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The wire-raceway bearings are a subcategory of slewing bearings. Their popularity has
recently increased due to their advantages, including weight that is lower than that of other
similar slewing bearings, and the ability of transferring various loads, such as axial load, radial
load and tilting moment. Currently, metal rings (steel or aluminum) are the most popular
choice for all kinds of slewing bearings; however, with advent of additive manufacturing a new
‘chapter’ opens for the development of wire raceway slewing bearings, where the interface
between the rolling elements and the raceway is the same as in other bearings (i.e., contact
between steel-steel). At the same time, rings can be made from other lightweight materi-
als, such as composites or plastics, with high-level shape customization due to 3D printing.
Stress between wire raceways and rings is much lower. Hence, rings’ lower material properties
do not significantly affect bearing capacity. Proper calculation methodology should be cre-
ated to analyze lightweight wire raceway bearings, as materials can differ significantly from
typical materials covered by current theories. The paper presents a prototyped 3D-printed
bearing with rings made from polylactic acid (PLA). The bearing stiffness is measured and
compared with the simplified finite element analysis (FEA) model using the equivalent bearing
model with nonlinear springs and beam elements.
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1. INTRODUCTION

This paper aims to analyze the stiffness of wire raceway bearing with 3D-prin-
ted rings. 3D printing allows for the easy manufacturing of complex shapes with-
out machining. PLA was used as ring material, which reduced bearing weight.
Wire raceways and balls were sourced from a market set of 4-point wire raceway
bearing components [1]. The main advantage of wire raceway bearings is their
lower mass compared to standard slewing bearings. Therefore, this parameter
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is crucial and it is worth focusing on for further reduction. The main industries
using wire raceway bearings are aerospace, robotics, and medical devices. In all
applications, weight is very important. However, from a load point of view, forces
acting on components can differ significantly between aerospace and robotics.
Aerospace applications may demand higher forces, while in some robotic appli-
cations, force requirements are much lower, and primary focus is on reducing
the weight and inertia of the robot itself, which can be achieved through the
mass reduction of components.

A common configuration in wire raceway bearings involves combining steel
raceways with rings made from materials possessing lower properties. However,
the use of 3D printing and plastic rings in wire raceway bearings is less common.
Such an approach allows for reducing the weight of the bearing and also simpli-
fies the manufacturing process, as all machines can be replaced by a single 3D
printer. Moreover, rings shape can be adjusted to meet the structure needs, for
example, to higher stiffness in some areas. A section view of a typical, 4-point
wire raceway bearing is presented in Fig. 1. Additive manufacturing also allows
to print with carbon fibers, both short and continues, which leads to a further
increase in material strength of resulting composite material components.
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F1G. 1. The section view of the wire raceway bearing.

Literature regarding slewing bearings is extensive and covers several analyses
of various bearing types and designs. Calculating the slewing bearing capacity
using FEA and creating simplified equivalent models of slewing bearings by us-
ing nonlinear springs were developed by multiple authors [2-5, 7]. Another im-
portant toping covered by studies is fatigue life assessment of slewing bearings.
As raceways are hardened, crack propagation is different in each layer, with
the lowest ratio in the core layer [6]. Another factor affecting large-diameter
slewing bearings is a gap between rolling elements and raceways, which can af-
fect fatigue life [7, 8]. The presence of gaps in large-diameter slewing bearings
can result from the manufacturing process. Slewing bearings show various wear
mechanisms depending on the heat treatment of the raceway. In the raceway
with low hardness, it is very likely that the plastic flow of material will oc-
cur, which can affect initial bearing geometry and lead to the development of
a secondary raceway [9].
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Another topic covered in the literature regarding large-diameter slewing
bearings is improvements in the design. One of the potential methods of re-
ducing stress in the raceway is modifying its shape by introducing correction,
which helps avoid damage on the raceway edge [10].

Even though there are various proposed models for replacing rolling elements
in slewing bearings, new methods are emerging to improve current FEA models
by adding more spring elements or creating more analytical approaches [11, 12].

However, there is still very little information about the wire raceway bear-
ings. Current papers are focused mainly on the development of analytical method-
ology of calculation and including additional phenomena related to wire race-
ways, such as wire twisting [13-15]. The only presented model of the simplified
FEA model of wire raceway bearing was focused on analytically calculated stiff-
ness of rollers and wire, and it was implemented into FEA by built-in feature [16].
That approach was successful in a limited range of loads.

