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1. Introduction

Nowadays, pumps are the most common machines and are
used in all fields of technology. Among the displacement
pumps used in hydraulic drive systems as power generators,
gear pumps are the most common. Their usage share is
estimated at more than a half of all manufactured pumps. The
major advantages of gear pumps and motors include: a simple
and compact design, reliability, resistance to working medium
impurities, high efficiency, and small size in comparison with
other pumps. The design of the gear pump has evolved over
the last 400 years (the creator of the first gear unit was
Johannes Kepler, who patented his solution in 1604). In the
literature, large variety of different constructions with the
hydraulic and acoustic properties improvement can be found
[9,16,18,20]. Currently, the development of modern gear units
is associated with the following directions: increase in working

pressures [7,18,22], overall efficiency improvement [1,3,4,8,16],
reduction of pressure pulsations [2,18,22], weight [12,16] and
noise minimization [15,17,19] and reduction of dynamic loads
[9,13,14,20,21].

In recent years, a dynamic progress in the field of
microelectronics and micromechanics has created new
opportunities for the development of fluid power microsys-
tems and microhydraulics. Miniaturization of hydraulic ele-
ments allows replacing the classical hydraulics with
microhydraulics, where due to size or weight the former
cannot be applied. There are three main factors to determine
the classification of pump as a micropump. They are overall
dimensions, nominal size and rate of flow. The dimensions of
microhydraulic pumps imparting the required flow and
pressure to the liquid range from a few hundred nanometers
to a few centimeters. The nominal size, which for displace-
ment pumps refers to specific delivery, for microhydraulic
components needs to be below 6 (NM < 6). The flow rate in
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microhydraulics may be small, 2–50 cm3/s (120–300 cm3/min),
or very small, <2 cm3/s (<120 cm3/min) [5,6,11].

The minimization of pump weight largely affects the
geometry of the body. On the other hand, too large ‘‘trim’’

of the structure can lead to a reduction in its strength below
the limit value resulting from the normal operation of the gear
unit. It follows that the design of the pump requires solving a
problem of optimal geometry of the pump body so that it was
characterized by the smallest possible dimensions and weight
while maintaining all the criteria of strength. The pump design
analyzed in this paper belongs to a group of microhydraulic
elements, since the overall dimensions are height – 56 mm,
width – 52 mm, and length (for the biggest pump from type
series) – 56.3 mm. It is characterized by a small flow, up to
25 cm3/s, and specific delivery equals 1 cm3/rev; therefore
NM < 6. Moreover, the values of specific delivery of most
recently produced gear pumps meet the requirements of
numbers based on preferred numbers (preferred values),
developed in the XIX century by Charles Renard. Currently,
according to the generally accepted standard, micropumps
belong to group 0, in which specific delivery is up to 1 cm3/rev.
Therefore, for numerical calculations in this article, the
micropump of the highest specific pump delivery of 1 cm3/
rev was chosen, since the pump body in this case is the most
strained.

2. FEM analysis of gear micropump body

2.1. Geometric model

During the implementation of developmental grant no. 03 0032
04/2008 the type series of gear micropumps PZ0 were designed
and manufactured [10]. The prototype units have a three-part
structure, which are a flange, pump body and back cover. A
flange is used to attach the micropump to drive assembly. In
the pump body are placed drive and idler gears – the pumping
unit, bushings, and the suction and pressure ports for
connection to the drive system. The entire structure closes
the back cover. In the flange and back cover, compensation and
anti-extrusion seals are placed to prevent the leakage. The
panels are interconnected with four bolts. Their mutual axial

position is secured by dowel pins. The exploded view of the
micropump design is shown in Fig. 1.

On the basis of a previously prepared technical documen-
tation of gear micropump (Fig. 2), a 3D model of the pump body
was prepared. The model was created in Autodesk Inventor
software (Fig. 3), saved as parasolid file, and then imported into
Ansys Multiphysics environment. In the model geometry,
minor simplifications were done, e.g. in the suction and
pressure channel the thread was not included. A highly
detailed model may cause serious difficulties in the prepara-
tion of a discrete model, as it forces higher density of the
discrete elements grid. This in turn increases the number of
elements, the computation time and requires a higher usage of
computer memory. It was found that the geometry simplifica-
tion will not significantly affect the results of the simulation.
For the analysis, the largest dimensions from the pump type
series were used. The central body due to the longest length is
the most strained, as discharge pressure impacts the largest
area.

