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Abstract: The work aims at validating a methodology for 3D printing of gears with involute gearing
and evaluating their mechanical properties using infrared camera. A general methodology for the
setup of 3D printing of gears made of polymeric materials has been developed, which can be used in
technical practice in order to replace parts produced by conventional methods. An experiment was
prepared determination of the distribution of the 1st invariant of the stress tensor and phase shift
using a modal exciter and an IR camera. The values of the 1st invariant of the stress invariant were
found. For these measurements, the lock-in thermography method was used, using a modal exciter
we force loaded a gear in which the response to the load was registered. The aim was to obtain the
distribution of the strain or stress field on the loaded tooth. The experimental method used also
belongs to the field of non-destructive testing (NDT), and with suitable experimental parameters
we can also obtain information from the layers below the surface, as demonstrated in the phase
images. The practical benefit is to provide a competitive advantage to companies that will exploit the
properties of polymeric materials by knowing the mechanical properties of these materials.

Keywords: 3D printing; gear; infrared; thermoelastic; lock-in

1. Introduction

In current practice, we are faced with the requirement to reduce costs and make
production more efficient. This requirement is often realised by reducing the weight of
the manufactured objects and by using technologies that automate production, simplify it
and reduce the required production time. Another technology that enables manufacturers
to achieve the desired benefits is 3D printing. This is a major technological phenomenon
that is fundamentally changing the approach to all areas of technology. This technology
is variable and allows the production of very complex objects that would be impossible
to produce using today’s conventional methods. Currently, one of the most widespread,
most accessible and cheapest methods is the additive method. The availability of materials
for the common user, if these materials are, for example, PLA (Polylactic acid), PETG
(terephthalate), ABS (Arylonitrile butadiene styrene) and HIPS (high impact polystyrene),
also contributes to the popularity of the method. Over time, however, companies have
begun to offer more sophisticated 3D printing technologies in materials such as titanium,
steel, aluminum, copper, rubber, and composite. The pace of technological growth in
3D printing is enormous and much of it is still unexplored [1,2].

The design of functional parts and their quality is critically dependent on accurate
dimensions. With additive methods, it is necessary to be aware of the factors that enter as
causes of inaccuracies. Inaccuracies can vary based on the materials that are used and also
depend on the geometry of the part being printed. Inaccuracies can arise due to software
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reasons. When generating the model in STL format, some details may be converted to
simpler surfaces or may be lost. Errors can also occur when interpolating the vertices of the
STL file in the program that generates the G-code for the 3D print. There are also several
ways in which inaccuracies can arise for mechanical reasons during printing of the object.
These include 3D printer stepper motors, which have specified feedforward accuracy in
three coordinate axes. Other inaccuracies can arise from inadequate tension in the belt
drive, over or under extrusion of the filament [3].

The dimensional characteristics of gears are generally very sensitive to manufacturing
precision. Therefore, gears with a smaller modulus may have a problem with manufac-
turing accuracy. Wheels that are dimensionally larger are stronger and better able to cope
with tolerance errors in two-wheel engagement [4,5]. Also, shrinkage of internal holes is a
common problem in 3D printing. Mostly it is caused by thermal contraction of the printed
material. Another reason is the previously mentioned problem of generating the model in
STL format. Then polygons are created and then the inner hole does not have the shape of a
curved cylindrical surface, but on this surface there are detectable polygonal lines and this
approximated shape is the starting point when generating the G-code for the 3D printer.

The vast majority of printed gears are made from one type of material such as nylon,
PLA, PETG or ABS. This is because these technologies are more affordable and less costly
for those materials. They have excellent wear resistance properties [6]. ABS has good
impact strength. PLA cannot tolerate temperatures higher than 45 to 50 ◦C [7,8]. However,
the problem of low production costs needs to be addressed along with the maintenance
of the mechanical parameters of the wheels. In a publication [9], they compare the en-
gagement of gears made of the materials: cast steel and carbon fiber (50%) in an epoxy
matrix. Simulations in Ansys show that the induced stresses of the gear made of composite
materials are smaller compared to the cast steel gear. The bending stress has been sim-
ilarly simulated and experimentally tested in [10]. When comparing nylon and steel, it
is important to note that the displacement values were one times higher than steel. The
bending strength of the wheel tooth was experimentally tested, where the specific value for
Nylon was a maximum of 4.6 kN, and for steel it was up to 65 kN. In a study [11], stress
analysis was carried out and the stress values that were calculated for composite materials
are approximately the same compared to structural steel, grey cast iron and aluminium
alloy. So, from these analysis results, we concluded that the induced stress and strain of
composite spur gear are almost equal compared to spur gear made of structural steel, grey
cast iron and aluminium alloy. In this paper, they further publish the claim that substituting
gears made by conventional methods for gears made of composite materials is a relevant
alternative. After considering a number of input factors, this is an interesting claim that
defies standard notions.

