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ARTICLE INFO ABSTRACT

Keywords: This article presents the results of experiments and finite element analysis on a hybrid polymer
Hybrid polymer gear gear concept. The study aimed to investigate the effectiveness of the hybrid gear concept by
Thermal expansion using a rack tooth geometry.
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The results of the experiments have shown that the hybrid gear concept improves the heat
evacuation from the flank and root regions, potentially increasing the load-carrying capacity.
Additionally, the results of the experiments were compared with those obtained from the finite
element analysis to validate the numerical model. The results showed that the hybrid polymer
gear rack exhibited good thermal performance, and the finite element analysis accurately
predicted the behaviour of the gear rack specimens. The study also analyses the influence of the
interference fit on the contact pressure and thermal contact conductance in a hybrid polymer
gear concept, taking into account surface roughness and temperature. It provides insights for
optimizing the press fit to ensure efficient heat dissipation in practical applications.

Overall, the study provides valuable insights into the potential use of hybrid polymer—metal
materials in gear applications and supports the validity of the hybrid gear concept.

1. Introduction

In recent years, the use of polymer gears has grown quickly due to their economic potential and technical advantages over
metallic gears in several applications. Polymer gears have a low production cost and can operate without grease or oil lubrication,
which makes them perfect for non-lubricated applications, such as medical or laboratory devices, the food industry and household
appliances. Additionally, due to their low density, polymer gears are lighter than steel, and thus can significantly reduce energy
consumption and noise level in gearboxes [1,2]. An extensive review on the materials and the performance characteristics of polymer
gears can be found in [3].

A major limitation common to several polymer materials is their low thermal conductivity and the strong dependence of their
mechanical properties on the operating temperature. For these reasons, polymer gears are typically used in low-load transmission
applications where the temperature of the teeth flanks is moderate [4]. The most common materials for gears are polyamides (PA)
and polyacetal (POM). Some high-performance, heat resistant and high-temperature stable materials options are polyether ether
ketone (PEEK), and polyimides (PI) [5,6].

According to Mao [7], the gear wear rate is much smaller if the gear operating temperature does not reach the material melting
point. Kalin [8] also observed the important effect of the temperature on the fatigue life of POM gears. At high temperatures,
polymers can undergo chemical degradation, causing a reduction in strength and stiffness. This degradation can also lead to a
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change in the polymer’s morphology, resulting in an increase in the coefficient of friction and wear rate. Therefore, it is crucial to
consider the operating temperature range and select suitable materials for polymer gear applications to ensure reliable and durable
performance [9]. The manufacturing quality of polymer gears also plays a crucial role in their performance and durability. Therefore,
it is essential to ensure consistent manufacturing quality and proper quality control measures to minimize defects and ensure the
desired gear performance [10,11].

The calculation of the load-carrying capacity of a polymer gear can be formulated as an optimization problem [12] that
requires a precise quantification of its operating temperature. There are several analytical methods typically used to determine
the bulk temperature of polymer gears [13-18]. While the analytical methods are easy and fast to implement they still present
some noticeable limitations [19]. To overcome the limitations of the analytical methods, several numerical models have been
proposed in literature [4,20-25]. The numerical models that rely on the finite element method (FEM) usually require state-of-
the-art convective heat transfer coefficients to accurately predict the operating temperature. Roda-Casanova has proposed a set
of coefficients to accurately determine the Nusselt number for different regions of a polymer gear based on computational fluid
dynamics analysis [26].

To improve the thermal and mechanical properties of polymer gears under operation, new design techniques have been developed
to enhance their performance. These techniques include modification to gear tooth geometry to minimize meshing power loss, adding
cooling holes, combining different materials for the gear pair, or a hybrid gear design. Some of these ideas have been shown to
increase the gear life cycle, reduce wear, increase durability and improve the thermal behaviour [1,27-29]. To replace conventional
steel gears, hybrid metal-composite gears have been proposed to reduce mass and improve noise and vibration behaviour [30,31].

In the framework of the current study, a hybrid polymer gear is defined as a polymer gear which can house a metallic insert,
or any other candidate material with good thermal conductivity and adequate mechanical properties, to improve heat conduction,
mechanical resistance and increased gear life. Potential hybrid polymer gear designs have been proposed and studied [1,29].

Fernandes et al. [1] proposed different designs of a metallic insert impregnated in the polymer matrix. These designs promoted
better heat conduction, decreasing the teeth flanks’ operating temperature and potentially increasing the load-carrying capacity.
The previous study was conducted to investigate how the material (steel, aluminium, and copper) and shape of an insert affect the
thermal performance of a non-lubricated hybrid polymer gear. The best results were found with an aluminium insert in a simple
cuboid shape, balancing thermal performance, mass, and manufacturing feasibility. However, the hybrid gear design has not yet
been experimentally validated.

