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Abstract: In most situations, for the proper design of a gerotor pump, numerous parameters must be
taken into account: the pump geometry, the properties of the materials from which the pumps are
made (Young’s modulus, Poisson’s coefficient, friction coefficients, etc.), the hydraulic characteristics
of the circulated fluids (fluid density, kinematic viscosity, etc.), the working performance of the pump
(speed ranges, pressure, flow rate, etc.), with greater or lesser influence on volumetric efficiency,
work capacity, or energy consumption. The paper presents a study regarding the inspection of the
reciprocally enwrapping surfaces of the gerotor pumps using a three-dimensional measurement
technique specific to reverse engineering, which involves 3D scanning of the pump components in
gearing movement. The components were measured by means of a specific software (GOM Inspect)
and compared, by overlap, with the CAD models made with the help of CATIA software (CATIA
V5R21). At the same time, an analytical calculation algorithm was developed for the complementarity
of virtual representations. Finally, the advantages of the reverse engineering technique compared to
the developed theoretical algorithm and traditional CAD design are presented.

Keywords: gerotor pump; rotor; virtual pole method; reverse engineering; GOM Scan; GOM Inspect;
3D measurement; CATIA; enwrapping profiles

1. Introduction

The gerotor pumps with trochoidal (cycloidal, epitrochoidal, hypotrochoidal, etc.)
profile rotor are special types of rotary pumps with internal gear that contain a profile,
most often called a straight cycloidal profile, having a rotor consisting of two components:
one known as an inner rotor and the other as an outer rotor [1–3]. The inner rotor and
outer rotor come into contact with each other and create a gap between them and as the
pump enters operating mode, the volume of the gap expands and shrinks continuously.
The expansion of the gap creates a vacuum, and the fluid is drawn into the pump. As
the gap shrinks, compression occurs, and the fluid is pumped out [4,5]. The inner rotor is
fixed to the pump drive shaft and acts as the outer rotor. The inner rotor has four or more
lobes (Z1), while the outer rotor has one more lobe (Z2) than the inner one and therefore
rotates at n/(n + 1) rotations per minute, orbital or satellite [6]. Although they have a lower
efficiency and work at pressures of up to 150 bar, they are found in lubrication systems
or as compensation pumps (booster pumps) located on the same shaft as the main pump.
For these reasons, these constructions are used, in particular, as motors, being superior in
many ways to classic hydrostatic motors, even if the operating principle remains similar to
pumps in terms of the conversion of mechanical energy (in the form of moment and speed)
into hydraulic energy (pressure and flow) [7].
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F.L. Litvin [8] defined, from a geometrical point of view, the main profiles of the
gearing components, with applicability to cycloidal gears. Also based on a method derived
from the gearing theory, G. Bonandrini [9] analyzed the epitrochoidal and hypotrochoidal
profiles, defining synthetic equations that led to the calculation of some performance
indices such as the specific flow rate, the volumetric compression ratio, or the pressure
angle. A. De Martin et al. [10] define and extend a study regarding the use of geometric
profiles of asymmetric lobes formed by elliptical arcs, with multiple advantages over the
traditional profile, while S.H. Lee et al. [11] propose a new gerotor with the shape of a lobe
with 2 expanded cardioids in order to reduce the noise of the oil pump used in automatic
automobile transmissions. For the efficiency of the gerotor pumps for various industrial
applications, a great emphasis was placed on the geometry of gerotor pump rotors and the
role they have in increasing the performance of hydraulic machines [12–15], and modeling
and simulations of several gerotor pump geometries and kinematics were realized, whose
results were compared with experimentally obtained values [16–20].

C.F. Hsieh [21] used finite element analysis to demonstrate theoretical calculations
regarding the influence of the profile geometry of the gerotor pump lobes on stress variation
and volumetric flow results.

S.M. Kwon et al. [22,23] used a computer-aided design program developed in the C++
language to define the inner profile of the rotor as a combination of two circular arcs, as
well as a genetic algorithm as a technique to optimize the wear rate proportional factor.
Another genetic algorithm was also used by A. Robison [24], through which he studied the
pitting in a pump with the circular geometry of the gerotor gearing.

Obviously, not only the geometry of the rotor profile has a decisive role in the good
operation and efficiency of such hydraulic constructions; the influence of the characteristics
of the transported fluids, such as the density of the fluid or the kinematic viscosity, but
also the mechanical characteristics and the physical working quantities, such as the flow
rate, pressure, or working speed, they also have an extremely important role [25–28]. To
ensure a smooth rotation, the profiles of the inner and outer elements of all gerotors,
regardless of the number of lobes, are conjugate to each other, meaning the common
normal at all contact points between the two elements passes through a fixed point, thus
maintaining a constant angular speed [29]. Studying the energy efficiency problems of these
pumps involves establishing mathematical models of their profiles, comparing various
geometric parameters [30], or using simulations and graphical methods [31–37]. Although
the construction of the pumps is robust enough, operational incidents can sometimes lead
to damage to the fluid drive elements through more or less uniform wear of some of the
lobes as an effect of the erosive process due to the working environment or the cavitation
phenomenon as a result of the turbulent flow through the pump body of the working fluids.