In this paper [12], tooth contact analyses of spur gears are carried out through finite
element analysis for the materials: glass fiber/epoxy composite, PEEK (Polyetherether-
ketone) and steel. A general finite element model has been developed to evaluate the
contact stress in spur gears of the same geometry. From the result, it can be concluded
that the deformation of the gear made of composite material is a little higher compared
to the steel gear but it is lower than the values determined for the plastic gear. Since the
rotational speed of the gear affects the analyzed mechanical properties of the materials
such as stress and strain, so these analyses were performed for 2 different rotational speeds.
It was concluded that the composite material has better alternative for steel and plastic
material. In this publication [13], gears were printed from four polymeric materials namely
ABS, Nylon 12, PC (Polycarbonate) and PLA. The result confirmed that Nylon wheel has
35% better mechanical properties compared to the other mentioned materials. In terms
of durability and operational ease, lubrication of Nylon is usually not necessary which is
its advantage over other plastic materials. It has good strength, elasticity and, compared
to other plastic gears mentioned, a high durability. This material has a low coefficient of
friction, high melting point and high interlayer adhesion. The disadvantage of nylon is
the tendency to absorb moisture, where the material deteriorates [14]. It should be noted
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that gear lubrication in low speed, low frequency applications is not necessary. However,
if a more severe environment application is contemplated, a white lithium, PTFE or sili-
cone based lubricant should be used. PLA and PETG are predominantly made of organic
substances, i.e., they respond better to less viscous vegetable oils [14].

In the vast majority of scientific publications, composite gears printed on a 3D printer
are considered as a suitable alternative to gears made by conventional methods from
metallic materials. For polymer gears printed from a single material type, Nylon is the
most suitable material according to several studies.

For the dimensional properties of gears, it is important to note that in general, gears
are very sensitive to manufacturing precision. Therefore, wheels with a smaller modulus
may have a problem with manufacturing accuracy. Wheels that are dimensionally larger
are stronger and better able to handle the tolerance errors of a two-wheel shot [15]. When
applying printed gears to practice in the long term, it is important to define the basic
parameters and knowledge by which the gear should be evaluated, in case one would
like to use it as an alternative for a metal gear: the 3D printing production technology,
the original parameters and material of the gear, the dimensions and module of the gear,
the operational lifetime of the gear. The technology of gear production using 3D printing
is crucial in the first phase. Table 1 gives an overview of the most used 3D printing
technologies and their tolerance limitations.

Table 1. 3D printing technology and its manufacturing tolerances [15].

3D Printing Technology Tolerance

SLS 0.06 mm
FDM 0.25 mm

PolyJet 0.016 mm

2. Thermoelastic Analysis and Lock-In Method

As already mentioned, the mechanical properties of non-metallic wheels are important in
deciding whether these wheels will replace the original metal wheels. Methods are developed
to model the wheel footprint and to learn the strain and stress fields. It is useful if the results
of computational simulations are compared with the results of experimental measurements.
These measurements use, for example, strain gauges installed in the tooth root [16], elastici-
tymetry [17,18] or the PhotoStress method [19]. Thermoelastic measurements are performed
at the workplace of the authors of the paper, for example [20]. Therefore, the thermoelastic
analysis method was chosen to determine the stress field on the loaded wheel tooth or in its
surroundings. Let us describe the thermoelastic analysis as follows.