Previous stress distribution analysis showed that the highest stress is in
contact pair ball-wire raceway, while in contact pair wire-ring stress is much
lower. Hence, materials with lower properties can be used [17]. In order to check
the boundaries of wire raceway bearings, real results, such as bearing capacity
and stiffness, are necessary. Moreover, it is interesting to know what materials
can be used for rings to further reduce weight. A prototyped 3D-printed bearing
was created with PLA rings. However, the main question was whether PLA can
carry a load and how it affects bearing stiffness. It is worth mentioning that 3D
printing allows using various materials, such as plastics, reinforced plastics and
metals. In that particular case, PLA was chosen for its popularity and ease of
printing, and not for its specific properties.

In order to create an equivalent FEA model, a special approach is needed, as
the additional contact pairs in wire bearing increase the problem difficulty. Due
to nonlinear contacts, the conventional approach can lead to time-consuming
analysis with problematic convergence. To avoid these issues, an equivalent
model was developed, where balls and wire raceways were replaced by a com-
bination of nonlinear springs and beam elements. Such an approach allows to
simulate the entire bearing in a short time. Additionally, factors such as bearing
clearance/preload or structure stiffness can be included.

2. METHODOLOGY

As mentioned, bearing rings were 3D printed, while the remaining com-
ponents (balls and wire raceways) were obtained from a market bearing set.
Bearing geometric parameters are presented in Table 1. Wire raceways can have
various customized shapes, and in this particular case, wire raceways with circu-
lar sections were used. The osculation factor is equal to 0.96. According to the
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Table 1. Bearing geometric properties.

Bearing diameter

¢ [mm]

Number of rolling
elements n

Ball diameter
d [mm)]

Wire diameter
A [mm]

Osculation ratio
s

200

42

9.525

4

0.96

manufacturer, wire raceways were made from spring steel (54SiCr6), and the
balls were made from 100Cr6 steel.

In order to verify the prototype, axial stiffness was measured. Moreover, an
equivalent FEA model was developed and its results were compared with the
test results. The prototype bearing with 3D printed rings is presented in Fig. 2.
Weight of the prototype bearing is equal to 1.4 kg, while that of the bearing
with aluminum rings is equal to 2.4 kg.

F1G. 2. 3D-printed rings of wire raceway bearing prototype.

2.1. Ezxperiment

The primary objective of the experiment was to verify bearing stiffness and
capacity. As rings were made from PLA, the bearing behavior was unknown. The
axial stiffness was selected as the best way to verify the prototype. A special
fixture was created in order to achieve a rigid connection between the machine
and the specimen. The stiffness of such a jig can affect the accurateness of
measurements. Therefore, it is crucial to exercise special care and attention when
using the jig to ensure accurate and reliable measurements. The underlaying
concept of the experiment was to measure the reaction and displacement of the
machine head. Force was applied through jaws to the upper surface of the fixture
while the lower surface of the jig was fully fixed. The bearing was bolted between
the upper and lower parts of the jig.

2.2. FEA equivalent model

In order to obtain sufficient results of all phenomena occurring in bearing, it
is necessary to use a very fine mesh. In terms of computing time, it is impossible
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to simulate the entire bearing with nonlinear contacts and fine mesh and obtain
useful results. To mitigate this problem, the equivalent model of slewing bear-
ing is developed, where nonlinear contacts between components are replaced by
nonlinear springs with proper stiffness and rigid beam elements (balls as rolling
elements). In the case of 4-point wire raceway bearing, each set of contact be-
tween the ball-wire is replaced by spring and beam elements, whereas beam
elements are connected to a ring on the area corresponding to force distribu-
tion in contact pair wire-ring. The number of springs and beam element sets
corresponds to the number of rolling elements. The ring was modeled by solid
elements. The concept is shown in Fig. 3. The length of a single spring is related
to the difference between ball’s radius and raceway’s radius. The initial angle
between spring is equal to the corresponding angle between contact points in
the bearing.

F1G. 3. The concept of the FEA equivalent model (red color — spring elements, blue color —
rigid beam elements) shown only for two contact pairs.