In this way, in order to reconstruct such components of the pumps, it starts with
the identification of the shape, usually of the solid 3D model, starting from the existing
construction, identifiable by measurement, in the discrete form of the active surfaces of the
rotor, using working methods specific to reverse engineering. Basically, reverse engineering
is the process of analyzing an object or an environment in the real world in order to
collect data on its shape, structure, and appearance so that it can be used later to build
digital 3D models [38]. By means of such a technique, Zhang et al. [39] established the
parametric equation of the theoretical contour curve by analyzing the radius of curvature
of the cycloidal gearing using NX10.0 software. Reverse engineering problems have been
developed in graphical design environments [40–42], with applications, especially in the
field of virtual modeling of generating tools of pumps and compressors rotor channels or
of different working components whose profiles comprise different shapes, such as circular
arcs, straight segments, helical curves, involute-cycloids, cycloidal curves, or various non-
analytical curves [43,44], in which profiling solutions were proposed using a set of software
products, such as MATLAB for calculation and CATIA for virtual representation.

The existing problem in the reconditioning processes of rotors within pumps consists
in making the tools that generate the profiles of the rotors, starting from the existing
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physical characteristics, for which, often, there is no specific technical documentation. In
such situations, the constructive form of the rotors can be obtained by actually measuring
them, making 3D models of the rotors, and, starting from them, by profiling the generating
tools with which the profiles of the parts will be processed.

The specialized literature has addressed multiple and various aspects regarding the
study of gerotor pumps, a fact that makes this topic still relevant. However, from the
point of view of reverse engineering techniques, there are no approaches that clearly
highlight the 3D geometry of the pump components through non-contact optical methods
and 3D analysis of deviations in relation to a nominal mathematical model. Thus, the
technique used in this paper has an essential role in the correlation of images, respectively
the projection of light fringes, intended for measuring 3D surfaces with the possibility
of performing measurements in hostile environmental conditions (dust, high humidity,
vibrations, large temperature variations), to which is added the speed of generating 3D
surfaces of digitized objects, materialized through a network of polygons (3D mesh).

The paper highlights the advantages of the use of reverse engineering techniques
versus theoretical algorithms and traditional CAD design, obtaining a reduced time for the
creation of numerical models of pump rotors, the possibility of redesigning these rotors
in order to improve the volumetric efficiency of the pump, and the ability of the “virtual
pole” method to be applied in the study of the specific enwrapping problems of hydraulic
pump profiles.

2. Materials and Methods

A study regarding the inspection of the reciprocally enwrapping surfaces of gerotor
pumps is presented using a three-dimensional measurement technique specific to reverse
engineering, which involves 3D scanning of the pump components in gearing movement.
The components were measured by means of a specific software (GOM Inspect) and com-
pared, by overlap, with the CAD models made with the help of CATIA software. At the
same time, an analytical calculation algorithm was developed for the complementarity of
virtual representations. The advantages of the reverse engineering technique compared to
the theoretical algorithm and traditional CAD design are presented: reduced time in trans-
posing the models into digital form, accurate determination of deviations by comparison
with the CAD model, speed in processing the results, etc.

2.1. The Scanning Process of the Gerotor Pump Components

By using 3D scanning, a three-dimensional digital representation of the complex
components of a gerotor pump is obtained, capturing in detail their shape and geometry.
This information is used to evaluate the conformance of parts to specifications, to detect and
analyze deviations or defects, or to perform comparisons between parts to ensure product
uniformity and quality. In the present study, the ATOS Core equipment, developed by the
GOM company [45], was used to establish the physical and dimensional characteristics of
an inner rotor with four lobes (Z4), while the outer rotor has an extra lobe (Z5) compared to
the inner one (Figure 1).

By using the ATOS Core equipment, the components of the gerotor pump were
scanned in detail, and the 3D data obtained was used for the analysis of their geometry.
Thus, the dimensions, shapes, surfaces, and other characteristics of the components were
evaluated. The resulting images during scanning were processed using the GOM Scan
software, which offers solutions adapted to the areas of reverse engineering and rapid
prototyping, facilitating the transformation of scan data into three-dimensional digital
models. The software uses advanced algorithms to faithfully reproduce the geometry
of the scanned object, resulting in an accurate and detailed digital model. In order to
achieve complete digitalization of the components, several scans were performed from
different angles.
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Figure 1. ATOS Core equipment (a); Gerotor pump—physical model (b); Gerotor pump components:
outer rotor (c); inner rotor (d).

These scans were then integrated into a single series of measurements so as to provide
a complete and detailed picture of the digitalized object. Therefore, 16 scans resulted for
the inner rotor and 21 scans for the outer rotor.

After each component was completed, polygonalization was performed, a step that
involved joining all scans of the two parts and obtaining complete numerical models. The
resulting files were saved in *.stl format so that they could be opened and used in various
software design programs such as CATIA, AutoCAD, SolidWorks, etc.

2.2. Inspection of Gerotor Pump Components

The GOM Inspect program from ATOS Core [45] allows the evaluation and analysis of
data obtained by measuring with the laser scanner and the creation of precise geometric
elements that allow a detailed analysis of the shape and dimensions of the measured parts.
The system, defined by the measurement accuracy of the 3D coordinates of minimum
±10 µm on the useful measurement volume, certified by a metrological verification bulletin
of the manufacturer, the resolution of the optical sensors of minimum 5 Mpixels, respec-
tively, the density of point clouds (inter-point distance) of maximum 0.08 mm, makes this
system an excellent measuring tool where possible errors will not affect the measurement
results [45]. Thus, in order to determine the dimensions of the inner and outer rotors of
the gerotor pump, the contour of the two parts was built with the help of the Single Section
command from the inspection program (Figure 2).