In comparison with the previous works, the main contribution of the present work is the experimental validation and detailed
analysis of the interference fit effect on the hybrid polymer gear design concept. Specifically, the study aims to evaluate the feasibility
of the hybrid polymer gear by creating a gear rack test specimen and developing a testing system to examine its thermal performance.
To understand its thermal and mechanical behaviour, the surface temperature and thermal expansion of the specimens were
examined using digital image correlation (DIC). In addition, a finite element model was created and validated through comparison
with the experimental results.

2. Material and methods
2.1. Hybrid rack tooth geometry

In a previous work [1], a hybrid polymer gear concept based on a standard FZG spur gear geometry [32] was proposed. The
concept was developed bearing in mind the possibility to use over-moulding technologies. However, such technologies are typically
implemented for medium to large production series and involve a high initial investment. The present work used a hybrid rack
tooth gear design easily manufacturable using CNC machining to experimentally validate the concept and the numerical models.
The design for the hybrid rack tooth can be seen in Fig. 1.

The rack geometry properties can be found in Table 1. The total length of the rack (/,,.,) was defined as three times the value
of the reference pitch. The height of the rack body (4,,.,) was made equal to the distance from the pinion root radius (r,) to the
shaft radius (r; = 15mm) of a pinion with 16 teeth and a profile shift coefficient (x; = 0.1817) used in [1].

The parametric dimensions of the insert for the hybrid tooth were based on the previous work [1]. It was found out that assuming
a non-constant cross section had a positive impact on the hybrid polymer gear concept. However, due to limitations in manufacturing,
the current study was carried out using a simple cuboid geometry with rounded corners. The width tolerance was carefully selected
to ensure a press fit and adequate contact pressure between the polymer matrix and the insert. Specifically, the polymer rack hole
has a width of 2.19 mm and a height of 19.59 mm, while the insert has a width of 2.25 mm and a height of 19.57 mm. Those dimensions
assure an interference fit of §,, = 0.06 mm in the width direction and a clearance of §, = 0.02mm in the vertical direction (Table 1).

2.2. Rack tooth and insert materials

The material for the polymer gear rack was based on the VDI 2736 guidelines [33] and also followed the suggested materials
from previous work [1]. The selected polymeric gear material was a POM copolymer ERTACETAL C (PolyLanema, Portugal), with
the physical properties described in Table 2.

The proposed hybrid solutions consists of (1) POM rack tooth with an aluminium insert and (2) POM rack tooth with a highly
conductive epoxy resin insert. The thermal and mechanical properties of the aluminium 6061 alloy and the cured resin ER2220
(Electrolube, UK) can be found in Table 2. All candidate solutions can be seen in Fig. 2.
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Fig. 1. Hybrid rack tooth model.
Table 1
Gear rack and insert geometry.
Gear rack
Gear module, m/mm 4.5
Pressure angle, a,/° 20
Root radius coefficient, p 0.38
Addendum coefficient, h,p 1
Deddendum coefficient, h,p 1.25
Face width, b/mm 14
Rack length, /z,.,/mm 3-7-m
Rack body height, hg,.,/mm 16.19
Insert/hole manufactured geometry
Insert width/mm 2.25
Hole width/mm 2.19
Width interference fit §,,/mm 0.06
Insert height/mm 19.57
Hole height/mm 19.59
Height clearance §,/mm 0.02
Table 2
Mechanical and thermal properties of rack tooth and insert materials.
Property POM Aluminium Epoxy
Thermal conductivity, x/Wm™' K~! 0.31 200 1.54
Thermal expansion, a/°C"! 1.25x107* 2.31x1073 3.00x1073
Density, p/kgm™ 1410 2700 2.22
Young’s modulus, E/GPa 2.80 69.0 2.8)
Poisson’s ratio 0.35 0.33 (0.43)

2.3. Heating system test rig

A test rig was developed specifically to evaluate the thermal behaviour of the hybrid rack teeth. Fig. 3(a) shows the assembly of
the heating system with a standard rack tooth, while Fig. 3(b) shows the setup of the type-k thermocouple sensors on the surface of
the rack tooth. The rack is fixed to a circular plate, over which dead weights are applied, pressing the tooth against two aluminium
supports. These supports, which also house the cartridge heater, have a circular geometry with a radius of 7.5 mm to assure similar
contact conditions of the rack against the pinion on the pitch point.