To obtain nonlinear spring stiffness, it is necessary to simulate the behavior
of contact pair ball-wire, as the stiffness of the ring is included in the model by
modeling the contact pair as solid elements. An example of stiffness character-
istic used in the equivalent model is presented in Fig. 4. Nonlinearity caused by
Hertz stress phenomena can be included in the FEA model using a very fine
mesh in the contact area. An additional benefit of the equivalent model is the
possibility to include bearing preload or clearance by modifying the stiffness
characteristics. The stiffness of contact pair ball-wire can be calculated in a de-
tailed FEA simulation of a single rolling element and the corresponding length
of wire.

To prevent the rotation of the set of springs, additional boundary conditions
should be applied to center points, such as angular displacement of center points,
according to the cylindrical coordinate system corresponding to the specific
bearing design. Beam elements connecting springs and rings should be only
responsible for radial and axial movement in the same cylindrical coordinate
System.
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F1c. 4. Nonlinear spring stiffness used in the FEA equivalent model.

Material properties used in both simulations of the contact pair ball-wire and
the equivalent model are presented in Table 2. All calculations were done in the
elastic range of material.

Table 2. Material properties used in simulations.

Component Material E [GPa] v [
Ball 100Cr6 200 0.3
Wire 54SiCr6 200 0.3
Ring PLA 3.3 0.35
Jig 5235 200 0.3

The FEA equivalent model of the entire wire raceway bearing is presented
in Fig. 7.

The model consists of the following components (looking from top to bot-
tom): the upper part of the test jig, the internal ring, the external ring and the
lower part of the test jig.

All rolling elements in the simplified model are represented by the set of
nonlinear springs and rigid beam elements, as discussed in the previous section.
Rings were split into segments in order to obtain a proper contact area between
beam elements and rings. Additionally, the test jig was added to the simulation.

In the simulation, the force was applied to the upper surface of the test jig,
and the lower part of the test jig was fully fixed (3 DOF). Between the upper
part of the test jig and the internal ring, frictional contact was used. The same
was applied to the lower part of the test jig and the bottom surface of the
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external ring. Each central point of each set of springs and beam elements was
fixed in a cylindrical coordinate system, angular displacement (6) was fixed and
rotation R and Z were also fixed. Boundary conditions are presented in Figs. 5
and 6.

Z-force direction

Fixed all
displacements

F1G. 5. Boundary conditions used in FEA: a) the upper part of the test jig, b) the bottom part
of the test jig.

6 displacement fixed
and rotation R, Z fixed

R 0

F1G. 6. Boundary conditions for sets of spring and beam elements (only 2 spring and beam
elements were presented for clarity).
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Fic. 7. An example of the FEA equivalent model of wire raceway bearing.
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The main advantages of the equivalent model are

e Short calculation time due to the absence of nonlinear contacts.

e Ability to use various loads, such as axial force, radial force and tilting
moment.

e Force distribution in every rolling element.

e Ability to include support stiffness, which affects force distribution in
rolling elements.

e Preload or clearance can be added and its influence can be analyzed.

e Rings stiffness is included in the simulation, unlike in analytical calcula-
tions, where rings are treated as rigid elements.

3. RESULTS AND DISCUSSION

The experiment was performed on the universal testing machine (Manufac-
turer: MTS, model: 318). The prototype was mounted in the machine by jigs
and machine jaws. Force was applied to the upper fixing, while the bottom
part was fully fixed in the machine jaws. A simple axial compression test was
performed, and force and deflection were measured. The prototype of the 3D
printed wire raceway bearing mounted in the jig and an example of the FEA
equivalent model are presented in Fig. 8.

F1G. 8. The assembly of the test jig and the prototype of 3D printed wire raceway bearing (left
side) and the FEA equivalent model with the test jig used in the simulation (right side).

The results are presented in Fig. 9. The equivalent model reflected nonlin-
ear bearing characteristics. Maximum force was equal to 50 kN with deflection
equal to 5 mm. Deflection, in that case, limits the bearing usage, as it reaches
a significant value, which can greatly affect the machine’s stiffness. Moreover,
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F1G. 9. Comparison of experiment results and FEA simulation results.

the correlation is not that good between the force value of 10 kN to 40 kN. This
may be an effect of plastic deformation of the bearing rings as they have much
lower mechanical strength than the balls and wire raceway, and also, jig stiffness
may affect this range. According to the manufacturer, the capacity of this set
of wire raceways bearing with aluminum rings is equal to 117 kN [1].

