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Preface

Dear reader,

The first volume of these conference proceedings was published only 1 year ago
on occasion of the Munich Symposium on Lightweight Design 2020. It was so
well received that we decided to make it from now on an inherent part of all future
symposia.

For almost 20 years, the Technical University of Munich, the Universitit der
Bundeswehr Miinchen and the University of Applied Sciences Munich have
invited all those interested in lightweight design and its industrial application
to the annual Munich Symposium on Lightweight Design. Based in the Munich
area, home of many research institutes, start-ups and large companies active in the
field of lightweight design, the Symposium has become an established event to
strengthen the exchange between science and industrial practice.

After the conference has become more and more popular, last year’s sympo-
sium 2021 was again a great success. Academic researchers and experts from
industry provided valuable insights into their current research activities and dis-
cussed technical challenges as well as future directions. More than 20 of these
presentations, covering the latest advances in additive manufacturing, structural
optimization, and the use of composites in lightweight design, can be found in
these proceedings.

Lastly, we wish to thank the team of our publisher Springer Vieweg for the
cooperation and their great support throughout the entire publication process.

Best regards

March 2022 Jasper Rieser
Felix Endress

Alexander Horoschenkoff

Philipp Hofer

Tobias Dickhut

Markus Zimmermann
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Efficient Computation of Spatial Truss
Structures for Design Optimization
Approaches Using Tube-Shaped
Thin-Walled Composite Beams

Michael Jager®™) and Sandro Wartzack

Engineering Design, Friedrich-Alexander-Universitat Erlangen-Niirnberg,
Martensstrale 9, 91058 Erlangen, Germany
jaeger@mfk.fau.de, wartzack@mfk.fau.de

Abstract. Spatial truss structures are a stiff, economical, and effective
lightweight design method, especially when using composites instead of
isotropic materials for the struts. An efficient computation of these struc-
tures is crucial for optimization approaches during the product design
process. The most common method for computing spatial truss struc-
tures relies on hinged connections with tension/compression-only struts,
which ignores the bending and coupling effects of composite beams. How-
ever, especially when using asymmetric laminates, these effects are no
longer neglectable. Within commercial finite element tools, the computa-
tion of large truss structures - which include these effects - is a very time-
consuming process. Particularly for slender, thin-walled beams a large
number of solid/shell elements is required. In this paper, an analytical
solution of the stiffness matrix for a tube-shaped thin-walled composite
beam is provided. It is based on the classical laminate plate theory and
Timoshenko’s exact solution including shear deformation and coupling
effects. By using three-dimensional exact Timoshenko beam elements,
the number of degrees of freedom can be reduced significantly while
coupling effects are maintained. This results in a remarkably lower com-
putation time especially needed for topology optimization. The results
are compared to a commercial finite element tool using both solid and
shell elements.

Keywords: Lightweight design - Spatial truss structures - Structural
optimization - Thin-walled composite beams + Timoshenko beam
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1 Motivation

Spatial truss structures are a well-established design method with a high
potential for lightweight design [1,2], especially when lightweight materials
are used and the topology is optimized during the design process. The most
common method for computing truss structures uses hinged connections and
tension/compression-only struts [3], which is a very fast and efficient compu-
tation method when using isotropic materials e.g. aluminium. However when
anisotropic materials are used, this method is no longer suitable, due to the cou-
pled mechanical behaviour of the material. Therefore a coupled model needs to
be used for analysis of composite beams like the classical laminate plate theory
in combination with the finite element method. Although this is a very pow-
erful tool for calculating composites, it is not advisable for optimizing spatial
truss structures due to the enormous computing costs. Classical approaches for
truss structure optimization, such as the ground structure method [4,5] and
more advanced methods like an adaptive ‘member adding’ scheme [6], rely on a
very large number of members to be calculated. Therefore an efficient method
for computing a large number of struts needs to be used, such as a thin-walled
composite beam provided by Librescu and Song [7]. Using this beam theory, an
analytical solution for the stiffness matrix for a tube-shaped thin-walled com-
posite beam will be derived in this paper, suitable for large scale optimization
approaches of spatial truss structures.

2 Thin-Walled Composite Beam Theory

Assumptions

Let h be the wall thickness along the beam assumed constant, let | be any
characteristic cross-sectional dimension of the beam (i.e. diameter, height or
width) and L its length [7]. In order to apply this thin-walled composite beam
theory, the struts must be slender and thin-walled

h/1<0.1, /L <0.1. (1)

A tube-shaped Timoshenko beam and its degrees of freedom (DOFs) at both
ends are shown in Fig. 1.

Uyl

Yy Uy2
A (9y2
| v
Oz /6’951 X 0.2 b2 __
Uz \ Ug / U0 Ug2
V4
L -
gl

Fig. 1. Timoshenko beam with constant cross section

\
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Additionally, only laminates with a circumferentially uniform stiffness (CUS)
configuration [7] (shown in Fig. 2) are considered. Therefore ply layers on oppos-
ing sides have to be mirrored

vi(y) = pi(—y), wi(2) = pi(—2), (2)

which is the case for struts manufactured by very common processes like winding,
pullwinding, pulltruding or prepreg winding.

.
X '

oy TN °

m

Fig. 2. Circumferentially uniform stiffness (CUS) laminate configuration [7]

Further assumptions for the beam model are, the shape of the cross-section is
assumed rigid and remains in its plane, the transverse shear strains are uniform
over the beam cross-section [7].

General Beam DAE
Using the symmetry of the CUS laminate configuration, the corresponding cross-
sectional stiffness matrix A for any closed thin-walled beam has the form

ail 0 0 aiy 0 0

0 Q44 0 0 asq 0

0 0 ass 0 0 a5 (3)
aiy 0 0 ary 0 0 ’

0 as34 0 O ass 0

0 0 aszs 0 0 a2

A_:

The equivalent properties of a;; for an isotropic beam are a11 & EA, aqq & GA,,
ass < GA,, arr & Glp, azgs & Ely, ax & EI, and a;; < 0, for i # j. The
derivation A will not be described here, for further information please refer to
Sect. 4.4-1 in Librescu and Song [7].
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Remark: Compared to Librescu and Song, the cross-sectional stiffness
matrix A is permuted to ensure the following displacement vector u(x) along
the centerline of the beam

u(z) = [ux(x) Uy (x) uz(x) 0(x) 0y () 92(x)]T, for z € [0, L], (4)

with the DOF's ordered equivalent to common finite element analysis software.
The corresponding differential-algebraic system of equations (DAEs) [7] for

a Timoshenko beam with symmetric cross section, CUS laminate configuration

and a tube-shaped cross section (a44 = ass, ase = ass, azqa = —ags) is given as

ajiuy + a7 0 =0, (5)

ayzuy, + a7r 0 = 07 (6)

—ags 0y + aas (uy +62) =0, (7)

ags 07 + asa (u] +6,) =0, (8)

a2 07 + ass (ul +20)) — aqs (u), +0.) =0, 9)
ag 0, — ags (uy +20,) — ass (u, + 6,) = 0. (10)

Remarks: Egs. (5) and (6) indicate a coupling between extension and twist along
the longitudinal axis of the beam for an asymmetric laminate (a17 # 0). Equa-
tions (7) to (10) also indicate a coupling between bending about the y- and
z-axis for an asymmetric laminate (ag5 # 0).

Solution of the DAE
Using the boundary conditions

UI(O) =  Ugl, uz(L) = Ug2, 9:1:(0) = 9:1:17 91(L> = 9:1:27
uy(0) = uy, uy(L) = uyo, 0y(0) = Oy1, 0y(L) = 042, (11)
Uz(o) = Uz, uz(L) =  Uz2, 0. (O) = —0.1, ez(L) = —0.9,

the DAE can be solved as follows
u(z) = N(z) ug, (12)

with uy representing the node displacement vector (cf. Fig. 1)

T
ur = [uzl Uyl Uzl 9:1:1 eyl 921 Ug2 Uy2 Uz2 6:02 0y2 922] ) (13)
and the matrix form functions N(z) =
mni11 0 0 0 0 0 niy 0 0 0 0 0
0 m2ane3 0 nas mge 0 mog—no3z 0 narr no212
1 1 0 —nognge 0 —ngg m2s 0 maz mag 0 —n2ie man (14)
Lc 0 0 0 ni1 O 0 0 0 0 ni7 O 0 ’
0 0 ns3 0 mns5—mog 0 0 —ms3 0 m511 N2
0 mn53 0 0 —nog—ms5 0 —ms3 0 0 nag —msn
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The matrix entries of N(x) are

ny = ¢ (L—x),

nr = ad,

N9y = 2ai4x3—3Lai4x2—1202x+Lcl,

noy = 3cez(L—x)w,

nos = —c3 (2L —z) (L —2) x,

nos = Laj a®+ (6a35 —2c; +18¢2)x? — (6a35 — c1 +6¢2) L,
nggs = L —nog, (15)
no1n = —c3 (L —x) (L + )z,

note = Laj,a® — (6a3;5 +c1 —18¢co)a? + 6 L (a35 — co) z,

ns3 = 6a3, (L —x),

nss = 3Lal 2®> —4(c; —9c)x+ Ley,

nsi1 = 3Lajx? —(2¢; —36¢o)x,

with

2 2 2 2
1 =L%aj, +12 (a2 aas — a3s), o = Q22 Gaa — A55, C3 = 2a25 Qaa.
(16)

3 Element Stiffness Matrix

The element stiffness matrix K for a thin-walled tube-shaped beam is obtained
by the strain energy W [8]. With using the same ansatz functions as the dis-
placement functions u(z) in Eq. (12), an exact Timoshenko beam element is
obtained.

L 1 L
W= 7/ el Aedx = iuIT/ B(z)" AB(z)dz u, (17)
0 0

K

with € being the gradient of the one-dimensional displacement measures repre-
sented by B(z) ur and ' denoting the derivative with respect to x

Uy N,
u; + 92 N/21 + Nﬁi
u! +6 N%,. + N5;
e=| "7, "= N | m=Bl@)wu (18)
x 47
07; N:5¢
ez Nﬁi
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B(x) can be expressed using the derivative of the form function matrix N(z) as

by 0 0 0 O 0 —-bi;1 O 0 0 0 0
bao bas O bas bag O —baa —baz O ba11 b212

1
0
B—— 0 *b23 b22 0 *b26 b25 0 bQ3 7622 0 *b212 b211 (19)
0 0 0b71 O 0 0 0 0 —b;1 O 0 ’
0 0 bs3 O bss—bag O 0 —bszg 0O  bsi1 ba3
0 bs3 0 0 —bag—bss O —bsz 0 0  baz —bs11
with

biu = c1, bao = 12c¢y,

bos = —3c¢3 (L —2x), bos = Leg(2L—3w),

bos = 6(L —2x)a3s +6Lcy, boin = Les(L—32), (20)

b212 =—6 (L* 21’) a%s +6LCQ, b53 = 76(124 (L*Q’I),
bss = —6Lai4$+461 — 36 co, bs11 = —6Lai4x+201 — 36 ¢cs.

Using B(z) and A, the beam stiffness matrix K can be evaluated as

K]_]_ K12 _K11 _KIZT

L T
1 K -K K
K= B(z)TAB(z)de = — 22 12 24 21
| BT AB@a - p | Ke e Rl
Ks»
with
[ kg 0 0 [ kag 0 0
K = 0 koo 0 , Kaz = 0 kss 0 )
0 0 k 0 0 k
- 2 . - > (22)
k14 0 0 —kuaa 0 0
Ki2 = 0 kos  kos |, Kaosa= 0 ksi1 ksi2 |,
| 0 —kos ko | | 0 —ks12 ks |
ki =aiici, kss =4co(L?ass +3ag), koo = 12¢2a44,
kis =aizcr,  ksii =2c2 (L% ass —6az), kas = —12coass, (23)
kss = arrcr, kog = 6co Layy, ks12 = —12coazs L.
Remarks: For vanishing coupling effects (a17 = a2 = 0) i.e. a beam with

isotropic material, the beam stiffness matrix is equivalent to the one presented
by Karadeniz et al. [8].

4 Numerical Examples

In this section, the beam model with the stiffness matrix in Eq. (21) is com-
pared to finite element analyses performed in ANSYS 2021R1 using both solid
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(SOLID185) and shell (SHELL181) elements. First, a single tube model with a
highly anisotropic laminate is compared, followed by a single tube model with
a quasi symmetric laminate. Finally, a comparison for a spacial truss structure
with a total number of 64 tubes is drawn. For all examples, the finite element
model with solids is considered to be trusted and used as reference.

For all simulations the following material for each unidirectional ply is used.
Young’s modulus in fibre direction £ = 134639 MPa, Young’s modulus perpen-
dicular to the fibre direction F; = 9894 MPa, shear modulus G || = 4559 MPa
and Poisson’s ratio v = 0.2630.

Single Beam - Highly Anisotropic Laminate

For the first comparison, a tube with the following dimensions is used: length
L = 1000 mm, inner diameter d = 26 mm, wall thickness i = 2 mm. The laminate
is made from 4 layers with a thickness of t; = 0.5 mm each and the corresponding
ply-angles (inside to outside) are p; = [90°,12°,30°,45°]. The corresponding
finite element discretization is shown in Fig. 3.

Fig. 3. Finite element discretization of the single tube for solid elements

Along the perimeter, the cross-section is discretized in o = 5° sections result-
ing in 72 equal elements with an average width of approximately 1.2 mm. Along
the length, the tube is discretized in 50 elements with a length of 20 mm each. For
the finite element model with solid elements, this gives a total number of 14 400
elements and 56 208 DOFs. The equivalent shell model has 3600 elements and
21174 DOFs. The FE model is clamped at one end face and load is applied on
the opposing end face. For comparison a single beam element based on Eq. (21) is
used, the beam is clamped at node one (uz1 = uy1 = uz1 = b1 =0y = 0.1 =0)
and the load is applied to the second node.

Load Case Tension An axial force of F, = 10kN is applied, the results are
shown in Fig. 4.
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7li5.0%
5
Il
3 —— Beam
©0.0%1 m —%— Ansys Shell
0 200 400 600 800 1000

X inmm

(a) Relative error of displacement 6., = azu%“z relative to the solid model

7.51 - Beam
° 50l —%— Ansys Shell
Ex ' Ansys Solid
D 5 /
001 —=— : : : : :
0 200 400 ) 600 800 1000
X in mm

(b) Rotation 0, caused by coupling of tension and torsion

Fig. 4. Single tube with highly anisotropic laminate under tension F, = 10kN

The displacement u, and rotation 6, of the tube under axial tension are
well met by the beam model within an error range of less than 2%. The beam
model shows a slightly stiffer behaviour than the solid model, but a much smaller
deviation than the shell equivalent with an overall less stiff behaviour than the
solid model.

Load Case Bending A bending force of F,, = 50N is applied similarly at the end
of the tube, the results are shown in Fig. 5.

1 - Beam
| —%— Ansys Shell
Ansys Solid

PR o
o :n,ﬁ,n——'

0 o—oo i i i i
0 200 400 600 800 1000
X in mm

(a) Displacement u, under bending

0.0

! —— Beam

E N —%— Ansys Shell A

= -0.24 : Ansys Solid 3

N DL

3

—0.44 T T 4 4 T T
0 200 400 600 800 1000
X inmm

(b) Displacement . caused by coupling under bending

Fig. 5. Single tube with highly anisotropic laminate under bending Fy, = 50 N



Efficient Computation of Spatial Truss Structures ... 9

The beam model still shows a stiffer behaviour than the solid model, resulting
in errors of approximately —13.8% in u, and —31.9% in the coupled u, direction.
The shell model shows a less stiff behaviour than the solid model, with errors of
approximately 7% in wu, and 5.6% in the coupled u, direction.

Single Beam - Slightly Anisotropic Laminate

For this example a more application-oriented laminate made from 6 layers is
used. The ply thicknesses are ¢; = [0.2,0.4,0.4,0.2,0.4,0.4] mm and the cor-
responding ply-angles (inside to outside) ¢; = [90°,12°, —12°,90°,12°, —12°].
This results in a quasi symmetric, but slightly anisotropic laminate. All other
parameters are retained.

Load Case Tension The displacement u, and rotation 6, of the tube under axial
tension are shown in Fig. 6. They are very well met by the beam model within an
error range of less than 0.6%. In this case the beam model shows a significantly
better behaviour in comparison to the shell model with an error above 10% for
the displacement and a coupled rotation in the opposite direction.

10.0%{ | BN NN

. —— Beam
?‘; —%— Ansys Shell
Sl 5.0%
[} U707
3
o

0.0%

0 200 400 600 800 1000
X in mm

(a) Relative error of displacement 6,, = % relative to the solid model

—— Beam
° —%— Ansys Shell
Ansys Solid

0.01 = e o

0 200 400 600 800 1000
X in mm

0]
ol

(b) Rotation 6, caused by coupling of tension and torsion

Fig. 6. Single tube with slightly anisotropic laminate under tension F, = 10kN

Load Case Bending For the bending load case, the results are shown in Fig. 7.
The beam model shows a very accurate result for u, with an error under 0.5%.
The shell model shows similar results compared to the tension load case, with
an relative error around 12% for u, and a false coupling behaviour for the u,
displacement.
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101 —m Beam
% —%— Ansys Shell
c 5 Ansys Solid
-
3>
0 c C' : — &7 T T T T T
0 200 400 600 800 1000
X in mm
(a) Displacement u, under bending
£
g€ -0.02 —— Beam
c —%— Ansys Shell
;—0.044 Ansys Solid
—0.06

0 200 400 600 800 1000
X in mm

(b) Displacement u. caused by coupling under bending

Fig. 7. Single tube with slightly anisotropic laminate under bending F, = 50N

Traverse - Slightly Anisotropic Laminate

As final example, a spatial truss structure with 64 tubes made from the slightly
anisotropic laminate is compared. The cross section dimensions of the tubes
were retained from the examples above, except for the length of each beam. The
geometry is shown in Fig. 8, the total size of the traverse is 5000 x 500 x 500 mm?.

