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Use of rapid prototyping technology in complex plastic
structures
Part I. Bench testing and numerical calculations of

deformations in harmonic drive made from ABS copolymer
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Abstract: In the study, measurements of 3D deformations of the flexspline in harmonic drive were per-
formed by applying a digital image correlation (DIC) method. The tests were carried out with the use of
physical 3D printed models made of ABS copolymer (acrylonitrile-butadiene-styrene), which ensured
sufficient capacity and rigidity of the structures. The findings related to deformations in flexspline, ob-
tained through bench testing, were compared to the results of calculations conducted using the finite
element method (FEM). Significant convergence in the findings obtained using the two methods was
shown, yet deformations measured in the real-life model were characterized by greater irregularity
compared to the corresponding solutions obtained with the numerical method. The results obtained
through optical measurement confirm that physical models made of plastics, built using rapid prototyp-
ing technology, can justifiably be applied in bench testing of prototype gear transmissions.

Keywords: harmonic drive, Aramis 3D, optical deformation measurement, FEM, flexspline, ABS, 3D
printing.

Zastosowanie technologii szybkiego prototypowania skomplikowanych
konstrukcji z tworzyw polimerowych

Cz. I. Badania stanowiskowe oraz obliczenia numeryczne odksztalcen
przekladni falowej otrzymanej z kopolimeru ABS

Streszczenie: Z wykorzystaniem metody cyfrowej korelacji obrazu (DIC) przeprowadzono pomiary
odksztatcen 3D kota podatnego zebatej przekladni falowej. Badania wykonano przy uzyciu modeli fi-
zycznych wytworzonych z zastosowaniem druku 3D z kopolimeru ABS, zapewniajacego wystarczajaca
nos$nos¢ i sztywnos$¢ modelu. Uzyskane w badaniach stanowiskowych wartosci odksztatcen kota podat-
nego poréwnano z wynikami obliczen przeprowadzonych z zastosowaniem metody elementéw skon-
czonych (MES). Wykazano duza zbiezno$¢ otrzymanych wynikow, jednak odksztatcenia zmierzone na
modelu rzeczywistym charakteryzuja sie wigksza nieregularnoscia niz odpowiadajace im rozwiazania
uzyskane metoda numeryczng. Wyniki otrzymane w pomiarach optycznych wskazuja na zasadnosc¢
stosowania w badaniach stanowiskowych prototypow przekladni zebatych modeli fizycznych wykona-
nych z tworzyw polimerowych z wykorzystaniem technologii szybkiego prototypowania.

Stowa kluczowe: zebata przektadnia falowa, Aramis 3D, optyczne pomiary deformacji, MES, koto po-
datne, ABS, drukowanie 3D.

Engineering calculations frequently apply numerical
analyses, based on the finite elements method (FEM). The
use of such analyses in combination with state-of-the-art
CAx software allows to design even highly advanced

structures. However, despite the high effectiveness of
computer-aided calculations, one has to remember that
they introduce simplifications and are based on discrete
models. Therefore, whenever it is possible, numerical so-
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lutions should be verified by means of analytic or experi-
mental methods [1-3].

Even if limited to selected results of numerical analysis,
critical assessment and comparison to other results make
it possible to identify potential errors which frequently are
decisive for the strength of the entire structure. Analytic
calculations may be applied to inspect the simplest cases,
yet the use of general definitions and formula is insuffi-
cient in more complex tasks. In many cases in order to ac-
curately verify calculations it is necessary to conduct ex-
perimental tests with the use of functional prototypes or
finished products [4, 5]. Although they require significant-
ly larger resources, even the simplest bench tests allow for
greater certainty regarding the findings, and they enable
verification of results of numerical calculations [6, 7].