When a material is loaded in compression or tension in the elastic region, there is a
reversible conversion between mechanical and thermal energy. This method of loading
causes a change in temperature. In adiabatic action, there is a linear relationship between
the change in temperature and the change in the first invariant of the mechanical stress and
it is independent of the loading frequency. After adjustment, we can use the relationship in
the thermoelastic region [21]:

∆T = − α

ρcp
T0∆σii f or i = 1, 2 (1)

where:
α—linear coefficient of thermal expansion of the material,
cp—heat capacity under constant pressure,
ρ—density,
σi,j¯stress tensor and ∆σii is the change of the 1st invariant of the tensor,
∆T—change of temperature,
T0—absolute temperature.
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The detected temperature change (more precisely the radiation incident on the cam-
era detector) is very small and determining its value by direct measurement is almost
impossible. In order to measure the induced thermal modulations generated by the input
pulse, they must exceed the noise level of the camera. This requires high excitation pulse
energy [22]. Lock-in thermography, also known as thermal wave imaging technique, is
offered as an alternative technique because it can be described by oscillatory temperature
wave theory [23–26]. The excitation of heat in the body occurs periodically with a certain
frequency [22]. Using the lock-in method it is possible to increase the signal-to-noise ratio
many times [27–29]. This takes advantage of the fact that if the excitation signal (changing
wheel load) is harmonic with period flock−in then also the response of the object to this
load is harmonic with the same frequency flock−in, and hence the energy change that is
detected by the camera will be periodic. If we perform a Fourier transform for the registered
temperature (or radiation) values and express the result in the form of a series whose lowest
frequency is flock−in, then the amplitude of the series member for the frequency flock−in will
correspond to the detected temperature change ∆T.

Let the excitation source operate at the excitation frequency flock−in. It produces a
response, which we express by a harmonic function s(t), with amplitude A, with the same
frequency flock−in and with phase shift ϕ:

s(t) = Asin(2π flock−int + ϕ) (2)

Let there be in the signal S(t), that is detected by the camera is included in the response
s(t) and noise N(t) in the form of:

S(t) = s(t) + N(t), (3)

S(t) we express using Fourier series as:

S(t) = A0
2 + ∑+∞

i=1 Aisin (2πi flock−int + ϕi) =

A1 sin(2π flock−int + ϕ1)+
[

A0
2 + ∑+∞

i=2 Aisin(2πi flock−int + ϕi)
] (4)

If we denote A = A1 and ϕ = ϕ1, then the last member in square brackets in (4)
expresses noise N(t) and the first member of the series (4) with index i = 1 is response
S(t) [30]. Due to the orthogonality of the functions

sin (2πi flock−int),cos (2πi flock−int) and 1, i is a natural number (5)

It is sufficient to specify only the member A1 sin(2π flock−int + ϕ1), i.e., values A1 and
ϕ1, A1 determines the temperature change at excitation and ϕ1 determines the phase shift
between the load response to that load. Values A1 and ϕ1 can be determined, for example,
using the 4-point method [30].

Although the temperature change that represents the excitation response is contained
in the IR camera noise, thanks to the lock-in method we can detect and quantify the
response. The level of noise suppression in this method is represented by Figure 1.

When the measured signal from the IR camera (red) is drowned in detector noise
(green). The lock-in method is the amplified signal (blue) and the brown (DUT) represents
the periodic excitation.

This method is used, for example, in electrical engineering and in the measurement of
very small physical variables [31,32]. It is worth mentioning that the infrared camera is often
used in experiments to monitor the temperature rise and steady state on gears. This nature
of the output and interpretation of temperature data is related to the change in mechanical
properties, usually the deterioration of these properties as the temperature rises when
non-metallic gears work under load for long periods of time. For example, papers [33,34]
are of this nature. In this paper, the camera will not be used as a sensor of the temperature
that will be reached during the test, but as a detector of temperature changes. This type of
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detection in the infrared spectrum, together with the lock-in method, is also used at the
authors’ workplace for plastic deformation detection [35], fatigue limit determination [36]
and for non-destructive testing (crack and inhomogeneity detection) [37].
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Figure 1. Lock-in method technique that reduces the impact of noise and improves detection of
smaller signals.

3. Using the Lock-In Method to Determine the Response to the Required Static Load

Experimental tasks are solved at the department of the authors of the article, in which
an infrared camera is used for stress field evaluation (thermoelasticity), detection of plastic
deformations, determination of fatigue limit and for non-destructive testing (detection of
cracks and inhomogeneities). In addition, experimental modal analysis is also performed.
The experimental work is related to computational problems in mechanics, using the finite
element method.