1000,00 (mem) X

S——cme —
250,00 750,00

Fig. 8. Traverse model under bending F, = —10kN

The truss structure is clamped at the four nodes on the left side, a bending
force of F, = —10kN is applied at the tip. The displacement is evaluated in
Figs.9 and 10 along the yellow marked path shown in Fig. 8.

The beam model of the truss structure is composed of 64 beam elements with
a total number of 156 DOFs. The u, displacement deviates from the results of
the solid model (4 040 376 DOFs) by only 0.6%. In comparison, the shell model’s
displacement u, differs by approximately 8% to 9%.
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(b) Displacement u, caused by coupling under bending

Fig. 9. Traverse with slightly anisotropic laminate under bending F, = —10kN

The beam model also mets the coupled u, displacement very well with an
error less than 1%, compared to the shell model (1047324 DOFs) with errors
up to 35% as shown in Fig. 10b.

10.0%
—— Beam
3. 5.0%-
\‘g : —%— Ansys Shell
3
I 0.0%1
3
o
~5.0% 1
0 1000 2000 3000 4000
X in mm

(a) Relative error of displacement 6, = azl%‘z relative to the solid model

Wﬂ*‘*—ﬂ—/

—%— Ansys Shell

2000 3000 4000

X in mm

0 1000

(b) Relative error of displacement 6y, = % relative to the solid model

Fig. 10. Relative error of displacement for a traverse with slightly anisotropic laminate
under bending F, = —10kN

Comparing the computation time for this truss, the beam element is orders
of magnitude faster. Solving the solid model with Ansys takes 221.02s (4 CPU
cores), preparing the ACP solid model not included (approx. 1200s). The shell
model takes 48.95s to solve, while the beam model finishes in only 11.86 ms.
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5 Conclusion

In the presented contribution the analytical stiffness matrix for tube-shaped
thin-walled composite beams has been derived. This allows efficient computing
of spatial truss structures while coupling effects within asymmetric laminates
are maintained. The number of DOF's can be reduced to a fraction compared to
a finite element analysis with solid or shell elements, while errors remain within
a reasonable range. Simulations based on highly asymmetric laminates still have
potential for further improvement, while truss structures with more application-
oriented laminates provide very good results compared to the finite element
analysis. Therefore the provided analytical stiffness matrix is well suited for
computationally intensive tasks like topology optimization during the product
design process of lightweight spatial truss structures made from composites.
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Abstract. Composite parts have a high potential in weight saving for aero-
space as well as automotive applications. In the research project RICA, which
is funded by the German Federal Ministry for Economic Affairs and Energy,
the Universitidt der Bundeswehr Miinchen, the test house BKW Applus+, the
composite material manufacturer Teijin and the aircraft manufacturer Boeing
are working closely together to enhance material values and allowable by
improving material tests to gain more precise values from testing. The project
also includes Altair for numerical simulation methods, Vorwerk Autotec for
automotive applications, the material manufacturer Henkel and the small and
medium enterprise Eckerle for tooling design and manufacturing. Expensive
strain measurements will be discussed and modifications to reduce waste and
CO, in standard testing will be proposed. Complete stress—strain curves are
necessary to use advanced failure criteria and material models in simulation
to reduce weight in structural parts. However, measurements with the use of
strain gauges often cannot provide these complete strain curves until failure,
therefore optical strain measurement is investigated for standard test methods.
Standard tests were used as baseline and are modified to get more value out of
a single test specimen. Additional values needed for modern failure criteria will
be discussed and a new Boeing owned bi-axial test-fixture will be presented.
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1 Introduction

Material values and allowable are used in todays linear calculations. For more
advanced predictions of the load carrying behavior until failure, progressive fail-
ure analysis in finite element simulation are used more commonly now. Complete
stress—strain curves are needed in all main manufacturing but also loading directions
like tension, compression and shear. Strain gauges are used to measure the complete
stress—strain curves. In Fig. 1 [1] the distribution of the costs for a complete material
card as input for structural calculation is shown. The most expensive part with 58% of
the complete costs is related to the strain gauges coming from procurement, installa-
tion and cabling. Part of the project is to find a more advanced, cheaper and sustaina-
ble method to measure strains in standard tests.

Cost distribution for standard material card

120%
100% |
80% |
[ Testing (+80°C)
60% | | Testing (RT)
B Testing (-30°C)
a0% | I
I Strain gauge
20% | mMilling+Hubs |
0% L

Cost Distribution

Fig. 1. Cost Distribution for standard material test [1]

In Table 1 a comparison is done with each advantages and challenges for the different
systems like: Strain gauges, 1D mechanical measurement, 1D optical measurement,
2D optical measurement (1 camera) and 3D optical measurement (2+ cameras).

Table 1. Comparison of different strain measurement methods

Strain Gauges | 1D Mechanical | 1D Optical 2D Optical 3D Optical
Advantage | —more than | —well known | —no surface |—2D strain — 3D strain
one direction preparation, | distribution distribution
possible marker — all strains — all strains
— well known required over the over the
— small —no damage complete complete
at failure specimen specimen
Challenge | —expensive —only one — only one — large amount | — large amount
—time direction direction of data of data
consuming |—needs space |— may not — surface — surface
application | — maybe dam- be able to preparation preparation
— surface ages at failure | beused at |—needs space | —needs space
preparation | — slipping different
possible temperatures
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2 Testing

2.1 Specimen Manufacturing

Composite plates with unidirectional plain carbon fibers and woven glass fibers with
an epoxy resin system were used (RTM6/G1157). The composite plates were cut and
adhesively bonded with quasi isotropic glass fiber tabs. After curing of the tabs, spec-
imens were cut according to ASTM D3039 [2] with a length of 250 mm, and 25 mm
and 15 mm in width. A linear strain gauge in a 3-wire circuit has been applied to the
center of each specimen. For strain measurement with Digital Image Correlation
(DIC), the surface of the specimens was painted with white acrylic spray. A stochastic
speckle-pattern of black dots was sprayed with a paint gun afterwards. The final speci-
mens are shown in Fig. 2a).

2.2 Test-Setup

The specimens were tensile-tested with a ZwickRoell Z150 testing machine with
hydraulic clamps. A 150 kN load cell was used. Tests were driven position-controlled
with 1 mm/min until specimens’ failure. Strain was measured using the following
three methods: strain gauge, Digital Image Correlation (DIC) and extensometer. An
extensometer (digiclip kurz, ZwickRoell) was used to measure strains up to 0.3%
strain and was clamped off above this value to prevent possible destruction of it.
Because of the strain gauge and DIC-region of interest, the extensometer had to be
clipped above the specimen’s center, see Fig. 2b). The strain gauges were connected
to a data acquisition device (MGCplus, HBM). Strain measurement with strain gauge
and DIC was performed on the same specimen side to avoid different strain values
caused by potentially occurred bending moment in the specimen. Through this, a
direct comparison between the two methods can be made.

DIC Test-Setup. A Digital Image Correlation system (Q400, Limess GmbH,) with
two cameras was used for the optical strain measurement method. The cameras were
equipped with macro lenses including spacers, so that the image area was about
35 mm wide and 25 mm high to record the full specimen’s width. After focusing the
cameras to the specimens’ surface, the relative position of one camera to the other
was calibrated with a special calibration target. A reference image was recorded of the
specimen, clamped one-sided. This image is set as the unloaded condition of the spec-
imen. Also, strain gauges were tare at this moment. A frequency of 1 Hz was used for
recording acquisition of the DIC.
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b) ©)

Fig. 2. Test-Setup: a) specimens; b) backside view with extensometer, strain gauge and
speckle-pattern; ¢) DIC-Evaluation field on specimen surface

2.3 Test Results

Evaluation of Strains Using DIC. A coordinate system was set to define the x-di-
rection as the loading direction and the y-direction perpendicular on the specimen’s
surface to it. For evaluating the strains, an area of the surface was defined, in which
the strain is averaged for each time step. This area nearly contains the full specimen
width. Figure 2c) shows the evaluation field (black frame) of a specimen.

Stress Strain Curves. The strain measurements of extensometer (Ext), strain gauge
(DMS) and DIC are shown in Fig. 3 to compare the different measurement methods
on all specimens.

2_oms 3.0Ms 2.oMs 6_DMS 7_DMs 5_0Ms
2k 3 En 4Bt 6 Ext 7_Ext 8_Ext
2500 200 3_0ic 4.pic 6_DiC 7_0ic & 0iC
2000
g
E, 1500
a
g 1000
“wv
500
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 18
strain [%)]

Fig. 3. Stress—strain curves with different strain measurement methods
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2.4 Evaluation and Comparison of Strain Measurement Methods

DIC Measurement Scatter. To compare the different strain measurement methods,
it is of importance to evaluate the scatter of the DIC measurement. Therefore, the
strain in x-direction of a one-sided clamped and unloaded specimen was measured
for approximately one minute. Figure 4 shows the calculated strain by the DIC with
a computed uncertainty added/subtracted from the actual calculated value. The calcu-
lated values show a scatter of about 0.001% strain (in x-direction). Adding and sub-
tracting the uncertainty to/from the actual value (dashed upper/lower line), shows a
total scatter of about 0.002% strain (20 microstrains) which is equal to strain meas-
urement requirement in DIN EN ISO 527-1 for Young’s modulus estimation based on
strain gauges [3].

0.003

0.002 \ ’ -
. - " L - N ay e’ Yy AN
0.001 “= i ‘..f\\ J \\,-..._,"".v,‘,-.'ﬁ LT SR - - AP

-
A
L AV -

" -
FN =~ Ay
o Ny e R T

-0.001
-0.002
-0.003

strain [%]
o

0 10 20 30 40 50 60
time [s]

Fig. 4. DIC measurement’s scatter of an unloaded specimen

Comparison of DIC and Strain Gauge Values. The calculated strains (in loading
direction x) are now compared to the measured strains of the strain gauges of each
specimen. Therefore, the absolute deviation was calculated by the difference of gauge
strain and DIC strain, following Eq. 1:

Ae = eppms — €pic (1)

Figure 5 shows the absolute strain deviation based on strain gauge measurement for
every specimen.

0.1

0.08
0.06
0.04

0.02

A& (epys-Epic) [%]

-0.02

0 0.2 0.4 0.6 0.8
Epms [%]

Fig. 5. Absolute deviation [% strain] of measured and calculated strain between strain gauge
(DMS) and DIC
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Up to a strain of epys=0.6%, a maximum absolute deviation of about
Ae =0.005% strain is observed for all specimens. The deviation of specimen 8
increases from epys > 0.6% strain on, while the other specimens show a smaller
increase of deviation up to eppys = 1% strain, which is about a maximum deviation
of Ae =0.008% strain or less. High and sudden deviations (specimens 7 and 8) are
assumed to be damages in the strain gauge, or its soldered point.

Comparison of Young’s Moduli by Different Strain Methods. Typically, Young’s
modulus estimation is performed by the difference quotient of stress and strain
between 0.1% and 0.3% strain (Eq. 2), according to [2]:

= 2279 @)

Ex,2 — Ex,1

Especially in measurement data of the DIC, the selection of the measurement points
can lead to different results. Therefore, every measuring point between 0.1% and
0.3% is taken into account by generating a linear regression, whose slope corresponds
to the Young’s modulus. Figure 6 shows a detail of the Young’s modulus estimation
based on the DIC-measurement. Here, some data points do not fit perfectly with the
linear regression, which would lead to different results in a difference quotient.

210 Linear (2_DIC)
2 190
2
@ 170
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w

150

130

0.1 0.11 0.12 0.13 0.14 0.15 0.16

strain [%]

Fig. 6. Stress—strain-curve with linear regression of DIC measurement for Young’s modulus
estimation

Figure 7 shows the calculated values for Young’s modulus based on the different
strain measuring methods. It is seen, that the values are comparable. Figure 8 shows
the mean values with the standard deviation, where the DIC measurement has a
comparable standard deviation (986.1 MPa) compared to strain gauge measurement
(1229.8 MPa). The measurement with extensometer shows the highest standard devi-
ation (4891.7 MPa), supposed to be caused by slipping of the extensometer in speci-
mens 2 and 8 (see Fig. 7).
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Fig. 7. Calculated Young’s moduli by different strain measurement methods for all specimens
and mean values
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Fig. 8. Mean values and standard deviation of calculated Young’s moduli by different strain
measurement methods

Beside the evaluated strains in loading (x-) direction, the DIC measurement also
offers (y-) strains perpendicular to the loading direction. With these strains, the esti-
mation of the Poisson’s ratio is possible, which could not be provided by 1D linear
strain gauges. The Poisson’s ratio was calculated using Eq. 3 at two measuring points
(0.1% and 0.3% strain in loading direction). Figure 9 shows the calculated Poisson’s
ratio of each specimen and their mean value.

__Ay _ &o ey
V= T Ae _ 3)
Ex Ex2 — €x,1
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Fig. 9. Calculated Poisson’s ratio of specimens and mean value using DIC

2.5 Conclusion

Different strain measurement methods were compared in tensile tests of composite
specimens. Uncertainties in the DIC measurement were monitored by conducting a
strain measurement with DIC of an unloaded specimen, which showed acceptable
results concerning the measurement scatter of about 0.002% strain (with calculation
uncertainties).

The comparison of strain values by DIC and strain gauge showed a low devia-
tion until about 0.6% strain. Possibly due to strain gauge rupture, deviation in strain
increases for some specimens. Increasing temperature due to lighting of the DIC
could also have led to an increasing difference of strain values for strain gauges and
DIC.

Comparing the calculated values for Young’s modulus, methods based on strain
gauges and DIC showed similar values. Here, the approach was to calculate the mod-
ulus by linear regression between 0.1 and 0.3% strain to not underly the effect that
the selection of the measuring point influences the result. Young’s moduli estimation
based on values of the extensometer shows higher standard deviation, probably due to
extensometer slipping on two specimens.

This work shows the potential using Digital Image Correlation for standard test-
ing. The substitution of strain gauges would lead to less specimen preparation, cost
and CO, savings, regarding its application and usage. Furthermore, complete stress—
strain curves can be recorded, which could be a challenge while using strain gauges
because of possible strain gauge rupture during testing.

3 Biaxial Test-Fixture

Interaction values in normal-normal loading are necessary for progressive failure anal-
ysis to support testing. They are used in various failure criteria like:

e Composites — unidirectional, woven and non-crimped fabric
— CUNTZE-BOLD UD & WOVEN Fig. 10 a), b)
— Tsai-Wu
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e non-metallic — resin systems or adhesives

— von-Mises Yield Criteria Fig. 10 c)

— CUNTZE-BOLD Adhesives
e metal materials — like titanium, aluminum or steel

— von-Mises Yield Criteria Fig. 10 c)

— new CUNTZE-BOLD AM for additive manufactured materials Fig. 10 d)
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/

Fig. 10. Different failure criteria envelopes for a) CUNTZE UD, b) CUNTZE WOVEN, c)
von-Mises Yield Criteria, d) new CUNTZE-BOLD AM

A new bi-axial test using an uni-axial standard test machine was developed from the
design idea (Fig. 11 a), through a digital twin (Fig. 11 b) and the evaluation of the
stresses (Fig. 11 c¢) to the design digital twin (Fig. 11 d) resulting in the real twin

(Fig. 11 e).
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c) Structures Digital Twin
Stress Plot

b) Structures Digital Twin
Calculation Model

d) Design Digital Twin e) Real Digital Twin
Test Setup Test Setup

Fig. 11. Bi-axial test setup using a uni-axial test machine (Boeing intellectual property)
The strains were measured using Digital Image Correlation and evaluated in the

center of the specimen on the complete area (circle 1) and only in the inner most area
(circle 2) as shown in Fig. 12.

Strain [%)]
-5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0

-10000

-20000

-30000
a

Force [N]

-40000

-50000

-60000

-70000

----- Circle 1: x ~===-Circle 1:y =====Circle 1: xy
——Circle 2:x ——Circle 2:y ——Circle 2: xy

-80000

-90000

Fig. 12 Strain evaluation using digital image correlation for bi-axial test setup using a uni-axial
test machine
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The measured strains of the complete test area (C2) were used and the correspond-
ing stiffness was calculated using a bi-linear approach for the non-linear, anisotropic
material behavior in the loading direction. These were used to calculate the stresses
based on a plane stress state (Eq. 4).

Ew(ew) VvEw(ew)

ow 1—12 1-v2 éw
or | = U?_(jzﬂ % 0 er 4)
™wr 0 0  Gwr | \Yr

The efforts were calculated and are shown in Fig. 13 a). While the effort for von-
Mises yield criteria would predict a value above 1, the new CUNTZE-BOLD AM will
lead to an effort around 1. The normal-normal stress is posted in Fig. 13 b) and is very
close to the new CUNTZE-BOLD AM non-linear material model and failure criteria
envelope.

a) b)

von-Mises vs, CUNTZE-BC von-Mises vs. CUNTZE-EOLD

—von-Mises
050
CUNTZE-BOLD
e 2000 fis00 500 O
50000 60000 40000 -20000 [}
Load [N]
calulated stress

-1500 distribution
-2000

Fig. 13. a) Calculated effort for von-Mises yield criteria and CUNTZE-BOLD AM, b) normal-
normal stress posted in failure envelope for von-Mises yield criteria and CUNTZE-BOLD AM

From Fig. 13 one can draw the conclusion that Von-Mises yield criteria would indi-
cate an earlier failure while CUNTZE-BOLD AM is confirmed.