The distance between the two aluminium supports can also be adjusted in order to control the exact point of contact on the
flank of the tooth. A hollow cylinder guides the whole set of components attached to the circular plate, i.e., the test specimen and
the weights.

The system simultaneously controls the heater temperature and loads the flank of the tooth. Each aluminium support has a
circular hole to place a cartridge heater, which will heat up the aluminium, and in turn heat up the test specimen. The cartridge
heater and the power source form a closed loop. A resistance thermometer is in contact with the cartridge heater and measures its
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(a) Standard (STD) (b) Aluminium insert (HTy;) (c) Cured epoxy insert (HTgp,)

Fig. 2. Gear rack tooth configurations studied.
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(a) Front view assembly drawing of the test rig (b) Aluminium support, heater, rack and thermocouples

Fig. 3. Setup of the standard rack tooth heating system.

temperature. The temperature data returns to the power source, which in turn calibrates the output power to the cartridge heater.
This system automatically achieves and maintains the desired output temperature by comparing it with the measured temperature.
Due to certain constraints in the experimental setup, it was not feasible to record the data measured by the resistance thermometer.
However, to circumvent this limitation, an additional type-k thermocouple was employed to record the temperature of the heater.
While this approach allowed us to obtain valuable data, it should be noted that there exists a slight discrepancy between the values
obtained via the type-k thermocouple and those recorded by the resistance thermometer.

2.4. Thermocouple sensors

Four thermocouple sensors were attached to the surface of the test specimen in order to measure its temperature during the tests.
For this reason, small bore holes were machined on the surface of each tooth to guarantee accurate positioning of the thermocouple
sensors. The placement of the thermocouple sensors for the thermal and DIC tests can be seen in Fig. 4. Since the DIC test also
includes a thermal analysis, different locations for the thermocouples were selected to gather additional data. The points p; and p;
are respectively the right and left pitch points. The point f is located close to the tooth root region. The b; thermocouple sensor is
placed in the main body of the rack while 5. is close to the lateral and bottom surfaces. The coordinates of the thermocouples are
given in Table 3. The surface temperature of the test specimens was recorded using a thermocouple HH306 Datalogger.

2.5. Digital image correlation

DIC is a surface displacement measuring technique that can capture the shape, motion and deformation of solid objects [34]. In
most cases, a speckle pattern is applied on the surface of the object being deformed in order to facilitate the tracking process [35].
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(a) Thermal test (b) Digital image correlation test

Fig. 4. Thermocouple sensor placement.

Table 3
Location of each thermocouple in relation to the vertical
axis of symmetry and tooth deddendum.

Thermocouple Xx/mm y/mm
P -2.29 5.75
Pr 2.29 5.75

f 3.92 1.25

by 0 -3.25
be 20.01 -12.25

(a) Standard tooth rack (b) Hybrid tooth rack (without insert)

Fig. 5. DIC speckle pattern used.

The pattern moves and deforms with the sample, but should not exert a significant mechanical stress on the sample [34]. DIC has
already been applied to measure in-mesh tooth deflection of polymer gears [36].

For the DIC experiment, a single fixed camera was used and the photographies obtained allowed to estimate the displacements
and deformations in a selected plane [35]. A speckle pattern was applied on the surface of each test specimen. The methodology of
DIC is based on tracking the unique pattern of the speckle in a sequence of images. Consequently, the quality of the speckle pattern
affects the accuracy and precision of the displacement results. The speckle pattern for the standard tooth and hybrid tooth can be
seen in Fig. 5.

3. Test campaign

The thermal and DIC tests were performed for the standard rack tooth, the hybrid rack tooth with an aluminium insert and the
hybrid rack tooth with an epoxy insert.
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Fig. 6. Test procedure.

3.1. Thermal tests

Before mounting the test specimens to the test rig, the thermocouple sensors were attached to its surface. The point of contact
between the aluminium supports and the flank of the rack tooth was adjusted to match the pitch point on the tooth’s surface, before
starting the thermal tests. Next, a total weight of 4.6kgf was used to fix the test specimen in place. The maximum contact pressure
between the specimens and the aluminium support, as a result of the applied weight, is 29.14 MPa. Finally, a single cartridge heater
was placed in the aluminium support on the right (pg), as seen in Fig. 3(b).

Once the setup was finished the test was started by turning on the heat source to the desired temperature (Ty,,,,.). The heating
process takes a total of 45 min. Afterwards, the power source was turned off and the system was left to cool at ambient temperature
for 45 min. For each test specimen, the test was performed for T, of 40°C to 110°C in 10 °C increments. The heating procedure
can be seen in Fig. 6(a).

During this procedure the surface temperature was measured with four thermocouple sensors and saved on to a Datalogger.

