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The geometric accuracy analysis of polymer spiral bevel 
gears carried out in a measurement system based on the 
Industry 4.0 structure
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Abstract: The paper presents geometrical accuracy tests of polymer spiral bevel gears. The change in 
geometry was quantified with reference to research models produced by incremental methods: FDM 
(fused deposition modeling), SLS (selective laser sintering), DLP (digital light processing) and PolyJet. 
Model geometry verification was made basing on the INDUSTRY 4.0 philosophy using the Klingeln-
berg P40 coordinate measuring machine (CMM) operating in an integrated network system. The graphs 
show deviations of selected parameters defining the geometry of the teeth. Analysis of the obtained 
results was used to select the appropriate printing technology and to improve the quality of the polymer 
gears. The highest 11th accuracy class of the spiral bevel gear teeth, determined according to DIN 3965, 
was obtained for models manufactured in PolyJet additive technology.
Keywords: polymer materials, gears models, coordinate measuring machine, geometrical accuracy.

Analiza dokładności geometrycznej polimerowych stożkowych kół zębatych 
realizowana w układzie pomiarowym opartym na strukturze Przemysł 4.0
Streszczenie: Zbadano dokładność geometryczną polimerowych zębatych kół stożkowych o kołowej 
linii zęba. Oceniano ilościowo zmianę geometrii w odniesieniu do modeli badawczych wytwarzanych 
metodami przyrostowymi: osadzania topionego materiału FDM (ang. fused deposition modeling), selek-
tywnego spiekania laserowego SLS (ang. selective laser sintering), wykorzystania cyfrowej projekcji świa-
tła DLP (ang. digital light processing) oraz PolyJet. Weryfikację geometrii modeli wykonano, opierając się 
na filozofii Przemysł 4.0, z wykorzystaniem współrzędnościowej maszyny pomiarowej (CMM) P40 fir-
my Klingelnberg, pracującej w zintegrowanym układzie sieciowym. Na wykresach zilustrowano od-
chylenia wybranych parametrów definiujących geometrię uzębienia. Analiza otrzymanych wyników 
posłużyła do wyboru odpowiedniej technologii druku oraz poprawy jakości wykonania polimerowych 
kół. Najwyższą, 11 klasę dokładności uzębienia kół stożkowych o kołowej linii zęba, określoną wg nor-
my DIN 3965, uzyskano w wypadku modeli wytworzonych w technologii przyrostowej PolyJet.
Słowa kluczowe: materiały polimerowe, modele kół zębatych, współrzędnościowa maszyna pomiaro-
wa, dokładność geometryczna.

Using the rapid prototyping (RP) based on polyme-
ric materials to make a physical product based on a 3D 
model obtained with the use of computer aided design 
(CAD) reduces the cost of manufacturing machine ele-
ments [1]. It is possible due to the elimination of the use of 
special instrumentation and multi-operability of produc-
tion [2]. However, the possibilities of incremental techno-
logies have their limitations [2], which include: selection 
of material with appropriate strength and surface struc-
ture, the potential of available printing devices in the 

context of the size of the model and obtaining a finished 
product within a given dimensional and geometric tole-
rance. The conducted research focuses on the selection 
of appropriate technological parameters of the additive 
process and optimization of the geometry of the source 
model (material shrinkage, support structures) in order 
to obtain maximum strength of the manufactured pro-
duct and the appropriate geometric accuracy, roughness 
and surface topography of the product [3–6]. Parts made 
of polymer materials with additive methods are functio-
nal prototypes used to carry out experiments [7].

As research models, spiral bevel gears were chosen, 
which are characterized by the complex geometry of the 
teeth. The accuracy of the teeth and the base surfaces of 
the gears determine the uniformity of transferring move-
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ment through transmission [8, 9]. It is necessary to con-
firm the functionality of the gear. The parts were made 
with incremental technologies on selected printing de-
vices, where it is possible to use specific materials. The 
tests were carried out on gears made in FDM technolo-
gy (fused deposition modeling), SLS (selective laser sin-
tering), DLP (digital light processing) and PolyJet mode-
ling. The following materials were used: thermoplastic 
polymers (FDM), polyamide powder (SLS) and photopo-
lymer resins (PolyJet and DLP).

The article assesses the geometrical accuracy of the 
manufactured polymer gears using the Klingelnberg co-
ordinate measuring machine (CMM) P40. The machine 
P40 is one of the elements of the structure based on the 
idea of INDUSTRY 4.0 [10], which includes: 3D-CAD mo-
deling system, data processing system, incremental and 
removal machining manufacturing systems, measure-
ment system, data analysis system (Fig. 1).