4 Summary and Outlook
The new Boeing owned bi-axial test setup using a uni-axial test machine can be used

to evaluate the interaction factor. Further tests with tension loading and different
materials are planned.
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Abstract. Motivation for the presented work is the increasing application of
carbon fiber reinforced polymers (CFRP) in aerospace industry. Here, also
increased use of adhesive bonded joints is desired. For surface pre-treatment
mechanical processes, such as milling, are applicable very well. For certifica-
tion of structural adhesive joints pre-treated by milling, further investigations
are necessary to build enough knowledge and understanding for safe and repro-
ducible process design.

During this work extensive studies on surface pre-treatment of CFRP by
milling were conducted. The resulting surfaces and surface-near laminates
were characterized by surface analysis (confocal laser scanning microscopy,
scanning electron microscopy, ion-beam cross-section polishing, roughness
measurement). Moreover, strength of the bonds manufactured from these
surfaces were measured by means of normal force testing. Completing tests
with other mechanical pre-treatment processes were performed in parallel.
For investigation on the microstructural material separation during milling, a
non-linear simulation approach was developed, that could also be extended
to sanding/grinding and blasting. The results from simulation were validated
with surface analysis of exemplary specimens (sanding/grinding and blasting)
and chip root investigations obtained from a quick-stop experiment especially
adapted for end milling.

From the combination of surface analysis and simulation a detailed picture
of the different effects during material separation could be derived and linked
to the machining process input variables. This allows selection of the process
parameters, tools and strategies specifically for surface pre-treatment of CFRP,
for the first time. Thus, negative effects can be avoided to a large extend and
reproducible, high strength adhesive bonding is ensured. The model of micro-
structural chip formation and the investigation approaches used here are not
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only applicable for bonding of CFRP but can be transferred to other problems
in pre-treatment or machining of fiber reinforced materials in general.

Keywords: Surface pre-treatment for structural adhesive bonding of CFRP -
Machining of fiber reinforced plastics - Evaluation of micromechanical chip
formation

1 Introduction

During the last decades, composites or fiber reinforced polymers, especially carbon
fiber reinforced polymers (CFRP), have become one of the most important materi-
als in lightweight design. With this new class of materials, also new joining technol-
ogies are needed. For CFRP, structural adhesive bonding poses different advantages
over traditional joining technologies, mainly mechanical fastening such as bolting or
riveting.

For the application of adhesive bonding in aerospace applications, reliable sur-
face pre-treatment is necessary to meet high safety standards. Common pre-treatment
methods during manufacturing of composite parts are peel-plies or separating foils.
For later stage pre-treatment also mechanical processes, such as sanding, are applied.
But a lack of knowledge over the complex mechanisms of adhesive bonding of com-
posites together with several incidents lead to a limitation on secondary and non load
carrying joints in aerospace applications.

One reason is that pre-treatment of bond lines is often prepared by manual pro-
cesses. Automation is one approach to overcome limitations regarding size and load.
Aim is to replace manual sanding by automated processes, such as automated milling.
This gives much more control over material removal and the resulting surface, thus
reduce deviations in surface properties and minimize the risk of premature bond line
failure.

The work summarized here aims to investigate mechanical pre-treatment of CFRP
on a relevant scale for adhesive bonding. Surface phenomena typical for mechanical
pre-treatment are characterized systematically, a model for the creation of this sur-
faces is established by simulation and verified by special designed quick stop exper-
iments and necessary conclusions are drawn to help design mechanical pre-treatment
processes for reliable preparation of CFRP bond lines.

2 Experimental

The experiments focus on the pre-treatment of CFRP with end milling, using differ-
ent parameters and tools. Bonded specimens will be tested in a but joint configura-
tion, as this is most sensitive for damaged CFRP surfaces. Moreover, the pre-treated
surfaces are investigated using different surface analysis methods. To understand the
influence of the different cutting process parameters, microscale chip formation will
be simulated by finite element method (FEM). For validation quick stop experiments
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(QS-experiments) are used. On the specimen, produced in the QS-experiment, the
“frozen” chip formation can be shown and compared to FEM results.

2.1 Materials and Processes

Materials As substrate material Hexcel Hexply 8552/IM7 UD carbon fiber epoxy
laminates were used. The laminates were manufactured from prepreg material and
cured following manufacturer specifications. For bonding a composition of the two
aerospace standard epoxy adhesives Loctite Hysol EA 9395 and Loctite Hysol EA
9396 at a ratio of 80% to 20% was used, resulting in a paste adhesive of intermedi-
ate viscosity. The adhesive was mixed in a centrifugal mixer. Mixing was performed
under an absolute pressure of 2000 Pa to avoid air inclusion. Adhesive layer thickness
was adjusted by incorporated fillers (50 pm) of the adhesive Hysol EA 9395. Samples
were cured at 66 °C for 1 h.

Processes End milling was performed on industrial milling centers allowing high
feeds (>10 m/min) and spindle speeds (up to 30,000 1/min). To avoid negative influ-
ence on bondline performance, no cooling was used. The tools were different vari-
ants of a base tool type HC660BD (Hufschmied Zerspanungssysteme, Bobingen/
Germany). As wear, especially in CFRP cutting the tools were changed after each
series of samples. The tool is a tungsten carbide tool with 4 cutting edges, a diameter
D, of 8 mm and different corner geometries (r, respective f,). Thus the cutting edge
diameter of end cutting edges D, varies from 2 to 7 mm. Also different other geome-
try features of the tool such as cutting edge radius rg, clearance angle o and rake angle
y were investigated by varying this parameters.

During the experiments working engagement a, was set to 2.38 mm and depth of
cut a, was set to 1 mm. The process parameters feed rate v, and spindle speeds n are
of special interest for all machining processes. Thus, a wide variation of this parame-
ters was investigated resulting in feeds per tooth f, and cutting speeds on the surface
V.o from 0.03 to 0.5 mm and 18.9 to 301.6 mm/min respectively. Corner geometry
and feed per tooth result in different chip thicknesses h.

Cleaning of the pre-treated substrates was done manually using lab wipes and sol-
vents (acetone). The procedure was conducted until no further cleaning effect could
be noticed by color change of the wipes. To investigate the effect of micro particle
residues, that can not be removed by manual cleaning, power ultrasound cleaning
(US-cleaning) was used utilizing ultrasonic bath and ultrasonic sonotrode cleaning
setups. Further details can be derived from [1-4].

2.2 Testing and Surface Analysis

To measure the performance of the adhesive joints, specimens were tested following
DIN EN 15870 [5] using the principle of centrifugal adhesion tensile testing (CATT)
utilizing a LUMiFrac Adhesion Analyzer. This destructive testing method allows to
apply tensile loads normal to the bond line with low peel or shear stresses [6].

For lower magnification surface analysis and surface roughness measurement, a
confocal laser scanning microscope was used. For analysis of the surfaces with higher
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magnification a field emission scanning electron microscope was used. For detailed
investigation of the effects caused by mechanical pre-treatment, cross-sections were
prepared. Because of the size of relevant surface phenomena, a very precise cross-sec-
tion preparation method was needed. Therefore, after conventional cross-section
preparation using grinding, a less harmful finishing step was used. This was done
by an argon beam cross-section polisher. Here an ion beam removes the last layer of
substrate material without creating debris or mechanical loads, resulting in a very flat
cross-section without further cracks and scratches. To increase material contrast the
cross-sections were etched by low pressure oxygen plasma.

Detailed explanation of testing and surface analysis procedures can be found in

[4].

2.3 Simulation and Quick Stop Experiment

To investigate root causes for the surfaces produced by milling pre-treatment, a novel
approach for cutting simulation was developed. The simulation represents only a very
small fraction of the cutting process, the so called orthogonal cutting model. In this
work orthogonal cutting is further simplified by using a 2D-modell. It includes a cut-
ting edge with linearized cutting motion through a small material element of a size of
70 x 70 um. The CFRP is modelled in separate fiber, matrix and sizing phases to rep-
resent relevant failure behavior according to the investigated phenomena.

Milling is a process where high strain rates up to 1 * 10° 1/s occur [7, 8]. For
epoxy based CFRP rate dependent behavior is known [9, 10] resulting mainly from
the Matrix material properties at higher strain rates [11-14]. Therefore, time depend-
ent explicite FE modelling was used to incooperate strain rate dependent effects.
For the strain rate dependent behavior of the matrix polymer, a constitutive strength
model by Cowper and Symonds and a failure model by Johnson and Cook were used
together with material constants fit to experimental data from Gerlach et al. [15] and
Bagusat [16]. Detailed explanation can be found in [17].

In the quick stop experiments, interruption of the cutting process is forced by lam-
inate layup and cuts and slots in the composite plates. During the milling experiments,
the specimens cross-section along with the top sheet is reduced, until the resulting
stresses exceed the tensile strength of the material. The cutting force accelerates the
specimen away from the tool where the specimen is collected for further investiga-
tions. The full experimental procedure can be found in [17]. The chip root investi-
gations are performed with similar ion-beam cross-section preparation and SEM
imaging as the surface analysis.

3 Results

3.1 Surface Characterization and Testing of Bonded Specimen

Figure 1 shows the results from CATT testing of CFRP bonds pre-treated with end
milling at different parameters and different cleaning procedures. The graph with
manual cleaning (Fig. 1 blue bars) shows very high bond strength above 50 MPa but
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also lower strength at around 35 MPa. Looking at the fracture patterns, two different
patterns are visible. In some specimen, large areas of intralaminar failure, where fib-
ers are pulled out of the laminate (black) can be found (Fig. 1 C4). Other series show
a lighter, greyish appearance, were fracture occurs directly at the pre-treated surface
(Fig. 1 C1). Here the type of fracture can not be clearly classified as adhesive, cohe-
sive or intralaminar failure.

This greyish fracture patterns could indicate an influence of particle residues,
resulting in premature failure of the bonds in the layer of micro particles. For sand-
ing pre-treatment, similar effects are already known [18]. Therefore experiments with
power ultrasound cleaning methods were performed in order to reduce particles and
increase bond strength.

Looking at the results with US-cleaning (Fig. 1 yellow and red bars), different
effects are visible. While for some series an increase of strength with US-cleaning
was measured (C4 and C6), other series show almost no difference for the different
cleaning methods (C7 and C8). For the series C1 and C2 even significantly decreased
strength were measured.

This results show, that there are different microscopic effects caused by milling,
influencing the macroscopic properties of the CFRP bonds. Further surface character-
ization and investigation of the microscale chip formation is necessary to understand
the different effects.
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Fig. 1 Bond strength of selected CATT testing series pre-treated with different milling
parameters and cleaning methods (left/error bars indicate standard deviation) as well as
representative fracture patterns after manual cleaning (right).

The SEM images in Fig. 2 show cross-section of representative CFRP surfaces
that where prepared by end milling. In Fig. 2 a the layer of micro particles is very
prominent. The particles originate from fiber and polymer matrix material, also loose
fibers can be found. Especially the difference between CFRP matrix and loose matrix
particles is hardly visible. Due to this layer of micro particles the adhesive can not
reach the solid surface of the composite, thus resulting in reduced CATT strength.
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This also explains the bright appearance of the fracture patterns of some CATT spec-
imen (Fig. 1 C4). Only by ultrasonic cleaning these particles can be removed. This is
why some of the test series showed increase of bond strength due to US-cleaning.

The image shows a second intralaminar flaw typical for end milling pre-treated
CFRP (Fig. 2 b). Intralaminar cracks of various length from 1 um to 30 um or more.
This results in a reduced strength of the CFRP substrate close to the bond line. Even if
the adhesive strength of the bond is good, the measured strength of the bond line will
be reduced by this intralaminar cracks. This effect is also visible in the irregular form
of dark areas on the fracture patterns (Fig. 1 C1). Even more, this effect explains, why
not all test series showed positive response to US-cleaning.

(a) (b)

Fig.2 SEM images of ion-beam prepared cross-section from end milled CFRP surface
showing different surface phenomena.

3.2 Investigations on Microscale Chip Formation

Characterization of the surfaces prepared by end milling gave a good impression of
the different effects that can be found during pre-treatment of CFRP. Identifying root
causes such as process parameters, tool geometry factors etc. is difficult. Therefore,
different investigations on the microscale chip formations have been undertaken.

When analyzing the influence of milling parameters on chip formation, the two
prominent parameters to look at are feed and spindle speed. For broader applicability,
universal parameters to investigate are cutting speed v and feed per tooth f,.

During simulation a wide range of cutting speeds could be investigated. Figure 3 a
and b show a comparison of simulation results with cutting speeds of 75 and 300 m/s.
With lower cutting speed, a long crack is induced, producing one large chip, that
shears off the CFRP. Smaller cracks under the tool and in the stagnation zone can
be seen, resulting from compressive forces, mainly normal/y-force. The crack formed
under shear loading mainly travels through solid matrix material, as this is the weak-
est part of the composite.

With higher cutting speed (Fig.3 b), shearing produces a network of mul-
tiple cracks in front of the tool. This results in a mass of smaller chips rather than
one single chip. Crack formation is along the fiber-matrix-interfaces and the cracks
travel jumping from fiber to fiber. This is a result of the strain rate hardening effect,
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modelled for the matrix epoxy. Due to this, strength of the matrix rises and the inter-
face becomes the weakest part of the composite resulting in a brittle failure behavior.
The cracks form not only parallel along the shear plane but also downwards into the
laminate, thus resulting in a cracked surface for bonding.

The chip roots from the QS-experiment give a very similar picture. In Fig. 3 ¢ chip
root produced with 75 m/min cutting speed is depicted. In the primary shear zone as
well as in the stagnation and separation zone, only few, very short cracks are visible.
In the resulting surface almost no cracks remain. Also micro particles can be seen,
which did not follow the chip flow but went underneath the cutting edge and remained
on the surface.

(a) v, = 75 m/min (b) v, = 300 m/min
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Fig.3 Comparison of simulation results (von Mises stress) and cross-sections from
QS-experiments, both at different cutting speeds.

Figure 3 d is a SEM-images of a chip root produced with a cutting speed of
300 m/min. Here multiple, long (>100 pm) cracks can be found. Also a chip is visi-
ble in this chip root. The chip shows even more cracks and also numerous very small
fragments and single fibers. The chip root is very similar to the simulation with same
cutting speed (Fig. 3 b). When looking to the path of the cracks, it is visible, that, sim-
ilar to the simulation, the cracks jump from fiber to fiber, thus resulting from fiber-ma-
trix-interface failure.

Another milling parameter to investigate during simulation is the chip thickness h.
While in real milling processes chip thickness is a product of feed rate, spindle speed
and different geometrical factors, in orthogonal cutting simulation, the chip thickness
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can directly be investigated. Figure 4 depicts the effect of different chip thicknesses.
It is visible, that a certain chip thickness is needed in order to induce shearing and
therefore the generation of macroscopic chips. The minimum chip thickness to induce
shearing is also called critical chip thickness h . Below and above h, fundamentally
different chip formation mechanisms, so called “cutting regimes”, can be found.

At high chip thicknesses chip formation is dominated by shearing, thus, this is
called “shearing regime”. Here, longer cracks and also macroscopic chips are pro-
duced (Fig. 4 a). In this regime, large chips and multiple cracks are produced longing
deep into the resulting surface.

At very small chip thicknesses the cutting regime is called “rubbing and plough-
ing”. Here microscopic chips are produced, mainly under compressive load. These
microchips do not necessarily follow the chip path upwards along the rake face. Many
of them are pressed underneath the tool and remain on the surface. Besides ploughing,
the poor chip transport also causes additional friction, when chip thickness is too low.
Unlike in the shearing regime, crack formation in the rubbing and ploughing regime is
limited to a very small area and the remaining material is nearly free from cracks.

. stagnation zone / 2
- seperative zone

agnation zone /

" seperative zone
{@a)h=21pm {b)h=6 pm

Fig. 4 Images of strain rates during orthogonal cutting of two different chip thicknesses.

The observations on crack formation were verified in QS-experiments. With sim-
ulation this observation could be further investigated. The color scale in Fig. 4 depicts
strain rate evolution. Simulating different chip thicknesses shows, that strain rate in
the cut material is not only influenced by cutting speed, but also by chip thickness.
Independent from cutting speed, high strain rates can not be found without shearing.
This means, high strain rates and with this brittle fracture is not present at small chip
thicknesses or, generally, in the rubbing and ploughing regime.

4 Discussion and Conclusions

With the results from simulation and QS-experiments results from bonding experi-

ments can be explained and parameters for surface pre-treatment can be selected.
When using high cutting speed and medium to high relative chip thickness low

and very low (<30 MPa) strength were measured. This is a result of the formation
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of long cracks under intensive shear and high strain rate. A second combination of
parameters with low strength is low cutting speeds together with low relative chip
thicknesses. Here different forms of micro damages are produced while the chip for-
mation is in the rubbing and ploughing regime. Both combinations of parameters can
not be used for surface pre-treatment.

The formation of micro particle layers was one of the first effects discovered in
the experimental results. The micro particle layers are formed in the region of parame-
ters of low to medium chip thicknesses and medium to high cutting speeds. The micro
particles significantly reduce bond strength, thus, these parameters are only suitable
for surface pre-treatment when combined with powerful cleaning setups such as ultra-
sonic cleaning.

Only the combination of low cutting speeds (<100 m/min) together with chip
thicknesses above critical chip thickness can be used for surface pre-treatment with
any cleaning method. Here surface is created with minimum damage and without
micro particle layers.

5 Summary

This work presents a very detailed characterization of CFRP surfaces pre-treated with
different cutting processes. Moreover, the microscale chip formation has been investi-
gated by a novel simulation approach as well as a new quick stop experiment for end
milling of CFRP.