In order to improve effectiveness of experiments and
to reduce their costs, they are carried out with the use of
prototypes made of polymer materials. Functional mo-
dels for bench testing are more and more often built us-
ing rapid prototyping (RP) methods [8, 9]. These methods
permit the use of materials with greatly varied proper-
ties; additionally, these materials may be further mo-
dified [10], therefore the scope of the tests may be very
broad. Conclusions based on experiments involving
models built using RP methods provide a lot of indis-
pensable information to be applied in designing new and
enhanced structures. Experiments are frequently con-
ducted in combination with other calculation and mea-
surement methods, which additionally increases accura-
cy of the final conclusions [11-13].

Harmonic drive is an example of a highly intricate
structure, with extremely complex performance characte-
ristics [14, 15]. In this case it is difficult to analytically
determine the final strength of the structure. During the
operation the most loaded element, i.e., the flexspline is
deflected along multiple planes by the generator, and at
the same time strained by the transfer of torque, and it
remains in multi-pair contact with the rigid ring. Some
research publications present a method for calculating
each of the characteristic loads separately, since overall
calculations would be too complicated. This is why nu-
merical methods, mainly FEM, are applied in the process
of designing harmonic drives [16]. By using detailed solid
models and at the same time simulating the loads and
movement of the elements, it is possible to accurately map
the conditions during operation of the gearing. The ob-
tained findings are presented mainly in a form of strain
maps for the models of the relevant gearings, or as graphs
for selected cross-sections.

EXPERIMENTAL PART
Materials
In the study, paddle-shaped specimens as well as the

prototype harmonic drive were made from ABS filament,
provided by Hbot3D Filaments company.

Preparation of samples for testing

The paddle-shaped specimens designed for materi-
als testing were 3D printed, with the use of UP! Plus 2
printer, from TierTime, and parameter settings listed in
Table 1. Solid fill was applied, and the direction of fibers
in the specimens was consistent with the direction of ten-
sion affecting them. This corresponded with the arrange-
ment of the consecutive 3D print layers on the models of
the gears examined.

Table 1. Basic technical parameters of UP! Plus 2 printer

Parameter Value
Print bed size, mm 140 x 140
Maximum model height, mm 135
Nozzle size, mm 0.4
Layer thickness, mm 0.15
Printing temperature of ABS, °C 250
Filament diameter, mm 1.75
Printing method MEM

The building blocks of the harmonic drive were also
3D printed, using the same forming design. The rele-
vant harmonic drive had the following parameters of the
toothed rims: module — 0.7 mm, number of teeth in the
flexspline — 120, number of teeth in the rigid ring — 122.
The dimensions of the flexspline were as follows: outer
diameter 96.7 mm, total length 70 mm. The rapid proto-
typing method greatly facilitated, and made it possible
to speed up, the process of preparing the elements of the
gearing. Being an additive method, 3D printing was par-
ticularly advantageous in the case of the flexspline, de-
signed as a thin-walled barrel with small-module toothed
rim. Conventional removal processing applied in manu-
facturing of such elements requires special equipment
and is linked with significant technological challenges.
In the case of the relevant 3D printing technique the ma-
terial is applied in layers, and no additional machining
stress occurs during construction of the model, which
greatly facilitates the entire process [17, 18].

Methods of testing
Gear deformation analysis

Deformations in a functional prototype of harmonic
drive made from ABS copolymer [19, 20] were examined
at a specially designed test station, whose layout is pre-
sented in Fig. 1.

In its structure, the station included a generator driver
shaft, a rigid ring housing, as well as bearing support
and housings which were made of steel, in order to en-
sure high rigidity of the test station. Deformations of the
flexspline were determined with the use of digital image
correlation (DIC) method and Aramis 3D system from



58

POLIMERY 2019, 64, nr 1

harmonic drive

deformation analysis system

Fig. 1. Layout of test station designed in accordance with a defor-
mation analysis system

GOM GmbH. The applied measuring system consists
of two cameras which record correlated high resolution
images. Coordinates of points located on the surface of
the model are determined with the use of triangulation.
Based on the measurement data from the system it is pos-
sible to determine material properties, analyze motion
of objects, and classify finished products according to
geometric criteria. The complete test station comprised
the studied harmonic drive, deformation analysis system
(Fig. 2), and a computer designed to operate the devices
and to record the results.