3.2. DIC tests

For the DIC test, the setup of the test rig and test specimen is similar as described before. The speckle pattern was applied to the
surface of the test specimen and the four thermocouple sensors were attached to the opposite surface. As before, the test specimen
was mounted on the test rig, with the point of contact coinciding with the pitch point of the rack tooth. The same 4.6 kgf was placed
to fix the test specimen in place, and a single cartridge heater was placed in the aluminium support on the right (pg).

The test was performed for each test specimen. For the first stage of the test, the temperature of the cartridge heater was set to
THeater = 40 °C. For the second stage, the temperature was increased to T4, = 70 °C. Finally, in the third phase the temperature
was increased to Ty, = 100 °C. Each heating stage had a duration of 30 min. Afterwards, the power source was turned off and the
system was left to cool at ambient temperature for 45 min. The DIC test procedure can be seen in Fig. 6(b).

During this process the surface temperature was measured with four thermocouple sensors and saved on to a Datalogger. A single
Nikon D3200 (Nikon, Japan) was used to take photographs of the tooth’s lateral surface (xy - plane) every 15 min, capturing the
thermal expansion of the test specimen. The images were post-processed with GOM Correlate (Zeiss, Germany) software ensuring
that the rigid body motion of the specimens during the tests is removed.

4. Thermo-mechanical finite element model
4.1. Thermal model

A steady-state model was used to predict the bulk temperature, similarly to the previous works [1,4]. The differential equation
that governs the bulk temperature (7') distribution within the solid is given by Eq. (1) which reflects the heat flow by conduction [4].
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Fig. 7. Surfaces of the rack for which the boundary conditions were set.
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Fig. 7(a) shows the surfaces of the rack for which different boundary conditions were set.
The boundary condition of the gear sides s in Fig. 7(a), is dependent on the ambient temperature surrounding the tooth (7,;,)
and the convective heat transfer coefficient of the gear sides (4,). This boundary condition is given by Eq. (2).
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N

The boundary condition of the tooth flank in contact with the aluminium support, shown in Fig. 7(a) as the region fs, is given
by Eq. (3). The contact region between the heater’s circular profile and the tooth flank can be approximated by a rectangular area
whose width is equal to twice the Hertzian contact semi-width (ay; = 0.138 mm) [37]. The Hertz theory is a classical theory widely
used to model the contact between two elastic bodies. However, it has certain limitations, particularly when dealing with materials
that exhibit non-linear stress—strain behaviour or large displacements. When these conditions are present, the Hertz theory should
be used with care, and its predictions should be interpreted with caution.

The temperature of the tooth’s surface (7;,) in contact with the aluminium support was considered equal to the temperature
of the cartridge heater (Ty,,,,,). The assumption made in this scenario is simplified, as it considers a constant temperature for the
heater and disregards thermal contact conductance between the heater and the tooth flank.

Tfs = THeater (3)
The boundary condition of the top surface of the tooth, referred as t in Fig. 7(a), is given by Eq. (4). It is dependent on the
temperature of the heat source, which is emitting radiation, and the emissivity coefficient of the gear material (¢ = 0.95).

L) e (Th T ) (T =Ty 4

- Heater — " air
on |;

The bottom surface of the tooth, boundary b in Fig. 7(a), is in contact with the plate that supports the tooth and weights of the
heating system. The heat conduction through this region was neglected and this surface was considered adiabatic (9T /ot = 0) which
the experimental results show to be adequate.

The heat transfer coefficient (A,) on boundary s was determined by assuming that the side surface of the rack is equivalent to a
vertical plate. The natural convection heat transfer coefficient (h,) over the surface of the rack is defined here by Eq. (5). Also, ,
was made equal to A;.

x - Nu
hy=—— 5
s L, (5)
The average Nusselt number (Nu) for free convection over a vertical wall was calculated by the classical empirical correla-
tion [38]. As the surface temperature changes with height, the heat transfer coefficient was determined by the average temperature

observed, resulting in A, =4Wm™2 K.
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4.2. Mechanical model

Using the Hertz contact theory it is possible to determine the contact pressure generated by the rack tooth flank surface and the
circular profile of the aluminium support [37]. As already stated, the maximum contact pressure between the specimens and the
aluminium support was 29.14 MPa which corresponds to a mean pressure of 22.89 MPa.

The mechanical model’s boundary conditions are closely tied to the design of the test rig. The tooth is fixed to a plate within
a cylinder that restricts horizontal movement in the x-direction. Weights on the opposite side of the plate limit vertical movement
in the y-direction. As a result, the bottom surface of the tooth has a fixed boundary condition in both the x and y axis. To prevent
rigid motion, the z-direction is also restricted. Mean contact pressure is applied to the pitch point contact area fs on each flank of
the tooth.