The first main discrepancy between the experiment and the model can be
noticed for the displacement equal to 0.75 mm, which can result from the wire
twisting effect [13, 14]. Another potential explanation is plastic deformation on
some length of the ring, as 3D printing is not the most accurate method, and the
contact surface between wires-rings was not equal on the entire circumference.

For higher loads (the discrepancy between the FEA model and the experi-
ment starting from 20 kN), the observed discrepancy can be explained by the
stiffness of the test jig and further plastic deformation of PLA rings, resulting
in damage to the ring close to a displacement of 4.5 mm.

Due to the fact that the deflection exceeded the feasible range, it was decided
to limit the deflection to 0.7 mm. In this range, the correlation between the
experiment and FEA equivalent model is still satisfactory. Details are presented
in Fig. 10, and the maximum force is equal to 5 kN.

This experiment proves that 3D printing rings can be used in wire raceway
bearings but with low capacity. It is worth mentioning that capacity can be satis-
factory to many applications, while price and weight are much lower. Moreover,
the experiment showed a good correlation for results obtained from the FEA
equivalent model, as the bearing behavior was properly reflected in the simula-
tions.

Ball load (p) is one of the most common ways to calculate force distribution
per each rolling element. In the FEA equivalent model, the force can be calcu-
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F1G. 10. Comparison of experiment results and FEA simulation results in the range
of 0 to 0.7 mm.

lated as the force reaction of a nonlinear spring corresponding to the proper
contact pair. Ball load can be calculated by the following formula:

F

(31) Pw = ?a

where F' is the force per ball, and d is the ball’s diameter.

For displacement of 0.7 mm, force value of 5 kN p,, is equal to 1.3 MPa. For
classical slewing bearing, this is low value. However, the ring’s material limits
the maximum force in this case.

After validating the method, further theoretical calculations were performed
to assess the 3D-printed bearing behavior. In the next step, the FEA equivalent
model was loaded with combined load (axial force and tilting moment). Two
equivalent models were used, first with PLA rings, and second with aluminum
rings. The behavior of both bearings was compared, the force distribution in
the rolling elements was measured and the rolling elements’ angle change was
examined.

Additionally, analytical calculations were performed and checked against the
FEA equivalent model. As an analytical method, the Ohnrich approach was used
to calculate the force distribution in the rolling elements of the bearing [2, 3.
Load values are shown in Table 3. Simulations were conducted similarly to the

Table 3. Loads used in load combination 1.

No of load combinations Load type Aluminum rings | PLA rings
Axial force [kN] 15 15
Tilting moment [kNm] 0.6 0.6

1
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previous ones; however, the jigs were removed and the lower ring was fixed, while
the load was applied to the upper ring.

The results for load combination 1 (Fig. 11) are presented as charts show-
ing the ball load distribution for every rolling element in the contact pairs be-
tween ball-wire raceway. Moreover, these charts include the results for PLA
bearings, aluminum bearings and the analytical results obtained from the Ohn-
rich method. For the Ohnrich method, with that type of load combination, it is
assumed that only two contact pairs carry the load. The ball load for the Ohn-
rich method achieves the highest value among all calculations, with a maximum
value equal to 10.3 MPa for the ball corresponding to 180°. Balls opposite to the
maximum ball load have the lowest load, equal to 1.8 MPa. The bearing with
aluminum rings has the highest ball load equal to 8.8 MPa and the lowest equal
to 4 MPa. The maximum load in the bearing with PLA rings is the lowest among
all calculations, with a value equal to 8.2 MPa. It means that the ring stiffness
related to the material affects the force distribution in the rolling elements. The
minimum ball load for the bearing with PLA rings is equal to 3 MPa.
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F1c. 11. Comparison of ball load for every contact pair in wire raceway bearing.

For non-main contact pairs (Fig. 9 — chart’s lower left and upper right), both
aluminum and PLA bearings transfer some load, whereas aluminum rings tend
to transfer two times more than PLA rings (for balls with an angular position
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equal to 0°). For balls with the angular position from 50° to 310°, the contact
pairs do not transfer the load.

Both equivalent and analytical models correctly reflect the force distribution
in a qualitative manner with proper gradual decreasing of force values.