Before the measurements, a pattern with a character-
istic distribution of points was applied to the surface of
the ring; based on that a spatial image of the relevant
element was created. The model of the flexspline of the
harmonic drive, ready for measurements, with the sto-
chastic distribution of points on the outer surface, is pre-
sented in Fig. 3.

Prepared this way, the functional prototype was
mounted onto the test station to enable precise mea-
surements of flexspline deformations during operation.
Flexspline deformations in the harmonic drive were
measured multiple times, under the same ambient con-
ditions and with a constant setting of the test station.
By repeating the measurement cycle it was possible to
acquire detailed results and to avoid random errors. All
the results, in a form of images, were saved and cata-
logued by the computer connected to Aramis 3D system.
For each measurement first of all a baseline image of the
relevant surface was recorded and the subsequent im-
ages were compared to it. Further operations took place
in GOM Correlate software designed for processing of
results obtained from an optical deformation analysis
system.

Determination of material constants

Static tension test was performed to determine the
properties of the material used in the construction of the
prototype. The tests were carried out in conformity with
ISO 527-1:1998, with the use of 3D printed paddle-shaped
specimens. To define material constants, the digital image

harmonic
drive

system for optical deformation
analysis (Aramis 3D)

Fig. 2. View of the test station designed for optical deformation
analysis

Fig. 3. Model of the flexspline, ready for optical measurements

correlation method based on Aramis system was again
used, in combination with Instron 5967 tensile strength
tester [21]. Given the fact that the findings of bench test-
ing were to be compared with results of numerical calcu-
lations, it was important that the same input conditions
be maintained in both methods; all the building blocks
of the relevant harmonic drive were 3D printed, based on
the same models which were used in FEM calculations.
Therefore, it was only necessary to define properties of
the material used in the construction of the prototype. To
this end the applied polymer was subjected to static ten-
sion test. All the specimens were prepared following the
procedure described earlier.

FEM numerical analysis

FEM calculations took into account material data ob-
tained through static tension test, by applying the same
model which was used in producing 3D prints. Computer
simulations were conducted in Abaqus software.
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RESULTS AND DISCUSSION
Determination of material constants

As a result of tension tests used in combination with
the digital image correlation method, the data were ob-
tained in a form of photographs showing areas of deflex-
ion on the entire surface of the specimen during stretch-
ing. Analysis of the images made it possible to generate
relations between strain and stress distribution, which
were used to directly determine Young’s modulus, maxi-
mum tensile stress and deformation as well as Poisson’s
ratio (Figs. 4, 5). Based on the analyses shear modulus
was also determined by applying the equation utilizing
the relationship between Young’s modulus and Poisson’s
ratio for isotropic materials:

E

T M

where: E - Young’s modulus [GPa], v — Poisson’s ratio.
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Fig. 4. Stress-strain diagram during tension test in a specimen
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Table 2. Mean values of the parameters in ABS material
Parameter 3D printing | Injection molding

Tensile strength (R ), MPa 24.96 44

Strength at break (g), % 4.70 9

Young’s modulus (E), MPa 1581.83 2000
Poisson’s ratio (v) 0.38 0.34
Flexural modulus (G), MPa 573.39 900

The findings are presented in Table 2 and compared to
the material properties listed in the relevant safety data
sheet.

Material parameters determined for the 3D printed
paddle-shaped specimens differ from the values declared
by the manufacturer of ABS. Tensile strength, Young’s
modulus and yield limit are visibly lower in the case of
the 3D printed specimens (Table 2). The recorded images
were analyzed in detail for axial strain ¢, and transverse
strain ¢, and the respective values were presented in a
graphic form in Figs. 6 and 7. The findings show signifi-
cant ability of ABS polymer for deformations in the di-
rection of Y and X axes. The maximum values of defor-
mations in the direction of Y and X axes amount to 9 %
and -3.5 %, respectively, while the mean values amount
to 4.5 % and -1.7 %, respectively. The differences visibly
increase after the yield limit has been exceeded.

