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METHODOLOGY OF INCREASING ACCURACY
OF GEAR MODELS MANUFACTURED
USING ADDITIVE FDM METHOD
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Summary

The paper presents methodology of increasing the accuracy of models of gears made applying additive
methods. As a part of activities related to this subject, it was necessary to develop 3D-CAD research gears,
which were the basis for producing physical models made using incremental FDM manufacturing
technology. The created models were verified in order to determine the accuracy of resulting geometry.
Then modifications were introduced to models so as to increase their accuracy. On this basis, in an
iterative process, compensation coefficients were calculated to ensure reduction of defects in geometry
with respect to a nominal 3D-CAD model.

Keywords: gears, 3D-CAD, RP techniques, FDM technology, optical measurement, accuracy analysis

Metodyka poprawy doktadnosci modeli kot zebatych wytwarzanych
z zastosowaniem addytywnej metody FDM

Streszczenie

W artykule przedstawiono sposéb poprawy doktadnosci modeli kot zebatych wytwarzanych z zastoso-
waniem metod addytywnych. Opracowano model 3D-CAD badawczych kot zebatych. Stanowity
podstawe do wytworzenia modeli fizycznych wykonywanych z zastosowaniem przyrostowej techniki
wytwarzania FDM. Modele poddano weryfikacji w celu okreélenia doktadnosci ich wykonania.
Wprowadzono modyfikacje tych modeli dla podwyzszenia ich doktadnos$ci. W procesie iteracyjnym
ustalono warto$ci  wspétczynnika kompensacji odksztatcei. Zapewniono zmniejszenie btedéw
wykonania modelu w poréwnaniu z nominalnym modelem 3D-CAD.

Stowa kluczowe: kota zebate, 3D-CAD, techniki RP, technika FDM, pomiary optyczne, analiza
doktadnosci

1. Introduction

The accuracy of physical models created using Répatotyping (RP)
techniques in an additive process is largely depeihdn parameters of a given
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device. However, additional factors which definaiie deformations resulting
from processing distortions of a material and feomincremental way of building
a prototype.

In order to increase the accuracy of prototypegitds necessary to develop
deformation compensation coefficients of models enhg means of selected
incremental techniques. These coefficients arenddfibased on studies that
consist in iteration of a combination of CAD-RP-CMbrfocesses. To carry out
the research process it is necessary to develdpAADmodels of test specimens,
making them applying selected RP techniques angingrout a measurement
process. The developed methodology for modelliriattoducing modification
was based on Autodesk Inventor software environmemhanufacturing stage
enclosed making physical models using industrialyplied representative
incremental techniques. The obtained models of sgemere subjected to
measurements and to analysis of accuracy

At the current stage of development of additive hods technological
improvement of manufacturing accuracy is extremadgtly and difficult to
implement. The suggested methodology based onrtieegs of increasing the
accuracy of gear prototypes does not require itenice with the production
equipment, which does not increase manufacturiregscd’he methodology is
based on processing compensation of geometry abdupt. Therefore it is
possible to get a prototype of higher dimensioapsghaccuracy than that resulting
from technological assumptions of a given additprecess. The obtained
deviation maps for prototypes of gears can be #sbfor development of
libraries dedicated to specific manufacturing systéor other product groups.

2. Modelling process of the research gear pairs
— making a nominal model

The development that has been made in the fieldpd prototyping system
allows for producing prototypes of complex geometeyen those whose
execution by machining methods is impossible. Havegthe geometry in a form
of a solid model needs to be initially develope&D system.

Autodesk Inventor system was used to create tlearels models. Although
the applied system has a specialized tool to maké models of gears, it was
decided to use a method of solid simulation of nrdoh to make the research
models. The choice was dictated by the fact treatibdels prepared using special
tools are generated in nominal dimensions and racasemot modify them locally.
Aforementioned possibility of modifications is nesary to carry out the research
work [1].

The first stage of the work was creating parameatominal models of
research gears. As already mentioned, a solid miaghsimulation was applied
to make them. This method involves two parametdrsmdids: a solid reflecting
the tool and a solid shell of the workpiece (Fig[2].
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Both of presented solids were made on the bagiaraimetric sketches made
in accordance with applicable standards on the gégnof gears. A sample
sketch relating to the solid of tool is shown ig.R.

Tool )
Workpiece

Fig. 1. Solids involved in the simulation

~
fx:d15 = mn
fx:d18 = |_obw * mn
il

] \ /

d23 =1mm

fx:d22 = mn

/

fx:dld=mn*z/2ul ? ;fx:d16=(1ul+lt12)*mn
d29=%3mm‘~:l

fx:d26 = 0,2 ul * mn——ia bfx;dﬂ =d26

Fig. 2. Parametric sketch of the tool solid

The machining simulation method consists in itemtexecution of the
difference between the tool solid and the workpiétesuccessive positions
resulting from the kinematics of the actual maahgniprocess. A method
consisting in generating subsequent insertion®ttdol solid in relation to the
immobilized workpiece solid was used to simplife timodel (Fig. 3) [3].
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Fig. 3. A solid of tool placed in successive disengositions

Subsequently, a number of operations of solidsraatibns was made and
one space was received as a result (Fig. 4).