The three boundary conditions (x, y and z) and the mean contact pressure (p,,) can be seen in Fig. 7(b).

4.3. Thermo-mechanical model

The model consists of an uncoupled thermal and mechanical FEM analysis. This model combines the effects of the heating process
to the tooth flank and the contact pressure during the thermal and DIC tests. The thermo-mechanical model also determines the
thermal expansion of the polymer material under these conditions.

4.4. Contact between the polymer and the insert

In order to calculate the thermal contact conductance, it is necessary to determine certain parameters of the contacting surfaces
such as the composite root mean square roughness ¢, and the absolute asperity slope m,. These values were directly measured for
the samples used in this study (see Appendix). According to research by Mikic [39], the elastic deformation in the polymer/metal
interface is proportional to the contact pressure and can be calculated based on the ratio between the real contact area A, and the
apparent contact area A, using Eq. (6).

A
4_ P 6)
Aa HE

The elastic micro-hardness (H,) of the interface can be calculated using Eq. (7), which takes into account the effective elastic
modulus (E) of the contacting materials and the absolute asperity slope (m,), similar to the plastic micro-hardness introduced by
Yovanovich [40].

E-m
H, = > )
V2

For the interval between 107> < p/H, < 0.2 the dimensionless thermal contact conductance C, can be calculated using Eq. (8),

considering the equivalent thermal conductivity of the contacting materials (k,).

h o 0.94
cc:::1.54-<i) ®
kg -my H,
Fuller et al. [41] suggested using the polymer elastic contact hardness (H poly) instead of the elastic contact micro-hardness (H,),
as shown in Eq. (9).
E -m
poly s
H,yy = 5 ()]
For polymers, Eq. (10) can be used to calculate the dimensionless thermal contact conductance.
h o » 0.935
c = heos =1.49.< > 10)
kg - mg Hpoly
The heat transfer coefficient can be obtained using Eq. (11), which takes into account the thermal contact resistance between
the polymer and metallic insert.
k,-m, 0.935
he =149 : an
Oy Hpol y

Experimental investigations have shown that the thermal resistance between contacting surfaces varies with the contact
pressure [42]. The influence of the interference fit on the contact pressure was studied using Eq. (11), which considers the thermal
contact conductance as a function of the surface roughness, contact pressure, and Young’s modulus of the material at the local
temperature. The influence of temperature on the Young’s modulus of the POM was taken form VDI 2736 [33]. Fig. 8 shows the
effect of contact pressure and temperature on thermal contact conductance for ¢, = 2.32 pm (POM/aluminium).

The contact between the metallic insert and the POM rack was set as a surface-to-surface penalty algorithm with linear pressure
over-closure. The aluminium insert was set as the master surface and the POM tooth as the slave surface. The thermal contact
conductance was calculated based on the local contact pressure and local Young’s modulus of the polymer rack material, using the
data presented in Fig. 8. The interference fit value was directly imposed on the finite element model mesh.
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Fig. 8. Effect of contact pressure and temperature on thermal contact conductance for ¢, = 2.32 pm POM/aluminium.

Table 4
Number of mesh elements for each specimen and CPU time.
Specimen Number of elements CPU time/s
STD 25344 20
HT, 50112 233
HTp, 50112 39

In the case of HTf,, the manufacturing approach employed guarantees adhesion between the insert and the polymer rack
without the need for an interference fit. This approach allows for the creation of a unique body in the model mesh, with distinct
material properties assigned to each region, thereby eliminating the requirement for a contact formulation. As a result, the solution
efficiency is significantly improved.

4.5. Mesh h-Refinement

The finite element analyses were conducted using the CalculiX CrunchiX solver, employing an eight-node brick element type
(C3D8) [43]. The structured mesh was generated using Gmsh software [44], and a mesh refinement study was performed for each
rack tooth model. The total number of elements was successively increased until the results of the simulation converged. The density
of the rack tooth mesh (n,,) was generated for each segment as a function of the gear module (n,, = int(N - m)). A h-refinement
loop was run (N = N +0.5) until convergence of the results. For each cycle, the results of the average node temperature of the finer
mesh were compared with the coarser mesh of the previous cycle, and the relative error was calculated. The mesh convergence
occurred for N equal to 4, with a relative error of 0.30%. Table 4 summarizes the number of elements for each specimen, which
varied depending on the presence of an insert in the hybrid geometries.

The models were solved on a laptop equipped with an AMD Ryzen 7 4700U 2.00 GHz CPU and 16 GB of RAM. Table 4 presents
the total solution time for each model.

