiency and enhancing the
cooling capacity, and utilized multi-materials for in-
creased functionality and durability of this part (Bhatti
et al., 2015; Rezazadeh et al., 2018). Huang et al.
(2021) employed additive manufacturing technology
to develop lightweight designs for actuators, specifi-
cally utilizing topology optimization and carbon fiber
composites to eliminate excess materials and reduce
the overall weight of an actuator by more than 50%.
In terms of flow channel optimization, Coletti et al.
(2013) utilized segmented Bessel parameter curves to
optimize the fabrication of U-shaped pipes through
additive manufacturing, and achieved a 36% reduc-
tion in pressure loss. Similarly, Zhang et al. (2019) in-
troduced a flow channel generation and connectivity
rule, employing a layout method to construct 3D flow
channel models. This approach resulted in a 74.6% de-
crease in pressure loss for typical internal flow chan-
nels and a 25.1% reduction in total volume. The actua-
tor designs discussed above have served as important
references for designing integrated valve-controlled
cylinders. However, current research primarily fo-
cuses on designing component structures based on
existing experience, without establishing scientific
design criteria or processes for additive manufactur-
ing of the cylinders.

Therefore, this study presents a design method
for energy-saving integrated valve-controlled cylinders
using additive manufacturing. Following the redesign
and remanufacturing of a traditionally processed valve-
controlled cylinder, the performance of the resulting
cylinder is tested, with the goal of achieving lower
weight and energy savings.

2 Prototype of the traditional valve-controlled
cylinder

Fig. 1a depicts a conventional machined valve-
controlled cylinder structure, featuring an electromag-
netic directional valve, a hydraulic manifold block,

and a combination of hydraulic cylinders. Its function-
ality relies on the integrated superposition of various
functional components. These components operate in-
dependently, and the mechanical connections intro-
duce numerous interfaces, thereby increasing the risk
of leakage. Fig. 1b illustrates the hydraulic sche-
matic of the valve-controlled cylinder system. Fluid
is pumped from the tank by a motor-driven pump,
passes through a filter and throttle valve, and is then
controlled by an electromagnetic directional valve.
This setup regulates the inflow and outflow of hydrau-
lic oil to achieve the expansion and contraction of the
piston rod within the cylinder. The relief valve vents
high pressure. The material used for this valve control
cylinder is 316L stainless steel; it weighs 10.37 kg
with dimensions of 310 mmx>97 mmx185 mm.

8
Electromagnetic
directional valve
Hydraulic manifold block A4
‘M3

(a) (b)

Fig. 1 (a) Conventional machined valve-controlled cylinder;
(b) schematic of the hydraulic transmission system. 1:
tank; 2:pump; 3:motor; 4:relief valve; 5:filter; 6:throttle
valve; 7:electromagnetic directional valve; 8: hydraulic
cylinder

3 Integrated structural design

Traditional valve-controlled cylinder structures
rely on a stacked assembly of components, which can
lead to a significant increase in system weight and
volume, as well as a reduction in power density
(Quan et al., 2014; Shang et al., 2018). Additive man-
ufacturing enables the integration of multiple func-
tional components into the hydraulic cylinder surface,
facilitating energy savings and lightweight design
through anisotropic structures that are challenging to
construct using traditional processing methods. The
overall structural design encompasses flow channel
logic and integrated design of functional interfaces.

Fig. 2a illustrates the individual working oil holes
in the original electromagnetic directional valve, while
Fig. 2b depicts the individual working oil holes in the
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Fig. 2 (a) Integration of the traditional prototype valve
body and manifold block; (b) integrated valve body and
manifold block integration

integrated valve-controlled cylinder. When designing
for integration, it is essential to ensure that one-to-one
correspondence is maintained and the functionality
unchanged after integration. Once the original func-
tional interfaces are replicated, they should be con-
nected based on their connection logic.

Utilizing the freedom of design offered by addi-
tive manufacturing, each interface is rearranged while
ensuring the integrity of the original flow channel
logic. In the layout design, Eq. (1) denotes the total
number of assembly holes in the valve-controlled cyl-
inder, and Eq. (2) represents the cumulative length of
the flow channels:

Nyn=n,+n,+..+n,, )

L=l +L+..+l, 2)
where N,;, is the minimum total number of assembly
holes of the valve-controlled cylinder; #; is the num-
ber of assembly holes in the valve-controlled cylinder
(=1, 2, -+, a); a is the number of connecting com-
ponents; L, is the cumulative length of the valve-
controlled cylinder flow channel; /; is the length of
each flow channel (i=1, 2, ---, b); b is the total num-
ber of flow channels in the valve-controlled cylinder.