In the following sections, the test device and the procedure for determining the first
stress invariant (sum of principal stresses) on the gear surface around the loaded tooth
are described.

If the gear tooth is to be loaded with a static force at one increase in the loading force
to the value of the required static load, and if the temperature variation ∆T is at the level of
the cam noise, then relation (1) is not applicable.

However, if periodic loading force of the wheel tooth occurs at a frequency flock−in
and the amplitude of the loading force reaches the value of the required static load, and if
the lock-in method is used, then the term A1 in (1) corresponds to the temperature change
∆T and the value of ∆σii determined by (1) is the 1st stress invariant at this static load.

However, in order to avoid heating of the sample it is necessary that it is an adiabatic
process, i.e., that the loading frequency is sufficiently high. For steels a frequency of at least
8 Hz is recommended, for aluminium alloys at least 25 Hz [29,38,39].

3.1. Test Stand for Gear Engagement

The test equipment used is shown in Figures 2 and 3.
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Figure 3. Test rig for gear engagement.

The polymer toothed wheel under test was fixed to the shaft using a nut and washer
so that the wheel did not rotate relative to the frame (table). This toothed wheel was excited
by a single steel toothed counter tooth. The counter tooth was mounted on the core of a
modal exciter TV 51120 (TIRA GmbH, Schalkau, Germany). The exciter was controlled by
an amplifier BAA 500 (TIRA GmbH, Schalkau, Germany).

The amplitude of the motion (force) was controlled by the set current and voltage
on the exciter, the frequency of the harmonic signal and its shape was determined by the
analog voltage signal applied to the input of the BAA 500 amplifier.

The core with the opposing tooth moved vertically within the range of the tooth
clearance. When the core moved upwards, the tooth of the counter tooth contacted the gear
and a loading force was induced, the force. Maximum value of this force which reached the
value of the expected static load. The motion or oscillation of the core of the modal exciter
was controlled by a sine function with frequency flock−in.

The response of the gear to loading was captured by a FLIR SC 7500 high-speed in-
frared IR camera from FLIR SC7500, Ser. No. 210460 with an InSb detector—320 × 256 pixels,
in the MWIR range, with a native frame rate of 383 Hz [28].



Appl. Sci. 2023, 13, 5988 7 of 13

The acquired images from the infrared camera were processed in the Altair LI software
(FLIR Systems, Inc-OEM Cores and Components, Goleta, CA, USA).

Vishay strain gauges CEA-06-250UW-120 (Micro-Measurement Division Vishay, North
Carolina, USA) were installed on the counter tooth that loaded the gear to measure the
compressive deformation of the counter tooth and to determine the loading force. By
measuring the periodic compressive strain of the counter tooth, the actual frequency
flock−in was determined and the camera images were also synchronized with the load force
waveform based on flock−in.

LabVIEW 2020 software and hardware modules (LabVIEW modules NIcDAQ 9237,
9264 National Instruments, Budapest, Hungary) were used to control the amplifier of the
modal exciter with sinusoidal signals, to measure the deformation on the opposite side of
the modal exciter, to generate the signal for the synchronization of the camera.

3.2. Input Parameters for Measurement and Evaluation

The measurement and evaluation was performed with the following input data.
The camera frame rate was 17 Hz for all measurements, the integration time was also

the same for all material types, namely 1509 µs. No filter was included in the carousel for
the measurements.

The IR camera was positioned approximately 0.6 m from the face of the gear. The
ambient temperature was 22 ◦C. We used a 50 mm lens of the IR camera L0106, Ser.
No. 206998, with intermediate ring.

The TIRA modal exciter was controlled such that a loading force F(t) was induced in
the interval from 0 N to 20 N.

F(t) = 20 sin(2π flock−int) + 10[N] (6)

The required force was controlled by strain gauges on the opposite side, it had a
sinusoidal character (6) standard deviation of maximum force was lower than 1.8 N.

The loading frequency of flock−in was 4 Hz, the maximum value of the load harmonic
force was 20 N, the minimum 0 N.

The parameters for PLA and PETG materials, which were used in Equation (1), are
given in Table 2.

Table 2. Input material parameters for thermoelastic analysis.