5. Results
5.1. Temperature measurements

For the duration of the thermal tests, the temperature was recorded every 20 s with an accuracy of + 1 °C and resolution of 0.1 °C.
The ambient temperature (7,,,) of each test was measured with a mercury thermometer.

The data from the thermal test was exported and plotted over time for each of the four thermocouple measurements. An example
of this plot for the STD specimen with T, = 100°C can be seen in Fig. 9.

The thermocouple sensors py and p; represent the temperature measurements closest to the pitch point, as seen in Fig. 4(a), which
matches the contact point of the aluminium supports and the flanks of the rack tooth. For this reason, both of these measurements
reach the highest temperature values during the test, specially py due to its closest proximity with the heater cartridge.

The thermocouple sensor f represents the temperature of the tooth root region and the b; represents the body temperature of
the insert region (see Fig. 4(a)). The b; thermocouple sensor is placed the furthest away from the heat source and recorded the
lowest temperature during the testing.
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Fig. 9. Temperature measurement of STD for Ty,,., = 100 °C.

The average stabilization temperature (AT = Tpvg — Tamp) was calculated for each of the four temperature measurements. The
average temperature (T,,) was calculated for the time interval between 1500s and 2500s. Fig. 10 shows the results of the average
stabilization temperature AT and standard deviation of the three test specimen.

For the pitch point region (pg and p;), both STD and HTf,, showed similar temperature results up to T4, = 80 °C, then the
HTg,, showed a temperature difference of up to 3.4 °C (3.9%) for pg and 2.8 °C (3.3%) for p, . The HT,;, showed a lower temperature
for this region, in comparison with ST D, with a significant temperature difference of 14.0°C (16.0%) for pp and 15.1°C (18.1%)
for p;.

For the tooth root region f, both HT,, and HTg,, showed lower temperature in comparison with the ST D, with a temperature
difference of 10.6 °C (14.7%) for HT 4, and 5.6 °C (7.8%) for HTg,,.

For the body region (b,), both HT,, and HTg,, showed higher temperature in comparison with the ST D, with a temperature
difference of 9.9 °C (20.0%) for HT 4, and 6.5 °C (13.1%) for HTg,,.

5.2. Displacement measurements

As before, the surface temperature of the test specimens was measured using k-type thermocouple sensors. These sensors were
connected to a thermocouple Datalogger, which recorded the temperature data during the tests. In addition to measuring the surface
temperature of the specimens, the ambient temperature of each test was also measured using a mercury thermometer. This ambient
temperature, denoted as T),,;,, provided a reference point for understanding the temperature variations that occurred during the
tests.

The experiments also involved digital image correlation (DIC) tests, in which photographs of the specimens were captured during
the testing. These photographs were then post-processed using the GOM Correlate software. The software was used to correct for
the rigid body motion of the specimens and to generate a displacement field of the tooth’s lateral surface. This displacement field
was represented in the xy-plane and provided information about the deformation of the specimens under load.

Fig. 11 shows an example of the magnitude displacement field for three different types of specimens, referred to as ST D, HT,,
and HTg,, for a specific test condition with a Ty,,,, of 100°C. The figure illustrates the differences in the thermal expansion
between the different specimens and provides an understanding of the behaviour of the hybrid polymer gear rack concept.

Out of the three test specimens, the .ST D showed the largest absolute displacement value, which was approximately 0.19 mm.

The HT,, specimen, which incorporated an aluminium insert, showed a significant reduction of the thermal expansion of the
tooth region. The largest absolute displacement value for this specimen was approximately 0.15 mm, 11% less in comparison with the
standard specimen. Additionally, the displacement field for the HT,, specimen clearly shows the outline of the aluminium insert,
due to its uniform displacement value and much smaller thermal expansion compared to the polymer material.

Similarly, the HTf,, specimen, which incorporated an epoxy insert, also showed a reduction of the thermal expansion of the
tooth region, in particular on the root region. However, the effect was smaller than using an aluminium insert.

5.3. FEM model validation

The FEM model was used to predict the temperature field, and the results were presented in Fig. 12. To validate the accuracy
of the model, a comparison was made between the model results and experimental data, with the error between the two provided
in Table 5. The comparison was facilitated by adding the ambient temperature to the experimental results shown in Fig. 10. For
the STD and HT,, specimens, the error between the model and experimental results was found to be below 5%, indicating good
agreement between the two. However, for the b; position on the HTf,, specimen, the error was larger. Specifically, a larger deviation
was observed inside the rack body, where the measured temperature was much smaller than the predicted one. This variation may
be due to the inaccurate material properties of the Epoxy resin, which are dependent on the cure protocol, or poor manufacturing
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Fig. 10. Average stabilized temperature (4T) and standard deviation for each test specimen.
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Fig. 11. In-plane displacement field obtained with DIC for Ty, = 100 °C: (a) STD, (b) HT,, and (c) HTg,,.

quality of the proposed solution, affecting the experimental results. Further research is required to fully understand this behaviour.
Nevertheless, it can be concluded that for the two models where uncertainties are small, the fitting between the model and the
experiments is good.