In this integrated design, our primary objective
is to minimize the number of assembly holes and inte-
grate each assembly interface directly with the flow
channel or with other functional components. Simulta-
neously, we want to optimize the design for the
shortest flow channel length and segment count. For
instance, the design reduces local channels in the man-
ifold block by directly integrating inlet and outlet
holes, while a wall-mounted design is used to distri-
bute flow channels both inside the manifold block and
on the surface of the cylinder.

Table 1 illustrates the reduced height and weight
of the valve-controlled cylinder, as well as the in-
creased level of integration resulting from the use of
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Table 1 Comparison between traditional manifold block
integration and integrated manifold block integration

Value
Parameter Traditional Integrated
integration integration
Height (mm) 120 70
Weight (kg) 1.94 1.16
Number of assembly holes in 10 2
electromagnetic directional valve
Number of assembly holes in 14 2

connecting flow channel

an integrated design. This approach also minimizes
the number of assembly holes for the valve-controlled
cylinder, thereby reducing post-production machining
requirements, streamlining assembly processes, en-
hancing system reliability, and mitigating the risk of
hydraulic fluid leakage.

4 Integrated design of shared walls

When the flow channel is close to the cylinder
surface in the integrated design, this shortens the
length and reduces the volume of the valve-controlled
cylinder. This also minimizes the support require-
ments during formation and subsequent machining
processes. However, the use of shared walls can result
in stress concentrations that cause reduced strength.
In this study, ANSYS software was used to conduct
stress modeling of the cylinder. A working pressure of
21 MPa was applied to both the valve-controlled cyl-
inder and the internal flow channel. Displacement
constraints were also imposed perpendicular to the un-
sealed end face to restrict movement in that direction.
Fig. 3 depicts the stress distribution in the shared wall
between a flow channel and a cylinder, with an inner
diameter of 6 mm for the flow channel and 63 mm for
the cylinder body. Compared to a single flow channel,
there is an increase in maximum von Mises equiva-
lent stress, particularly near the wall shared with the
6 mm flow channel.

Both the flow channel and the inner side of the
cylinder are subjected to a uniform load of oil pressure.
Upon the application of oil pressure, radial stresses
and circumferential stresses are induced within the
flow channel, causing both the flow channel and the
cylinder to have a tendency to expand outward. How-
ever, at the junction between the flow channel and
the cylinder, deformation in the radial direction is
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Fig. 3 Stress distribution in a shared wall

constrained, leading to increased deformation in the
circumferential direction and a significant rise in cir-
cumferential stress at this location. Consequently, the
point connecting the centers of the flow channel and
the cylinder is where deformation is most restricted,
resulting in the generation of maximum circumferen-
tial stresses. The integration between the flow channel
and cylinder block connection leads to higher maxi-
mum stresses in the channels compared to those for a
single channel.

By increasing the flow channel wall thickness
and adjusting the diameter ratio of large-to-small flow
channels, it is possible to reduce the stresses on the
channels without altering the channel structure. Fig. 4
illustrates the maximum equivalent stresses o, of the
channel and cylinder at various diameter ratios, show-
ing that stress levels effectively decrease as the diame-
ter ratio increases.

Thus, when determining the distance for pressure-
bearing components such as flow channels, it is essen-
tial to establish an appropriate distance that allows the
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Fig. 4 Maximum equivalent stress of the flow channel and
cylinder at various diameter ratios. The straight line y=
120 represents that the allowable stress for the flow channel
and the valve-controlled cylinder is 120 MPa

component to deform freely under forces while not
altering its original shape. For this type of pressure
vessel channel, the stress magnitude is only consid-
ered under internal pressure conditions, as depicted in

Egs. 3)—(5):

2
JF(/fl) 1+ 1:; , 3)
p R
O-r: (kz—l)(l_ }"2 )’ (4)
P
0=l (5)

where o, 0,, and o, represent the circumferential
stress, radial stress, and axial stress borne by the flow
channel, respectively; & is the ratio of the outer diame-
ter to the inner diameter of the flow channel; P is the
internal pressure borne by the flow channel; R, is the
outer diameter of the flow channel; r is the distance
from a point in the channel wall to the center of the
channel circle.