2.2. Discrete model

The geometric model was divided into tetrahedral finite
elements of higher order (solid187). Each element is defined
by 10 nodes – at the vertices and at each edge of the
tetrahedron. The element is suited to modeling irregular
meshes, especially for various geometry from CAD/CAM
systems. Each node of this element has three degrees of
freedom allowing translational movement in x, y and z
directions. The grid elements ensure high accuracy of the
calculations in the case of a complex geometry model [23].
Finite element mesh is refined inside the pump body on the
contact area of the body with bushings and in the discharge
port (Fig. 4).

2.3. Material properties

The pump housing is made of aluminum alloy PA6. This alloy
is characterized by good strength properties and a high tensile
and fatigue strength. Mechanical and physical properties of
the alloy according to PN-84/H-93669 PA6 are summarized in
Table 1.

Fig. 1 – Elements of the gear micropump.
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2.4. Loads and boundary conditions

In the pump model, following loads are assumed:

- a zone of linear pressure increase and discharge pressure
zone in the channels of displacement,

- a zone of discharge pressure at the discharge port,
- a zone of bearing pressure on the pump body.

In the analyzed construction of the pump body, the angles
a1 = 818 and a2 = 1548 are assumed (Fig. 5). The values for the
particular angles were determined based on the conducted
measurements of peripheral pressure [18]. In the range of a2–a1

pressure increases linearly from 0 MPa to 28 MPa. In the
remaining part, the value of pressure is constant and equal to
28 MPa. The suction pressure is negligibly small compared
with the discharge pressure, and therefore was not included.
The body was loaded symmetrically on the side of drive and
idler gear. Reaction force on the gear bearing was determined
from Eq. (1):

R ¼ 0:85 pbdw
2

¼ 1860N (1)

where p – pressure, p = 28 MPa, b – face width of gear,
b = 9.3 mm, and dw – tip (addendum) circle diameter,
dw = 16.8 mm.

The model is fixed in the four holes for screws connecting
the body elements according to literature [12]. All the
translations in x, y, and z directions in the nodes of this
elements are set to zero. The reason for fixing screw surfaces in
all directions is that the pump assembly does not allow the
pump body to move in any direction. In the vertical (Y) and
horizontal (X) axes, the move of the pump is constrained by
bolts and dowels. In the third axis (Z, toward the viewer) it was
assumed that the pump body could not move, as it results from
being tightly bolted together to the flange, and back cover.
However, in this direction a slight movement might be

Fig. 2 – Photography of pump PZ0 prototype.

Fig. 3 – Geometric model of gear micropump body.

Fig. 4 – Discrete model of gear micropump body.

Table 1 – Properties of aluminum alloy PA6.

Property (unit) Value

Tensile strength, Rm (MPa) 390
Yield strength, R0.2 (MPa) 250
Density, r (g/cm3) 2.79
Tensile modulus, E (MPa) 72,500
Poisson's ratio, n (–) 0.33
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included. It has been tested that enabling the movement in
Z axis for 0.1 mm or even 0.5 mm does not significantly
influence the results (the maximal stress value in the pump
body was decreased by almost 2 MPa while including a
movement of 0.5 mm).

3. Results of FEM analysis

Strength calculations in the field of linear static analysis with
the aid of the finite element method were carried out. In the
model of the pump housing, distribution of reduced stress
according to Huber–Mises hypothesis and distribution of
displacement vector sum were observed. The results of stress
and displacement distribution are shown in the form of
contour plots in Figs. 6 and 7.

When analyzing the distribution of stress as shown in the
contour plot (Fig. 6), the greatest amount of stress 92 MPa may
be seen. The concentration of stress values occurs in the place
of bushing blocks in the interior part of the pump body on the
discharge side. High values of the stress occur in the periphery
of the discharge channel inside the pump body and in the
vicinity of screw holes on the right side of the body. The value

of the maximum stress is considerably less than the yield
strength of aluminum alloy (250 MPa) and the tensile stress
(390 MPa). Safety factor in this case is 4.2.

n ¼ sn

s
¼ 390

92
� 4:2 (2)

In the remaining part of the body, stress values are much
smaller than the maximum value and are in the range of
10–50 MPa. On the side of the suction channel, stress values
are close to zero.

As shown in Fig. 7, the largest displacement value is
approximately 0.013 mm. The maximal displacement occurs
on the discharge channel side on the inside of the pump
housing. In other areas, the displacement of the pump body is
smaller than 0.01 mm. The maximum value of the displace-
ment occurring in the body does not exceed the clearance limit
values specified in the papers [9,18]. Strength and stiffness
criteria in the pump body are achieved.