Thus, having identified the contours of the two parts of the gerotor pump, their
dimensions can be determined in order to model them in the CATIA software program.

a. the inner rotor: To determine the outer diameter of the inner rotor, 3 points are built
on the surface of the inner rotor and by means of the 3-Point Circle command; its value can
be established (Figure 3); in order to determine the shape of the active profile of the inner
rotor, points are built on the contour of the part, at a distance of 2 mm between them, using
the Equidistant Points command; at the same time, to determine the inner diameters, circles
are built with the help of the Fitting Circle command; to determine the lengths of the part,
points are built on the contour of the inner rotor with the help of the Point command from
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the GOM Inspect program, with the distances being obtained with the help of Distance and
Projected Point Distance commands.
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diameter of the inner rotor (detail).

b. the outer rotor: To determine the outer rotor diameter, a circle is built on the contour
of the part by means of the Fitting Circle command (Figure 4); in order to determine the
shape of the active profile of the outer rotor, points are built on the contour of the part, at
a distance of 2 mm between them, using the Equidistant Points command; to determine
the length of the part, 2 points are constructed on the outer rotor surface using the Point
command, with the distances being obtained using the Distance command.
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Figure 4. Determination of the shape of the active profile of the outer rotor; determining the outer
rotor diameter (detail).

2.3. CAD Modeling of the Gerotor Pump

For the three-dimensional modeling of the gerotor pump elements, it is aimed to
address both the CAD model itself and the profiling of the generating tools by enwrapping
the ordered curls of surfaces (profiles) associated with a couple of rolling axodes (centrodes),
as well as the problem of enwrapping surfaces using exclusively the facilities offered by the
graphical design environment CATIA [35,41,42]. The application of the graphical method
in the graphical design environment CATIA to solve a reverse engineering problem related
to tools generating surfaces in reciprocal movement starts from the dimensions known by
direct measurement and virtually modeled in CATIA.

The graphical model of the inner rotor and the outer rotor of the gerotor pump was
generated in CATIA based on the elements measured with GOM Inspect, Figures 5 and 6,
the modeling involving, for example, the generation of 77 points on the profile of the active
part of the outer rotor, the coordinates of the points indicating their position in the XY
reference system.
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Figure 6. Points on the profile of the active part of the outer rotor.

After the modeling process is complete, the parts will be saved in *.stp format, which
allows them to be opened in the GOM Inspect program. This step is essential to compare
the CAD model with the scanned model of each part and assess their level of conformity
and accuracy.

3. Results
3.1. CAD Model vs. Scanned Model of the Inner Rotor and the Outer Rotor

The comparison between the CAD model and the scanned model, for both the inner
and outer rotor, is carried out in the GOM Inspect program. To carry out the inspection
process of the inner rotor and outer rotors, it is necessary to align the actual model of the
parts, obtained by scanning, with the nominal model generated by CAD modeling.

This alignment process ensures a correspondence between the two data sets and allows
the evaluation of the deviations between them.

In order to carry out this procedure, the Prealignment command is used, since the two
models (the scanned model and the CAD model), at the time of their import into the GOM
Inspect program, have different orientations according to the reference system specified in
the program, and it is necessary to overlap them in a single reference system (Figure 7).
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(b) when they are imported into the GOM Inspect program, as well as the overlap of the two models:
inner rotor (c) and outer rotor (d).

After the alignment, the parts are inspected. This process involves analyzing and
determining the deviations between the actual model and the nominal model. The result of
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the inspection process is given in the form of a map of deviations, where each deviation is
visually represented using colors.

On the deviation map, negative deviations are symbolized with a blue color, indicating
a deviation below the nominal values. Zero deviations are represented in green, signifying a
perfect match between the actual and nominal models. Positive deviations are highlighted
in red, signifying a deviation above the nominal values (Figure 8). Areas where the
deviation could not be calculated or measured are marked with a gray color.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 8 of 23 
 

  
  

(a) (b) (c) (d) 

Figure 7. Orientation of the scanned model and the CAD model of the inner rotor (a) and outer 

rotor (b) when they are imported into the GOM Inspect program, as well as the overlap of the two 

models: inner rotor (c) and outer rotor (d). 

After the alignment, the parts are inspected. This process involves analyzing and 

determining the deviations between the actual model and the nominal model. The result 

of the inspection process is given in the form of a map of deviations, where each 

deviation is visually represented using colors. 

On the deviation map, negative deviations are symbolized with a blue color, 

indicating a deviation below the nominal values. Zero deviations are represented in 

green, signifying a perfect match between the actual and nominal models. Positive 

deviations are highlighted in red, signifying a deviation above the nominal values 

(Figure 8). Areas where the deviation could not be calculated or measured are marked 

with a gray color. 

  
(a) (b) 

Figure 8. The map of deviations between the scanned model and the CAD model for the inner rotor 

(a) and the outer rotor (b). 

  

Figure 8. The map of deviations between the scanned model and the CAD model for the inner rotor
(a) and the outer rotor (b).

3.2. Study of the Enwrapping Profiles of Z4/Z5 Gerotor Pump Rotors

The determination of the sections where the fluid accumulates during its transport
from suction to discharge can be defined from the analysis of the hatched active section in
Figure 9, which is delimited by two hypocyclodes I and II [46].
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In addition to the established hypocycloidal profile models, circular arc models are
also used for rotor profiles [10,15,47].