A specialized program was used to measure and ana-
lyze the accuracy of the teeth of the spiral bevel gears. This 
is especially important because the program  compares 
the geometry obtained from the measurement to the de-
fined the base gear model. This allowed to: determine the 
capabilities of the printing device in terms of the accuracy 
of the geometry mapping, marking the areas of incompa-
tibility of the model printed regarding to the base model, 
and as a result defining appropriate revisions about the 
model and its location on the working platform.

EXPERIMENTAL PART

Research models

The CAD models (Fig. 2) were the base for research 
models, which were obtained using a mathematical mo-
del for cutting such teeth [11, 12] and a special program 
KIMoS for designing bevel gears from Klingelnberg [13].

The KIMoS program determines the gear geometry 
and technological parameters of machining the teeth 

of the gear and pinion according to a specific cutting 
method. In addition, the program defines the reference 
geometry of the gears needed to measure them by the 
Klingelnberg P40 measuring center [14]. The selected geo-
metric data of the basic gears are given in Table 1.

Applied materials and incremental technologies

The following incremental technologies were used to 
make gear models: FDM, SLS, DLP and PolyJet. The use 
of a specific material is associated with the selected in-
cremental technology. In addition, available printing de-
vices also determine or significantly limit the choice of 
print material for models. Table 2 shows the details of the 
printing test models selected by incremental technology.

Four pairs of gears made in FDM technology were pre-
pared for geometric analysis. The applied FDM techno-
logy consists creating parts by applying successive la yers 
of semi-liquid, thermoplastic material. To minimize the 
deformations arising from the linear contraction of the 
material, the process takes place at a sufficiently high 

T a b l e  1.  Basic geometric data of reference gears

Symbol Description Value
Shaft angle Σ 90°
Number of teeth – pinion z1 20
Number of teeth – gear z2 37
Pressure angle α0 20°
Outer transverse module mte 2.6 mm
Outer pitch diameter of pinion de1 52.0 mm
Outer pitch diameter of gear de2 96.2 mm
Face width b 16.0 mm
Mean spiral angle β 33°30’

3D-CAD
modeling

system

Data
processing

system

Incremental
and removal
machining

manufacturing
systems

Measurement
system

Data
analysis
system

Cloud data

Fig. 1. The diagram describing the idea of INDUSTRY 4.0

Fig. 2. The 3D-CAD nominal models: a) pinion, b) gear

a)

b)
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T a b l e  2.  Technologies, devices and materials used in particular research models

A B C D E F G

Incremental 
technology PolyJet MEM (FDM) FFF (FDM) SLS FFF (FDM) FFF (FDM) DLP

Printing 
machine

OBJET EDEN 
260V UP Box Plus Ultimaker 3 

Extended
TPM Elite 

P3200 Prusa MK3 Prusa MK3 Vida

Firm Stratasys® Tiertime Ultimaker TPM Josef Prusa Josef Prusa EnvisionTec

Fulfillment 100 % 20 % 20 % 100 % 20 % 20 % 100 %

Layer 
thickness 0.016 mm 0.15 mm 0.1 mm 0.15 mm 0.15 mm 0.15 mm 0.05 mm

Support/ 
postprocessing

Yes – special 
resin removed 

with water 
under pressure

Yes – the same 
material as 
the model, 

mechanically 
removed

Yes – material 
other than in 

the model, 
mechanically 

removed

No

Yes – the same 
material as 
the model, 

mechanically 
removed

Yes – the same 
material as 
the model, 

mechanically 
removed

Yes – the same 
material as 
the model, 

mechanically 
removed

The material in 
general

Photopolymer 
(acrylic- 

-polyester 
resin)

Copolymer 
(acrylonitrile- 
-butadiene- 

-styrene)

Polylactide 
[poly(lactic 

acid)]

Polyamide 
powder
PA2200

Biopolyester 
[poly(lactic 
acid)/poly-
hydroxy-

alkanoate]

Thermoplastic 
polyester 

[poly(ethylene 
terephthalate)]

Photopolymer 
(acrylic resin 
methacrylic/
acrylic resin)

Name of the 
material of 
the model 
(support)

FullCure 720 
(FullCure 705) ABS PLA Precimid 1171 PLA/PHA PET E-Partial

temperature. Because the FDM name is reserved, com-
panies that manufacture devices for printing in this tech-
nology use the names FFF (fused filament fabrication) 
and MEM (melted and extruded modeling). The article 
presents results for models made of thermoplastic mate-
rials: ABS, PLA and PET and on three printing devices 
(Table 2).