According to Hooke’s law, the deformation con-
dition of the circumferential flow channel under tri-
axial stress is:

e= 3 (0,-10,~u0.), ©

where e, is the circumferential strain of the flow chan-
nel under triaxial stress conditions; x is Poisson’s ratio
of the material; £ is Young’s modulus of the material.

According to the deformation of the outer wall
of the flow channel, we can obtain:

e = Rf (7)

Thus, the radial deformation AR of the flow
channel is:

AR (2—u) PR, ' ®)
E(k*-1)

When using additive manufacturing technology
to form channels, the influence of the laser spot diam-
eter r, can result in the formed entity being larger than
the intended design size (Schmidt et al., 2017; Wea-
ver et al., 2022). Therefore, when designing channel
spacing, it is necessary to consider the impact of the



laser spot diameter. Assuming that the deformations
in the radial direction of two neighboring parallel
channels are AR, and AR,, and that 6, is the angle be-
tween a line connecting their centers and the horizon-
tal line, then the designed gap d for the horizontally
formed channels is:

i

d=AR,+AR,+ cosd,”

€

The above formula is applicable for channels
that share the same starting plane and are parallel to
each other. When dealing with channels with overlap-
ping angles or structures, printing parameters and the
influence of support on channel formation must be
considered in the spacing design.

5 Method for planning low-pressure loss
channel paths

In valve-controlled cylinders, conventional flow
channels are primarily shaped through drilling, mill-
ing, and other machining methods to achieve a change
of direction with intersections mainly at right angles
(Hagen et al., 2019; Xu et al., 2019). This type of tran-
sition not only leads to significant local pressure loss
but also limits channel design. Additive manufactur-
ing offers a high degree of design freedom, enabling
new concepts for hydraulic unit channel design. The
pressure loss in hydraulic channels typically consists
of frictional pressure loss and local pressure loss.
While there is an accurate model for calculating the
frictional pressure loss in additive manufacturing flow
channels (Zhou et al., 2021), there is a lack of models
that can precisely predict local pressure loss.

5.1 Pressure loss model of bent channel

In this study, computational fluid dynamics (CFD)
is employed to conduct the simulations of channels
with varying bending ratios and angles under specific
inlet conditions. The aim is to reveal the relationship
between bending ratio, bending angle, and channel
pressure loss in order to predict pressure loss in chan-
nels. Fig. 5 illustrates the simulated channel model.
To ensure fully developed flow before the bent channel
and to mimic realistic laminar flow conditions, a long
straight flow channel precedes the bent flow channel,
with measurement points placed at specific distances.
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Fig. 5 Characteristic parameters of the bent channel. (a)
Simulated channel model of the valve-controlled cylinder
with varying bending ratios and inlet conditions; (b)
pressure loss simulation in the bent flow channel under
different flow rates and bending ratios; (c) relationship
between bending ratio, bending angle, and pressure loss
for the flow channel

The pressure loss at a bend is primarily attributed
to two factors: frictional losses and losses caused by
fluid separation during the turning process (Crawford
et al., 2007). When the bending ratio of the flow
channel—defined as the ratio of the channel bend
radius to the channel radius—is small, the pressure
loss in the curved section is predominantly due to fluid
separation. On the contrary, when the bending ratio is
relatively large, frictional losses become the main con-
tributor to pressure loss.

For channels with high bending ratios under con-
sistent inlet and boundary conditions, the pressure loss
P, can be estimated by Eq. (10) (Hashan Peiris et al.,
2021):

P,=pRO, (10)
where R is the bending ratio of the flow channel; 6 is
the bending angle of the flow channel; p is the pres-
sure loss per unit length at a specific bending angle,
under stabilized conditions where fluid friction pre-
dominantly governs the pressure loss.

For flow channels with low bending ratios, how-
ever, accurate estimation formulas remain elusive. To
address this gap, we conducted simulations and inter-
polation techniques to evaluate the pressure loss in
channels with specified bending ratios. As a result, a
correlation was established among the bending ratio,
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bending angle, and flow channel pressure loss, provid-
ing a reliable method to predict pressure loss.