Analysis of bench testing and FEM calculations

Given the fact that during the operation of harmonic
drive, its flexspline is deformed by the impact of the ge-
nerator, in order to verify FEM results the deformations
were examined with the use of digital image correlation
enabling measurement of the deformation in the outer
surface of the flexspline. The obtained results were used
to verify the numeric calculations related to the same
harmonic drives.

b)
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Figure 8 shows the result of a measurement related to
generator induced deformation of flexspline in the har-

monic drive. The colored contour lines on the model sur-
face represent different values of its deformation with re-
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Fig. 8. Presentation of the results of flexspline deformation
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spect to the baseline. The model does not comprise the
entire flexspline because high quality results were possible
only if the area was limited. The figure presents a situa-
tion in which the major axis of the generator is positioned
horizontally, and oriented directly towards the cameras. In
such alignment it is possible to observe the largest positive
values of radial deflexion, which in Fig. 8 is represented by
blue color. After the generator rotates by 90° the position
in front of the cameras will be occupied by the minor axis
of the generator with displacements occurring towards the
inside of the flexspline. In order to obtain results for the
entire model, the measurements were carried out continu-
ously during a complete rotation of the generator.

Correlate software

The surface obtained via optical measurement of the
deformed flexspline model presents numerous errors in
the toothed rim. This is caused by incorrect mapping of
the very small tooth surfaces, because resolution was de-
fined in such a way as to obtain high quality results for
the flexspline body. Apart for the toothed rim the results
are legible and may be used to verify numerical calcu-
lations. Figure 9 presents the results of computer-aided
FEM calculations for the same model of flexspline in
harmonic drive. The numerical calculations applied the
strength parameters determined experimentally for ABS
material during the tensile strength test. In FEM calcu-
lations it was possible to use complete models, therefore
the results relating to both the major and the minor axis
of the generator were determined in one model. The re-
sults based on the conducted simulations represented
generator induced deformations in the model.
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Fig. 9. Map of generator induced deformations on the flexspline
surface, based on FEM calculations
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Fig. 10. Diagram showing radial displacements in model
flexspline in selected longitudinal sections

A comparison of the findings acquired using optical
measurements and numerical calculations shows a simi-
larity in the distribution of deformation values in the
outer flexspline surface. However, visual assessment of
maps with model contour lines is not sufficiently accu-
rate. Graphic representations of displacements along the
major and minor axis of the generator were prepared to
enable more precise conclusions. The diagram (Fig. 10)
presents mean values of optical measurements and FEM
analysis results retrieved from computational models.
Due to the poor mapping of the toothed rim in the optical
measurements, this part was disregarded in the analyses,
and the relevant fragment in the graph was marked and
replaced with a straight line.

While comparing the values of radial displacements
identified by optical measurements and FEM calculations
it is possible to notice a significant concurrence of these
findings. Deformations of similar nature were identified
in the entire length of the flexspline, along both the major
and minor axis of the generator. However, the values of
deformations measured for the real-life flexspline model
were greater than the corresponding results of FEM cal-
culations. Nevertheless, the differences between the find-
ings obtained with the two methods amounted to 15 % at
the most. These differences are linked with the fact that
FEM calculations were based on ideal models, which did
not account for manufacturing and assembly errors, inho-
mogeneity of materials and temperature induced effects.

The findings related to the functional prototype of the
gearing make it possible to introduce correction in the nu-
merical calculations to improve their accuracy. Following
the adjustment it was established that actual deforma-
tion of the flexspline is greater than expected, and this
should be taken into account in further numerical calcu-
lations related to flexspline in harmonic drive. Notably,
to enable reading of the complete results for the flex-
spline, the element was mounted independently, with-
out the cooperating rigid ring. This was done because
the main purpose was to examine results for the entire
length of the flexspline, to be obtained in the same con-
ditions applied in both methods. The final conclusions
may be transposed to the entire gearing, following the