Material

α
Coefficient of

Linear Thermal
Expansion

[K−1]

ρ
Density
[kg/m3]

cp
Heat Capacity

[J/kg·K]

Source of
Material

Properties

PLA 8.5 × 10−5 1170 1800 [40]

PETG 5.1 × 10−5 1270 1200 [41]

In the contact between the wheel tooth and the counter tooth, the quality of the surfaces
of the co-engaging teeth is significant. During the test, there was a relative micromotion
of one tooth with respect to the other, which is explained by the deformation of the non-
metallic tooth. Table 3 shows:
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Table 3. Parameter of roughness of profile determined on a line on the tooth width.

Material
Rz

Mean Peak to Valey Height
[µm]

Rsk
Skewness

[1]

PLA 97.13 −0.16

PETG 61.93 0.32

Steel counter-piece 8.55 1.17

In addition to roughness, the coefficient of friction is also an important parameter. It
should be noted that in [6] the friction coefficients for PLA and PETG were determined
using a Nanovea Tribo-meter (steel ball, 5 mm diameter) as a function of sliding distance. In
doing so, it is significant whether the area for which this coefficient was measured was the
bottom surface of the sample (the surface on which the printing started) or the top surface
of the sample (the surface on which the printing ended). Since we consider the issue of the
friction coefficient to be important, then it should be addressed in the future; however, no
such measurements were made in the preparation of the experiment described herein.

4. Analysis of Measured Data

During the experimental part, we observed and evaluated two types of images. Phase
shift and first stress invariant for each kind of material. We processed the images in FLIR’s
Altair LI software.

4.1. Analysis of Measured Phase Shift Images

For the phase-shift measurements, we based our measurements on theoretical con-
siderations and in most cases measured values that could be expected. A tensile load
is applied to part of the tooth and a compressive load to another part of the tooth. The
above difference in the method of loading is detectable by the difference in the phase
displacements between these parts of the object under analysis. So, if in two parts of the
object the values of phase shifts (resp. angles) are detected and the difference of these shifts
corresponds to 180◦, then the loads in these parts of the object are in the opposite phase,
which can be interpreted as the presence of a tensile load in one part of the wheel (I) and a
compressive load in the other part (II), respectively, and a compressive load in (I) and a
compressive load in (II).

For gears extruded from PLA material, Figure 4a shows in light green the area of
compressive load (representing a phase shift of approximately 0◦) that connects the area
from the contact of the teeth of the wheel and the counter to the root of the adjacent tooth
of the wheel, or extends up to half of the width of the adjacent tooth. The dark blue area
represents a phase shift of approximately −180◦ and shows the tensile load area, the phase
difference is approximately 180◦.

In Figure 4b, the gear is printed from PETG material, the yellow color represents
the compressive load region (phase shift of approximately 65◦) and the dark blue region
represents the phase shift of approximately −140◦ and shows the tensile load region. The
difference in phase shift between these regions is approximately 205◦. The value of 205◦ is
contained within a tolerance interval of 180◦ ± 30◦. This 180◦ ± 30◦ tolerance interval for
the 180◦ phase shift assessment is the same as the tolerance interval for the detection of the
phase shift value when passing through the resonance in the experimental modal analysis.

These measurements also highlight the surface and subsurface structure of the gears.
In Figure 4a,b, concentric contour filaments in the printed gears are also detectable, for
example indicated by the white closed curves. This phenomenon is due to the harmonic
excitation of the tooth of the composite gear by the frequency flock−in and the processing
of the measured response mentioned earlier. This phenomenon is used in the field of
non-destructive testing (NDT) [23].
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Figure 4. The phase shift for gears made of (a) PLA, (b) PETG allows to distinguish the region of
compressive and tensile load in the region of the loaded tooth of the gear. The highlighted part (white
closed curve) indicates the highlighted concentric contour fibers.

4.2. Response Amplitude Image Analysis

The amplitude A of the response s(t), Equation (2) corresponds to the amplitude A1
of the first term of the series (4) and expresses the temperature change ∆T. Knowing the
thermal diffusivity K (Table 1), we can determine the change of the first invariant ∆σii.
according to the term (2), together with the knowledge of the term. For the given loads
of 20 N, the modal exciter was built up by the load, which we evaluated through the IR
camera as the I. invariant of the stress.