Different damage phenomena occurring during mechanical pre-treatment of CFRP
have been identified. Namely, large matrix cracks and interrupted fibers in macros-
cale and cracked fibers, local fiber delamination and short matrix cracks in micros-
cale were identified. Also the build-up of material layers consisting of micro particles
has been found. Different parameters and features could be identified as source of
the surface phenomena. With this knowledge, mechanical pre-treatment processes
can be optimized for reliable bond line pre-treatment of CFRP for structural adhesive
bonding.
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Abstract. High-pressure die-casting (HPDC) is known as a highly productive
manufacturing process for light metals. To overcome geometrical constraints
of die-based production processes, lost cores can be applied to enable inter-
nal cavities and recesses. As the molten metal is rapidly shot into the die at
high-pressure in HPDC, lost cores need to withstand high mechanical and ther-
mal loads. Salt cores are temperature-stable and can be washed out after cast-
ing. Thus, they particularly enable complex internal cavities. Reinforcements
with flax fibers significantly enhance the stability of casting cores manufac-
tured by compression molding and thus enable a robust processing with less
geometrical restrictions in HPDC. This study presents the method of in-mold
coating within compression molding utilized to prevent fiber adhesion, infil-
tration, and degradation within HPDC. The in-mold coated layers investigated
within this study were found to successfully prevent both fiber infiltration and
adhesion and enabled high quality surfaces. Moreover, a heat insulation effect
was detected. From these indications, a sustainable improvement of the tech-
nical cleanliness and even the perspective of a fully recyclable fiber-reinforced

salt core is conceivable in light metal applications.

Keywords: Salt cores - Lost cores - Fiber reinforcement - Pressing -
Compression molding - High-Pressure Die-Casting - In-Mold Coating -
Expendable core - Semi-permanent mold - Fiber-reinforced salt - Natural
Fiber - Flax

1 Introduction

®
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High-pressure die-casting (HPDC) is ideally suited for the economical production
of light metal components. High tooling costs, low flexibility and limited complex-
ity represent major challenges in die-based production processes like HPDC [1]. Lost
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cores increase the possible complexity in die-cast parts by enabling internal cavities.
However, high injection flows and pressures, combined with high temperatures result
in both thermal and mechanical loads that only robust materials can withstand.

In the FASSAD project [2], a robust lost core material based on salt was devel-
oped and successfully tested in aluminum HPDC [3] by the partners apppex GmbH,
Haas Metallguss GmbH and TUM. In particular, ecologically and economically
attractive natural-fiber-reinforced salt cores fabricated by compression molding are
investigated. These cores withstand HPDC series conditions at 800 bar cavity pres-
sure, can be washed out with water and are intended to be recycled after casting.
However, fibers directly exposed to aluminum melt can be infiltrated. In addition, the
unrestrained heat input causes degradation of the natural fiber. The aim of this work
is to investigate the suitability of an in-mold coating process for the production of
fiber-reinforced salt cores on extreme die-casting process conditions and the develop-
ment of coating materials therefore. The coating is applied to the mold halves before
pressing and backfilled with the fiber-containing core material. Salt is used as the base
material for the coating to ensure a material bond between the core and the coating as
well as the solubility. Additives are added to provide sealing and insulating effects.
The coated fiber-containing salt cores produced in this way are recast in a HPDC pro-
cess and compared to those without coating. The aim is to investigate the durability of
the coating over the core production and casting process, the surface qualities of the
cores and cast parts, and the degradation of the fibers.

2 Materials and Methods

2.1 Materials

The base materials investigated in this study (A and B) comprise of 50 wt.-% NaCl
of a median particle size of 5.7 um and 50 wt.-% saturated salt solution, subsequently
filled with 10 vol.-% of flax fibers at lengths of 3 and 15 mm. Three compositions of
coating materials were developed: composition 1 - a mix of 40.3 wt.-% saturated salt
solution, 47.8 wt.-% NaCl, and 11.9 wt.-% bentonite; composition 2 — a mix of 45.5
wt.-% saturated salt solution, 53.7 wt.-% NaCl, and 0.8 wt.-% fumed silica; compo-
sition 3 — a mix of 33.9 wt.-% saturated salt solution and 66.1 wt.-% NaCl. A dryly
consolidated and milled salt core (C) serves as a benchmark within the study. Table 1
shows an overview of the investigated material compositions. Five specimens of each
of the non-coated versions A0, B0, and C were investigated as well as three specimens
of each of the coated versions.

2.2 In-Mold Coating and Compression Molding of Natural-Fiber-
Reinforced Salt Cores

A cuboid geometry (100 x 20 x 15 mm?) is utilized for the experiments. Prior to com-
pression molding, the coating material is applied with a brush to the moving mold
and the mold lower cavity surface. The sides of the cavity are omitted as a relocation
of the coating material during the manual filling of the cavity is expected. Table 2
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Table 1 List of materials

Acronym | Base material | Fiber-reinforcement | Production process Coating material

A0 NaCl Flax, 3 mm length | Compression -
molding

Al NaCl Flax, 3 mm length | Compression NaCl+ bentonite
molding

A2 NaCl Flax, 3 mm length | Compression NaCl+ fumed silica
molding

A3 NaCl Flax, 3 mm length | Compression NaCl
molding

BO NaCl Flax, 15 mm length | Compression -
molding

B1 NaCl Flax, 15 mm length | Compression NaCl+ bentonite
molding

B2 NaCl Flax, 15 mm length | Compression NaCl+fumed silica
molding

B3 NaCl Flax, 15 mm length | Compression NaCl
molding

C NaCl - Dry consolidation | —

shows all relevant process parameters within the fabrication process of the salt cores.
The compression molding process is conducted using the press station of a RUCKS
KV289.00 thermoforming unit, utilizing a tailor-made tool conforming to the geom-
etry described above. The pressurized and temperature-controlled cavity enables the
material to consolidate during the dwell time of 10 min. Subsequently to pressing, the
salt cores are removed from the cavity and dried in the oven Heratherm OMH750-3P
by Thermo Fisher Scientific.

Table 2 Core production parameters

Mold temperature Cavity pressure Cavity dwell time | Drying conditions
90 °C 100 MPav 10 min 24h @ 100 °C,
24h @ 120 °C

2.3 High-Pressure Die-Casting

The HPDC experiments are conducted on the cold chamber machine
Italpress IP 300 SC with a 50 mm piston. The cores are inserted into the casting tool
(Fig. 1) and recast. The molten alloy AISi9Cu3(Fe) is injected directly to the long
side of the casting core. Table 3 shows the HPDC process parameters used. A high
piston speed and packing pressure is selected to provoke extreme loads on the cores.
The cross section ratio between gate and piston is 1:20. The fill time is approximately
0.02 s, the parts are ejected after 7 s and cooled down at room temperature.
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=4l pressure sensor

I
salt core in mold movable side fixed side with piston unit

Fig. 1 HPDC experimental setup. Left — a salt core is inserted into the movable side of the
mold. Right — the casting tool is installed in the cold chamber machine

Table 3 Parameters in HPDC process

Melt temperature in °C | Piston speed in m/s | Packing pressure setpoint in bar
~630 3.2 1000

2.4 Examination Methods

Photography and Microscopy Photographs document the condition of the salt core
after compression molding and drying as well as after HPDC process. Moreover, the
cast part is halved by sawing and ground with grade 240 grit paper for microscopic
examinations with Olympus SZX10. The photographs and micrographs show the
durability of the coating during core fabrication and HPDC process and the degrada-
tion of the flax fibers.

Surface Roughness The surface roughness of the cores and cast surface facing the
partially coated lower core surface during HPDC is measured using the MarSurf
M400 surface measuring instrument and the BFW A 10-45-2/90° probe arm. A total
of n=6 measurements are conducted to determine the results.

3 Results & Discussion

3.1 Durability of the In-Mold Coating

Durability during Core Fabrication. The coating materials 1-3 are stable within the
core fabrication process (Fig. 2). Only for series Al, two of three specimens’ coatings
are found chipped off the base material. Since all other coatings are intact, particularly
also series B1, it is presumed that an insufficient application of the release agent in
the cavity caused this. Thus, the coating materials are considered to interact positively
with the base materials.
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(b)

Fig. 2 Compression-molded cores of series A — from left to right: A0, Al, A3, A2 (a), and
series B — from left to right: BO, B1, B3, B2 (b)

Durability during HPDC Micrographs (Fig. 3) show the durability of the coatings
during HPDC process. No delamination or degradation of the coating material is
detected. However, the layer thickness is found to be very uneven. The reason for this
is the manual in-mold coating process for lab-scale experiments. However, an auto-
mation of the in-mold coating process is intended in industrial application. Closed
cracks within the coating are visible. The coated layers were in direct contact with the
cast metal but no crack infiltration or relocation can be detected. Thus, shrinkage after
HPDC process or pressure after solidification is suspected to induce those cracks.
They are therefore rated as uncritical regarding quality of the cast parts but might ease
the wash out of the core material.

3.2 Degradation of Flax Fibers

Figure 4 shows different specimens along with the respective shot in the die-casting
machine. Only specimens 1 and 2 (corresponding to the scraped parts of material Al,
see chapter 3.1) make the insulation effect of the layer visible. The following shots
demonstrate an overall degradation. This effect is assumed to be due to the increasing
temperatures of the casting tool and melt supply during the first shots. The coating
is not able to protect the sides of the cores since the feed of the basic material to the
compression molding tool does not allow an in-mold coating here. Thus, the cores
are in direct contact with the melt on both sides even for the coated specimens. It
is observed that the HPDC parameters used cause full degradation of the flax fibers
in production state, affecting the whole specimens’ cross-section. However, further
investigations are necessary to find out if an in-mold coating applied all around the
core will protect the fibers even for the selected harsh conditions.

The insulating effect of coating 1 is visible at specimens 1 and 2. Figure 5 shows
exemplary micrographs for the coated and non-coated sections.
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3 mm
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®

Fig. 3 Micrographs of the coated fiber-reinforced salt cores after HPDC. (a) — specimen Al,
(b) — specimen B1, (¢) — specimen A2, (d) — specimen B2, (e) — specimen A3, (f) — specimen B3

3.3 Cleanliness and Roughness of Cores and Casting Parts

The surface quality is determined for both the cores and the cast part to identify pos-
sible deviations caused by fiber infiltration, degradation or adhesion during HPDC.
Figure 6 (a) and (b) shows photographs of non-coated salt cores whereas Fig. 6 (c)
and (d) shows the coated versions. The coating enables clean surfaces without fiber
infiltrations or adhesion of combustion residues for both 3 mm and 15 mm flax fibers.
However, the most significant improvement is achieved when comparing the surfaces
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Fig. 4 Cut and sanded specimens. The numbers indicate the shot in HPDC. During the first
shots, degradation only takes place at the non-coated surfaces. The fibers are fully degraded by
HPDC in later shots. The fiber-reinforced specimens (a) retained their shape despite the high
loads except for shot 2 while the pure salt cores broke (b)

3 mm 3 mm

() ' (b)

Fig. 5 Micrographs of the non-coated part of the recast core (a) and the coated part of the
material composition Al (b)

facing the coated (c) and non-coated (a) 3 mm fiber-reinforced salt core as the coating
prevents fiber infiltration.

Surface measurements quantified the roughness of the cores and cast parts.
Figure 7 shows the average roughness Ra of each specimens, determined for a total
of n=6 measurement points. For every material composition, an average roughness
Ra<10 um was achieved for the compression-molded salt cores. The wide distribu-
tion is assigned to the manual application method in connection with condensate for-
mation within the drying chamber. The effect of fiber infiltration as shown in Fig. 6
(a) is confirmed by the results shown in Fig. 7(a). Figure 7(b) shows that no fiber infil-
tration takes place when using long fibers even without coating, the adhesions visible
in Fig. 6 (b) are therefore assigned to combustion residuals that do not affect the sur-
face roughness.
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© )

Fig. 6 Surfaces of the cast specimens. (a) Specimen A0 corresponding to the non-coated salt
cores made with fibers of 3 mm length. Fiber infiltrations and residuals of burnt fibers are
visible. (b) Specimen B0 corresponding to the non-coated salt cores made with fibers of 15 mm
length. Only residuals from burnt fibers are observed, no relevant infiltration with melt takes
place. (¢) Specimen A2 corresponding to a coated salt core made with fibers of 3 mm length.
A clean surface was achieved. (d) Specimen B1 corresponding to a coated salt core made with
fibers of 15 mm length. The coating also prevents the adhesion of fiber residuals to the cast
surface
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Fig. 7 Surface measurements on the casts compared to the respective cores, (a) fiber length
3 mm (A), (b) fiber length 15 mm (B). The cast surface of A1 was not measured since the Al
specimens were analyzed for comparing fiber degradation in early and later shots instead

4 Conclusion

This article comprises a study of in-mold coating in compression molding of fiber-re-
inforced salt cores for high-pressure die-casting. Two previously developed salt sus-
pensions containing flax fibers of 3 and 15 mm [2] were used as well as three coating
materials. The study includes investigations on the durability of the coatings over the
core production and casting process, the surface qualities of the cores and cast parts,



In-Mold Coating in Pressing of Natural-Fiber-Reinforced ... 43

and the insulation of the fibers against heat during HPDC. The absence of delamina-
tion and deformation during the whole process indicated an excellent compatibility of
the coating and base materials. It was found that the in-mold coating process is suit-
able for preventing adhesions of burnt fibers to the cast metal. Future investigations
may focus on the application parameters of the in-mold coating, geometrical restric-
tions, and an appropriate feed of the fiber-reinforced salt suspension to the pressing
cavity. After casting, the surface roughness of the cast was found to be on the same
scale as the core. Moreover, a heat insulating effect of the coating layer was shown.
Further investigations are needed to identify the required layer properties for the
respectively desired insulating effect dependent on the desired cast geometry, mate-
rial and properties. At appropriate conditions, a prevention of degradation of fibers to
achieve a fully recyclable material system is conceivable in the future.

Overall, fiber-reinforced salt cores show a high potential for applications in HPDC
as they can withstand extreme loads and retain removable after casting. Herein it was
shown that in combination with an appropriate coating material and process, infiltra-
tion of fibers with melt and fiber adhesions to the cast metal can be successfully pre-
vented, enabling a high level of technical cleanliness. Moreover, a prospect to enhance
the recyclability of flax fiber-reinforced salt cores can be offered.
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Abstract. This research examines the compression, as well as short- and long-
term relaxation behaviour of bindered textiles at elevated temperature levels.
Experiments were conducted on a carbon fibre non-crimp fabric with epoxy
resin binder in a specifically designed compressibility test rig. Expanding past
research activities at room temperature [1, 2] it was found in series of load-
ing-relaxation-unloading tests, that the test temperature level significantly
influences the maximum compaction pressure during the loading stage as well
as the pressure characteristics during the relaxation stage [3]. Furthermore, a
significant change in the compression behaviour, well below the specified
processing temperature of the binder, was found. Also, a proof-of-concept
demonstrates the “in-situ”-injection capability of a novel test-rig, reproducing
RTM-like conditions in a controlled laboratory environment. The findings of
this work are intended to support optimizing preforming and preform handling
steps for liquid composite moulding processes.

Keywords: Compaction measurement - Resin-Transfer-Moulding -
Preforming

1 Introduction

Beginning with the use of textile as reinforcing structures in polymers, the behav-
iour of the textile during the saturation process has been of high interest to increase
product quality and improve the mechanical behaviour of manufactured components.
Especially textile compressibility is of high importance, since it occurs during vari-
ous stages of the manufacturing process such as preforming, resin-transfer-moulding
(RTM) and vacuum-assisted-resin-infusion (VARI). The term compressibility in this
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case means the textile behaviour during mechanical compression (preforming, mould
closing, bagging, etc.) or hydrodynamic compression (resin injection, fluid infusion,
wet pressing etc.). Therefore, gaining knowledge of the compaction behaviour and
applying it to manufacturing processes increases process control, improves process
performance and reduces production waste.

To achieve this, different test set-ups and methods were designed to better under-
stand the process parameters influencing textile compaction behaviour. It was shown
that multiple parameters must be considered to maximize the process potential. For
example, [1, 4, 5] showed a strong influence of the number of compaction cycles on
the peak pressure during compaction and resulting pressure at the end of the relaxa-
tion period. In addition, a significant difference in wet and dry compaction behaviour
was reported in various works [1, 3, 6], which was attributed to a lubrication effect of
the measuring fluid, allowing for easier fibre repositioning. Another parameter con-
trolling the relaxation behaviour in particular, is the amount of binder applied to the
textile for preforming purposes. Furthermore, Wu et al. [8] showed that with increas-
ing binder amount on a textile, the necessary compaction pressure at room temper-
ature increases as well. At temperature levels above binder activation temperature,
however, this relationship is reversed and increasing binder amount results in lower
compaction pressure.

This shows that the relationship between process parameters and textile com-
paction pressure is diverse. Nevertheless, all of these results share the fact that each
parameter was analysed independently and different test set up and methodologies
were utilized. As a result, a new test rig was designed, allowing for multiple parame-
ters to be measured independently, as well as in dependence on each other.

2  Compressibility Measurement

2.1 Novel Test Rig

As the 2021 benchmark on textile compaction showed, a large number of different
compressibility test rigs are available in the scientific community [9]. Nonetheless, all
of these were designed independently and to fit specific testing capabilities. However,
to compare the influences of more than one specific testing parameter on the com-
pression behaviour of bindered fabrics one test rig supporting multi parameter testing
capabilities is necessary. For this, a novel test rig, displayed in Fig. I was designed,
aiming to reproduce RTM-like conditions in a controlled laboratory environment.
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Fig. 1 Novel test rig designed for multi parameter testing capabilities

Since in RTM-like processes, compression and wet pressing occur at elevated
temperature, heating bands are situated above and below the test areas allowing a
homogeneous temperature distribution across both test areas of 100 mm diameter. In
order to avoid unwanted effects of the thermal test rig expansion on the load cell read-
ings a heating solution was designed based on frequency modulation, i.e. adding ran-
domized to periodic heating pulses. The periodic heating pulses carry the load of test
area heating, while the randomized pulses break periodicity and stabilize the thermal
expansion of the test rig. Figure 2 shows an example set of such heating pulses.