Analyzing the dimensions obtained by measurement, the following values were
identified (see also Figure 5): A12 = 3.8 mm; r = 16 mm; R0 = 32.26 mm.

These values are established in the reference systems shown in Figure 10 and whose
meaning is: x1O1y1 is the fixed reference system, having its origin in the rotation center of
the Z5 rotor, O1 point; x2O2y2 is the fixed reference system, having its origin in the rotation
center of the Z4 rotor, O2 point; X1O1Y1 is a mobile reference system, joined with the Z5
rotor. Initially, it has the axes superimposed on the x1O1y1 system. The X2O2Y2 system is
the mobile reference system, joined with the Z4 rotor, and has the axes superimposed on
the x2O2y2 system at the initial moment.
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Assuming that the two profiles of the rotors are reciprocally enwrapping curves, which
would ensure perfect contact between them during operation and therefore maximum
efficiency of the gerotor pump, it follows that the profiles can be associated with a couple
of rolling centrodes.

The two centrodes are circles, with centers at O1 and O2 points and radii Rr1 and Rr2.
From the condition that the distance between the centers of the rolling circles is

A12 = Rr1 − Rr2 and from the condition that the ratio of the rolling radii is equal to the ratio
of the lobe numbers of the two rotors, the values of the rolling radii can be determined:

Rr1 − Rr2 = A12
Rr1
Rr2

= 5
4

}
⇒ Rr1 = 5 · A12; Rr2 =

4
5
· Rr1. (1)

The values are obtained: Rr1 = 19 mm, Rr2 = 15.2 mm.

3.3. Verification of the Minimum Rolling Radius

In order to be able to ensure enwrapping along the entire length of the two profiles,
the rolling radius of each of the two centrodes should exceed the value of the minimum
rolling radius. The minimum rolling radius for a certain profile is the radius of the circle
that admits a tangency point with the normal to the considered profile, the normal taken
through the limit point of the profile, Figure 11 [48].
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In order to determine the minimum rolling radius, it starts from the equations of the
analyzed profile, Σ1 profile:

Σ1

∣∣∣∣ X1 = −R0 + r · cos u;
Y1 = r · sin u.

(2)

In Equation (2), u is the angular parameter describing the Σ1 profile.
The tangent to the Σ1 profile has the equation:

t− t

∣∣∣∣∣X− X(u)
.

Xu
=

Y−Y(u)
.

Yu
; (3)

.
Xu = −r · sin u;

.
Yu = r · cos u. (4)

Taking into account the profile Equation (2), Equation (3) becomes:

X + R0 − r · cos u
−r · sin u

=
Y− r · sin u
−r · cos u

(5)

or, developed:

Y =
r− R0 · cos u− X · cos u

sin u
. (6)

The normal to the Σ1 profile, which passes through the O1 origin, has the equation:

n− n : X ·
.

Xu + Y ·
.

Yu = 0; (7)

−X · r · sin u + Y · r · cos u = 0; (8)

−X · sin u +
r · cos u

sin u
− R0 · cos2 u

sin u
− X · cos2 u

sin u
= 0; (9)

−X
sin u

=
R0 · cos2 u− r · cos u

sin u
; (10)
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X = r · cos u− R0 · cos2 u = (r− R0 · cos u) · cos u;

Y = r−R0·cos u−(r−R0·cos u)·cos u
sin u = (r− R0 · cos u) · sin u.

(11)

The minimum rolling radius is mathematically defined as the maximum distance
between the current point on the Σ1 profile and the intersection point between the tangent
to Σ1 at the current point and the normal to Σ1, which passes through the origin of the
reference system (O1). If this distance is noted by ∆, this is obtained:

∆ =
[(
−R0 + r · cos u− r · cos u + R0 · cos2 u

)2
+ (r · sin u− r · sin u + R0 · sin u · cos u)2

]1/2
,

∆ =
(

R2
0 · sin4 u + R2

0 · sin2 u · cos2 u
)1/2

,
∆ = R0 · sin u.

(12)

The value of the minimum rolling radius will be:

Rrmin = R0 · sin umax. (13)

For the previously calculated rolling radius value Rr1 (Rr1 = 19 mm), it means that the
last point on the Σ1 profile in which it is in a reciprocally enwrapping relation with the Σ2
profile corresponds to the angle umax = 36.42◦.

The profile area (S) between the points A—corresponding to u = 36.42◦ and
B—corresponding to u = 42.1◦ will not be in contact during rolling with the Σ2 profile;
therefore, there will be a volume of uncirculated fluid.

For the dimensions measured, this fluid volume is approximately 200 mm3 (Figure 12).
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3.4. Modifications in Order to Increase the Efficiency of the Pump

In order to increase the efficiency of the pump, a series of modifications are proposed
to reduce the volume of recirculated fluid. These changes were made taking into account
the current construction of the pump, following a minimum of changes for the component
elements.

A first modification involves increasing the rolling radius until reaching the minimum
rolling radius value at the extreme point of the Σ1 profile, a point that corresponds to the
angle u = 42.1◦.

Therefore, the rolling radius must be Rr1 = R0 · sin u = 32.26 · sin u = 21.47 mm.
This also implies changing the Rr2 and A12 values: Rr2 = 4/5 · Rr1 = 17.176 mm;

A12 = Rr1 − Rr2 = 4.4 mm. Rr1 = 22 mm and Rr2 = 17.6 mm are adopted.
Changing the distance between the centers of the rolling circles can be carried out

by inserting an eccentric bushing or rebuilding the pump stator. Changing the Σ2 profile
implies a total change in the Z4 rotor.