Fig. 4. The tooth space obtained by machining satien

After one space was made, it was arranged in alairgattern to make
a complete toothed wheel rim (Fig. 5). After addeupstructional elements in
a form of a hub, a hole and a splineway, a solidehof the research gear was
obtained. After changing parameters, the second gédransmission was
generated automatically to form the pair of redeaars (Fig. 6).

a) b)

Fig. 5. Creating a complete toothed wheel rim: ajgoming
a circular pattern, b) a solid model of the rintleg gear
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Fig. 6. Solid models of gears

3. The process of printing and measuring a nominahodels
of a gear pair made in FDM technology — a nominal wdel

On the basis of developed 3D-CAD models, two pairspur gears were
made using FDM method (Fig. 7). Research gearbeofitst series were based
on nominal models whose geometry is to be modifiesubsequent iterations of
the process of improving accuracy. Then the model® subjected to geometry
measurement using Atos Il TripleScan optical sca(kig. 8).

Fig. 7. A pair of gears formed in FDM technique raminal model

Results for the pair of nominal gears obtained ftbermeasurement were
subjected to accuracy analysis. After getting ge¢gmigom the measurement
process, it was bound with geometry of the non@ixCAD model (Fig. 9, 10)
[4, 5]. In the received measurement results maedsh flanks were analyzed and
main activities of correcting geometry were focusedthem. Such an action
resulted from the previously conducted studies ctvlimdicated that main areas
of geometry errors lie in these zones. Moreover attea of teeth flanks is largely
responsible for a correct cooperation of a gear pai
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Fig. 8. Sample measurement of a gear formed in F&iinique
— a nominal model
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Fig. 9. Adjusting the measured geometry to 3D-CADRgua
— FDM pinion (a nominal model)
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Fig. 10. A global analysis of deviations in geomet=DM pinion (a nominal model)

Error values obtained on the basis of geometry oreasents were used to
develop compensation coefficients of geometry chanfpr an incremental
shaping process. The coefficients were introducedygometry of 3D-CAD
models which were modified and then re-createdhtpkito account their values.

o prealignment 7

Name | Prealignment 1 |"

[5ox] [cancal |

Fig. 11. Adjusting the measured geometry to 3D-CAllgrn
— FDM gear (a nominal model)
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Working out an analysis of geometry for the geairspanade by FDM
technique for nominal research models showed thtatfor the pinion and for the
cooperating wheel in the area of tooth flanks theas contraction of material
(Fig. 11, 12). Maximum values of deviations on toffanks ranged from —0.1 to
—0.18 mm. These results were used to make adjusnrethe first step of the
iterative process.

{mm}

010

Fig. 12. A global analysis of deviations in geomet=DM gear (a hominal model)

4. The first iteration of geometry of gears

During ongoing work we concentrated on tooth flankfter analyzing
deviations of nominal models we found that thestritbution on flanks is uniform,
and therefore assumed modifications were introdbyadodifying the profile of
the tool. In case when it was required to incraasth thickness, edges of the
profile of the tool were moved inwardly by a prestetined value (Fig. 13).

If it was necessary to reduce the width of tootie profile modification
consisted in shifting the edges to the outside. @oieon of gear models before
and after introducing modifications is shown in.Fig.
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Fig. 13. The method of introducing modifications

Fig. 14. Comparison of models before (yellow) artdrahtroducing
modifications (blue)

5. The process of printing and measuring nominal naels
of a gear pair made in FDM technology — the firstteration

Research models of gears were made again on tlie dfameasurement
results and introduced adjustments to geometrpathtprofiles. The nature of
deviations for FDM method caused that the geonefttpothed wheel rim was
increased by the offset value of + 0.2 mm. As en¢hse of nominal models, they
were subjected to geometry measurements and agsenaf deviations was
carried out [6, 7].

The pair of gears after the first stage of iteratiwas again subjected to
accuracy analysis using Atos Il Triple Scan optisadnner. After acquiring
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geometry in the measurement process, it was boithchaminal geometry of the
3D-CAD model (Fig. 15 and 17).

o Bresignment B2

Name | prealignment 1l -]

Fig. 15. Adjusting the measured geometry to 3D-CAllgrn
— FDM pinion (first iteration)

-
Fig. 16. A global analysis of deviations in georpetr=DM pinion (first iteration)
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Fig. 17. Adjusting the measured geometry to 3D-C/Allgyn
— FDM gear (first iteration)

|
Fig. 18. A global analysis of deviations in geometl=DM gear (first iteration)
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The geometry analysis for the pair of gears forfittse stage of iteration for
research models showed that both for the pinionfanthe cooperating wheel
there was an excessive increase in tooth thickimetbee area of flanks (Fig. 16
and 18). Specified values of maximum deviationteeth flanks were in the range
of + 0.1 to + 0.16 mm. These results were usedakemnadjustments in the second
stage of the iterative process.

