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Abstract
This paper deals with a new development of a swash-plate hydraulic pump. It is particularly designed to aim its usage in 
applications where environmental impacts should be concerned. Thus, the pump is based on not mineral-based oil but simple 
tap water. The Electro-Hydraulic Actuator (EHA), a linear motion generator operated by an electric motor installed to the 
proposed pump, can be attractive and expandable to small-to-medium pressure applications. Water is clean and safe, and 
the size of EHA is relatively small. New design features of the pump including the no-shoe retainer, the inclination angle 
adjustment screw, the rotating cylinder block, and the simple assembly structure enabled EHA. The pump was designed 
to have its static pressure of 1.4 MPa and the volumetric flow rate of 10 × 103  mm3/s. To verify its performance, a series 
of experiments were constructed, and the maximum volumetric flow rate and pressure were found as 2935.87  mm3/s and 
1.9 MPa, respectively. The maximum velocity of the actuator stroke was 9.35 mm/s. The EHA is controlled directly by the 
electric motor, and so a directional valve is not necessary. It is concluded the pump can be successfully used in small-to-
medium pressure applications.

Keywords Water hydraulics · Swash plate axial pump · Electro-Hydraulic Actuator · Environmentally friendly hydraulics

1 Introduction

Increasing environmental awareness of operating hydrocar-
bon based fluids (e.g., oils) and concerns on the pollution 
due to working fluids, the water hydraulics, which employs 
just tap water, can be selected as a sustainable alternative in 
fluid power transmission [1]. In modern hydraulic applica-
tions, oils (such as mineral oil) have been the dominant liq-
uids to transmit the power. Oil-based hydraulic systems have 
superior performances in position and force control. Other 
advantages of oil-based hydraulics are corrosion resistance, 
high lubrication, low freezing temperature, and so forth. 
However, petroleum or chemical based hydraulic fluids pose 
environmental hazards, because most of hydraulic systems 
eventually leak. In some cases, ruptured hydraulic lines 

release significant volumes of fluid into the environment. 
Water hydraulics can accomplish the same work as tradi-
tional systems, without worrying about the environmental 
impacts associated with oil-based systems. When the system 
leaks the water, it can be simply swiped. For the mentioned 
reasons, particularly in food and health-care industries, 
water hydraulics is an attractive alternative to eliminate con-
tamination [1]. Water is relatively clean and cheap compared 
to conventional oil. Typical hydraulic systems are designed 
to use just tap water, and so the reservoir can be filled with 
less efforts, when its volume becomes lower, because clean 
water is readily available in most of modern facilities. Water 
does not deplete as water is naturally recycled through the 
eco-system. Water hydraulics is a very efficient way to 
transmit fluid power; water is virtually incompressible with 
no energy loss attributable to fluid compression. When it 
comes to the fire that the conventional oil fluid catches often, 
environmentally adverse effects become more concerned. 
Water hydraulics is naturally fire proof, because water is 
truly non-flammable. Water hydraulics can be used even in 
below freezing applications, for environmentally safe addi-
tives can significantly lower the freezing point.
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Among downsides of water hydraulics, the corrosion is 
one of major issues. Water causes corrosion in the metallic 
pipes and components due to dissolved gases in the water, 
e.g. oxygen, chlorine, carbon dioxide. High chlorine content 
in water can corrode even stainless steel. Due to the pres-
ence of micro-organisms in the water, microbial-induced 
corrosion adds further problems. This leads to the use of 
more expensive corrosion resistance materials and corro-
sion inhibiting chemicals, which can raise the costs of water 
hydraulic systems. Water has the low viscosity relatively to 
the oil. The low viscosity brings about a design challenge 
in terms of sealing, because the fluid membrane is not eas-
ily formed due to low viscosity, and this property leads to 
poor lubrication as well. Water freezes at much higher tem-
perature (0 °C) than that of mineral oil. As water freezes, 
its volume expands by about 9% and this can cause severe 
damage in a water hydraulic system. Of course, water can be 
heated up or environmentally friendly antifreeze solutions 
can be used. In most of modern engineering applications 
(medium to small size mostly), therefore, electric motors 
have replaced water hydraulic power units due to disadvan-
tages mentioned in the above.