3.5. Optimized Profile of the Z4 Rotor

For the calculation of an optimized profile of the Z4 rotor, the reciprocally enwrapping
profile to the existing Σ1 profile is calculated. The radii of the two centroids associated with
the rolling profiles Σ1 and Σ2′ will be Rr1 = 22 mm and Rr2 = 17.6 mm.

Σ1

∣∣∣∣ X = −R0 + r · cos u;
Y = r · sin u.

(14)
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The normal to Σ1 has the equation:

NΣ = λ
( .

Yu · i−
.

Xu · j
)

, (15)

with
.

Xu = −r · sin u;
.

Yu = r · cos u (4). In these conditions:

NΣ = λ · r · cos u · i + λ · r · sin u · j. (16)

The position vector of the current point on Σ1 is

r : X(u) · i + Y(u) · j = (−R0 + r · cos u) · i + r · sin u · j. (17)

The “virtual pole” method is used to determine the reciprocally enwrapping profile.
The “virtual pole” basically represents an intersection point between the normal to a profile
that belongs to the generated blank and a centrode associated with the blank (part), the
centrode representing the geometric locus of the instantaneous centers in the movement of
a plane figure [49,50]:

rPV = NΣ + r = (−R0 + r · cos u) · i + r · sin u · j + λ · r · cos u · i + λ · r · sin u · j =
= (−R0 + r · cos u + λ · r · cos u) · i + (r · sin u + λ · r · sin u) · j (18)

The C1 centrode has the equations:

C1 :
∣∣∣∣ X = −Rr1 · cos ϕ1;

Y = RrP · sin ϕ1.
(19)

The scalar λ is removed from the equations, and the relation between the parameters
u and ϕ1 is determined.{

−Rr1 · cos ϕ1 = −R0 + r · cos u + λ · r · cos u;
Rr1 · sin ϕ1 = r · sin u + λ · r · sin u;

(20)

λ =
−Rr1 · cos ϕ1 · sin ϕ1 + R0

r · cos u
=

Rr1 · sin ϕ1 − r · sin u
r · sin u

; (21)

−Rr1 · cos ϕ1 · sin u + R0 · sin u− r · cos u · sin u =
= Rr1 · sin ϕ1 · cos u− r · sin u · cos u;

(22)

−Rr1 · (cos ϕ1 · sin ϕ1 + sin ϕ1) = R0 · sin u; (23)

ϕ1 =

[
arcsin

(
R0 · sin u

Rr1

)]
− u; (24)

u = arcsin
(

Yi
r

)
= arctg

(
Yi

−R0 + Xi

)
. (25)

3.6. Calculation of the Enwrapping Profile

In order to determine the coordinates of the C1 point on the Z4 rotor, which is in
enwrapping with the C2 point on the Z5 rotor, the “virtual pole” method is used.

Using the enwrapping condition, the value of the ϕ1 angle for which the normal to the
Σ1 profile, taken through the C1 point, passes through the gearing pole is established. For
u = 42.1◦, it results ϕ1 =

[
arcsin

(
32.26·sin 42.1

◦

22

)]
− 42.1◦, so ϕ1 = 37.348o.
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When the X1O1Y1 system rotates by the ϕ1 angle, the normal passes through the
gearing pole, and the coordinates of the C1 point in the x1O1y1 system will be given by the
coordinate transformation:

x1 = ωT
3 (ϕ1) · X1; (26)

(
x1
y1

)
=

(
cos ϕ1 − sin ϕ1
sin ϕ1 cos ϕ1

)
·
(

X1
Y1

)
=

(
X1 · cos ϕ1 −Y1 · sin ϕ1
X1 · sin ϕ1 + Y1 · cos ϕ1

)
. (27)

For u = 42.1◦, it results in{
X1 = −R0 + r · cos u = −20.388;
Y1 = r · sin u = 10.72;

{
x1 = X1 · cos ϕ1 −Y1 · sin ϕ1 = −30.294;
y1 = X1 · sin ϕ1 + Y1 · cos ϕ1 = −3.846.

In the x2O2y2 system, the coordinate point x1y1, previously calculated, has the coordi-
nates:

x2 = x1 + A; (28)

(
x2
y2

)
=

(
x1
y1

)
+

(
A12
0

)
. (29)

For u = 42.1◦, it results in
(

x2
y2

)
=

(
−30.294 + 4.4
−3.846

)
=

(
−25.894
−3.846

)
.

This point corresponds to a ϕ2 rotation of the X2O2Y2 system, with the value of ϕ2
being given by

Rr1 · ϕ1 = Rr2 · ϕ2. (30)

It results in ϕ2 =
Rr1
Rr2
· ϕ1 = 5

4 · ϕ1 = 46.685◦. Therefore, the coordinates of this point
in the X2O2Y2 system will be

X2 = ω3(ϕ2) · x2; (31)

(
X2
Y2

)
=

(
cos ϕ2 sin ϕ2
− sin ϕ2 cos ϕ2

)
·
(

x2
y2

)
=

(
x2 · cos ϕ2 + y2 · sin ϕ2
−x2 · sin ϕ2 + y2 · cos ϕ2

)
. (32)

In these conditions,
(

X2
Y2

)
=

(
−20.562
16.202

)
.