The working flow rates Q are set to 5, 15, 30,
and 60 L/min, based on reference values for the valve-
controlled cylinder. The simulation parameters are pro-
vided in Table 2. Based on the CFD simulation data
points, the relationship is established using a bilinear
interpolation function. Fig. 6 illustrates the pressure
loss in the bent flow channel for varying operating
flow rates, bending angles, and bending ratios. It is

Table 2 Simulation calculation parameters

Parameter Description
Feature length (mm) 6
Working medium Hydraulic Oil, ISO VG 46, AW
Viscosity (Pa-s) 0.03956
Density (kg/m’) 860
Temperature (°C) 40
Grid shape Hexahedral mesh
Speed inlet boundary 8.84, 17.68, 26.52, 35.36

conditions (m/s)

Pressure outlet boundary 0
conditions (Pa)

Solving models Renormalization group (RNG)

based k—¢ turbulence model
Residual convergence 10°
tolerance

Number of iterations 1500

7
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evident that as the bending ratio increases, the pres-
sure loss of the channel initially decreases before ris-
ing again. This occurs because fluid separation is the
primary cause of pressure loss in the bent channel at
lower bending ratios; as the bending ratio increases,
the fluid separation diminishes. At the same time, the
elongated path of the bent channel causes an increase
in wall friction-induced pressure loss. Once it surpasses
a certain threshold, wall friction becomes the primary
cause of pressure loss in the channel and exhibits a
strong linear correlation with the bending ratio.

5.2 Mathematical model for the path design of
low-pressure loss channel

The theoretical prediction of pressure loss for a
channel in any given condition can be obtained using
the aforementioned database. For example, Fig. 7 illus-
trates the hydraulic component formed by additive
manufacturing and its flow channels. The flow chan-
nels of the valve-controlled cylinder can be divided
into direct-current (DC) channels 1,, 1,, and 1,, as well
as bent channels S, S,, and S,.

For an incompressible steady-flow fluid, the
average velocity of the fluid remains constant when
the inlet cross-sectional area is equal to the outlet
cross-sectional area. In other words, it is necessary to

Pressure loss
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omwowowowo

-
o

(x10° Pa)
w
&

S = =D N O
~owmowo v o

Pressure loss

6 60708090
Bengin. 4 2 304050°0° %
ding rai = © 10 zgend'\ng ange
(d)

Fig. 6 Plots of bending angle, bending ratio, and pressure loss in the bent channel for operating flow rates of (a) S L/min,

(b) 15 L/min, (c) 30 L/min, and (d) 60 L/min
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Fig. 7 (a) Additive manufacturing constructed valve-
controlled cylinder; (b) channel path in the cylinder

calculate the average velocity at the inlet of each
straight and bent channel to assess the operating flow
rate for steady-state operation. Once the bending
radius and bending angle of each corner channel are
determined, pressure loss for that corner channel can
be obtained by querying the database from a previous
section. An evaluation function for assessing flow per-
formance within a flow channel of the valve-controlled
cylinder is established as shown:

P,.(0)= D AP(Q. R, 6) + > AP(Q). (11)

where P,,;, is the minimum pressure loss value for the
function; EAPS(Q, R, 0) is the sum of the pressure

loss values of the bent channels at the working flow
rate Q, bending ratio R, and bending angle 8; > AP, (Q)
is the sum of pressure loss values of all DC channels
at the working flow rate Q.

When designing hydraulic component channels,
the known input condition typically involves the oper-
ating flow rate. Therefore, it is essential to establish
the mathematical relationship between variations
in channel shape, position, and other parameters of
the bent and DC channels. This will enable us to pre-
dict the pressure loss across the channel. Fig. 8 illus-
trates the use of 3D coordinates for extracting parame-
ters of the bent and DC channels, aiding the solution
of the objective function.

For the bent channel, the parameters used to esti-
mate its pressure loss include the starting spatial coor-
dinate S,, the bend point spatial coordinate S,, and the
endpoint spatial coordinate S,. The bending angle 6 is
calculated using a vector composed of three points
and can be obtained from Eq. (12):
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Fig. 8 (a) Bent channel parameters; (b) DC channel
parameters

6 =arccos % . (12)
5.5, ] x| 575
The bending ratio R can be calculated as:
5.5,
R= % = 55| (13)

2 X rxsin (2)
where R, is the bending radius of the turning channel
and r is the radius of the turning channel.

For the DC channel, knowing only the starting
and ending coordinates is sufficient, and the length /
can be obtained using Eq. (14) and then used to esti-
mate its pressure loss.