Electric motors can easily convert electrical energy into 
torque and speed. In general, they are relatively easy to con-
trol with a balanced speed on the condition that reduction 
gears and sensors are equipped with. However, there are 
downsides of electric motors. A specific mechanical coupler 
is needed, when the power should be transmitted from the 
motor, or the motor should be installed at the location of 
motions. Thus, mechanical accessorial parts including gears, 
connecting rods, and pulleys are to be thoroughly designed 
to operate with electric motors. This kind of systems can 
easily get complicated, and so the maintenance becomes 
difficult. The motor typically requires a reduction gear set, 
which is often bulky and expensive particularly in case of 
the harmonic gear set, for its rotational speed is relatively 
fast. When an impact load is exerted to the motor, the gear 
set can be damaged, or the load and damage can be transmit-
ted to the motor [2]. High-horsepower motors in applica-
tions at a low load factor result in costly electrical demand 
charges, i.e., a high cost per hour of operation. This low load 
factor operation can be seen in many applications, because 
a small electric motor is not effectively working for large 
loads due to its low power density. And electric motors are 
vulnerable to excessive heat and humidity, in general.

A drive system with hydraulics and electric motors, called 
an Electro-Hydraulic Actuator (EHA), can enable higher 
power density, and lower installation/operational costs. 
EHAs are particularly used in applications where hydrau-
lics power transmission is the only technique that can be 
used. One area where oil-based EHAs have been exclusively 
used for decades is Aerospace [3–6]. Because EHA’s power 
density (power to weight and volume to weight) is high, 

EHAs have been used to extend an aircraft’s control surface 
into a high velocity air stream [3, 7]. While Shang et al. 
[7] proposed an energy recovery EHA as a solution for the 
EHA’s heating problem [4, 7], water as a working fluid can 
dramatically shift the design conditions.

When the fluid power technology using water for power 
transmission was utilized in 18th century, it was mainly to 
transmit large power like workshop machinery, cranes, lifts, 
and cotton bailing machines [1]. The word “hydraulic” was 
initially originated from an ancient word of a water organ. 
Recent technologies in design, analysis, and controls make 
the water hydraulics available in more applications than 
before. In the field of ceramics, engineering plastics, and 
the advanced surface treatment, fundamental cutting-edge 
technologies have been developed to compensate the down-
sides of the water hydraulics: corrosion, poor lubrication, 
leakage, deterioration of materials, and so forth [8, 9]. Even 
with newly developed technologies, water hydraulics can-
not replace conventional oil-based hydraulics right away. 
Instead, to promote its usage, water hydraulics can exploit 
the niche area between conventional pneumatics (below 
than 0.7 MPa) and oil hydraulics (greater than 7 MPa) 
[10, 11]. This low-pressure water hydraulics is a relatively 
new branch of fluid power technologies that have not been 
extensively studied so far [10, 12]. Recently, a mineral oil-
free hydraulic fluid, mainly water with additives, is stud-
ied for a novel, energy-efficient water-based hydraulic sys-
tem [13]. Medium-to-small sized applications can employ 
water hydraulic pumps as a driving power source with a 
new capability and design feature, with the EHA in mind. 
For example, water hydraulics can be extended to children 
toys, educational kits, daily electronic consumer appliances, 
etc. In aforementioned areas of usage, spills or leakages of 
water is not a problem unlike the oil-based fluid. Thus, the 
system has almost zero environmental impacts. The water 
hydraulic components and systems, development, best prac-
tice of design, and industrial applications of water hydraulics 
were discussed by Conrad et al. [14, 15] One of modern 
water hydraulic technologies is a swash-plate pump/motor. 
Its pistons—the objects for the power transmission—are in 
parallel with a driven/driving rotor. The modeling of swash 
plate pumps was studied where the dynamic performance 
of swash plate pumps was analyzed [16]. And mechanical 
properties and vibrations of pumps were studied. These are 
mainly for a conventional swash plate pump [17]. In Lee 
et al. [18], a micro EHA was employed in a robotic arm. This 
small actuator with a 4.5 W motor can handle a high payload 
up to 5 kg (high power density). However, this EHA [18] is 
oil-based hydraulics made of stainless steel.