For u = 42.1◦ and A12 = 4.4, results:

i =
5
4

; Rr1 − Rr2 = A12 = Rr1 −
Rr1

i
; Rr1 = A12 ·

(
i

i− 1

)
; Rr2 = Rr1 − A12.

It is known that x1 = ωT
3 (ϕ1) · X1 s, i ϕ1 =

[
arcsin

(
R0·sin u

Rr1

)]
− u, see relations (25) and

(26), and ϕ2 = i · ϕ1.
If x2 = x1 + A; x2 = ωT

3 (ϕ1) · X1 + A12, then(
X2
Y2

)
=

(
cos ϕ2 sin ϕ2
− sin ϕ2 cos ϕ2

)
·
(

X1 · cos ϕ1 −Y1 · sin ϕ1 + A12
X1 · sin ϕ1 + Y1 · cos ϕ1

)
. (33)
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By developing,(
X2
Y2

)
=

(
X1 · cos ϕ1 · cos ϕ2 −Y1 · sin ϕ2 · cos ϕ2+
−X1 · cos ϕ1 · sin ϕ2 + Y1 · sin ϕ1 · sin ϕ2−

+A12 · cos ϕ2 + X1 · sin ϕ1 · sin ϕ2 + Y1 · cos ϕ1 · sin ϕ2
−A12 · sin ϕ2 + X1 · sin ϕ1 · cos ϕ2 + Y1 · cos ϕ1 · cos ϕ2

)
=

=

(
X1 · (cos ϕ1 · cos ϕ2 + sin ϕ1 · sin ϕ2)−
X1(sin ϕ1 · cos ϕ2 − cos ϕ1 · sin ϕ2)+

−Y1(sin ϕ1 · cos ϕ2 − cos ϕ1 · sin ϕ2) + A12 · cos ϕ2
+Y1(cos ϕ1 · cos ϕ2 + sin ϕ1 · sin ϕ2)− A12 · sin ϕ2

)
=

=

(
X1 · cos(ϕ1 − ϕ2)−Y1 · sin(ϕ1 − ϕ2) + A12 · cos ϕ2
X1 · sin(ϕ1 − ϕ2) + Y1 · cos(ϕ1 − ϕ2)− A12 · sin ϕ2

)
.

(34)

Using the ”virtual pole” method, the profile of the Z4 rotor was recalculated so that it
was reciprocally enwrapping around the circle arc profile of the Z5 rotor.

The coordinates of the points on the profile of this rotor are presented in Table 1, and
the trajectories passed by these points in the relative movement described by the Z4 rotor
compared to the reference system of the Z5 rotor are highlighted in Figure 13.

Table 1. Coordinates of the redesigned Z4 rotor profile points.

X [mm] Y [mm]

−16.26 0
−16.2964 1.122976
−16.4052 2.241001
−16.5857 3.34923
−16.8364 4.443046
−17.1556 5.518244
−17.5408 6.571349
−17.9893 7.600286
−18.4988 8.606171
−19.0703 9.599994
−19.7401 10.66095
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Figures 14 and 15 show the surfaces between the two rotors, which will lead to the
existence of different volumes of pumped fluid, depending on the angular positioning of
ϕ2 at 0◦, 30◦, 60◦, 90◦, 120◦, 150◦, and 180◦.

The values that define the sections of the chambers (S), in [mm2], and the distances
between the outer and inner rotor profiles, right and left, in [mm], both for the initial
version and for the redesigned one, are specified in Table 2, respectively, in Figures 16–18.
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Figure 15. Defining the surfaces occupied by the fluid in rolling movement (grey color)—redesigned
version.

Table 2. The values of the sections occupied by the fluid and the distances between the profiles—initial
and redesigned.

ϕ2
[◦]

Initial S
[mm2]

Initial d—
Left [mm]

Initial d—
Right [mm]

Redesigned S
[mm2]

Redesigned d—
Left [mm]

Redesigned d—
Right [mm]

0◦ 199.983 0.366 0.363 224.089 0.106 0.106
30◦ 183.651 0.289 0.437 204.739 0.012 0.238
60◦ 140.856 0.328 0.449 153.756 0.047 0.233
90◦ 87.181 0.461 0.392 89.807 0.182 0.108

120◦ 41.141 0.484 0.259 36.575 0.259 0.061
150◦ 16.8 0.412 0.143 10.382 0.181 0.06
180◦ 10.533 0.383 0.39 4.282 0.073 0.07
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Figure 18. Distances d between the outer and inner rotor profiles: right and left (a); right (b); left (c).

In order to achieve the sealing between the two rotors, it is necessary that the radius
of connection between the lobes of the Z4 rotor be modified and, simultaneously, the
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connection area between the lobes of the Z5 rotor be modified. These changes are shown in
Figure 17.

4. Discussion

The gerotor pump with internal gearing with lobes is driven by means of a control
shaft where the outer Z5 rotor is unbalanced from the Z4 rotor and the control shaft. When
the inner rotor rotates, the outer rotor is driven to rotate in the same direction. The aspirated
oil into the space between the rotors is transported by the inner and outer rotor lobes in the
space that shrinks due to the eccentricity and is pumped under pressure towards the fluid
line.