With this method it is possible to give a systematic heating pulse with a maximum
frequency of 20 Hz and hold it for a minimum duration of 0.05 s, which results from
a cycle time of the heating control process of 20 Hz. Additionally, the duration and
occurrence of the randomized heating pulses can be controlled individually, but with
the same frequency of 20 Hz.
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Fig. 2 Exemplary chosen set of systematic pulses (green) and randomized pulses (blue) at
an update frequency of 20 Hz. Combined these two signals result in the overall heating pulse
signal

Furthermore, the test rig allows for fluid injection into the centre of the specimen
through the base plate, to replicate a process step in which the compressed, dry textile
is saturated by resin at elevated temperatures.

While test area heating and fluid injection are permanently integrated into the
test rig, they can be used independently of each other increasing the testing capabil-
ities, while at the same time avoiding measurement errors resulting from mechanical
modifications.

2.2 Textile

For the dry compaction tests at elevated temperatures a Hexcel X-C-PB non-crimp-
fabric (NCF) [10] was used. The carbon fibre NCF consists of two£45° layers with
12 k rovings and has 2.7% Hexion Epikote Resin 05311 applied on the top layer
[11]. The areal weight of the textile is 555 g/m>. The textile was cut to patches of
120 mm x 120 mm using a CNC-cutting machine and stacked to a uniform 7-layer
stack. The stacks have an average areal weight of 555.21 g/m? with a standard devia-
tion of 1.9 g/m? and thus can be seen as uniform.

For the dry compaction measurements with “in-situ” saturation a Hexcel 1202
woven glass fibre (GF) fabric [12] with a fibre areal weight of 290 g/m? was used.
The textile was cut to patches of 120 mm x 120 mm using a CNC-cutting machine
and stacked to a uniform 14-layer stack.
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2.3 Methodology

Compressibility Measurements. A UTS universal testing machine (UTM),
refurbished by Hegewald und Peschke with a 30 kN load cell was used for the
compression tests. The test areas consist of a metal stamp with 100 mm in diameter
and a metal base plate with 120 mm diameter and a circumferential groove to drain
fluids (see Fig. 1). A linear variable differential transformer (LVDT) is used to
measure the distance between the test areas during the experiment, which is used for
motion control of the UTM. Additionally, four LVDTs at every 90° around the test
area are used to check for any tilt of the test area. Stiffness tests without specimen at
the beginning and end of every test day show a maximum displacement of 0.005 mm
at 20 kN. Since loads of less than 3 kN were measured during the test, the test rig is
considered as sufficiently stiff.

Dry Compaction Measurement at Room and Elevated Temperature. The test regime
for the dry compaction measurements at room and elevated temperatures consisted of
heating-loading-relaxation-unloading stages, as displayed in Fig. 3. The initial heating
phase of five minutes, during which the gap is closed, until the specimen comes into
contact (< 25 N) with both test areas, allows the specimen to consistently reach test
temperature. During the following loading phase, the specimen was compressed
with a closing speed of 1 mm/s, to a calculated fibre volume fraction (FVF) of 0.58,
resulting in the compressed specimen thickness of 3.721 mm. After reaching the set
specimen thickness a relaxation period of one hour, respectively 12 h for the long-
term measurements, begins, during which the crosshead position is held constant and

pl"l"l ax

pend

compaction pressure

test time

Fig.3 Schematic of a dry compaction measurement. An optional heating phase for
measurements above room temperature starts before the actual test time
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the pressure decreases. Finally, in the unloading stage, the test areas are moved apart
with an opening speed of 1 mm/s.

Combined Dry and Wet Compaction Measurements (in-situ Saturation Measurements).
The test regime for the combined dry and wet compaction measurements at room
temperature, proposed as “in-situ saturation” measurements, consisted of loading-
relaxation-saturation-relaxation-unloading stages, as displayed in Fig. 4.

Pmax; dry

pmax; wet

pend; dry

compaction pressure

pend: wet

test time

Fig. 4 Schematic of a compressibility measurement with an initial dry compaction and a
secondary “in-situ” saturation. An optional heating phase for measurements above room
temperature starts before the actual test time

During the loading phase, the specimen was compressed, according to [9] for better
comparability, with a closing speed of 1 mm/s, to a calculated FVF of 0.54, resulting
in the compressed specimen thickness of 3.000 mm. After reaching the set specimen
thickness a relaxation period of 45 min follows, during which the crosshead position
is held constant and the pressure decreases. After the dry relaxation period a valve was
opened and a silicone oil started to saturate the specimen, beginning from the central
injection point with a pressure of 0.2 bar. After an overall test time of 2.5 h, the unload-
ing stage started, moving apart the test areas with an opening speed of 1 mm/s.

Binder Analysis. To better understand the results of the compression test at elevated
temperatures further analysis of the raw binder as supplied by the manufacturer were
conducted. These tests were aiming at quantifying the temperature level, at which the
powder binder material changes its state from solid to viscous.

TGA/DSC-measurements. Based on the results of the compression tests, differential
scanning calorimetry (DSC) tests and thermogravimetric analysis (TGA) of the binder
were conducted. A Mettler Toledo DSC/TGA was used to get an overview of the
binder behaviour across a wide temperature and time range, as well as two different
test methods. A first heating cycle was used the get an impression of the stage of the
raw binder, remove a material history and transform the binder from a powder to a
quasi-monolithic form. Afterwards, a second heating cycle was able to measure the
temperature characteristics of the binder without any previous influences.
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Rheology Measurements. Rheological measurements were conducted on an Anton
Paar MCR501 rotational rheometer at temperatures starting from 70 °C upwards
in 5K steps. However, below 95 °C the binder was completely solid and no
measurement was possible. Between 95 and 100 °C the powder was still partly solid,
therefore the measurement could not be evaluated. Since the data sheet presents
a viscosity curve of the binder beginning at 100 °C, no further measurements were
conducted.

Microscopy Measurements. Since the rheological measurements were not in line
with the compaction measurements and binder analysis, the binder was analysed
under an optical microscope with a hot stage. This allowed for an analysis of the
binder particles, specifically the differences between small and large particles, under
temperature influence during dynamic and long-term static measurements.

3 Results

3.1 Compressibility Measurements

Compressibility of bindered textiles. As detailed in Sect. 2.3, ten specimens were
compressed to a FVF of 0.58 at each temperature level from room temperature up to
140 °C. The results of these measurements are displayed in Fig. 5.
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Fig. 5 Experimental data for dry compaction tests with bindered textile stacks at room and
elevated temperature. Arithmetic mean of ten experiments (solid lines) with the corresponding
standard deviation as envelope. The initial low compaction pressure represents the heating
stage. Maximum compaction pressure was chosen as synchronization point for all experiments,
after which the 1-h relaxation stage starts
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With increasing temperature, the maximum compaction pressure (p, ) drops
significantly. Above 100 °C, which corresponds to the specified binder processing
temperature, the differences in p,  are small. In addition, beginning with a test tem-
perature of 90 °C, constant pressure level is reached after about 1200 s of relaxation
time. This remaining pressure after relaxation (p,, ) is reached for 80 °C as well, but
at a much later point during the relaxation stage. For lower test temperature levels, no
constant pressure level was reached during the test time. This result allows for novel
scientific insight, as up to now research focused on p_ only or just the first few min-
utes of relaxation.

Normalizing the pressure data with respect to p, allows for the comparison of
the speed of pressure decrease as well as the relative pressure drop during relaxation
(Fig. 6). For tests between 70 and 100 °C, the relative pressure drop is significantly
stronger compared to the remaining temperature levels, with a maximum of pressure
relaxation of more than 70% found at 80 °C. The figure confirms that no constant
pressure level can be reached within the test time of one hour for any temperature
level, except for 140 °C.
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Fig. 6 Compaction results of dry compaction tests at room and elevated temperature levels
normalized to p,.

As shown in Fig. 5 and 6 for most of the experiments, no steady state (constant
pressure) was reached for the compaction pressure. Therefore, additional experiments
with long-term relaxation periods of twelve hours were conducted at all temperature
levels. The resulting pressure data are shown in Fig. 7.
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Fig. 7 Results of long-term dry compaction tests on bindered textiles at elevated temperatures

Compared to Fig. 5, a constant pressure level can be reached for all tempera-
ture levels, except for 60 and 70 °C. For these temperature levels, even after relaxa-
tion period of 12 h, a significant decrease of compaction pressure can be observed.
Measurements for temperature levels of 80 °C and above reach a constant pressure
level of about 50 kPa. The experiment at 70 °C shows a trend towards this level of
50 kPa. The experiment at 60 °C shows no clear trend to reach a constant pressure
level. Fig. 8 shows the normalized pressure data from Fig. 7.
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Fig. 8 Compaction results of dry, long term compaction tests at room and elevated temperature
levels normalized to
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This figure shows more clearly that the extension of the relaxation period led to a
constant pressure level for 80 °C after about 8 h. This relaxation to the 50 kPa level
means a relative pressure drop (p,,,. - P.,s) ©f more than 80%. An even bigger relative
pressure drop can be expected for 70 °C The plots reveal unsteady characteristics in
the data of the experiments run at 120 and 140 °C. This is probably due to corrections
made by the UTM controller to compensate for changes in room temperature, caused
by a long measurement period and measurements taken during a particularly hot sum-
mer period.

In-situ Saturation Measurements. In addition to the dry compaction set-up, this
version of the test-rig was specifically designed to allow for a combined measurement
of dry and wet compressibility behaviour. According to the test method, detailed in
Sect. 2.3, compaction tests with in-situ saturation were conducted. The results of five
tests at room temperature are displayed in Fig. 9.
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Fig. 9 Pressure relaxation behaviour of a bindered textile at room temperature in dry and wet
conditions as a proof of concept for an “in-situ” saturation test method

Subdivided into a dry and a wet compaction stage, all five specimens show a
relaxation behaviour after p_ ., with one specimen reaching a constant pressure level
after 2700 s, while the other specimen still show a significant pressure drop. This
deviation can be attributed the common changes in the textile as well as the high num-
ber of layers, which allow for a high grade of fibre reorientation. At 2700 s the wet
compaction stage begins and a valve is opened, allowing the measurement fluid to
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gradually saturate the specimen from the central injection point up- and outwards. As
expected, a second stage of relaxation takes place with increasing levels of saturation
across the specimen, allowing for further fibre reorientation, due to a lubrication effect
of the measurement fluid. Overall, the five specimens show comparable wet relax-
ation behaviours, with small differences in the rate of the pressure drop, which can
be explained by variations in stack permeability, resulting in different speeds of fluid
propagation. After an overall test time of 2.5 h all specimen reached constant pressure
levels.

3.2 Binder Analysis

Comparing the results of the compressibility tests with the technical data sheets of
binder and textile, respectively, there is no clear agreement on the preferable process-
ing temperature of the bindered textile. For this reason, the binder was tested in more
detail to gain additional information that could explain the unexpected results of the
compressibility measurements. Figures 10, 11 and 12 show the results of the com-
bined TGA/DSC-measurements of the raw binder.
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Fig. 10 TGA-measurement of the raw binder from 25 to 250 °C, showing an increased heat
flow between 70 and 80 °C with the peak around 78 °C, without significant weight loss,
indicating a change in the polymer structure. The measured weight loss of less than 0.6% can
be attributed to evaporating air moisture, since the weight loss stabilizes at 100 °C



Compressibility and Relaxation Characteristics of Bindered ... 55

- AA_Epikensfiesin_35.250_106_01+3_seu 07 62 3022 16:2035

Methode: AA_25(250)_10K_eins25
Probe: AA_EpikoteResin_25-250_10K_zweiteM_01, 43500 mg dt1,00s

g [1]25,0 °C. 1.00 min
= Glasurmvandiung [2] 25.0..250.0 *C, 10,00 Kimin
2 Autheizen \\ Onast 73T5°C [3] 250.0 "C, 0.10 min
N\ Mitiglpunikt IS0 77.21°C Synchronisation singeschaltet
—

5| Probe:AA_EpkoteResin_25-250_10K_01,4,3500mg —_—

1. Auheizen

40 50 60 TO 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240°C
MULTWPK: METTLER e ———

Fig. 11 DSC-measurement of the first (below) and second (above) heating cycle of the raw
binder at a heating rate of 10 K/min from 25 to 250 °C, showing a T around 77 °C. A second
dip in the first heating cycle at 100 °C cannot be found in the second cycle, but confirm the
hypothesis of trapped air moisture in the raw binder
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Fig. 12 DSC-measurement of the binder at a 1 K/min heating rate showing a T at 77.86 °C
with an onset at 74.4 °C, matching the increased heat flow of the TGA-measurements

The results of the TGA/DSC-measurements indicate a change of state of the binder
material around 80 °C, giving a first explanation of the relaxation behaviour 20 °C
below the specified processing temperature of 100 °C. However, this does not explain
the identical, but slower pressure relaxation at 60 and 70 °C. At these temperature lev-
els, no change in material behaviour has been detected. For this reason, the binder
was further analyzed through optical microscopy on a heated stage. Two different
approaches were tested:(a) a dynamic measurement from room temperature up to
140 °C and (b) two long term measurements of one hour at 60 and 75 °C. Figure 13
shows a reference picture of the binder at room temperature and three elevated tem-
perature levels.
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Fig. 13 Microscopic images of the binder at different temperature levels: Picture a) shows
the raw binder at room temperature; picture b) shows the same area as in a) after a dynamic
temperature sweep at 130 °C. The bottom pictures show the binder at temperature levels of
60 °C (¢) and 75 °C (d) after one hour

Figure 13(a) shows exemplary microscopic sections of the raw binder with a wide
distribution of particles sizes and mostly sharp edges. Figure 13(b) shows the situation
after a dynamic temperature sweep at the point of completely molten binder particles,
130 °C. Compared to the TAG/DSC-measurements and the data sheet this temperature
level is much too high. It was determined that the energy of the heat stage plate can
only be transferred poorly into the powdered binder during the dynamic measurement
and thus changes on the binder surface are attributed to a higher temperature. For this
reason, two further measurements were conducted, during which the temperature level
was held constant for one hour, allowing the binder to reach heat stage temperature.
The temperature levels of 60 and 75 °C were selected, to get more information on
the binder behaviour below T and T,,. It was hypothesized that smaller particles
or the surface of bigger particles could already have crossed T and induce a partial
lubrication effect, while most of the binder is still below T and does not contribute.
However, at 60 °C (Fig. 13c) the particles appear similar to the reference and at 75 °C
(Fig. 13d), even with a polarising filter to enhance the particle contours, no evidence,
like rounded edges, can be found.
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4 Discussion and Conclusion

4.1 Compaction Measurements

This paper presented a novel test-rig for compressibility measurements at elevated
temperatures. Furthermore, this test-rig stands out from the current state-of-the-art,
by offering an in-situ saturation method at room and elevated temperatures, greatly
increasing the testing capabilities, while at the same time reducing testing effort.

The dry compaction measurements at room and elevated temperatures show a
strong temperature dependence of the relaxation behaviour more than 30 °C below
the specified processing temperature. In addition, a relaxation behaviour on long time
scales was found, challenging the state-of-the-art approach on determining textile
relaxation behaviour based on measurements on a time scale of minutes.

Further studies will (i) focus on confirming the binder influence on the relaxation
behaviour through test with an unbindered NCF material (ii) expand the data by addi-
tional tests between room temperature and 60 °C to find an onset temperature for the
lubrication effect. Moreover, creep tests will be conducted to determine, whether this
behaviour not only occurs for relaxation, but also retardations measurements.

Finally, permeability measurements at the mentioned temperature levels will be
conducted to determine, if the changes in relaxation behaviour, induced by an applied
binder, also affect permeability at low temperature levels.

4.2 Binder Analysis

Comparing the results of the different analysis methods, only an inconsistent conclu-
sion can be drawn at this stage. On one hand, the TGA/DSC-measurements confirm
that above the specified processing temperature the binder is above T and T, thus
existing in a state in which it can act as a lubricant between the fibres, and with that
greatly reduces maximum compaction pressure. This behaviour was measured in the
compaction tests above 100 °C. On the other hand, TGA/DSC-measurements, as well
as the viscosity measurements and the microscopical observations at elevated temper-
atures, cannot explain the almost identical relaxation behaviour, in all but the time
needed to reach the same level of relaxation, 30 °C below the measured binder T

As a result of this, further analysis of the binder must be conducted, to explain the
binder behaviour at low temperature levels.
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Abstract. This paper deals with spread carbon fibre tows fixed by
epoxy-based reactive binder that can be used in two-dimensional dry
fibre placement (DFP) layups, which show freely selectable fibre orien-
tation of each tow and layer structure. In a second step, the DFP pre-
forms can be draped into a three-dimensional preform, here the bending
stiffness has a significant influence on the forming behaviour. To build
a mesoscopic draping simulation of the DFP preforms, detailed knowl-
edge of the bending stiffness is necessary. A special test set-up for the
bending stiffness characterization of bindered spread tows and experi-
mental results are presented. As the bending behaviour is dominated by
the epoxy-based thermoplastic binder, the investigations focus on the
temperature dependent bending characteristics. Above the ideal forming
temperature of the bindered spread tows, a decrease of the bending stiff-
ness is visible. Additionally, the orientation of the one-side bindered tows
is of significance for the bending stiffness. Beside to the experiments, a
mesoscopic numerical model of the bending characterisation is set up.
This model is used to validate the chosen material definition to correctly
represent the bending stiffness of the bindered spread carbon tows in a
later draping simulation.