The low-pressure water hydraulics essentially makes the 
swash-plate pump smaller than conventional ones. Small 
pumps require a new design with appropriate material 
choice. For its manufacturability and applicability with a 
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high volume, using plastic materials is advantageous. Water 
can interact with metals (even with stainless steels in aggres-
sive and long-term conditions) leading to corrosion eventu-
ally. Special surface treatments to prevent corrosion increase 
the overall cost, and the treatment may degrade over time. 
On the contrary, plastic material types are chemically stable 
in water. Advanced plastic materials associated with water 
have superior surface properties (low water absorption) 
[19]. Also, plastic materials can be a good choice for its 
easy fabrication, which will yield an overall low cost. This 
is particularly important in that low-cost industrial robots 
or collaborative robots are rising in highly interactive tasks 
with humans where a clean environment is one of crucial 
factors [20].

In this paper, a new type of a water hydraulic swash plate 
pump for the low-pressure water hydraulics is proposed. 
It is a small-sized swash plate axial piston pump made of 
engineering plastics (Polycarbonate, Polyoxymethylene, 
etc.). The Polyether ether ketone (PEEK) material is used for 
the retainer and the kidney slot where parts wear well. The 
overall design is in a simple concept: a ball-joint retainer 
that grasps pistons, and pistons with no shoe, particularly. 
The design concept was made to be suitable for medium-to-
small applications. Another distinguished feature is its two-
way actuating capability with no valve required. The driving 
direction of an electric motor rotating the pump’s shaft is 
the pumping direction. Section 2 describes the main con-
figuration of the proposed pump. In the section, the newly 
designed pump is compared with a conventional oil-based 
swash plate pump. In Sect. 3, calculations for the major 

design parameters of the system are explained. Experimental 
results are provided and discussed in Sect. 4. And conclud-
ing remarks and future work are given in Sect. 5.

2  Water hydraulic pump configuration

Figure 1 shows the assembled pump as a complete device 
that is ready to use. The bottom insets show the core parts 
without the pump housing. The cylindrical housing is disas-
sembled from the core unit, which is the assembly of the cyl-
inder block, pistons, retainer, swash plate, rotating shaft, and 
so forth. The design features of this new type pump include a 
retainer that mechanically couples piston rods by ball-joints, 
a variable inclination adjustment screw of the swash-plate 
that changes the displacements of axial pistons by a simple 
screw, a rotating cylinder block for the bidirectional capa-
bility without a valve, and a simple assembly structure for 
the small size. The pump mainly consists of a drive shaft, 
cylinder block, piston assembly, retainer, swash plate, pump 
housing with kidney slots, etc. For this particular type of the 
pump, nine pistons are arranged in the cylinder block in a 
circular array at equal intervals around the center axis. The 
overall dimension of the pump is ~ 40 mm in diameter and 
~ 50 mm in length.

Each piston is mechanically constrained by a ball-and-
socket joint through the connecting rod to the retainer which 
is rotating with pistons when operating. In order to make 
the pump as a lightweight (light duty in a small dimension), 
parts are made of plastics, which are relatively more flexible 