The aim of the study was to use some original concepts regarding the possibility of
improving the geometry of the rotors, starting from the known profile of one of them:

- The use of a three-dimensional measurement technique specific to reverse engineering,
3D scanning, as a developing technology, is increasingly used in dimensional quality
control due to its capabilities to provide precise geometrical information for complex
or assembled parts. The inspection of the reciprocally enwrapping surfaces for the
rotors of the gerotor pump had the role of quickly creating a 3D model consisting of
a ”cloud of points” obtained after scanning the surfaces of the parts, the ”cloud of
points” being later used in their reconstruction (Figures 1–4). The major advantage
of using the automated scanning and analysis system was that a quick and accurate
inspection of the rotors could be achieved, significantly reducing the time and effort
required compared to traditional manual measurement methods. At the same time, the
CAD model was created based on the dimensions from the gerotor pump data sheet,
respectively, based on the scanned model (Figures 5 and 6). The comparison of the
two models was made by choosing the upper limit value of the represented deviations
to be 0.5 mm and the lower limit value to be −0.5 mm (Figure 7), demonstrating the
accuracy of the models and showing that the significant deviations that appear in
Figure 8 are limited and represent exceptions. These areas of deviation are due to the
imperfections present in the scanned parts and the measurement difficulties caused
by their complex shape. It is important to emphasize that these deviations do not
indicate errors in the numerical models obtained by design. Of course, the possibility
of making a rapid comparison between the initial model and the redesigned one
allows a theoretical analysis of the change in the volume efficiency of the pumps and,
therefore, the increase in productivity in industrial processes.

- The use of a new complementary method of analytical profiling of enwrapping gen-
erating cutting tools, an original method called the “virtual pole” method, by which
calculation errors due to writing complicated calculation equations can be avoided if
the fundamental theorems and consecrated methodologies are used in order to solve
the problem of profiling the generating tools. Under these conditions, the prospects
are open for the application of the “virtual pole” method for the corrective profiling of
tools that generate by enwrapping and also the extension of the study methods for
enwrapping other types of surfaces, such as helical surfaces, by analyzing the frontal
profiles of various types of hydraulic pumps.

- The use of an analytical calculation method, in this case the “virtual pole” method, has
demonstrated that it can allow the second enwrapping component to be accurately
redesigned when the dimensions of the other are known, provided based on the
three-dimensional measurement technique specific to reverse engineering. Thus,
the method was beneficial in recalculating the profile of the Z4 rotor so that it is
reciprocally enwrapped to the circle arc profile of the Z5 rotor, as evidenced by the
coordinates that define the trajectories of the points on the profile of the Z4 rotor in
relative movement to Z5, Figures 9–13.

The essence of the study was limited to defining two entities as comparison parameters:
the surfaces where the fluid accumulates (generically defined as S), in the version of the
model obtained directly by reverse engineering, respectively of the one redesigned by the
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“virtual pole” method, depending on the angular positioning of the movement parameter
of the mobile reference system, joined with the tool profile, respectively at 0◦, 30◦, 60◦,
90◦, 120◦, 150◦ and 180◦, Figures 14–16, respectively the distance between the inner and
outer rotor profiles (generically defined as d), in the version of the model obtained directly
through reverse engineering, respectively of the one redesigned using the “virtual pole”
method, Figures 17 and 18.

A block diagram of the research methodology is briefly presented in Figure 19.
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The modification of the rolling radius was discussed so that the wrapping between the
two active profiles (inner rotor and outer rotor) is carried out along the entire length of the
profiles. It was observed that this modification also leads to an increase in the maximum
surface of the space between the teeth—S (including maximum volume) h—at 0◦, in which
case the pump is in the suction phase and the fluid is being pumped to the next position,
30◦. At the same time, at 180◦, the surface S is minimal (including the volume), and the
pump is in the discharge phase.

- If the rolling radius had a value lower than the value of the minimum rolling radius,
then there would have been an area on the profile of the inner rotor that was not
wrapped with the profile of the outer rotor.

This leads to the existence of a larger surface in position 180◦, which means that there
is a volume of recirculated fluid that cannot be completely removed during discharge.

- A running radius greater than the calculated minimum value would have had the
effect of increasing the size of the outer and inner rotors. Due to the ease of process-
ing, the specific recalculated values for the rolling radii of the form were adopted:
Rr1 = 22 mm; Rr2 = 17.6 mm for u = 42.1◦.

The modification of the rolling radius values directly implies the modification of the
distance between the rolling centers, A12 (eccentricity), resulting in a value of 4.4 mm.
Conversely, any change in the distance between the centers of the rolling circles leads to a
change in the rolling radii and implicitly in the surface and volume covered by the fluid, a
fact that is closely correlated with the change in the geometric shapes and dimensions of
both the inner and outer rotors.

From the analysis of the data obtained, it can be seen that the redesigned model
decreases the distance between the rotor profiles while decreasing the final area bounded
by the profiles of the Z4 and Z5 elements by approximately 16%, which may also imply an
increase in the volume of fluid.
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5. Conclusions

Multirotor pumps with gerotor technology, apart from the advantages of increasing
the flow rate and balancing the radial forces, represent a balanced compromise in terms
of simplicity, robustness, compactness, versatility, and noise due to the simpler structure
and reduced number of components compared to other external or internal transmission
pumps, which play an essential role in increasing volume yield.

The use of technologies based on advanced optical sensors and sophisticated algo-
rithms to perform high-resolution and accurate scans can lead to the rapid and accurate
acquisition of three-dimensional data, the filtering of this data, as well as its export in vari-
ous formats usable in design and analysis applications, contributing to obtaining accurate
and complete results in the digitalization process.