4. Optimization of gear micropump body

The results of simulations carried out on the model of the gear
pump housing have shown that the stress and displacement
values in the model are much smaller than the limit value.
Therefore, it was decided to optimize the weight of the body
structure of the pump. The goal of optimization was to achieve
higher energetic efficiency ratio (P/m) of the pump while
maintaining the same overall efficiency. Therefore, the
pumping unit, bushings, and the suction and discharge port
size were not changed. Also the material of construction has
not been subjected to change. The criterion of optimization
was the smallest mass of the micropump body. The variables
of optimization were the overall dimensions of micropump
body, stress and displacement distributions in the housing.
The dimensions of the micropump housing should be as small
as possible while the stress and displacement values vary in an
acceptable range. For stress, maximal value of 159 MPa was
assumed, as the safety factor then equals 2.5. High value of
safety factor needs to be assumed, as in the model some

Fig. 5 – The schematic of pressure distribution in the interior
chamber for pumping.

Fig. 6 – Stress distribution in gear micropump body before
optimization.

Fig. 7 – Displacement distribution in gear micropump body
before optimization.
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simplifications were applied and FEM analysis is always
vitiated by an error. The maximal displacement value should
not exceed 0.02 mm, as displacement in the range from 0.1 to
0.2 mm refers to circumferential backlash and does not have a
negative impact on volumetric efficiency. Overall output
dimensions of the body were reduced by 25% while main-
taining the shape and fixed dimensions – the size of the
suction and discharge channel and the size of the bearing body
(Fig. 8). Discrete model, load and constraints were set
analogically as in the base model. After the simulation was
done, it was noticed that in the dowel holes, maximal values of
stress occurred (214 MPa). At these locations, plastic deforma-
tion could occur, and therefore the size of the holes was
reduced from 3 mm to 2 mm. The results of the numerical
simulations for the optimized model are presented in the form
of contour plots in Figs. 9 and 10.

In Fig. 9, the distribution of stress in the optimized structure
of the body is shown. The highest stress value is about 134 MPa
and it occurs in the contact area of the pump body and the
bushing blocks and along the edges of holes for fastening
screws on the discharge side of the body. Safety factor for this
case is 2.9.

n ¼ sn

s
¼ 390

134
� 2:9 (3)

An analysis of the displacement map (Fig. 10) shows that
the maximum values of displacement occur near the dowel
pinholes, and the values reach 0.017 mm. In the rest of the
pump body, displacement values do not exceed 0.015 mm. The
maximal value of displacement is included in the range

acceptable to provide proper conditions for the pump work
[9,18]. The optimized design of the pump housing fulfills
strength and stiffness criteria.

Assumed safety factor and the obtained maximum values
of stress and displacement are similar to the results included
in the literature [12].

5. The energetic efficiency ratio of gear
micropump

As the result of the gear micropump body optimization, the
dimensions and mass of the structure were significantly
reduced. The body mass before optimization was about 150 g,
while after the reduction of the overall dimensions, it was only
about 63 g. Body mass of the original pump body (pump body I),
the optimized body (pump body II) and mass of the entire
pump with pump body I and pump body II are compared in
Table 2.

For both pump bodies, energy efficiency ratio (kef) was
designated. The energetic efficiency ratio is defined as the
relation of the power to the mass of the pump (4):

Fig. 9 – Stress distribution in gear micropump body after
optimization.

Fig. 8 – Comparison of the pump body size before
optimization (100%) and after optimization (75%).

Fig. 10 – Displacement distribution in gear micropump body
after optimization.
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ke f ¼ P
m

(4)

Theoretical delivery of the pump was calculated from the
Eq. (5):

Q ¼ qn ¼ 1:5 dm3=min (5)

where q – specific (unit) delivery, q = 1 cm3/rev = 1 � 10�3 dm3/
rev, and n – angular velocity, n = 1500 rpm.

Pump power was calculated from Eq. (6):

P ¼ Q p ¼ 700 W (6)

where Q – theoretical delivery of the pump, Q = 1.5 dm3/
min = 25 � 10�6 m3/s, and p – pressure, p = 28 MPa =
28 � 106 Pa.

The calculation of the energetic efficiency of the original
pump body (7):

kef I ¼ P
mI

¼ 700
383

� 1:8 (7)

The calculation of the energetic efficiency of the optimized
pump body (8):

kef II ¼ P
mII

¼ 700
297

� 2:4 (8)

In Table 3, the energetic efficiency ratios of the pump body
before and after the optimization are summarized.