The magnitude of the displacements of each tooth is shown in Fig. 13 through finite element analysis. A comparison of these
results to digital image correlation is presented in Fig. 14 for the y direction along the vertical axis of symmetry of the rack. The
model correlates well for the standard and HT,; specimens. However, HTf,, solution presents a weaker correlation between FEM
and DIC results. Achieving a perfect match between the FEM model and experimental results requires an entirely precise temperature
field, which has not been verified, in addition to accurate thermal material properties. It is important to note that the DIC technique,
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Fig. 12. Temperature field for the side surface for Ty, = 100 °C: (a) STD, (b) HT,;, and (¢) HTg,,.

Table 5
Error between FEA results and experiments for T},,,, = 100 °C.
Specimen Pr f b,
Exp. FEM Error Exp. FEM Error Exp. FEM Error
STD 93.6 90.2 —-3.6% 73.1 73.6 0.7% 66.8 63.5 —4.9%
HT,, 77.0 74.2 —3.6% 65.8 64.4 -2.1% 67.5 64.8 -4.0%
HTyg,, 90.1 86.1 —4.4% 66.3 71.4 7.7% 56.2 63.0 12.1%

(b)

0.000 0.024 0.048 0.071 0.095 0.119 0.143 0.166 0.190

Displacement / mm

Fig. 13. In-plane displacement field obtained with FEM for Ty, = 100 °C: (a) STD, (b) HT,, and (c) HTg,,.

used to measure experimental displacements, also has associated errors that depend on the quality of the images captured during
testing.

6. Discussion
6.1. Results analysis

In order to study the influence of an insert in a polymer rack tooth, the average stabilized temperature was compared in Fig. 10,
and the displacement magnitude was compared in Fig. 11.

Fig. 10 revealed that both hybrid tooth showed a lower temperature in the contact region (p; and pg) and tooth root (f), and a
higher temperature for the body region (b;) putting in evidence the high heat evacuation from the tooth into the rack body. Also,
the greater the thermal conductivity of the insert, the more heat evacuation occurs in the tooth region. These results support the
conclusions of the previous study [1], which stated that an insert would reduce the maximum bulk temperature and increase the
minimum bulk temperature of a polymer gear.

According to the VDI 2736 [18], the limiting strength for the root stress of a POM gear is given by:

Crimy =26=0.0025-T7 +400- N;°2, N, € [10%10°] 4

The increase in limiting strength for N, = 10° is given in Fig. 15(a) while the increase in the expected life (N;) by root failure
based on Eq. (12) is estimated in Fig. 15(b) assuming the gear rack is subjected to the same root stress.

The improvement in the maximum strength when N; = 109 is illustrated in Fig. 15(a), estimated using Eq. (12). The expected
increase in the life of the gear rack (based on root failure) when subjected to the same root stress is shown in Fig. 15(b).
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According to Hasl’s research [45], the bending strength of polymer gears is significantly impacted by the substantial increase in
contact ratio under load. Therefore, the anticipated increase in stiffness resulting from the incorporation of a metallic insert may
offset some of the advantages gained by decreasing the temperature. Consequently, it is essential to conduct additional detailed

studies to verify this phenomenon and ascertain whether the reduction in temperature is counteracted by the alteration in gear
stiffness [46].

Fig. 11 illustrates that the thermal expansion of the ST D and HTg,, specimens followed a similar pattern. The HT; specimen,
however, exhibited a smaller thermal expansion in the tooth region and a smaller displacement gradient. This is due to the fact
that the aluminium insert expands less than the POM matrix, which may lead to an increase in stress concentration in the insert
region. On the other hand, the epoxy insert did not exhibit the same trend as the aluminium insert, instead, its thermal expansion

was similar to the POM matrix. Thus, an ideal insert should be a highly conductive material with similar mechanical properties as
the polymer matrix.
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Fig. 16. Influence of the interference fit on the mean contact pressure and relative contact area between the aluminium insert and polymer tooth obtained using
FEM model.