In SLS technology, in which the research model of the 
pinion and gear was made (Table 2), a layer of powdered 
polymer is applied to the printer’s work table (PA2200 
polyamide powder in the analyzed case). This powder is 
selectively melted, on contour and filling paths, in a spe-
cific shape of the layer, by a laser beam working in the 
long infrared band. The process takes place in a nitrogen 
atmosphere, so as not to burn the material and at high 
temperatures close to the melting point of the material.

Another printing technology used is the hardening of 
photopolymers using the projector’s light was 3D DLP. 
The DLP prints are precise (accurate to several dozen mi-
crons), but they have a limit in the form of the size of the 
working field depending on the height of the layer. In 
the analyzed case, an acrylic resin with a thickness of 
0.05 mm was used. However, the results for the gear re-
search model were not taken into account, because due 
to the limited field of the work platform, the model had 
to be angled to it. This caused the model to be excluded 
from the analysis.

The models were also made in PolyJet technology, in 
which there is a layered application of photopolymer re-
sins in a liquid form on the working platform, which are 
selectively hardened by UV light. Some resins are sup-
port material, others are model material. The model ma-
terial in the analyzed case was FullCure 720 acrylic poly-
ester resin, while the support material – FullCure 705 
resin, which after hardening has a soft gel structure.

The research models were placed on the working plat-
form with the tooth up (except for the gear made in DLP 
technology). The models were printed individually with 
the exception of SLS and PolyJet technology (pinion and 
gear were printed together). The applied layer height, the 
use of the support as well as the method of filling with 
the material are given in Table 2.

Measurement method of the models

Measurements of polymer spiral bevel gears made 
with incremental technologies were carried out on a 
Klingelnberg P40 coordinate measuring machine (Fig. 3). 
It is a measuring center, working in an automated cycle 
and designed for measuring gears (cylindrical, bevel and 
worm), toothed tools, crankshafts and camshafts, rotors 
and axially symmetrical elements.

To verify the accuracy of spiral bevel gears, special 
software for their measurement was used. Information 
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on the measured geometry of the bevel gears is saved 
in the corresponding files on the server. The obtained 
results are a comparison of the measured geometry to 
the geometry of the reference model, which was achieved 
from the specialized KIMoS software that works with the 
P40 machine. This is particularly important when mea-

suring spiral bevel gears, whose geometry of the teeth is 
complex [15, 16]. Coordinate measuring machine P40 al-
lows obtaining high accuracy of measurement (Table 3). 

The measurements took place in a laboratory room that 
ensured constant environmental conditions [17]. During 
the researches, two reference databases were used (cy-
lindrical and face surface) appropriately selected for the 
 pinion and gear. The same measuring tip was used for 
the pinion and gear models (Table 3). The results are 
 average values from the measurement of three evenly po-
sitioned teeth on the perimeter of the research models. 
The study covered the topography of the tooth surfaces, 
the thickness in the normal cross-section and the mean 
tooth height. In addition, the pitch of the tooth, the pres-
sure and the spiral angles as well as the tip and root cone 
angle were measured.

RESULTS AND DISCUSSION

The tests were performed in order to determine the 
accuracy of the polymer spiral bevel gears made by se-
lected incremental technologies. The results of gear teeth 
measurement, performed on a P40 coordinate measuring 
machine, are presented below. 

Fig. 3. Measurement of a spiral bevel gear made with the SLS 
method on the Klingelnberg coordinate measuring machine P40
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Fig. 4. Comparison of the average deviations of the topography of the tooth surfaces for individual research models

T a b l e  3.  Parameters used to measure the gears

Measuring machine Klingelnberg Gear Measuring 
Centre P40 

Probe System K3D (M44)
Resolution < 0.01 µm
Probe D = 1.5 mm

Length measurement 
uncertainty

According to VDI/VDE 2617
U1 = 1.8 + L/250 [µm] 

L – length in mm
Teeth to be checked (profile, 
lead)