Keywords: Fibre Placement * Draping * Preform + Composite *
Simulation

1 Introduction

A common way to manufacture flat and moderately curved composite parts is
done by forming two-dimensional semi-finished products into the final three-
dimensional form, regardless of the use of prepreg or bindered dry material.
When using dry material several options of textile products are available. One
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opportunity is the use of spread carbon fibre tows, which are used in a dry
fibre placement (DFP) process to generate two-dimensional layups. Benefits of
this manufacturing process are high reproducibility as well as flexibility in fibre
orientation while causing low waste by near-net-shaping [1]. During the follow-
ing forming of these DFP preforms the individual spread carbon tows are bent
regarding the surface topology of the mould. The aim of this research is to deter-
mine the bending behaviour of the spread carbon tows with respect to different
possible forming temperatures. To establish a process simulation, a numerical
model of the bending test is developed. The experimental results are used to
determine the model’s parameters to optimally describe the material behaviour
during bending.

2 Material and Methods

The examined material, M&A Dieterle FixedTow, is a spread carbon tow with
an average width of 20 & 0.5 mm [2]. The used basic tow is SIGRAFIL®C T24-
5.0/270-E100, a 24k roving from SGL Carbon, which has been bindered on one
side for fixation and improved processability in later steps like DFP. As binder
Hexion Epikote™ Resin TRAC 06720 was used during the production of the
FixedTows with an average binder amount of 8 wt.% or equivalent 9 g/m?2. This
reactive epoxy-based binder starts melting in the temperature range of 80-90 °C
and behaves thermoplastic. Above a temperature of 100 °C cross-linking starts.
The binder is well suited for further use in the forming process [3].

In order to be able to determine the bending stiffness of the spread carbon
tows as realistically as possible, the FixedTows will be laid down individually
with the Crosslayer process and a length of 30 cm before the actual charac-
terisation. As the FixedTow will be unrolled, briefly heated and pressed to the
substrate in the Crosslayer during the DFP, this circumstance has to be consid-
ered when determining the bending stiffness of the FixedTows for the following
forming process.

2.1 Cantilever

A widely used method to determine the bending stiffness of textiles is the simpli-
fied cantilever test, which is defined in DIN 53362:2003-10 or with minor varieties
in ASTM D1388-07. The following test method is referring to DIN 53362:2003-10,
but with slightly deviations for example in the given specimen width of 20 mm
instead of minimum 25 mm [4].

In Fig. 1 the setup of the cantilever test is schematically shown, where the test
specimen is moved to the right over the edge. As soon as the specimen touches
the 41.5° slope the test is stopped and the overhang length [; is documented. In
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DIN 53362 [4] the bending stiffness B is described as a value of resistance of a
specimen, which it opposes to the attempt of bending due to its own weight. It
is calculated with Fj as fabric weight per length in Eq. (1)

B=r- () A 1
=R (3) = (5) e @
With the given areal mass m; = 89 -4 of the FixedTow, the width b of the speci-

men and the gravitational acceleration g, the bending stiffness can be determined
[3].

Specimen

Fig. 1. Cantilever setup referring to [4]

2.2 Optical Test Arrangement

As the bending stiffness characterisation is realised with respect to the tempera-
ture influence, it is necessary to ensure a homogeneous heat distribution during
the measurement. Therefore, the tests are performed in a Memmert UF260plus
convection oven, which provides a constant environmental temperature. The
automatized cantilever setup (cf. Fig.3) is unsuitable for the use in the oven,
because of the not heat-resistant electronic system and its overall dimensions.
Therefore a alternative approach of determining the bending stiffness of the
FixedTow is established.

Basics. In Fig. 2 the test arrangement inside the oven is shown, where a Fixed-
Tow specimen is clamped on one side and free-hanging due to its own weight.
This equals a cantilever beam, which displacement curve can be described by
Eq. (2) with respect to Bernoulli’s assumptions [5]. Here w describes the dis-
placement of the beam, which has a bending stiffness of EI, under the load of

the moment M. v
1
= —— 2
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With the given boundary conditions for the fixed cantilever beam and a constant
line load gy due to the own weight of the beam, the displacement of the beam

can be described as shown in Eq. (3). Parameter | equals the length of the
undeformed beam [5]. In case of the FixedTows, qo is determined by Eq. (4).

()4 ol g

qo=mys-b-g (4)

() = 2O
DYy o)

\

Fig. 2. Images inside the oven: a) original, b) black and white transformation

Evaluation. To analyse the bending stiffness of the FixedTows, a detailed
image (cf. Fig.2) is taken inside the oven. Thereby, a white background and
an illumination to avoid shadows as good as possible are necessary. The clamp-
ing device has a defined red area with a length of 10 cm as a scaling factor for
the following optical analysis. The images are done with a Canon EOS 600D
with a Canon EFS 18-55 mm objective.

First the picture is transformed into a black and white image as shown in
Fig. 2. Based on this image the displacement curve w(x) can be determined (cf.
Fig. 6) and used for the evaluation of FI(z) using Eq. (3). Finally, the specimen’s
bending stiffness FET results as the average value of EI(x).

3 Bending Stiffness

3.1 Cantilever Reference

For a first estimation of the spread tow’s bending stiffness, classical cantilever
tests are carried out referring to DIN 53362:2003-10 at room temperature. For
this purpose, the existing setup as shown in Fig. 3 is used. The movement of the
specimen is controlled via a electronic system to ensure a constant velocity. Five
specimens are tested with an average bending stiffness of B = 31.854-1.09 Nmm?.
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Fig. 3. Cantilever setup at the Institute of Aircraft Design

3.2 Optical Test Arrangement

Since the determination of the bending stiffness is based on the displacement
curve, it is necessary to validate the use of the optical test arrangement. During
the cantilever tests at room temperature, pictures of the bent FixedTow are
taken, which are then analysed with the optical method and the displacement
curve is determined. Here, the average bending stiffness of five specimens is
EI =29.84+1.52 Nmm?, which shown no significant difference to the results of
the cantilever test.

The principle of the optical test arrangement requires to primarily define
the length of the unbent specimen, which equals parameter ! from Eq. (3). This
length is chosen to [ = 200 mm for all tests. To check again the validity of the
optical evaluation method, the bending stiffness of the FixedTow is evaluated at
ambient temperature inside the oven. The determined bending stiffness of E1 =
30.74 + 4.04 Nmm? shows sufficient conformity to the comparable evaluation
referring to DIN 53362 in Sect. 3.1.

3.3 Temperature Variation

As the Epikote™ 06720 binder shows thermoplastic forming behaviour at tem-
peratures between 80 °C and 90 °C, it is designated to drape the FixedTow
textiles in this range of temperature. First draping tests with a punch-and-die
geometry with the mold heated to 80 °C indicated less draping defects like gaps
and wrinkles in comparison with forming at ambient temperature. Therefore, the
focus in determining the bending stiffness of the FixedTows is on temperatures
around the proposed forming temperature.

Figure 4 displays the determination of the FixedTow bending stiffness inside
the convection oven at temperatures from 75 °C to 105 °C by using the optical
test arrangement. In general, a slight trend of decreasing bending stiffness with
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increasing temperature is visible. The orientation of the FixedTow has a higher
influence on the bending stiffness at lower forming temperatures at 75 °C and
80 °C. Here, the bending stiffness is increased if the bindered side of the Fixed-
Tow is placed downward. With rising temperature above the binder’s melting
temperature the orientation of the FixedTow has no significant effect on the
bending stiffness.

This behaviour may originate from the binder’s structure, which is partially
applied over the surface of the spread carbon tow. In the case of low tempera-
ture as well as binder on top of the bent FixedTow the particles can easily drift
apart under the tensile load, resulting in a low bending stiffness. Is the bindered
FixedTow side facing downward a pressure load is applied and the binder parti-
cles inhibit the bending of the tow, which leads to a higher bending stiffness. As
soon as the binder’s reversible forming temperature is reached, the binder starts
melting and enabling a sliding of the fibres.
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Fig. 4. FixedTow bending stiffness in the range of the forming temperature

4 Numerical Approach

For a later numerical process simulation of the textile draping process the can-
tilever test is modelled in order to validate the chosen material model. The
software tools from Dynamore GmbH are used for modelling and computation.

4.1 Model and Material

The explicit simulation model describes the simplified cantilever test inside the
oven, where the specimen is fixed at one side and free-hanging under gravitational
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load. Shell elements are used to describe the specimen and plate of the test
arrangement.

LS-Dyna material MAT _FABRIC (Material Type 34) is used for this simu-
lation. This material model was developed for airbag materials and is equipped
with a membrane element formulation which suits large deformation of fabrics
[6]. The material model provides no bending resistance and thus the elements
can fold undamped [7]. To consider the bending stiffness of the material, an
additional card in the material deck is activated. This creates a virtual coating
of the material with a defined offset from the membrane. During deforming of
the elements the coating deforms along and thus adding a rotational resistance
equivalent to the specimen’s bending stiffness. Input parameters of the coating
are the Young’s Modulus, yield stress and layer thickness [6,7].

In this research, the coating thickness TCOAT is chosen to 0.01 mm, which
is equal to 10% of the thickness of the spread carbon tow specimen. Yield stress
SCOAT is predefined to 3.5 GPa. For the first estimation of the Young’s Mod-
ulus ECOAT the membrane and coating combination is assumed to be an ideal
I-beam. With the geometric dimensions, width as well as thickness, of the spec-
imen the area moment of inertia I is determined. With the given bending stiff-
ness E1, the Young’s Modulus is the quotient from ET and I. The experimental
results show a nearly equal bending stiffness of the spread carbon tow at a tem-
perature of 85 °C regardless the tow’s orientation. In the later forming process
this temperature will be chosen to achieve a satisfying quality of the textile.
Therefore, the focus of the process simulation is upon this temperature. For the
numerical approach the measured bending stiffness EI = 10.3 Nmm? at 85 °C
of the spread carbon tow (Binder on top) is taken into account, because at
this temperature the material behaviour is independent of the tow’s orientation.
Therefore, it is sufficient to model a bending test with the material’s virtual
coating considered as ECOAT = 19 GPa. Figure 5 shows the simulation model
of the tow during the bending test.

Fig. 5. Initial state, mid simulation and final bending state (f.1.t.r)
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4.2 Results

A variation of the parameter SCOAT has no visible influence on the bending
behaviour of the model and is therefore set constant to 3.5 GPa. In Fig.6 the
displacement w(z) of the numerical model with ECOAT = 19 GPa is superim-
posed with the experimental result.

The first assumption of ECOAT is clearly not optimal to model the bending
stiffness of the carbon spread tow. Here, two main reasons are possible. First
the determination of the bending stiffness E'I with the optical test arrangement.
Especially the analytical approach according to Eq. (3), uses influential assump-
tions according to Bernoulli. Second the transformation of the bending stiffness
E1 to the virtual coating’s Young’s Modulus ECOAT of the MAT_FABRIC is a
rough estimation. In the further proceeding the parameter FCOAT is incremen-
tally decreased to achieve a satisfying alignment of the numerical model to the
expermental results. Finally, the parameter ECOAT is set to 9 GPa as shown
in Fig. 6.
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Fig. 6. Displacement curves at 85 °C with binder on top

5 Conclusion

To determine the temperature dependent bending stiffness of a spread carbon
tow, an alternative method is presented. The spread tow specimen is hanging
free with one side clamped. With the help of picture analysis, the displacement
of the specimen over its length and its bending stiffness is evaluated. The one
side bindered carbon spread tow shows a decreasing bending stiffness with rising
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temperatures. At temperatures of 75 °C as well as 80 °C a significant difference
in bending stiffness with varying tow orientation is visible. If the bindered side
of the tow is facing downward a much higher bending stiffness occurs compared
to binder on top. At and above 85 °C, no clear distinction between the two tow
sides can be made. Potentially, this behaviour has its origin in the structure
of the binder. Under pressure load, with the bindered tow side downward, the
binder inhibits the bending. Above the melting temperature of the epoxy based
binder its interference with the bending stiffness is decreasing. The forming of
the spread tow based textiles will be carried out at 85 °C.

A numerical process simulation of the textile forming will be established in
the LS-Dyna environment, to identify the optimal process parameters. Therefore,
a material model has to be chosen, which represents the behaviour of the carbon
spread tow. With the experimentally determined bending stiffness, the material
MAT_FABRIC respectively the parameter ECOAT is calibrated. For the desired
forming temperature of 85 °C a satisfying alignment of model and experiment
can be achieved.
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Abstract. Shared vehicles architectures for fuel cell and battery electric vehi-
cles offer a high potential for cost reduction by enabling economies of scale
in engineering and production. The efficient integration of hydrogen storages
in flat box-shaped battery design spaces represents one of the essential basic
requirements. As state-of-the-art cylindrical pressure vessels do not allow
a high volumetric efficiency in the installation space, two concepts of box-
shaped pressure vessels with tension struts are investigated with regard to man-
ufacturability. The first concept focuses on the integration of aramid fibers in a
carbon fiber tank by tufting. In a second concept 3D weaving is analyzed with
regard to the construction of a pressure vessel with inner tension struts. For
both tank designs manufacturing technologies are developed and the concepts
are validated using prototypes. Considering technologies for series production
of the textile sector possible paths for industrialization are identified.

Keywords: Pressure Vessel - Hydrogen - Aramid Fiber Strut - Tufting - 3D
Weaving

1 Introduction

1.1 Motivation

With the Green Deal the European Union commits to a significant reduction of CO,
emissions within the next decades to become the first climate-neutral continent of the
world by 2050 [1]. This requires solutions for decarbonization across all sectors. In
transportation, emission free solutions are needed for public and individual mobility.
Currently car manufacturers mainly focus on battery electric vehicles (BEVs) as a
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solution for zero emission vehicles [2]. But besides BEVs fuel cell electric vehicles
(FCEVs) offer a high potential for an emission free mobility and additionally sup-
port sector coupling for the storage, transportation and use of renewable energies [3,
4]. Furthermore, FCEVs offer advantages like high vehicle ranges and short refue-
ling times [5]. However, compared with BEVs, FCEVs are still a niche product due
to a limited infrastructure of hydrogen filling stations and high vehicles prices [6]. To
increase the attractiveness of fuel cell electric vehicles for customers, the costs must
be decreased.

Shared vehicles architectures for BEVs and FCEVs enable economies of scale in
engineering and production and allow a significant reduction of costs for both power-
train variants. This is only possible if both vehicle types share similar design spaces
for their drivetrain components. In current BEVs the battery system is integrated in a
flat box-shaped design space in the car underbody for reasons of safety and modular-
ity (Fig. 1) [6]. In order to use the same vehicle architecture for FCEVs, the hydrogen
storage must fit in a similar design space. To reach customers” expectations according
to vehicle ranges, an efficient integration of the hydrogen storage is a main require-
ment. Current storage technologies are based on cylindrical pressure vessels and do
not allow an efficient exploitation of the design space. Therefore, new pressure vessel
technologies with an adapted geometry are required to improve the volumetric effi-
ciency of the hydrogen storage.

Box-shaped high
voltage battery

Fig. 1. Box-shaped design for the integration of a battery system in a battery electric vehicle,
illustrated by the example of a BMW i4 [7]

1.2 State-of-the-art

Today, the development of FCEVs is mainly based on vehicle architectures for
combustion engine technologies. In this case, the fuel cell is integrated in the front
carriage instead of an engine. The hydrogen gas is stored in two or three pressure ves-
sels, which are mounted either lengthwise in the middle tunnel instead of the cardan
shaft or transversely in front of and behind the rear axle instead of conventional fuel
tanks (Fig. 2). In the automotive sector, a nominal working pressure of 70 MPa has
become a standard for storing the gaseous hydrogen under high pressure. Therefore,
usually type IV pressure vessels are used, which consist of a carbon fiber reinforced
plastic (CFRP) tank wall to enable an efficient and load-appropriate design. On the
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inside of the tank wall a polymer liner is used for sealing the containment and restrict
hydrogen permeation. To assure full safety during operation the hydrogen vessels are
designed for a minimum burst pressure of 157 MPa. This corresponds to a safety fac-
tor of at least 2,25 regarding the nominal working pressure of 70 MPa [8].

HV Battery Electric Motor

Pressure Vessel

Fig. 2. State-of-the-art fuel cell electric vehicle (FCEV) with 70 MPa tank technology,
illustrated by the example of a Toyota Mirai 2 [9]

1.3 Concept of a box-shaped pressure vessel with inner tension struts

A perfectly cuboid pressure vessel does not allow an efficient vessel design due to
the internal pressure load. Due to the geometry stress peaks occur in the corners and
edges of the pressure vessel as a result of the load, as well as strong deformations of
large planar surfaces. Therefore, the edge areas of the investigated vessel design are
rounded off and the large opposing planar surfaces are connected with tension struts.
The strut loading is transferred by a loop design using a deflector support structure.
Analytical and numerical investigations have shown how a design for such a vessel
construction can be carried out [10, 11]. For the integration into a flat cuboid battery
storage space, a significantly higher storage potential is possible for the box-shaped
pressure vessel concept with tension struts than for conventional cylindrical vessel
designs [12].

Fiber loop

Deflector element

Yy gy S

Tank wall
Tension struts

Fig. 3. Conceptual representation of a pressure vessel with tension struts in the interior
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2 Manufacturing concepts

Starting from the conceptual design of a cuboid pressure vessel with inner tension
struts, two manufacturing technologies are developed which lead to different design
characteristics of the vessel.

2.1 Differential pressure vessel design

The first concept is a differential design in which the fabrication of the CFRP tank
wall is decoupled from the insertion of the tension struts. The integration of the ara-
mid fiber struts is done by tufting. An overview of the entire manufacturing process is
shown in Fig. 4.