[= \/(xn _xl())2+ (yn_J//o)Z+ (211_210)2 . (14)

In designing the flow channel for the valve-
controlled cylinder, it is essential to avoid interference
with existing functional interfaces and necessary as-
sembly space. Based on common component inter-
face types and assembly space requirements for the
valve-controlled cylinder, obstacles can be simplified
into two categories: cylindrical (e.g., oil hole inter-
faces, cartridge valve interfaces, and their correspond-
ing assembly spaces) and rectangular (e.g., plate valve
assemblies).

5.3 Design of low-pressure loss flow channels for
energy-saving valve-controlled cylinders

Including a bend in the channel of the cylinder
helps to circumvent obstacles but also results in
increased pressure loss. Therefore, optimizing the
bend path design is crucial, as illustrated in Fig. 9.



730 | J Zhejiang Univ-Sci A (Appl Phys & Eng) 2025 26(8):723-737

Problem 11

s A = B e 2

Determine the turning
» radius of each turning
point

|

. . I
Input various turning points of |
the flow channel I

|

|

Problem |

Obtain the pressure loss value
of the flow channel and determine
whether it is optimal?

Output channel path

Fig. 9 Strategy for designing channels with minimal pressure loss

This solution process presents two primary chal-
lenges: (I) determining the optimal turning radius for
each channel bend with predetermined locations;
(IT) comparing channels at different locations and
identifying relatively optimal channels within global
constraints.

The objective is to determine the turning radius
of each segment within the flow channel along a given
path. These turning radius values may be interdepen-
dent, as illustrated in Fig. 10a. For instance, the turn-
ing radius of channel S, can affect the range of possi-
ble values for the turning radius of channel S,. Alter-
natively, these radii can be independent, as shown in
Fig. 10b. Independence occurs when a “buffer chan-
nel” I, exists between turning channels S, and S,, al-
lowing their radii to vary independently. Therefore,
solving this problem requires addressing multivariable
coupling. To determine whether the two bent channels
are mutually constrained or independent, the length of
1, must be evaluated.

S,
S S,

(a) (b)

Fig. 10 (a) Two turning channels that are mutually
constrained; (b) independent turning channels

Given that the number of bends in a single flow
channel within a valve-controlled cylinder is rela-
tively small, the optimization variables for minimizing
pressure loss are limited to the turning radii of these
bends. This constraint leads to a relatively small com-
putational workload. Consequently, solving problem I
could potentially involve enumerating across all possi-
ble configurations while ensuring that the iteration
speed satisfies engineering requirements. Of course,

the ultimate goal is to obtain the global optimal solu-
tion. Considering these factors, we selected the simu-
lated annealing algorithm for solving problem I.

The simulated annealing algorithm was inspired
by the annealing process of metals and involves two
key components: an outer loop representing the an-
nealing process and an inner loop based on the Me-
tropolis algorithm. The outer loop begins by setting
an initial temperature, which decreases proportionally
according to a predefined cooling coefficient until a
preset termination temperature is reached. This pro-
cess determines the number of iterations and the over-
all computational time. The inner loop evaluates the
changes in the system’s internal energy at a given
temperature. If the internal energy decreases com-
pared to the previous state, the new state is accepted.
However, if the internal energy does not decrease, ac-
ceptance is determined probabilistically using proba-
bility P,. This probabilistic acceptance allows the al-
gorithm to escape local optima, overcoming a key
limitation of linear descent methods such as the New-
ton descent method. The probability P, is governed
by the Metropolis criterion, as shown in Eq. (15) (Wu
etal., 2018):

17 En+l<En’

(15)
En+l ZE”,

where E, and E, ., represent the energy (or objective
function value) at the current state n and the candi-
date state n+1, respectively; T is the system tempera-
ture controlling the acceptance probability of worse
solutions;

The simulated annealing algorithm process is il-
lustrated in Fig. 11. In the context of algorithm de-
sign, the term “internal energy” corresponds to the
pressure loss in each flow channel along a given path.
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Fig. 11 Simulated annealing algorithm flowchart

As the temperature decreases during the simulated an-
nealing process, the algorithm randomly generates a
set of turning radii for each bent channel while satisfy-
ing the design constraints. During this stage, the algo-
rithm ensures that the newly generated bent channels
are effectively mutually constrained, avoiding any
overlapping configurations.

Subsequently, different combinations of turning
radii are compared, and the algorithm iteratively re-
fines these configurations. The iteration process termi-
nates when either the maximum number of iterations
is reached, or the pressure loss converges to a stable
value. Ultimately, this approach identifies the mini-
mum pressure loss for the channel and determines
the optimal turning radius for each bent channel, as
shown in Fig. 11.