3 teeth (evenly around the 
gear circumference)
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Figure 4 presents the results from the measurement 
of topography of teeth of pinions and gears with its ave-
rage deviations for three teeth. The deviation of the tooth 
surfaces is given by the parameter which is the sum of 
squared position deviations for the measuring point grid, 
which was evenly applied to the tooth surfaces, from the 
reference surfaces. In the analyzed case, a 9 × 7 point grid 
was used. On the basis of the graph presented in Fig. 4, the 
largest topography deviation was obtained for mo dels D 
made with SLS technology. The graphs of the topography 

of the tooth surfaces, which were not published in the ar-
ticle (due to their quantity), show that only in the case of 
models A made according to PolyJet and models G made 
according to DLP technology, the diagrams have a deter-
mined distribution of deviations on the tooth surfaces. 
Models made in other technologies have a disordered to-
pography. The graphs show the disorders associated with 
stepping on the head “bumps” created during the mode-
ling process. The graphs show disorders resulting from 
hits the measuring head with “bulges” created during the 
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Fig. 7. Comparison of deviations of tooth pressure angles for 
 convex and concave sides for individual research models of 
 pinions

Fig. 8. Comparison of deviations of tooth spiral angles for  convex 
and concave sides for individual research models of pinions

Fig. 5. Comparison of average deviations of normal thickness 
and mean tooth height for individual research models of pinions

Fig. 6. Comparison of deviations of tip and root cone angles for 
individual research models of pinions
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process of printing models. Topography of the tooth of the 
pinion made with DLP technology is chara cterized by the 
uniformity of the distribution of deviations with the fact 
that on the convex side of the toe tooth of the pinion the 
deviations are negative (max. -20.6 µm) and gently pass to-
wards heel tooth into positive deviations (max. 83.3 µm). 
On the concave side of the tooth from the toe tooth of 
the pinion the deviations are positive (max. 28.4 µm) and 
they pass into negative deviations (max. -65.0 µm) on heel 
tooth. The topography of the pinion on the concave side 

of a teeth made in the PolyJet technology is similar, with 
the difference that the deviations from the toe tooth are 
larger than those achieved on the model with DLP (max. 
-99.4 µm) and smaller on the heel tooth (max. 43.1 µm). 
The topography of the pinion on the convex side of the 
tooth, made by the PolyJet technology, has the shape of 
symmetrical lengthwise crowning with asymmetrical 
profile crowning and reaches the maximum deviation 
values at the root of the tooth (max. -30.8 µm of the toe 
tooth, max. -30.4 µm on the heel tooth).
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Fig. 11. Comparison of deviations of tooth pressure angles 
for  convex and concave sides for individual research models 
of  gears
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Fig. 9. Comparison of average deviations of normal thickness 
and mean tooth height for individual research models of gears

Fig. 10. Comparison of deviations of tip and root cone angles for 
individual research models of gears
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Figures 5–8 relate to the measurement results obtained 
from the pinion test models, while Figs. 9–12 relate to the 
gear test models. For almost all technologies except for 
models printed with FFF technology (FDM), a positive 
value of tooth thickness deviation, i.e., material allowance 
(Fig. 5, Fig. 9) was achieved. The most accurate thickness 
was imitated on models made of ABS and PLA/PHA. In 
the case of the height of the teeth measured in the mid-
dle of the tooth width, there is no similarity between the 
models of pinions and gears. Gears in most cases (except 
for made of ABS) have a height lower than assumed, while 
models of pinions have a height higher, except for those 
printed from PLA (FFF) and polyamide powder (SLS).

In the case of the tip cone angle of the pinion, without 
SLS model, the measured values of the angles are larger 
than the assumed angle on the reference model and they 
do not exceed 1 deg (Fig. 6). A similar relation is observed 
for the tip cone angle of the gear models (Fig. 10). The 
measurement of the root cone angle pinions is analogous. 
Also these angles are greater than the nominal value (ex-
cept for the model made in SLS technology) (Fig. 6). For 
gear models, all root cone angles are larger than its no-
minal value and range from 0.054 deg (SLS) to 2.402 deg 
(MEM ABS material) (Fig. 10). The values of deviations 
for the pressure angles of the convex side of the tooth of 
the pinion oscillate near the nominal value of the pres-
sure angles, with the exception of the model printed in 
the SLS technology. While for the concave side, the de-
viation values increase, especially those with a negative 
sign up to -0.916 deg (Fig. 7) (excluding the SLS pinion). In 
the case of polymer gears, the distribution of deviations 
of the pressure angles of the both convex and concave 
sides of the teeth as to the sign is analogous. For gears, 
except those made in MEM technology (ABS material) 
and FFF (PET material), the deviations of the pressure 
angles, on both sides of the teeth, are positive (Fig. 11). 
For the MEM and FFF (PLA and PLA/PHA materials) the 
deviations of the gear tooth profiles are negative. The va-
lues of the tooth spiral angle for the concave and convex 
sides of the teeth obtained in the polymer models of pi-
nions and gears were also evaluated. From the analysis 
of the graphs presented in Fig. 8 and Fig. 12, the follow-
ing relationship can be observed: the deviation of the spi-
ral angle on the concave side takes positive values for 
both the pinion and gear models (except for SLS models). 
Deviation values are comparable for both models. In the 
case of the convex side of the tooth of the pinion models, 
it is ambiguous. Positive values of spiral angle deviations 
were obtained for gears made with MEM technologies 
(ABS material), SLS (PLA material), FFF (PET material) 
(Fig. 12). The positive values of spiral angle deviations for 
the pinions were achieved for the SLS and DLP techno-
logy models (Fig. 8). 