Another important aspect of using reverse engineering 3D measurement techniques
is the creation of custom reports that include tables of measurement results, images of
inspected parts, and relevant diagrams. These reports provide essential information about
part quality and compliance and can be used in quality control, product development, and
manufacturing processes.

Thus, the paper demonstrates that the use of reverse engineering techniques not only
substantially reduces the time to translate physical objects into formats that can be easily
edited by other software but can also generate numerical models with remarkable accuracy
compared to CAD models.

- The use of three-dimensional scanning allows complex numerical models to be ob-
tained on which geometric measurements and features can be determined, allowing
an accurate and complete CAD model to be produced. By comparison, obtaining
the numerical model using a coordinate measuring machine would require a higher
workload and a more skilled operator. In this case, it was estimated that the time
savings achieved using the ATOS measuring system compared to using a coordinate
measuring machine were about 50%, since both features have relatively simple geom-
etry. The advantage of scanning techniques increases even more with increasing part
complexity and is recommended for one-off or small-series products.

- By overlapping the scanned models over the CAD models, it was observed that the
upper limit value of the represented deviations is 0.5 mm and the lower limit value is
−0.5 mm, demonstrating the accuracy of the models.

- The use of the “virtual pole” method, the original method, the foundations of which
were laid by members of the authors’ team, facilitated the redesign of the existing
models, leading to a substantial improvement by decreasing the distances d between
the inner and outer rotors, which are in the enclosure, leading to better tightness
between the moving components, as well as by increasing the theoretical area S in
which fluid accumulates in various angular positions in the rotational motion. Thus,
for the distances d a difference between 4.2% (at an angle ϕ2 = 30◦) and 57.8% (at an
angle ϕ2 = 120◦) is observed on the left side, and 17.9% (at an angle ϕ2 = 180◦) and
54.4% (at an angle ϕ2 = 30◦) on the right side. In the case of the S area, overall, there
is an increase of about 16% for the redesigned, improved model.

The present study opens perspectives in the design of profiling algorithms based on
which high-level programming language applications can be realized, for example, Visual
Basic for Applications realized in the CATIA software program, which allow the profiling
of various cutting tools to contribute to the optimization of the design and manufacture of
parts from the structure of volumetric pumps and not only.

Likewise, the virtual pole method has been successfully applied to the profiling of
other types of cutting tools (rotary cutter designed to process ball screws, gear-shaped
cutter for generating profiled holes, rack tool for generating a piece of type shaft with
a square section, etc.), which can profile both components from various industrial and
general environments, but also those specific to the hydro-pneumatic field (helical surfaces
of hydraulic pumps, conical screws from the structure of compressors, etc.).



Appl. Sci. 2023, 13, 11069 20 of 22

Author Contributions: Conceptualization, V.G.T. and N.B.; methodology, V.G.T. and N.B.; validation,
N.B., V.G.T., V.P. and I.-C.D.; formal analysis, V.G.T., V.P. and N.B.; investigation, G.-A.M.; resources,
V.G.T., I.-C.D. and N.B.; writing—original draft preparation, N.B., V.G.T. and G.-A.M.; writing—
review and editing, G.-A.M.; visualization, N.B., V.P. and V.G.T.; supervision, N.B. and V.G.T.; project
administration, V.G.T. and N.B.; funding acquisition, N.B. and I.-C.D. All authors have read and
agreed to the published version of the manuscript.

Funding: This paper has also received financing under a project funded by the Ministry of Re-
search, Innovation and Digitalization through Programme 1—Development of the national research
and development system, Sub-programme 1.2—Institutional performance—Projects financing the
R&D&I excellence, Financial Agreement no. 18PFE/30.12.2021 and “Dunarea de Jos” University of
Galati, Romania.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

xy fixed reference system
I, II hypocycloids
e eccentricity
BAM, BCM partial sections
BAMC total section
A12 the distance between the centers of the rolling circles Rr1 and Rr2

Rr1 the rolling radius of the C1 centrode associated with the Z5 rotor
Rr2 the rolling radius of the C2 centrode associated with the Z4 rotor
r the radius of the profile of outer rotor
Ro the distance between the rolling radius Rr1 of the centrode associated with the Z5 rotor s, i radius of the inner rotor, R
x1y1 fixed reference system, with the origin at the rotation center of the Z5 rotor, O1 point
x2y2 fixed reference system, with the origin at the rotation center of the Z4 rotor, O2 point
X1Y1 mobile reference system, joined with the Z5 rotor
X2Y2 mobile reference system, joined with the Z4 rotor
R the radius of the profile of inner rotor
Σ1 the profile of the outer rotor
Rrminim minimum rolling radius
u angular parameter that describes the Σ1 profile
V point on the rotor surface
Σ the profile to be generated
t-t tangent to the Σ1 profile
n-n normal to the Σ1 profile, which passes through the O1 origin
X(u); Y(u) the parametric equations of the Σ1 profile
∆ the maximum distance between the current point on the Σ1 profile s, i and the intersection point between the tangent

to Σ1 at the current point and the normal to Σ1, which passes through the origin of the reference system, O1
Σ2′ rolling profile
NΣ normal to the Σ or Σ1 profile
C1 centrode associated with the Z5 rotor
C2 centrode associated with the Z4 rotor
ϕ1 the rotation angle of the reference system associated with the profile to be generated
ϕ2 the movement parameter of the mobile reference system, joined with the tool profile, related to the ϕ1 angle, by

the rolling condition
Pv virtual pole
rPV the position vector of the virtual pole
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