The objective of problem II is to determine the
optimal flow path in 3D while satisfying the required
design constraints. Achieving this requires evaluating
each randomly generated flow path by solving problem
I, wherein the turning radii and pressure losses are
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calculated. However, this process significantly in-
creases the iteration time due to the need for repeated
evaluations. Therefore, selecting an appropriate algo-
rithm for problem II must consider factors such as the
reliability of the algorithm’s solutions, whether the
error margin is acceptable for engineering standards,
and computational efficiency. Considering these fac-
tors, the particle swarm optimization (PSO) algo-
rithm, known for its strong global search capabilities
and fast convergence, was chosen.

The PSO algorithm is inspired by the collective
behavior of bird flocks, where each particle in the
swarm represents a potential solution with attributes
of velocity and position. Velocity reflects the particle’s
rate of movement, while position indicates its current
direction. Each particle individually searches for the
optimal solution within the search space, maintaining
a record of its personal best solution p,,. Simultane-
ously, the algorithm evaluates all particles’ solutions to
determine the global best solution g,.,.. Subsequently,
each particle adjusts its velocity and position based on
both its personal optimal value and the global optimal
value. The particle then begins the next iteration to
search for the global optimal solution, as shown in
Egs. (16) and (17):

V.= WVi+mC1(pbcsLi_Xi) +mC2(gbcsLi_Xi)’ (16)
X=X+V, (17)

where V, is the velocity of the current particle; X, is
the position of the current particle; w is the inertia fac-
tor, which determines the influence of the particle’s
current state on its subsequent movement; m is the
random number ranging from 0 to 1; C, and C, are
the acceleration coefficients that control the balance
between individual and global learning; p,.,. is the
current personal best value for particle 7; g, is the
global best value across all particles.

When applying PSO to problem II, the primary
objective is to optimize the positions and angles of
turning channels within the flow path. To achieve this,
the algorithm focuses on the inflection points of the
channels. Each particle is defined as a key inflection
point in the turning channel, with its velocity and po-
sition extended into multiple dimensions to accommo-
date the 3D nature of the flow path. This multidimen-
sional representation enables the algorithm to explore
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a wide range of potential configurations, ensuring com-
prehensive optimization of the flow path.

The velocity and position of particles in the x, y,
and z dimensions are updated using Eqgs. (18) and
(19). However, the concept of an “individual” in our
algorithm needs to be more clearly defined; here, an
“individual” does not refer to a single particle but
rather to a complete flow channel. The individual opti-
mal solution p,.,; corresponds to the minimum pres-
sure loss value, obtained by solving problem I when
the inflection point coordinates of each turning chan-
nel within the current flow channel are determined. At
this stage, it is necessary to establish a 1D vector py ,
which contains the coordinates of each inflection point
of the flow channel. This vector is used when the indi-
vidual optimum solution is reached to update the itera-
tion speed and spatial position of the inflection points,
as shown in Eq. (20):

V= [Vm Viy7 Vl‘;]a (18)
X=[X,. X, X.], 19)
Psi= (Pih Pi2v ) Pij)9 (20)

where i is the ith channel; j is the inflection point of
the jth turning channel; P, is the coordinates of the jth
inflection point on the ith channel.

The global optimal solution g, ; corresponds to
the minimum pressure loss value, across all flow
channels. At this stage, it is also necessary to establish
a 1D vector g,, which contains the coordinates of the
inflection points for each turning channel when the
global optimum is achieved. This vector is used to up-
date the iteration speed and spatial position of the in-
flection points, as shown in Eq. (21):

8= (le G,, Gy, -+, Gk)’ (21)
where G, is the coordinate of the kth inflection point
on the channel.

Therefore, when updating the speed and position
of the inflection points, the coordinates corresponding
to both the individual optimal solution and the global
optimal solution are updated in the x, y, and z dimen-
sions, as shown in Egs. (22) and (23):

Vie=wV, ,+mC (P, —X,.) +mCy(G,,—-X,.), (22)

ij.x ij.x ij.x ij,x
X, =X, +7, (23)

i.x i.x ij,x?

where the subscript ‘ij, x” refers to the x-component (or
coordinate) of the jth inflection point of the ith channel.