Based on DIN 3965 [18], the specialist measuring pro-
gram for spiral bevel gears determined the parameters 
characterizing tooth geometry defined the gear accuracy 
class. The following parameters were taken into account: 

max. tooth spacing index error ( fpmax), max. tooth spacing 
error (fumax), tooth space total index error (Fp), calculated 
runout for each flank side and pitch line runout (Fr). The 
values of the received parameters defined the class of ac-
curacy of individual gears. Hence polymer models of pi-
nions made by PolyJet and DLP have obtained the 11th 
class of accuracy, pinions made by MEM (ABS ma terial) 
and FFF (PET material) have obtained the 12th class of ac-
curacy. The rest of models of pinions were beyond the ac-
curacy class. Polymer gear models made by PolyJet, MEM 
(ABS material) and FFF (PET material) achieved the 11th 
class of accuracy, the rest of gear models were be yond the 
accuracy class.

In the literature it is difficult to find information on the 
accuracy of spiral bevel gears made with additive tech-
nologies. The only publication [19] presents comparable 
results, but only concerns PolyJet and MEM technologies.

CONCLUSIONS

To assess the accuracy of the polymer models of spi-
ral bevel gears made by the incremental technologies, 
 measurements were taken on a coordinate measuring ma-
chine using a specialized program dedicated to this type 
of gears. The parameters characterizing tooth geometry 
that affect the quality of gear work and the geometry of 
blanks were taken into account. Taking into considera-
tion the parameter values obtained from the measure-
ment, the gear accuracy classes were determined in ac-
cordance with DIN 3965. The highest 11th accuracy class 
was obtained by the pinions and the gears made in PolyJet 
technology. The gears made in MEM technology (ABS ma-
terial) and FFF (PET material) were in the 11th accuracy 
class, while their pinions achieved the 12th accuracy class. 
The 11th accuracy class also obtained the pinion made 
by DLP technology. The gear in DLP technology has not 
been measured. Other models made [SLS, FFF (PLA and   
PLA/PHA materials)] were outside accuracy class.

In additive production methods, it is important to 
know the accuracy of mapping models in which there 
are surfaces with a complex shape (side surfaces of teeth 
of spiral bevel gear) whose geometry effects their func-
tions. For each of the analyzed additive technologies, 
it was pos sible to identify the nature of errors in geo-
metry of the teeth. This knowledge makes it possible to 
 determine the geometry correction factors what allows to 
achieve a certain dimensional accuracy in the significant 
areas of the model.

Most publications dealing with the accuracy of addi-
tive technologies provide information on one additional 
technology (FDM) or synonymous technologies. The pa-
per collects the results of the obtained accuracy for the 
same complex geometry model manufactured with the 
use of methods: PolyJet, MEM, FFF (for 3 materials), SLS 
and DLP.

The application of the philosophy based on the 
INDUSTRY 4.0 structure allowed developing a new ap-

https://www.diki.pl/slownik-angielskiego?q=flank+pitch+line
https://www.diki.pl/slownik-angielskiego?q=flank+pitch+line


360 POLIMERY 2019, 64, nr 5

proach to the process of geometric analysis of gears. The 
philosophy was based on a flow data model using net-
work connections between structure elements. In this 
case, using parallel data in the cloud, it is possible to work 
in parallel in the system of manufacturing processes and 
measurement processes. In addition, selected users of 
system components may have continuous information on 
the accuracy of the prototype and, for example, they may 
make adjustments on the 3D-CAD model being the basis 
for the prototype additive method. Thus, the possibili-
ty of accelerating design, implementation and research 
works is achieved. It is also important to get information 
on the accuracy of the polymer gears manufactured in-
crementally. This allows you to make correction factors 
on the model in order to make the gears with increased 
accuracy relative to the original model.
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