6.2. Influence of interference fit on performance of HT;

The experiments and FEM model of the HT,, specimen showed good fitting. As a result, the average contact pressure between
the insert and the polymer was determined for various interference fit values using different modelling strategies. These strategies
included a mechanical FEM model without load applied on the tooth flanks, a mechanical FEM model with load applied on the flanks,
and the thermo-mechanical FEM model proposed in this study, which can consider thermal expansion as well as different height
clearances. The results of these analyses are presented in Fig. 16. Based on the findings, it can be inferred that the manufacturing
dimensions utilized in this study (Table 1, §,, = 0.06 mm) can produce a contact pressure resulting from the width interference fit,
which falls within the range of applicability of Eq. (11).

The analysis of the results presented in Fig. 16 shows that the average contact pressure between the insert and the polymer rack
is similar across all modelling strategies. For an increasing prescribed interference fit, a higher difference between the maximum
and minimum local contact pressure calculated was observed, mainly for the thermo-mechanical solutions.

To better present the differences among modelling strategies, the contact area between the insert and the polymer tooth was
taken from the FEM model. To quantify this, the ratio between the FEM contact area (A) and the total contactable area of the insert
(A,) was calculated for each model configuration. Comparing the results obtained from the FEM mechanical models reveals that for
a small interference fit, the application of load on the tooth flanks increases the contact area. A similar behaviour is observed for the
FEM thermo-mechanical model without thermal expansion. However, the consideration of thermal expansion substantially decreases
the contact area, suggesting that the proposed concept can be further optimized to improve the thermal contact conductance. It is
worth noting that the specimens studied in this research had lateral faces of the gear rack that were free to move, which may explain
why the contact area decreases when considering the thermal expansion of the polymer.

The height direction was designed with some clearance to avoid stress concentration in regions with a small radius. To verify
that the clearance has a negligible effect on the concept, two longitudinal clearances were studied: the one used in the current study
(Table 1, 6, = 0.02mm) and one two times larger. The results (Fig. 16) show that the influence is unnoticeable.

Overall, these findings demonstrate the importance of the proposed modelling strategy and parameters when studying the thermal
behaviour of polymer racks with inserts. The proposed concept shows promise for improving heat dissipation in gear racks and
similar systems, and further optimization could lead to better results.

7. Conclusions

In this article, a hybrid polymer gear concept was studied and validated using a rack tooth geometry. The following conclusions
were achieved:
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The hybrid polymer gear showed an increase of heat evacuation from the tooth to the polymer body. It was effective in
reducing the maximum bulk temperature and increasing the minimum bulk temperature;

The HT,; reduced the maximum body temperature by 15.0% and increased the minimum temperature by 20.0%. The HTg,,
reduced the maximum body temperature by 3.4% and increased the minimum temperature by 13.1%;

The thermal conductivity coefficient of the insert material significantly impacts the effectiveness of the heat evacuation;

The hybrid polymer gear showed a reduction of the thermal expansion of the tooth region. The HT,, showed an incompatible
thermal expansion for the insert region, which could lead to an increase of stress or gear failure;

The finite element analysis revealed that the proposed concept can be optimized to enhance the contact area between the
insert and the tooth during operation. This optimization will help counterbalance the effects of polymer thermal expansion,
ensuring improved performance of the system;

The ideal insert should be a highly conductive material with similar mechanical properties as the polymer matrix.
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Appendix. Surface roughness characterization

The surface roughness of the specimens was measured using a Hommelwerke T8000 controller with a linear unit LV-50
(Hommelwerke GmbH, Germany). The stylus probe has a vertical measurement range of +300 um, a tip radius of 5pm and a cone
angle of 90°. An evaluation area of 7.5 mm x 3 mm was performed for the current study. The topographies are presented in Fig. A.17
after form removal and the application of a cut-off filter of 0.8 mm. The areal surface roughness parameters of the specimens were
determined as per ISO 25178-2. The results are given in Table A.6.

The composite roughness of the contacting surfaces was obtained by the following equation:

— +/ Ra? 2
Os = thole + qunsert (A]')

The effective mean absolute asperity slope of the interface was estimated by:

my = 0.125 - 042 (A.2)
Table A.6
Areal surface parameters of HT,, parts.
Parameter Hole Insert Description
Sa/pm 1.60 0.86 arithmetical mean height
Sq/pm 2.02 1.15 root mean square height
Sp/pm 11.40 6.42 maximum peak height
Sv/pm 9.01 10.20 maximum pit height
Ssk -0.50 -1.05 skewness
Sku 3.28 5.57 kurtosis
Sz 20.40 16.6 maximum height
o,/pm 2.32 composite roughness
my 0.175 absolute asperity slope
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(a) Tooth hole

(b) Aluminium insert

Fig. A.17. Surface topographies of the tooth hole and insert of HT},.
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