Percentage differences in the Ohnrich method for the aluminum and PLA
bearings are in Table 4.

Table 4. Comparison between maximum ball loads in the Ohnrich method.

No of load combinations | Aluminum rings [%)]

1 15

PLA rings [%]
20

According to the results, the Ohnrich method may overestimate the max-
imum ball load and underestimate the minimum ball load. This method also
does not provide results for non-main contacts pair. Material affects force distri-
bution, especially for non-main contact pairs. Moreover, it also affects the maxi-
mum and minimum values of the ball load. This relation depends on the material,
and the aluminum rings have a higher maximum ball load than the PLA rings.
At this stage, a material with a higher Young’s modulus value is recommended
for bearing rings. The composite with short fibers can be a good choice, as it
combines a high Young’s modulus and low density.

The FEA equivalent model allows calculating the contact angle for all con-
tact pairs. Results are presented in Fig. 12, as a contact angle for load combi-
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Fic. 12. Comparison of contact angle for every contact pair in wire raceway bearing.
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nation 1 for every ball. The initial value for this type of the bearing is equal
to 45°. The greatest change in contact angle appears for the maximum loaded
ball for both cases (aluminum and PLA). The maximum angle for the alu-
minum rings in loaded contact pairs is equal to 46.8° (balls with an angular
position 0°), while the minimum contact angle is equal to 39.3°. The rigidity of
aluminum rings helps to reduce contact angle changes. For non-loaded contact
pairs, the maximum and minimum values are equal to 47° and 46.5°, respec-
tively.

PLA rings show significant changes in the contact angle, with a minimum
value equal to 24.7° and a maximum value of 50°. Even for non-carrying contact
pairs, the contact angle values are still high, ranging from 49° to 51.8°. Due to
the lower stiffness of the PLA rings, the forces in the rolling elements may differ
significantly due to changes in the contact angle, where force components can
differ, whereas the ideal case should be the same.

4. SUMMARY

A study and experiment showed that it is possible to use 3D-printing rings
made from PLA in wire raceway bearings. The prototype bearing withstands
a load of 50 kN. However, the deflection is significant (5 mm) limiting bear-
ing usage. For lower values of deflection (corresponding to 0.7 mm), the force
reaction is equal to 5 kN. This value seems low for slewing and wire raceway
bearings; however, it may be satisfactory in some industries such as robotics,
where low mass and low inertia are more important.

The main advantages of 3D-printed rings are:

e With lower weight and inertia of bearing, the prototype weight was equal
to 1.4 kg, while the aluminum type was 1.7 times heavier. The rings were
solid and no shape optimizing algorithm was used for the rings.

e 3D printing offers ease of manufacturing as it eliminates the need for ex-
pensive, large-size machining centers. Moreover, 3D printing enables the
production of more complicated shapes that may reduce the weight and
increase bearing stiffness to meet specific design needs.

The FEA equivalent model concept demonstrated a strong correlation with
the experiment, as it accurately reproduced the nonlinear force and deflection
characteristics of the prototype. Moreover, the equivalent model is able to sim-
ulate bearing and supporting structure, and results are delivered in a fast man-
ner. The method allows using various materials for rings, and in this article,
aluminum and PLA were investigated. Additionally, as a result, various out-
puts can be requested, such as the ball load of each contact pair and contact
angle. Aluminum rings have a higher stiffness than PLA rings, which results in
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a smaller contact angle change (for maximally loaded balls equal to 39.3° and
24.7°, respectively).

Another validation of the FEA equivalent model was done, by calculating the
ball load according to the analytical method. Compared to an analytical method
such as the Ohnrich method, the FEA equivalent results have a lower value of
ball load for the maximally loaded ball. For minimally loaded balls, values of ball
load tend to be higher in the FEA equivalent model than in the Ohnrich method.
The distribution of force is similar in each case, which confirms the validity of the
FEA model. For aluminum rings, the difference between the analytical method
and FEA for maximum ball load is equal to 15%, while for PLA rings, it is equal
to 20%.

Due to the higher stiffness of aluminum rings, the ball load in the bearing is
higher than in the bearing with PLA rings for all rolling elements.

It was concluded that ring stiffness is critical; hence, further studies on mate-
rials are necessary. Ideal material should combine low density and high Young’s
modulus, and plastics with short fibers seem a good choice, as they can be 3D
printed.
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