1) Core 2) Carbon fiber |3) Strut 4) Resin 5) Liner
production shell buildup integration injection casting

Additive Filament Multi Needle | Resin Transfer

Manufacturing Winding Tufting Molding Bafabiolig
3.1) Needle 3.2) Loop 3.3) Bottom 3.4) Needle 3.5) Top support
insertion formation support pull out
: = '

| ||
A |

| @

[} ]

Fig. 4. Manufacturing concept of a pressure vessel by means of a tufting process as core
technology for the insertion of tension struts

The manufacturing for the differential pressure vessel design is divided into five
steps: In the first step a two-part core is manufactured in an additive manufacturing
process (1). A grid structure on the upper and lower side serves to guide the needles
during the tufting process. In the second step carbon fiber bandages [0° and 90°] are
wounded around the core (2). These layers absorb the horizontal forces acting on the
tank. The third step is the integration of the tension struts using a tufting process (3).
Several needles are arranged parallel to each other with a distance of 4 mm. The first
tuft stitch starts at one end of the planar surface. Two different loop shapes are formed



72 C. Wrana et al.

by the tufting process: The needle feed in vertical direction creates a tufting stitch
(step 3.1 to 3.4) and the feed in horizontal direction creates a sewing stitch (3.5). The
first step of the tufting process is the penetration of the entire vessel by the needles in
vertical direction (3.1). Afterwards, the needles move back slightly, and a loop tun-
nel is formed by the aramid fibers (3.2). A deflector element is inserted into the loop
tunnel (3.3). Subsequently, the loop tunnel is closed and the needles move to the start
position (3.4). The deflector element is pressed against the carbon tank wall. Finally,
the needles are moved 4 mm in the horizontal direction (3.5). After the movement the
deflector element is inserted and is integrated with the next sewing stitch (3.1). This
process is repeated for the entire planar surface of the tank wall. The fourth step is
the impregnation of the carbon fiber bandages. The impregnation is carried out in two
steps (top and bottom) based on the RTM process (4). Finally, roto molding is used
for the insertion of the liner (5).

2.2 Integral pressure vessel design

The second concept is an integral design in which the tension struts are an integral
part of the tank wall. The overall design of this design orientates on the 3D-weaving
process and is shown in Fig. 5. In this principle, the deflector elements are woven into
the illustrated fibre strands and serve as the weft direction. Ideally, these deflectors
have an elliptical shape to create a soft deposit of the fibre strands and to minimise
the ondulation of the woven structure. The pressure loading is carried by the deflector
elements and the support of the filler material (green) by the circumferential layers. A
constant distance of 4 mm is maintained between the tension struts. The woven struc-
ture built up in this way is covered by circumferential carbon layers in x- and y- direc-
tion and sealed on the inside with a liner.

Circumferential layers in
the x and vy directions

Wovwven structure with
filler material
Liner

Deflector

"~ Tension strut

Fig. 5. Cross section and sectional view of the 3D-woven structure

Figure 6 shows the 3D-weaving process of the vessel. The two-part core is man-
ufactured using an additive manufacturing process (1). One side element of the core
can be removed so that the strut integration can be performed from this side. The
insertion of the tension struts then takes place in five steps (2). By alternately mov-
ing the fibres, one half is moved to the upper position and the other half to the lower
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position, thus creating the characteristic shed opening (2.1). By alternately moving the
tension struts, one half is moved to the upper position and the other half to the lower
position, thus creating an X-structure (2.2). With the help of a pull-back-device, the
tension struts are pulled into position (2.3). The deflectors can now be attached at the
top and bottom through the shed opening (2.4). By removing the pull-back, the ten-
sion struts wrap around the deflectors and remain fixed in place (2.5). These five steps
are repeated until the end of the core is reached and thus the inner structure of the
vessel has been built up. After the finalization of the weaving process the last side ele-
ment of the core can be attached. Further steps follow to complete the pressure vessel.
The impregnation of the liner takes part (3). The liner is integrated in the first step
with a sink moulding process, in which the upper and lower woven structure is sealed.
For this purpose, the vessel is placed in a mould that is filled with the liner material.
The open weave structure allows the liner material to penetrate the structure and form
a uniform level layer inside the vessel. In the second step, a roto moulding process is
used. In this process the vessel is rotated, which distributes the liner material inside
the vessel and forms a round liner structure. Thus, with the help of the combination of
both liner insertions, a defined liner structure is created inside the vessel. The vessel
is finished by applying a fibre shell using a wet winding process, which is compressed
with the help of a vacuum bag process.

1) Core 2) Strut 3) Liner 4) Carbon fiber
production integration casting shell buildup
< P @
Additive . Sink Moulding |  Wet winding
Manufacturing 3D weayins +Roto Moulding| + Vacuum bag

2.1) opening of

2.2) procedure

2.3) pull-back

2.4) insert

2.5) remove

the shed
- q

%

tension struts|  tension struts deflectors

-1

ll.

s

pull-back

b v

= , :
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Fig. 6. Manufacturing concept of an integral pressure vessel design with 3D weaving as core
technology for the insertion of tension struts
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3 Manufacturing of Prototypes

At the Munich University of Applied Sciences, the first hydrogen pressure vessel pro-
totypes are developed on a scale model. The basis of the scale model is a 3D printed
PLA core and the boss of the vessel is manufactured from an aluminum tube that is
bonded to the additively manufactured core. The carbon fiber type T700 from the
manufacturer Toray is used for the winded layers. The stacking of the winded layers is
[0,90]sym and creates a biaxial layer structure. A D2200 aramid fiber from the man-
ufacturer Teijin is used for the tension struts. For better processability of the aramid
fiber it is twisted with 250 rotations per meter. The deflectors are made of metal with a
round shape. The liner insertion and the impregnation of the circumferential layers is
done with an epoxy resin.

3.1 Tufting

The dimensions of the final prototypes are 91 x 91 x 31 mm and the strut spacing
of 4 mm results in a pattern of 16 x 16 tension struts. The tension struts are inserted
using a developed tufting machine. The tufting machine consists of the following
components (Fig. 7):

1. Spindle drive: The force- and time-controlled spindle drive of a tensile testing
machine (Zwick 1465) is used to realize the needle bar feed. With this spindle
drive a force and speed monitoring is possible.

2. Cross table with support for prototypes and measuring system: The cross table is
used for the feed in the x- and y-direction. The support device for the prototypes
consists of two halves and is mounted on the cross table. For a precise position of
the core a glass measuring system with digital display is attached.

3. Needle bar: The needles are clamped in the needle bar by screws. The used needle
type is a 1000H, size NM 250 from the manufacturer Schmetz.

4. Fiber feeding system: The fiber feeding system guides the aramid fibers to the nee-
dle bar. The aramid fibers are rolled up on bobbin creels. The fiber pre-tension is
realized with weights and can be released with the help of a clamping mechanism.

Fig. 7. Tufting machine for the insertion of the tension struts
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With this machine, it is possible to manufacture tanks with internal tension struts.
Figure 8 shows such a tank, which has been cut open on two sides for visualization.

Tension strut
Liner
Core
Carbon fiber
Deflector

Fig. 8. Manufactured prototype of the tufting in sectional view

3.2 3D-weaving

The prototypes made with the 3D-weaving have a size of 100 mm x 100 mm and a
height of 25 mm, resulting in a strut pattern of 12 x 17 struts. The tension struts are
inserted using a developed weaving machine. This weaving machine is based on the
principle of a loom and has the dimensions 1,5 m long, 1 m wide and 1 m high. The
machine basically has the following four sections which are shown in Fig. 9:

e weaving place: including the core fixation

e strut insertion: the tension struts are guided through the machine and inserted into
the vessel

o shafts: realisation of the characteristic shed opening

o fibre feeding system: supplies the machine with the fibres and puts them under
tension
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Fig. 9. Sketch and side view of the whole weaving machine

With the help of this machine, it is now possible to manufacture tanks that have inter-
nal tension struts. Figure 10 shows such a tank, which has been cut open on two sides

for visualization.
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Grcumferential
layers

Fig. 10. Manufactured prototype of the 3D weaving in sectional view
4 Prototype testing

The prototypes were subjected to pressure loads to verify the load carrying capacity.
They are pressurised by means of a hydraulic pump and oil as a medium until failure
occurs. The first tests were performed with a reduced number of struts. This results in
a strut failure in the middle of the tank although the design of the boss integration and
the tank corners for the prototype were not finalized to sustain the full pressure load.

Figure 11 shows where the supporting tension struts are located in the test area.,
which has a cylindrical shape as a result to the roto moulding. The reduced number of
struts provokes a strut failure and for the evaluation of the prototypes a Matlab routine
was developed, which extrapolates the burst pressure to a fully equipped vessel [11].
This Matlab routine works on the basis of the following Eq. (1)

pv *Ap 1 Treattank
= — %k — % —48M888

PR n As fProtozype (1)
DR Burst pressure: fully equipped tank
pv Burst pressure: prototype with reduced number of struts
Ap Test area (prototype)
n Number of supporting struts
As Area per strut (real tank)
Sprototype Filaments per strut (prototype)
JSrealtank Filaments per strut (real tank)
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one line of struts

circular test area
liner

L R I )
R R R

Fig. 11. Test area for pressure tests

Table 1 lists all parameters and results of the pressure tests of both prototypes. The
higher number of filaments per strut (fprornpe) for tufting, is process related.

Table 1. Results of the extrapolation from the pressure tests

Parameter Tufting 3D-weaving
py 160 bar 84 bar
Ap 1520 mm? | 1963 mm?
n 11 14
As 16 mm? 16 mm?
Ferototype 4000 2000
Sreattank 5000 5000
pr: Burst pressure for a fully equipped tank | 1860 bar | 1980 bar

Figure 12 shows a sectional view of both prototypes and a microscopic view of
the strut failure. In both prototypes the entire row of struts is cracked, which shows
that all struts were exposed to the load from the pressure test. The results of the
extrapolation show that both design principals are suitable for producing a tank that
could withstand the required burst pressure with full strut occupation and appropriate
strut material. These results must be validated in the further course of the project.
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Fig. 12 Cross section of a pressure vessel after burst testing and microscope image of a broken
tension strut

5 Industrialisation

5.1 Tufting process qualification for series production

To manufacture larger hydrogen pressure vessels there are critical Key technologies to
be verified concerning the tufting process (e.g. needle-, looper- and core-design).

For an assumed tank height of 130 mm, a needle length of approximately 200 mm
is required. The needle length is defined by a needle anti-buckling device (30 mm), a
safety distance to the tank (10 mm), an installation height (130 mm) and a max. pierc-
ing for loop formation (30 mm). The company Groz-Beckert develop a prototype tuft-
ing needle with a length of 200 mm with a needle size of NM 250 (Fig. 13). Industrial
tufting machines are state-of-the-art in rug production using needle bars with more
than 100 needles and a production speed more than 1 m/min. However, due to this
extremely high needle length, the transfer of the technologies for the tufting process
developed for the strutted vessel is limited. New innovative tufting technologies must
be developed for the industrialisation step as:

Needle guidance

Preparation of the aramid fibre
Core technology

Looper for deflector integration
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Fig. 13. Needle bar and demonstrator in original Tank size

Figure 13 shows that manufacture using the tufting process is possible with an
assumed tank height of 130 mm.

5.2 Weaving process qualification for series production

3D weaving is already state-of-the-art for composite materials in the case of spacer
fabrics. With its TRITOS PP weaving machine the DORNIER company produces
spacer fabrics in a serial process by means of Jacquard machines. However, these
spacer fabrics are manufactured for sandwich constructions and are not suitable for
internal pressure loads. The design of the standard machines will not fulfil the require-
ments, since the integration of the metallic deflector element during the weaving
process is not covered. The developed prototype weaving machine at the Munich
University of Applied Sciences can be used to study the process in detail and to verify
design aspects for this new vessel type. The machine built in this way shows how a
machine can be designed in its basic components to manufacture a pressure vessel
using a complex 3D weaving process with loop deflectors. Key for a future series pro-
duction is the transformation to the real tank dimensions. The basic principles of the
machine remain the same even with larger vessel dimensions and scaling to a desired
vessel size can be performed by a linear machine scaling. The vessel height depends
on the size of the shafts and their travel distances, the vessel width is defined by the
number of rovings for the weave structure and the vessel length is only limited by
the length of the machine. In order to prove the suitability of the scaling method, the
machine has been modified to build a demonstrator with the same height and length as
the original tank (Fig. 14).
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Fig. 14. Modified machine and demonstrator in original Tank size

6 Summary and Outlook

Two processes for integrating tension struts into a box-shaped vessel have been
developed. The tufting process inserts the tension struts into the vessel from the out-
side, while the weaving process builds up the tension struts as an integral part of the
tank wall. For both processes, special machines have been developed that can carry
out these complex procedures and manufacture prototypes. The prototypes manufac-
tured in this way serve to validate the design principles and have been tested in the first
hydraulic pressure tests. Since the complexity of a pressure vessel at such high pres-
sures cannot be represented with the current prototypes, prototypes with a lower num-
ber of struts have been manufactured and the results extrapolated to a fully equipped
vessel. These results indicate that the target burst pressure of 157 MPa can be achieved
with both manufacturing processes. Furthermore, the scalability to larger vessel dimen-
sions has been explained and demonstrated. In the next step, the prototypes will be
tested for their long-term tightness in cycle tests and the integration of the liner will be
improved. The goal is to manufacture prototypes that can withstand the desired burst
pressure and maintain their tightness. In addition, with the help of the two processes,
sections of the vessel in real dimensions will be built in the form of demonstrators to
validate the suitability of the machine technology for scalability. An additional aspect
for future investigations is also the study of the load transfer between the woven struc-
ture and the circumferential carbon layers including the filler material.

Acknowledgements. The authors would like to express their gratitude to the German Federal
Ministry for Economic Affairs and Energy for financial support within the government funded
project “BRYSON".
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Abstract. Optimization of thermal compliance and linear elastostatic compli-
ance is a common research task that can increase heat dissipation and structural
stiffness. In particular, support structures in additive manufacturing (Kuo et al.
in Struct. Multidiscip. Optim. 57:183-195, Jan. 2018) or the optimization of
heat sinks (Zhou et al. in Struct. Multidiscip. Optim. 54:1045-1060, Oct. 2016)
often require the consideration of both objectives. This article deals with the
multi-objective topology optimization of frame structures using the weighted
sum method for 2D and 3D wireframe meshes. Therefore, an element stiffness
matrix is used, which couples both contributions. This automatically leads to
holistic design proposals in terms of considering both objectives.

Keywords: Multi-objective - Topology Optimization - Unit Cell - Grid
Structure

1 Introduction

Topology optimization attempts to achieve an optimal arrangement of material in a
selected area or volume. As a rule, the material properties of individual elements of
a finite element simulation are changed via a design variable (density). This design
variable can scale material properties such as modulus of elasticity or thermal con-
ductivity to simulate for example the removal of material in lightly strained domains
and add material in highly strained domains for linear elastostatic use-case [3]. Multi-
objective optimization is one of the recent challenges in topology optimization [3, 4],
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where different objectives such as cooling a battery [5], improving the performance of
solar energy [6], or reducing pressure losses [7] have to be considered. These objec-
tives are often pursued independently or separately leading to suboptimal solutions [7,
8]. Therefore, the combination of such objectives in optimization is necessary, e.g., by
using the weighted sum method [8, 9], which allows a simple approach to combining
objective functions [9]. A coupled objective function can be defined by summing the
individual objectives, scaled by a weight factor. In this work, the weighted sum is cho-
sen due to the simplicity of the method, as it achieved reasonable results in previous
publications with similar objective functions [11, 12]. For limitations and drawbacks
of this weighted sum and alternative approaches, see [9].

Specific objectives, such as the simultaneous optimization of elastostatic and
thermal compliance might be required for the design of masonry structures for exam-
ple [10] or heat sinks that are also intended to withstand mechanical loads [11, 12].
Figure 1 shows the result of the approach used in this work to optimize a wireframe
structure by minimizing thermal and elasostatic compliance while considering nor-
malized weight factors wg between zero and one. For the thermal and elastostatic case
in the following example, a constant temperature and a fixed displacement (blue) are
considered as boundary conditions. In addition, a constant volumetric heat source
0 on the whole domain and a constant unit force (red arrow) are considered as load
conditions. The weighting factor wy considers the contribution of elastostatic compli-
ance, while the contribution of thermal compliance is considered with w, = 1 — wy
in the opposite way. This concept is largely based on previous studies [11, 12], which
supported a similar approach for 2D elements. The heat transfer case is based on the
assumption of a constant temperature in the lower-left corner of the wireframe and
volumetric heat source over the entire domain. The elastostatics case is defined by a
fixed boundary condition at all nodes on the left of the wireframe and an applied force
in the lower right corner.

Initial Thermal Elasto Static
Structure Compliance Compliance
{] 75
L ws

Fig. 1. Results for a multi-objective topology optimization using the weighted sum method
for frame structures similar to [11, 12]. The heat transfer case is based on the assumption of a
constant temperature in the lower-left corner of the wireframe and volumetric heat source over
the entire domain. The elastostatic case is defined by a fixed boundary condition at all nodes
on the left of the wireframe and a boundary condition in the lower right corner. The influence
of thermal compliance decreases from left to right, while the influence of static compliance
increases

This work focuses on applying multi-objective optimization to such frame- or
lattice-type structures, where the reduction to a new element stiffness matrix greatly
simplifies the material interpolation in topology optimization. The following state of
the art part is briefly tailored to multi-objective optimization and wireframe structure
optimization.
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2 State of the Art

Optimization of frames and trusses or lattices is one of the most common tasks in
structural optimization, where the geometric properties and the connections to the
spar or beam elements are modified according to the objectives [3, 13]. Moreover,
more advanced topics such as embedding nonlinearity [13], multi-objectivity [4, 14],
flexible connections [15], or energy absorption [16] can be applied in topology opti-
mization for frame structures. An objective such as thermal compliance or elastic
compliance is widely used but often treated separately for frame structures [17].

The weighted sum method is applied by estimating the weighting factors using
complete matrix configurations to optimize two objectives, similar to [11, 12]. In con-
trast to [11, 12], the whole definition of the multi-objective approach is embedded in
the stiffness matrix so that material interpolation approaches such as solid isotropic
material with penalization SIMP [18] can be used. For more details on the optimiza-
tion of heat transfer systems, we refer in particular to the review articles [19] and [20].
Due to the sensitivities being always negative of the thermal and elastostatic compli-
ance, the optimality criterion [3] can be applied in contrast to a genetic algorithm [4,
14]. An optimality criterion is a simplified approach in which the design variables of
the optimization task are changed according to their sensitivity. Moreover, the topol-
ogy of the lattice structure can be varied by using different lattice sizes [17].