6. The second iteration of geometry of gears

In the following stage of ongoing work, after armahg deviations in models
after the first iteration, it turned out that it svanecessary to make further
modifications. A similar course of action was asednas in case of making
models in the first iteration (Fig. 19).

fx:d31 = 6rf jnm - |_obw * mn

Value

Modified profile

* \_ Nominal profile

Fig. 19. The method of introducing modifications

Comparison of gear models before and after intnrodumodifications is
shown in Fig. 20.

7. The process of printing and measuring nominal naels
of a gear pair made in FDM technique - the seconddration

The measurements results and adjustments madeth@tefiles showed that
geometry deviations are too great. Therefore, weethout the second step of the
iterative process. As a result of it research nodébears were made again. The
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nature of deviations for FDM method caused thatghemetry of the toothed
wheel rim was increased by + 0.1 mm in relatiotheonominal model. Similarly

to the previous models, they were subjected to umeasent of geometry and an
analysis of size of deviations was conducted.

Fig. 20. Comparison of models before (yellow) artdrahtroducing
modification (green)

The pair of spur gears made in FDM technology aftersecond stage of
iteration was one more time subjected to accuraayyais. After acquiring the
geometry in the measurement process, it was boithdawmominal geometry of
the 3D-CAD model (Fig. 21 and 23).

Name | Prealignment 1

Fig. 21. Adjusting the measured geometry to 3D-CAiliggn — FDM pinion
(second iteration)
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Fig. 23. Adjusting the measured geometry to 3D-CAiligsn —FDM gear
(second iteration)

The geometry analysis for the pair of gears forsgbeond stage of iteration
for research models showed that both for the piaiwhfor the cooperating wheel
there was an increase in tooth thickness in tha #emks (Fig. 22 and 24).
However, increasing the thickness of teeth by \alletermined in the iterative
process caused that geometry deviations were Wb in the range of 0 to
+ 0.04 mm. Specific values of maximum deviationst@gth flanks were in the
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range of + 0.04 to 0.08 mm and it was a 15% sHdrerefore, the correctness of
the applied method of increasing accuracy for FD#&thhique used in
manufacturing gears can be confirmed.

[mm)

Fig. 24. A global analysis of deviations in geometr-DM gear (second iteration)

8. Conclusions

The aim of the research was to develop methodotifgincreasing the
accuracy of gear models made by means of FDM additiethod. The carried
out research made it possible to create functiprabtypes of gears, where the
accuracy mapping CAD geometry was improved by usinfeedback loop
between the modelling stage, manufacturing andracgunspection.

Based on the carried out research and tests, dafiormcompensation
coefficients were developed for analyzed methodgfoducing models of gears
using additive techniques. As is apparent fronpitesented iterative process for
FDM manufacturing method, it is necessary to ineeghe amount of material in
selected areas of a model. However, the size offioations cannot be equal to
the value of obtained geometry errors. In ordexdiieve a proper distribution of
deviations, it is necessary to excess (for FDM wattmaterial by about 50% of
the value of geometry deviations.

As a result of geometry corrections performed assgmted above, it is
possible to create models of gears with twice ah ldccuracy as errors of
manufacturing accuracy declared by producers a¥ithaal devices.



52

G. Budzik et al.

[1]

(2]

[3]

[4]

[5]

[6]

[7]

References

T. MARKOWSKI, G. BUDZIK, B. KOZIK, T. DZIUBEK, B. S9BOLEWSKI:
Modelowanie 3D-CAD i szybkie prototypowanie preasatprzektadni planetarnej.
Zeszyty Naukowe Politechnil§iaskiej. Transport z. 83. Gliwice 2014.

T. DZIUBEK, B. SOBOLEWSKI, M. ZABORNIAK: Modelowam walcowych kot
z¢batych w systemach CALBTAL Metale & Nowe Technologie, (2014)11-12, 66-
67.

T. DZIUBEK, J. PISULA: Analiza doktadrgi modeli 3D-CAD walcowych két
zebatych otrzymywanych w procesie symulacji obrobki adniesieniu do
parametrycznych modeli powierzchniowydhechanik, 86(2013)2.

A. MARCINIEC, G. BUDZIK, T. DZIUBEK: Automated measement of bevel
gears of the aircraft gearbox using GOBburnal of KONES Powertrain and
Transport, 18(2011)2, 289-292.

T. DZIUBEK, G. BUDZIK, B. KOZIK, B. SOBOLEWSKI: Thedetermination of
accuracy of test gear wheel for aeronautical doatgr path gear before heat
treatmentJournal of KONES Powertrain and Transport, 20(2013)2.

P. ROKICKI, G. BUDZIK, K. KUBIAK, T. DZIUBEK, M. ZABORNIAK, J. BER-
NACZEK, . PRZESZLOWSKI, A. NOWOTNIK: Assessment afrcraft engine
blades geometric accuracy using ATOS GOM measusygtem. Proc. 9th
AIRTECInternational Comgress, Frankfurt 2014.

A. MARCINIEC, G. BUDZIK, T. DZIUBEK, B. SOBOLEWSKI,M. ZABOR-
NIAK: Determine the precision of aviation bevel geanade by the selected
incremental techniques and using an optical scank®s Il Triple scan.
Diagnostyka, 16(2015)1, 63-67.

Received in December 2015