Fig. 1  Fully developed water 
swash plate pump (top) and 
disassembled pump (bottom)
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than metals. To overcome this disadvantage in its material, 
a new retainer securely connects nine pistons through each 
respective joint, while a conventional retainer is pushed 
by springs from the cylinder block and piston shoes are 
in contact with the swash plate. Due to the low mechani-
cal strength of plastic materials, the conventional design 
of the retainer is not appropriate. Small parts are not easy 
to fabricate with plastics, and even plastic parts will break 
so easily. Figure 2 shows the comparison of the retainer 
between the conventional type from Takako’s micro pump 
[21] and the new design. As shown, the conventional type 
(top insets) shows a separate retainer and shoe per piston, 
but the new design (bottom insets) has only the retainer as 
one part. To overcome the weak strength of the plastics, 
the retainer was designed as a ring plate (which constraints 
the pistons to the plate as a whole), so it can endure better 
the pulling forces which retract the pistons from the holes 
in the cylinder block. The retainer itself contacts the swash 
plate without a shoe, and so a few parts are eliminated in 
the final design, enabling its cost-saving fabrication. Two 
groove lines under the retainer reduces the friction to the 
swash plate. The retainer is held by the swash plate, and the 

contact condition of piston rods becomes reliable. Thus, only 
one essential frictional contact is constructed in this design 
configuration.

The pumping flow can be varied by modifying the travel 
distance of axial pistons. Pistons are in reciprocating motions 
made by the swash-plate angle, which is simply adjusted by 
a screw that is located and rotated from the outside of the 
drive shaft support housing. The swash plate is connected by 
a hinge to the drive shaft. Also, the cylinder block is rotating 
with pistons, and this enables the pump to be actuated in 
two opposite directions without a valve. A directional valve 
which can be expensive considering its overall cost becomes 
unnecessary. The design features mentioned in the above are 
coordinated for the compact design of the swash plate pump 
in low-pressure water hydraulics applications mentioned in 
the “Introduction” section.

The basic working principle of the pump proposed in 
this paper can be understood well by conventional axial 
piston swash-plate pumps [16, 17, 22–28]. The general 
configuration of the pump is seen similar to conventional 
swash-plate pumps as shown in Fig. 3, which illustrates 
how the axial piston pump can create the flow. In the top 

Fig. 2  Comparison between the 
conventional mineral oil-based 
swash plate pump (top) and the 
new design (bottom) of a swash 
plate pump for water hydraulics
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inset of Fig. 4, the swash plate is not engaged as it is in a 
flat position. In this position, the pump is not operational. 
In the bottom inset, the plate is set obliquely to the drive 
shaft.

3  Flow rate and pressure calculations

Figure 4 shows the mechanism of the swash-plate, crank 
shaft, and piston. When the crank shaft rotates, the pistons 

Fig. 3  Cut-view of the 3D design of the swash axial piston pump

Fig. 4  Swash plate crank shaft 
diagram: the swash plate not 
engaged (top) and engaged 
(bottom)
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rotate as well around the shaft axis, and the swash plate set 
obliquely is playing a role of a cam that pushes and pulls 
the piston axially. In other words, the pistons in parallel 
with the shaft reciprocate due to the oblique plate and 
retainer in and out of the cylinder block. Thus, nine pis-
tons push and pull water periodically in the cylinder block, 
when the swash plate rotates in a skew angle.

To calculate the pump performance, the moving mecha-
nism of the pistons is studied. The coordinate system XYZ 
in Fig. 4 was established to study the pistons motions, 
which determine key design factors including the flow 
rate and transmitting power. In this study, the piston is 
assumed as a rigid body, and small jiggling due to joints is 
neglected. Thus, the piston location can be defined from its 
root, the ball-and-socket joint qi, which connects the piston 
to the swash plate. The ball-and-socket joint location qi is 
determined in a fixed coordinate system as

where r is the distance between the center of the cylin-
der block and the piston center, � is the swash plate angle, 
� is the angular velocity of the shaft, and t is time. And 
the velocity of the piston can be derived from Eq. (1) by 
taking its derivative as

We are only interested in the piston’s vertical motion in 
the cylinder block, and its root-mean-square value for its 
averaged performance can be written as

Consider nine pistons in one pump, and then the flow 
rate can be calculated as

where d is the piston diameter. To calculate the power 
transmitted from the fluid and its efficiency, the pressure 
P created by the pump should be calculated as well. For P 
exerted on the piston, the piston thrust force F is consid-
ered, having the force equilibrium relation as