principles of model similarity [22]. Data acquired from
Aramis 3D measuring system and FEM calculations were
taken into account in comparative analysis of transverse
strain in the flexspline, in Fig. 9 marked as A-A. Its posi-
tion in the model was defined in such a way as to achieve
the largest displacement values, and consequently show
most clearly the differences between the two methods.
In this experiment, in order to ensure real-life operating
conditions for the harmonic drive, a complete prototype,
i.e., including a flexspline, was used in both FEM calcu-
lations and in optical measurements. The diagrams in
Fig. 11 present resultant radial deformations occurring
in a specific cross-section identified by optical measure-
ment of flexspline deformed by cam generator, and the
corresponding values determined in Abaqus software.
The course of the diagrams in both cases is similar, yet it
is possible to notice differences in the values for the spe-
cific cross-sections. The size of the deformation along the
major and minor axis of the generator is usually greater
for the measurements of real-life model than in the case
of FEM calculations. Additionally, it can be observed that
the real-life model is more rigid than the one adopted in
numerical calculations. This is reflected by the greater
width of the diagram related to optical measurements
in the area of the minor axis. Here the generator does
not adjoin the inner diameter of the flexspline, which is
the case in the area of the major axis. The numerical cal-
culations adopted a theoretical form of flexspline defor-
mation, consequently the displacement diagram is more
regular, consistent with relationships reported in the li-
terature [8, 10].

Optical measurements performed using a system de-
signed for surface deformation analysis again have shown
that greater flexspline deformations occur in a real-life
harmonic drive compared to those calculated with the
use of FEM. Conclusions from the present study should
be taken into account in future numerical calculations
related to such structures.
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CONCLUSIONS

During the process of designing such complicated
structures as harmonic drive it is necessary to perform
bench testing. Analytic calculations and numerical si-
mulations are important tools supporting the design pro-
cess. However, initial analyses based on numerical me-
thods should subsequently be verified, experimentally
if possible.

Hence, a novel test station was designed, built, and then
applied to perform measurements of the flexspline in the
harmonic drive, using an optical system of deformation
analysis. Resulting from the adequate choice of materials
used in elements of the harmonic drive, it was possible
to produce the components by 3D printing. Harmonic
drives as a rule are made of steel, but their flexsplines are
frequently made of plastics (POM - polyoxymethylene,
PC - polycarbonate) by injection molding. Such solutions
are expensive and complicated in technological terms,
and due to this they are mainly used in mass production.
Consequently the use of harmonic drives is significant-
ly limited, due to both their insufficient variability and
the price. Given the above, it was reasonable to carry out
tests confirming the viability of producing elements of
this type with the use of 3D printing. The cost of produc-
ing the prototype gears using RP methods, for the needs
of the present experiments, was dozens of times lower
than if the elements were produced using conventional
removal processing. During the tests it was observed that
the physical models made of ABS are highly suitable for
bench testing because the ways they are deformed and
transmit the load correspond to the operation of standard
mass-produced structures. Given the fact that harmonic
drives as a rule are not subjected to heavy loads, it is rea-
sonable to conclude that the use of 3D printing method
would significantly facilitate and speed up production of
harmonic drives, which would still satisfy necessary re-
quirements for kinematic accuracy and carrying capacity.
Further research, however, is needed to provide support-
ing evidence related to a wider range of parameters.

The analyses show that similar results were obtained
from FEM calculations and in the case of real-life mo-
dels. Yet, the measured values of flexspline deformation
in most cases were slightly higher than the calculated va-
lues. This is associated with such factors affecting the gear-
ing as slackness, inaccuracy of assembly, or kinematic er-
rors, which are difficult to eliminate from such structures.
Therefore it is necessary to consider these differences in
future numerical calculations so that they more accurate-
ly reflect actual conditions of harmonic drives operation.

Experimental confirmation of the numerical findings
shows that FEM calculations are highly effective and
their use in engineering calculations is fully justified.
The results of the optical measurements provide evidence
for the high accuracy of 3D printed model flexsplines in
harmonic drives, which suggests their viability for use in
less demanding industrial applications.
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