Figures 5 and 6 on the left show the field (map) of the first invariant for the wheel made
of PLA and PETG material. In the maps, 2 line segments are plotted. The line segment
closer to the edge of the tooth (red) passes through the region with the occurrence of contour
fibers. The line segment further away from the tooth edge (green color) corresponds to the
area of the tooth matrix, without contour filament.

Figures 5 and 6 on the right are plots showing the progression of the invariant along
the line segments plotted in the map. On the horizontal axes of the graphs, the position of
a point is expressed by the pixel number of the camera detector in the horizontal direction
(the detector is 320 pixels by 256 pixels); the pixel numbers on the horizontal axes of the
graphs in Figures 5 and 6 can take values from 1 to 320.
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and the invariant values at the points on the line segments marked in the contour fiber region (red
plot) and in the matrix region (green plot).

If we compare the waveforms of the invariant plots, then in the contour fiber region
(red color) the invariants take higher values for both materials than in the matrix.

Comparison the maximum values of the invariants in the matrix regions (green color),
then higher invariant values are obtained for PLA than for PETG.

When we compare the maximum invariant values in the matrix regions, then higher
invariant values are obtained for PLA than for PETG. We assume that the reason for this is
the higher compliance of PETG than PLA.

Qualitatively, we consider the distribution of invariants for both materials to be
approximately the same, with higher values of invariants being achieved only in the region
of the contour and in the root of the teeth than in the matrix.

The determined values of the invariants along the used line segments show not a
smooth but a “saw” signal If the filament was 0.2 mm in diameter and the pixel projected
an image from an area on the sample smaller than approximately 0.3 × 0.3 mm, then there
was uneven coverage of the area by the filaments on that 0.3 × 0.3 area. This problem has
yet to be addressed.

5. Discussion

The contact of two gears can be simulated in several ways. For the design of the
excitation device, we were inspired by publications such as [38,39]. We consider our
test setup to be simple and the infrared camera image processing procedure used to
be appropriate. However, it is necessary to discuss some issues that arose during the
measurements and the processing of the results:

1. The design of the test condition. If the opposing tooth performs a translational
movement, then due to the displacement of the tooth under test, there is a translation
and rotation of this tooth. For large translation and rotations, image stabilization will
need to be addressed, e.g., by using reference markers that will be detectable in the
infrared range of the camera used.

2. Due to the micromotions of the test wheel and the countertooth, the boundaries of
these objects appear in the images that could be misinterpreted as high values of the
1st invariant. We assume that one of the causes of this phenomenon is the rotation of
the surface that represents the edge of the test tooth and countertooth. The algorithm
of the lock-in method evaluates this periodic change in the position of the surface
(with lock-in frequency) as a value of the 1st invariant. For this reason, the edge
invariant values were not evaluated. We assume that the tooth aligment is improved
if the countertooth does not act in translational motion but in rotational motion. The
edge problem described above was also the reason why the line on which the 1st
invariant is evaluated is not placed closer to the tooth edge. For the same reason, we
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have not yet evaluated the invariant directly in contact between the wheel and the
countertooth.

3. For the measurements, we used an infrared camera with a 320 × 240 pixels detector. It
is reasonable to expect that increasing resolution of the detector (increasing the number
of pixels) will improve the resolution when evaluating the invariant. However, due to
the micro displacement, this increase may require more precise image stabilization.

4. If we do not evaluate the method and test condition used for the spur gear testing
described above, then the roughness of the contact surfaces, their coefficient of friction,
the temperature of the teeth during the test, and also the test history for the wheel
under test must also be considered to understand the mechanical properties. For
longer duration tests or frequently repeated tests, the contact surface of the tested
wheel teeth may be worn.

6. Conclusions

In this paper, we described the procedure of testing, measurement and evaluation of
an experiment in which a force load was applied to a gear by means of a modal exciter.

• We obtained the distribution of the first invariant stress field on the loaded tooth and
its region.

• We analyzed the gears made of two types of materials, namely PLA, PETG.
• We see potential in the experiment conducted that we think should be developed.

Therefore, we continue the experimental work by modifying the test condition in
which the counterpart, or the gear simulating the counterpart, will perform a rotary
motion approximately in the range of the tooth clearances of the pair: the loaded gear,
i.e., the gear under test, and the load-bearing gear, i.e., the counter part.

• The experimental results will also be compared with the FEM analysis results.
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