The force F can be calculated from the law of conserva-
tion of energy. Suppose the work of the input torque Tm is 
transmitted to the piston and its friction at the plate (the 
viscous friction coefficient is � ). While the shaft is rotated 

(1)qi = (r cos�t cos�, r sin�t, r cos�t ⋅ sin�)

(2)vi = (−r� sin�t cos�, r� cos�t,−r� sin�t ⋅ sin�)

(3)��vi��rms =
r� sin�√

2

(4)Q = ṁ =

9�
i=1

A��vi��rms = 𝜋d2

4

9r𝜔 sin𝜙√
2

(5)P =
4F

�d2

half a cycle, the piston is pushed from the bottom to the 
top dead center, traveling the length L.

, where

Thus, the force F and the pressure P can be written as

and

4  Experimental results

The experiment set-up to verify the pump performance is 
shown as a schematic diagram in Fig. 5. The design parame-
ters of the pump used in the experiment are given as follows.

To obtain the flow rate, the potentiometer was used to 
measure the position of the linear cylinder, which diameter 
is 20 mm. The pump is rotated by a DC motor (24V, 42.3W), 
and the double acting water hydraulic linear actuator is 
connected to the pump. The linear actuator rod is basically 
pushed back and forth by the water fluid. To measure the 
volumetric flow rate in  mm3/s, a linear position sensor was 

(6)�Tm = 9(L + ��r cos�)F

(7)L = 2r sin�

(8)F =
�

9r(2 sin� + �� cos�)
Tm

(9)P =
F

A
=

4

9d2r(2 sin� + �� cos�)
Tm

(10)

⎧⎪⎨⎪⎩

r = 10 mm

d = 6 mm

� = 14.48
◦

Fig. 5  Schematic diagram of the pump experiment set-up
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coupled with the actuator rod, and its motion is synchro-
nized. The water flow that makes the move in the actua-
tor became visual by the position sensor, which directly 
reads the motion. And the position measurements are back 
calculated for the flow rate. As shown in the diagram, the 
pump rotates two ways: clockwise and counterclockwise 
directions. Because of this advantage, a directional valve 
was not necessary. Also, in the water loop, no reservoir (or 
water tank) is shown, for the water is very incompressible. 
The pressure gauge is attached to the retraction side of the 
loop. Therefore, the maximum pressure is expected, when 
the actuator pulls the rod. Figure 6 shows the actual experi-
mental setup of the diagram explained earlier. An Arduino 

micro-controller is connected to activate the set and record 
the measurements.

The experiments were carried out several times, and four 
rounds of executions were recorded. Figure 7 shows the lin-
ear actuator rod displacement versus time, when the rod is 
retracted (left) and thrusted (right). The time in data was 
offset to start the motion similarly. As shown, the rod is 
moved ~ 100 mm of the total displacement in about 10 s. 
The average speed of the rod is 9.35 mm/s and 7.75 mm/s, 
when the rod is retracted and thrusted, respectively. The flow 
rate can be calculated by plugging the diameter value of the 
actuator cylinder, multiplied by the rod velocity. The aver-
age flow rate was calculated as 2935.87  mm3/s and 2433.64 
 mm3/s, when the rod is retracted and thrusted, respectively. 
With motor’s rated speed of rotation, the displacement 
increases and decreases with an almost constant velocity 
(and this implies a smooth water flow during steady-state 
actuation). Multiple experiments show the pump works in a 
same pattern. But if a different electrical motor is attached, 
the pump performance will be changed.

On the contrary to the displacement, the experimental 
cases shown in Fig. 8 are relatively not comparable in pres-
sure measurements, still being in a similar pattern. The pres-
sure ranges from 0 to ~ 1.9 MPa (left in Fig. 8), when the rod 
is retracted, and from ~ 0.7 to 0 MPa (right in Fig. 8) ranged, 
when thrusted. Particularly, high pressure measurements are 
relatively disagreed. And the maximum pressure is approxi-
mately 1 MPa higher for the retraction than the pressure for 
the thrust. During the retract motion, a smaller pressure area 
on the piston is resisted to generate the same forces than the 
thrust motion, and thus the pressure can be higher to gener-
ate the required piston force. And the pressure difference 
can be due to the location of the pressure gauge, which is 
installed in the top loop of the linear actuator as well. Also, 

Fig. 6  Experimental set-up

Fig. 7  Actuator rod displacement (left: retract, right: thrust)
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the difference might stem from the directional fixed frictions 
in the cylinder.