Therefore, compared to Egs. (16) and (17), this
equation has been expanded to include additional di-
mensions. Similarly, the same operation is applied to
the y and z coordinates of each inflection point, in-
creasing the dimensionality. After each update, it is
necessary to determine whether the current global op-
timal solution g, has been reached, or whether the al-
gorithm has reached the maximum number of itera-
tions. If neither condition is met, then the update pro-
cess continues in a loop. If the conditions are met,
then the final global optimal solution g, and the co-
ordinates gy, of each inflection point in the channel are
output.

The global optimal solution represents the pre-
dicted minimum pressure loss value for the flow chan-
nel. By connecting the coordinates g, of each inflec-
tion point with the inlet and outlet of the flow chan-
nel, the flow path is completed. Subsequently, using
the turning radius of each turning channel, the input
for each turning in the channel is determined, which
yields the final channel path and completes the flow
channel design. A flowchart of the PSO workflow we
used is shown in Fig. 12.

The overall algorithm for our workflow is illus-
trated in Fig. 13. This algorithm involves setting the
operating conditions of the channel and the entrance/
exit locations. It also includes defining the design
space of the valve-controlled cylinder based on pre-
liminary design results, establishing the channel’s de-
sign domain according to constraints, and characteriz-
ing and evaluating pressure loss using an objective
function for fluid flow in valve-controlled cylinder
channels. Additionally, spatial paths for channels are
randomly generated using a particle swarm algorithm
given the entrance and exit points. This approach uti-
lizes a particle swarm algorithm to randomly generate
a series of channels in space for a specific valve-
controlled cylinder path, while employing a simulated
annealing algorithm to obtain objective function values
for each path. Subsequently, optimal solutions for all
channels are iteratively solved using the particle swarm
algorithm, which reveals the optimal spatial locations
and bend designs. Finally, convergence is assessed; if
the process converges, the inflection points of various
bends along with their radii are output to complete the
design of the valve-controlled cylinder channels.
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Fig. 12 Flowchart of PSO algorithm
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5.4 Design of low-pressure loss flow channels for
energy-saving valve-controlled cylinders

The results of applying the above algorithm to
design the channel are shown in Fig. 14. The figure
demonstrates that the algorithm prioritizes using a
large turning radius and angle to minimize pressure
loss along the channel while satisfying all constraints
(He et al., 2021).

A CFD simulation was performed to validate the
performances of these two flow channels. The simula-
tion parameters are listed in Table 2, with a pressure
of 21 MPa and a flow rate of 15 L/min. The measured
pressure loss values were 53883 and 61458 Pa, while
the predicted values were 47142 and 54921 Pa, result-
ing in errors of approximately 14.3% and 11.9%, re-
spectively. These results demonstrate the accuracy of
the algorithm in predicting pressure loss for both flow
channels.

6 Additive manufacturing and testing of the
energy-saving valve-controlled cylinder

Additive manufacturing technology is used for
the formation of energy-saving valve-controlled cylin-
ders, with process parameters detailed in Table 3.
Given that the traditional prototype is made from

A

generate a series
of channels

}

Calculate the objective function
value for each channel using
simulated annealing algorithm

A 4
Use PSO algorithm to calculate and
update the optimal solution in all
channels

Does the optimal
solution converge?

Obtain the inflection points and related
parameters of the flow channel to
complete the modeling design
A

No

Output the optimal channel path

Fig. 13 Automated design solutions for minimizing pressure loss in hydraulic channels
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(©)

(d)

Fig. 14 (a and b) Automated design of manifold connections for the integrated valve-controlled cylinder (unit: mm); (c)
simulation results for the flow channel between outlet and control hole; (d) simulation results for the flow channel

between inlet and control hole

Table 3 Optimization of process parameters for additive
manufacturing of the valve-controlled cylinder

Parameter Description
Laser power (W) 200
Exposure time (us) 80
Dot pitch (um) 60
Scan spacing (um) 110
Laser point diameter (um) 70
Scanning strategy Stripes

316L stainless steel, 316L stainless steel powder was
selected as the forming material based on the opera-
tional requirements of the cylinder. Due to the specif-
ic characteristics of additive manufacturing, incorpo-
rating support structures for certain overhanging fea-
tures is essential to ensure smooth formation (He
et al., 2021; Weaver et al., 2022). The careful addition
of these support structures not only improves the qual-
ity of the cylinder but also reduces the workload for
subsequent machining. As shown in Fig. 15, the spool’s
position is designed with a ‘teardrop’ shape to ensure
proper formation. Additionally, the barrel on the cylin-
der body is an overhanging structure and thus requires
a shaped channel to facilitate its formation (Zhou et al.,
2021).