On the basis of the calculation, it may be seen that the
optimized pump body has 33% higher power to mass ratio than

the original pump body. In the modernized pump body, the
overall dimensions were reduced by 25%; but the size of the
pumping unit (drive and idler gears), bushings, and diameters
of suction and discharge ports are maintained unchanged. The
efficiency of a gear pump is determined mostly by its radial
and face clearance. The radial clearance refers to circumfer-
ential backlash and ranges from 0.01 to 0.03 mm. The
circumferential clearance is formed by the surface of
the gouge in the casing and the surface of a cylinder having
the radius of the displacer addendum circle. The circumferen-
tial clearance is not constant along the whole circumference,
as the gears often get displaced within the bearings, because of
their slackness, toward suction port. The gears rotate in the
direction opposite to the pressure drop, which results in
reducing the leakage due to the difference in pressure at the
ends of clearance (Fig. 11).

The increase of radial clearance to 0.017 mm, which is the
maximal displacement value and occurs near dowel holes, will
not affect the volumetric efficiency of the micropump. The face
clearance is by an order of magnitude larger than the radial
clearance, amounting from 0.1 to 0.3 mm. To ensure high
efficiency of gear pump, axial clearance compensation is
performed, both in the primary pump and in the pump with
modified body. To sum up, the change of micropump body
dimensions should not negatively affect the total efficiency of
the micropump.

The compensation surfaces should remain in the same
size, as driving unit dimensions were not diminished.
Nevertheless, overall dimensions, of flange and back cover
of the micropump, should be reduced, to fit the pump body
shape. The power to mass ratio was calculated for the
micropumps of the same volumetric efficiency, and therefore,
in this case the parameter is reliable. While comparing the
energetic efficiency ratios of the pumps, the high total and
volumetric efficiency should be taken under consideration. In
other way, the pump design from the beginning does not meet
the basic criterion for positive displacement pumps, which is
the high overall efficiency (above 0.9).

6. Conclusions

The calculations of gear micropump body structure strength
were conducted. On the basis of FEM stress analysis, it was
found that both the original body design and an optimized

Table 2 – Micropump mass comparison before and after
optimization.

Parameter Pump body I
(before

optimization)

Pump body II
(after

optimization)

Mass of pump body (g) 149 63
Mass of entire pump (g) 383 297

Table 3 – The comparison of energetic efficiency ratios of
the pump body before and after the optimization.

Energetic
efficiency

Pump body I
(before optimization)

Pump body II
(after optimization)

kef (kW/kg) 1.8 2.4

Fig. 11 – Schematic of circumferential sealing of gears and graph of circumferential pressure measured in tooth space [9].
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body gear micropump satisfy the strength and stiffness
criteria under working discharge pressure equal to 28 MPa.
The highest values of stress in the body of the original gear
pump reached 92 MPa. The displacement in the pump body
achieved a maximum value of 0.013 mm. The maximum
values of stress and displacement obtained in the numerical
simulations were much smaller than the limit value; therefore,
the optimization of pump body structure was made. As a result
of the FEA analysis of optimized pump body, a maximum value
of stress of 134 MPa was obtained, while the maximum value
of the displacement was 0.017 mm. The maximum displace-
ment value should not have a negative impact on the leak
tightness of the pump during its work. Significant values of
displacement in the pump body occurred on the areas in which
the pressure at the circumference of the gears was no longer
incremented [9,18]. Thus, a slight increase in the gap between
the tip of the tooth and the body of the pump will not affect its
volumetric efficiency. After optimization of the body, the
weight of the structure was significantly reduced. The weight
of the optimized pump body was more than 50% less than the
weight of the original pump body. Reducing the weight of the
pump housing while maintaining the mechanical properties is
important for the production process due to the possibility of
increasing the efficiency of production and reducing the
demand for material and thus reducing the production price of
the pump. The energetic efficiency ratios of micropumps were
determined. The micropump with original body is character-
ized by a energetic efficiency ratio equal to 1.8, while for the
micropump with a modernized body this ratio equals 2.4. It
follows that the pump with the optimized body is character-
ized by more than 30% increase in energy efficiency ratio in
comparison to the pump body before optimization. In this
case, it means that the pump with lower weight may achieve
the same driving power as the pump about 90 g heavier. The
analysis does not take into account the pressure pulsation and
an increase of oil temperature during work, which also has an
impact on the effort of the pump housing during operation.
Therefore, high values of the safety factor (n � 3) were
assumed. As part of further research a verification of the
obtained results is provided by experimentally measuring the
stress values in the pump bodies of prototype units.
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