Based on the chosen system properties, the theoretical 
static pressure of 1.4 MPa (with a viscous friction coeffi-
cient of 0.15) and the volumetric flow rate of 10 × 103  mm3/s 
were calculated from Eqs. (4 and 9). The maximum pressure 
was observed higher than 1.4 MPa, but the flow rate was 
lower than 10 × 103  mm3/s. The experimental flow rate can 
be lower, because a flow resistance in the experimental loop 
should have been considered for the calculations.

In Fig. 9, the flow rate is associated with the pressure 
measurement records (in Figs. 7 and 8) from multiple exper-
iments. The discrete measure points were fitted to a curve 
by a quadratic function. The pattern is a typical inversely 
proportional relationship between the flow rate Q and pres-
sure P. As explained earlier, the maximum pressure at the 

retraction is about 1 MPa higher than that of the thrust. 
Very few measuring points between 500 and 2500  mm3/s 
are observed, because the pump was operated almost dis-
cretely, being on and off.

5  Conclusions

The water, which is readily available in most places, is clean 
and safe. To take advantage of water, the new pump was 
developed particularly for the application of the water work-
ing fluid to minimize adverse impacts to the environment 
unlike conventional oil-run hydraulic pumps. The water 
hydraulics can be further extended to medium-to-small 
pressure applications in the form of the Electro-Hydraulic 
Actuator (EHA): a swash-plate axial pump with an electrical 

Fig. 8  Pressure measurements (left: retract, right: thrust)

Fig. 9  Flow rate by the swash plate piston pump with a theoretical mean (left: retract, right: thrust)
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motor installed. For the EHA, the pump, which was made 
of modern engineering plastics, was designed in a relatively 
small size (~ 40 mm in diameter and ~ 50 mm in length). 
The EHA was enabled by new design features of the pump: 
the no-shoe retainer, the inclination angle adjustment screw, 
the rotating cylinder block, the simple assembly structure, 
and so forth.

A pump experiment set-up was set up to evaluate the 
pump performance: fluid flow rate and charging pressure. 
In the set-up, a water hydraulic linear actuator was tested 
by connecting to EHA. The position of the actuator rod and 
pressure were synchronously measured. The maximum volu-
metric flow rate and pressure were 2935.87  mm3/s and 1.9 
MPa, respectively. The maximum velocity of the actuator 
stroke was 9.35 mm/s. The relationship between the flow 
rate and pressure was determined inversely proportional as 
expected. The pressure at the actuator’s retraction was ~ 1 
MPa higher than the pressure at its thrust. This was because 
the pressure gauge was installed at the retraction leg, and so 
the pressure goes up when the fluid comes into the gauge 
side. In the set-up, no directional valve was necessary, 
because the EHA rod direction was directly controlled by the 
electric motor. Overall performance depends on the motor 
as well. Also, no reservoir (or water tank) was required, and 
so the fluid circuit became simple.

Although the speed of actuation is not comparable to 
electric motors, the high power density with smooth safe 
motions is a merit for various applications (medical devices, 
children toys or food processing equipment, in particular). 
In the future, an analytic approach with a full version of 
fluid dynamics is needed for a better design, and the higher 
pressure design up to 7 MPa is left for the next work. The 
real-time efficiency is left for future work. The efficiency 
requires measuring the input power as well. At this time of 
experiments, only the pump capacity was evaluated whether 
the pump design can be used for small-to-medium pressure 
(0.7 ~ 7.0 MPa) applications, and the pump has shown its 
capability meeting the pressure range. Also, the long-term 
reliability of the pump operation should be studied including 
its wear and leakage characteristics.
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