After additive manufacturing, the valve-controlled
cylinder housing underwent shot peening to improve

Fig. 15 (a) Structure of the directional valve spool; (b)
support structure with a ‘teardrop’ shape

its surface finish. The cartridge holes and threads nec-
essary for assembly were then machined. Following
machining, the end caps, solenoid coils, and piston
rods were assembled as shown in Fig. 16. Compared
to the traditional prototype valve-controlled cylinder,
the final mass of the integrated cylinder was 7.19 kg,
and the maximum space envelope dimensions were
reduced to 201.25 mmx97.12 mmx135.00 mm, result-
ing in a weight reduction of approximately 31% and a
space volume reduction of about 55%.

An experimental setup was constructed, as shown
in Fig. 17, to measure pressure loss in the flow chan-
nel. A turbine flowmeter was used to measure the
flow rate in the hydraulic oil pipes, with a range of 3—
20 L/min and an accuracy of 1%. Pressure sensors
were employed to detect the oil pressure, with a range
of 0-25 MPa and a testing accuracy of 0.075%. A
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(a) (b)

Fig. 16 (a) Prototype of the traditional valve-controlled cylinder; (b) integrated valve-controlled cylinder

Testing
channel

/' gPressure sensor

' Testing
channel

Fig. 17 (a) Experimental design for testing channel pressure loss; (b) traditional prototype channel testing; (c) integrated
channel testing

three-phase adapter was used to connect the tested Table 4 Pressure loss test results
flow channel, pressure sensor, and oil pipe. Inlet Outlet | e Average
The experimental setup was configured with a ~ Channel type  pressure  pressure ' (MPa) lpressure

pressure of 21 MPa, a working flow rate of 15 L/min, (MPa)  (MPa) oss (MPa)

and No. 46 hydraulic oil as the working medium. The ~ Traditional 21,00 20.90 0.10 0.10
hydraulic oil temperature was set to 40 °C. The pres- prototype 21.01 20.90 0.11 0.10
sure loss was determined by reading the values from 21.00 20.91 0.09 0.10
two pressure sensors and subtracting them to obtain  Tpeorated type  21.01 20.95 0.06 0.07
the pressure difference. The final pressure loss result 21.01 20.92 0.09 0.07
was calculated as the average of three test measure-

21.00 20.94 0.06 0.07

ments, as shown in Table 4.
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The results of the weight, volume, and pressure
loss tests are shown in Fig. 18. The integrated valve-
controlled cylinder channel significantly reduces pres-
sure loss, showing a 30% improvement over the tradi-
tional prototype. However, the algorithm predicts an
approximate 16% discrepancy between the simulated
and actual experimental values for channel pressure
loss, due to factors such as pipe friction not being
modeled. Additionally, there is extra pressure loss at
the connection point between the channel and the three-
phase adapter during the test.
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Fig. 18 Performance comparison between traditional
prototype and integrated type valve-controlled cylinders

7 Conclusions

Additive manufacturing processes were used for
energy-saving design and integrated molding of valve-
controlled cylinders, which were previously machined
using conventional methods. Flow performance tests
were conducted to evaluate the final integrated valve-
controlled cylinder, which was found to have signifi-
cantly lower weight and volume while also having en-
hanced flow performance.

We demonstrated that an additive manufacturing
approach successfully replicated the traditional proto-
type’s hydraulic principles and allowed for the rede-
sign of valve-controlled cylinder components, elimi-
nating the need for hydraulic valve quick-connects and
joints. Moreover, a design guideline for shared wall in-
tegration was proposed to minimize the need for print
supports and prevent stress concentrations by reducing
the distance between the channel and the cylinder. A
pressure loss database was also created for channel
bends at various operating flow rates, bending angles,

and bending ratios. Based on this database, an auto-
mated design process for pressure loss-optimized flow
channels in valve-controlled cylinders was developed.
Compared to the traditional prototype, the inte-
grated valve-controlled cylinder was reduced by 31%,
its volume was 55% lower, and its pressure loss was
decreased by over 30%, all while improving flow per-
formance. Based on the results of this study, our pro-
posed design method bolsters the additive manufactur-
ing of valve-controlled cylinders, and may also help
with hydraulic valve manifolds and other components
with similar structural and connective characteristics.
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