3 Multi-Objective Element Stiffness Matrix in Topology
Optimization

Multiple objective functions can be coupled using different approaches. In this work,
a weighted sum is chosen. However, since the individual objective functions IT; have
different magnitudes, a normalization is necessary. Thereby, the individual ObjeCthC
functions are scaled by means of the objective values 1'[;k of so-called reference
designs. This leads to comparable objectives and can be coupled by formulating and
minimizing the total objective function [Tty With

_ . f
min <HT0tal = ijlel-[i) (1)
J

where u describes the number of different objectives and w; the corresponding weight
factor of the objective I1;. A suitable way to scale the individual objective contribu-
tions is the calculation of the objective of a previous simulation with full material
properties 1'[O (volume ratio of 1.0). Each element is defined with unscaled modulus
of elasticity or thermal conductivity values, which are used to calculate the mean
compliance. By coupling two objectives using the element stiffness matrix for thermal
conduction kj, and elastostatics kg for k elements with

_ Wy k T wh k T
Motar = weIly +wpIly, = I'ngjzluj ks,/uj + I_ngjlej kh,jTj 2)
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the influence of the thermal compliance and elastostatic compliance using the dis-
placements u; and temperatures T; of one element j can be weighted by wy and wy,
independently. The weighted contributions can now be assembled to the multi-objec-
tive element stiffness matrix for a 2D-beam k, by

[ wn AL _wn Al
b 2a 0 0 0 il 2a 0 0 0
BAE 00 0 gm0 0
U w 3EL w 3L 0 _w3EL w, 3EL
Y 243 1Y 242 Y 23 19 242
wy 2EI; 0  —ws 3EL  w El
no a o 2¢2 1O a
Wiy Al
nl 2a 0 0 0
Wws AE
0 Za 0 0
wy 3Bl wy 3EL
sym. Y 243 9 242
wy 2EL
nY a

where A is the cross-sectional area, / is the conductivity, E is the modulus of elastic-
ity, a is the half-length of the element, and I, is the second moment of area corre-
sponding to z. The vector of degrees of freedom can be composed by embedding the
temperature 7 and the deformations [u,v,¢,] of the first and second nodes of a
2D-beam to

x = [T1,u1,vi,¢.1.To,u2,v2, 22, | 3)

which gives the expression for the weighted sum with

. k
min (M = 37 el @

The matrix k, can now be applied to the topology optimization using isotropic mate-
rial with penalization (SIMP) [21] with the penalty exponent p as

kx,j = P][-’kx,o- (5)

where ko describes the element stiffness matrix with full conductivity and elasticity
modulus, p; the normalized density of element j and k. ; the scaled element stiffness
matrix referred to element j. This approach is applied to the topology optimization
of single objectives, with the corresponding weighting factors wy,;,, = 0.01 close to
zero in the following section. To demonstrate the universal concept of the multi-ob-
jective element stiffness matrix ky, topology optimization is also performed using the
so-called bidirectional evolutionary structural optimization (BESO) and different ini-
tial structures for the wireframe mesh.

4 Single Objective Topology Optimization

Especially for topology optimization, a 0—1 density field is desirable when using a
normalized density [3, 22]. Otherwise, an interpretation of the greyscale results
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(uncertain material distribution) is required. To measure this uncertainty, the binary
cross-entropy

-
me =2, (pilogy(e) + (1 = pology(1 = p0) (©)

can be used as a criterion in topology optimization [12], where n is the number of
design variables and a is the base of the logarithm, often chosen as two. Such a meas-
ure is zero when a unique O-ldensity field emerges and to a high value when the
density is continuously distributed. For the mesh to start with, a rectangular grid is
chosen. Based on that initial design structure, 1D elements can be removed or added
during the optimization. By selecting a volume ratio with 30%, only that ratio can
be filled with material, measured by the summation of the density times the element
length. Figure 2 shows the optimization of a load case minimizing the elastostatic
compliance. First, the initial structure and the boundary and load conditions are vis-
ualized under a). Then the topology optimization is performed, whose relative objec-
tive function value and entropy decrease initially and converge after several iterations
in b). The volume ratio is almost constant during the optimization. The final solution
now consists of elements with variable material distribution in c) hiding elements with
density close to zero.

a) Initial Structure 106 b) Convergence Plots c) Optimization Result
’ [ls.i
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Fig. 2. Topology optimization minimizing elastostatic compliance using SIMP with wj, =0
: a) Initial structure and applied load case. b) Convergence plots for the relative objective
;i / T max relative entropy mici/memax and volumetric ratio €2;/o. ¢) Result using a volume
ratio of 0.3

The case in Fig. 2 shows, that this optimization leads to a density of zero or one
for most elements, so that the uncertainty in terms of entropy is small. Due to the lim-
ited topology of the initial structure, the elements can only be applied in x- or y-direc-
tion, making it difficult to support the load in the given load case.

As an alternative, evolutionary structure optimization (ESO) [23] or its improved
algorithm, bidirectional evolutionary structure optimization (BESO), can be used,
which continuously removes inefficient material by reducing the allowable volume
ratio. Such optimization can also be used for various optimization tasks, such as
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considering multi-objective or multi-load-case [22]. The initial structure can also be
modified to add 45° beams. Figure 3 shows the results of applying the BESO imple-
mentation described in [22] to minimize the thermal compliance with the new initial
structure a) the corresponding convergence plot b) and the optimization result c).
In contrast to the solution in Fig. 2 with SIMP, the value of the thermal compliance
increases (yellow line). In the first iteration, the lowest objective function value is
reached due to the material ratio of one in the entire model, which steadily increases
due to the removal of the material. The material is linearly removed until the 37th
iteration and then kept constant. In the last segment with a constant volume ratio, the
objective value first decreases and then converges. The abrupt change in the assign-
ment of the material can create separated domains. Since the density values in BESO
can only assume zero and one, regions with slightly different sensitivities are defined,
one with full thermal conductivity and the other with minimum thermal conductivity.
So these slightly different sensitivities can lead to the gap shown in Fig. 3.

a) Initial Structure b) Convergence Plots c) Optimization Result
1.04
/ Gap
Fixed Temperature 0.8
K NN 0.61 M
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" Q
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Value of Iteration i Volume of iteration i
Mgyt Maximum Entropy [l pay: Maximum Ojective Q,: Full Volume
of all Iterations of all Iterations

Fig. 3. BESO strategy for the optimization of thermal compliance ws = 0. a) The initial
structure with a unit cell consisting a center point. b) The convergence plots of the thermal
compliance (objective), the entropy and the volume ratio. ¢) The optimization result with a gap
in the structure

The minimization of thermal compliance can lead to heat exchanger designs that
transfer heat from the fixed temperature to the environment as uniformly as possible
(minimization of the mean temperature). This can lead to a fan-like grid structure that
distributes the temperature as evenly as possible in the domain.

In general, BESO leads to a binary decision after each iteration, but to achieve
better convergence, an averaging of the density of the current iteration and the previ-
ous iteration is performed in [22]. This density is then used to scale the material prop-
erties such as thermal conductivity or elasticity. The density is then converted back to
a binary density field. The entropy plot in Fig. 3 shows the entropy of the averaged
densities. Since there is no more averaging in the last step, the entropy drops to 0.
BESO or ESO, unlike SIMP, lead to a 0-1 design (densities), which is often desir-
able. SIMP leads to a uniform decrease in the objective function over the iterations
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compared to BESO. Therefore, both strategies are often used in topology optimization
[22]. Similar results can now be obtained by using nonzero weighting factors for both
objectives.

5 Multi-Objective Topology Optimization of Frame
Structures

The same element stiffness matrix can now be applied to the above-mentioned ther-
mal case and elastostatic case by changing the weighting factors. Figure 1 shows
the variation of the weighting factors using a unit cell with center node and SIMP.
Visually, the influence of elastostatic compliance steadily decreases with decreasing
weighting factor w, while the impact of thermal compliance w, = 1- w_ increases.

The same concept can now be applied to a 3D load case. Figure 4 shows a) the
selected 3D mesh (cubic-space-centered unit cell) and the boundary (blue, green), and
load conditions (red). In particular, the constant volumetric heat source is applied to
each element. Figure 4 b) shows the convergence graphs for the relative entropy, vol-
ume ratio and two objective functions for each iteration i.

a) 3D Use-Case and Result b) Convergence Plots and 2D View
1.0+4
X KOIOXQI";‘
084 0202020205
' vy XX XXX
0.6 4+ L 3

0.4

Applied Loads 0.0 4 t t

Fixed Temperature Fixed Displacements Mei s &
Fixed Displacement Minax s max 2y

Fig. 4. Multi-objective optimization of a 3D frame structure using weighted sum using equal
weight factors wy = wj, = 0.5: a) 3D mesh and load case and optimized result using SIMP. b)
Convergence plots of the thermal compliance, elasto static compliance, entropy and volume
ratio

The visual result shows a holistic design, which is also reflected in the conver-
gence of the graphs. Both objective function values decrease steadily and converge
at the end. The entropy in the example is very high compared to Fig. 2, which is
reflected by many grey elements, especially in the 2D view.

The presented multi-objective element stiffness matrix can solve coupled heat
conduction problems and elastostatic problems. This concept can be extended in con-
vection or fluid mechanics in future work. Similarly, the presented method can now
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be used for real-world applications, such as passive cooling of a CPU and considering
contact pressure. Another application would be the simultaneous passive cooling of a
battery in a vehicle, taking into account the mechanical loads. The wireframe should
be designed to simultaneously cool and sustain mechanical loads.

The main drawback of the presented multi-objective optimization is the simplicity
of the physical model. Only linear elasticity and the heat conduction equation are cho-
sen. If nonlinear material behavior and more complex tasks such as turbulent flow are
considered, finding normalization values can be challenging. Similarly, it is then ques-
tionable whether the weighted sum leads to a Pareto front [9]. In addition, convection
using a constant volumetric heat source is greatly simplified.

6 Summary

This article presents a multi-objective topology optimization for lattice-type structures
using the weighted sum method. An element stiffness matrix is proposed in which
heat transfer and elastostatic functionality is embedded and the corresponding weight-
ing factors are included. This element stiffness matrix was first applied to single-fac-
tor topology optimization for thermal and elastostatic compliance for 2D wireframes
and applied for a multi-objective case of a 3D wireframe.

Minimizing the mean thermal compliance leads to a heat sink design while mini-
mizing the mean elastostatic compliance shows a typical frame structure design such
as cranes or bridges. The weight factors for the multi-objective 3D (see Fig. 2) and
2D (see Fig. 1) optimization were chosen to consider both objective functions. The
resulting geometry withstands the mechanical loads (mean elastostatic compliance)
while satisfying the properties of a heat sink (mean thermal compliance). A significant
drawback is that these results are uncertain if solid isotropic material with penaliza-
tion is considered. By using BESO such uncertainty can be avoided, which does not
lead to a smoothly decreasing objective function.

By defining a coupled element stiffness matrix, existing software solutions can
be used directly by only considering that a new element has to be implemented. This
approach reduces the implementation effort in contrast to a multi-objective optimiza-
tion shown in [11].

These optimized wireframes can now be further investigated using an experimen-
tal setup. Moreover, this approach can be extended in further articles by embedding
objectives such as fluid flow similar to [12] or by using non-uniform unit cells similar
to [17].
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Abstract. The shape reconstruction of volumetric images can require clas-
sifying cross-sections such as circles or rectangles. Depending on the type
of cross-section, shape parameters such as radius, width, or height must be
regressed. This article addresses cross-section classification by convolutional
neural networks (CNN), with further regression of the shape parameter using
the moments of area. This fully recognizes the cross-section type and the corre-
sponding geometric shape parameter for 2D binary images.

Keywords: Reverse Engineering - Artificial Intelligence - Cross-Sections -
Neural Networks

1 Introduction

Applications for a medical purpose [1, 2] or structural optimization [3, 4] often require
the parametrization of surfaces. Such parametrization can be covered using primitive
surface types [5, 6], freeform surfaces [7, 8] or its combination. In reverse engineering
of 3D images resulting from computer tomography (CT) scans [1] or topology optimi-
zation [9, 10], polygon meshes [7] or point clouds [11] might be given.

Such geometric representations can be segmented into patches [5, 6], or parts
[12, 13], which are used to find explicit or implicit shape descriptions. One common
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segmentation algorithm followed by surface parametrization can be covered using
curve [14] or surface skeletons [15]. Particularly for frame-like structures, curve
skeletons can lead to beamlines [14, 16]. These curve skeletons serve as a shape
descriptor for frame-like organic geometries [17], which can be applied for deformed
Finite-Element(FE)-meshes represented in [7], point cloud reconstruction [11], the
determination of center lines in CT-Data to reconstruct blood vessels [1], vascular
skeletons [2], topology optimization results [3, 4] or fast concept design [16]. While
such structures are dedicated to a circular and elliptical cross-sections, non-circular
shapes can also be processed. Figure 1 shows a) a car's side panel represented as a 3D
image consisting of voxels. This must be converted into its parametric representation
to be further processed, e.g. by specifying position and shape tolerances. By slicing
the geometry along the beamlines and then estimating the shape parameters, sections
shown in b) are generated. These sections represent 2D images for which c) paramet-
ric representations need to be estimated.

a) 3D Image b) Cross-Section Cuts c) Parametric Z-Profile
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Fig. 1. Motivation for reconstructing a side panel of a car. a) 3D image resulting from a
computed tomography scan or rasterization of a polygon mesh. b) Cross-section along the
frame segments. ¢) The parametric representation of a Z-profile in its shape parameters

For automation, the type of cross-section must first be identified. Then, the shape
parameters can be estimated. This article presents a hierarchical approach to auto-
matically classify and regress such shape parameters from 2D images. The classifica-
tion is solved by using convolutional neural networks and the regression is solved by
multi-objective optimization by considering moments of area. The following chapter
covers the state of the art of reconstruction in topology optimization and image classi-
fication for binary cross-sections.

2 State of the Art

In most reconstruction procedures that use skeletonization, the skeleton serves as a
guide for the cross-sections or segmentations. Once a beamline is recognized, the
corresponding cross-section can be determined. One standard approach is to define
spherical or elliptical cross-sections manually, particularly for topology optimiza-
tion results [18]. More convenient is the automatic determination of the cross-sec-
tion parameters [3, 4, 19, 20], in which, for example, the radius is estimated via the
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distance of the beamline to the surface [3, 20]. Similar to cross-sections defined by
geometrical primitives, B-spline cross-sections can be considered manually to cover
the shape of the result from topology optimization [21]. Alternatively, it is possible
to determine the parameters of such a freeform curve by geometric approximation
[14, 16] or by considering a fit of the contour to a cross-section [22]. It is common
to assume a circular cross-section due to the organic shape of topology optimization
results. To be able to consider arbitrary cross-sections, this work first classifies the
individual cross-section types in such a way that, in addition to circular cross-sections,
common shapes such as the Z-section in Fig. 1 can also be considered.

The method from the previous work in [22] is used in the following for the classi-
fication of the cross-sections. By using a neural network the cross-section types of 2D
images are automatically determined. To reduce the data variation, some feature engi-
neering steps were used. These take advantage of the property that the cross-section
type does not change due to scaling, shifting and rotation. Some of these invariants
can be incorporated into the data set in a way that, for example, two different-sized
squares can be reduced to one data sample. Particularly, to achieve rotational invar-
iance, all cross-sections are rotated in the principal axes, resulting in four possible
rotations (on the coordinate axes) that have the same principal axes. The individual
transformed images are then color-coded based on the Euclidean distance of each
pixel from the boundary edges. Figure 2 shows an example of such a Z-profile a)
rotated in the principal axes, to which b) the distance field is applied. This distance
field can also be calculated for the background by inverting the binary image. Finally,
the c) distance field of the background is subtracted from the foreground, d) resulting
in a final color coding of the entire image space. Based on this color coding, the indi-
vidual cross-sections can now be classified.

a) Binary Cross-Section b) Foreground with c) Background with d) Assembly of

in Principal Axes Distance Field Distance Field Distance Fields

Fig. 2. Feature engineering of a Z cross-section applied according to [23]: a) The binary image
is rotated into its principal axes. b) The distance of each pixel to its boundary is calculated for
the foreground. c) The distance is also calculated for the background (inverted image). d) Result
generated by subtracting the distance field of the foreground from the background

This work performs a regression based on the classification from [22], resulting in
a hierarchical architecture. A given image is transformed according to the abovemen-
tioned methods and then classified. After the class is known, the corresponding shape
parameters are estimated. The following section describes the methods chosen for this
hierarchical classification followed by regression.
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3 Hierarchical Classification and Regression of Cross-
Sections

The synthetic dataset is created the same way as described in [23], but in contrast, the
required data is halved by adding another transformation step. The data set is gen-
erated by creating individual polygons from randomly selected shape parameters.
Initially, a polygon is created, e.g., the outer edges of a Z-profile, which is then con-
verted into a binary pixel image by rasterization. This pixel image is now rotated into
the principal axes using the transformations described above, scaled into a bounding
box, and moved to the lower-left corner of the bounding box. These image transfor-
mations are not lossless because the rotated, shifted or scaled image no longer fits
the original grid. In this work, bilinear resampling is used for this purpose, where the
original binary image is interpolated into the newly transformed raster. The interpo-
lation results lead to grey scaled areas, which can be converted into a binary image
considering a greyscale limit (in this work 50%). All grey values above that limit are
considered black, while all values below are considered white. Finally, the distance
transformation is applied to the binary image, resulting in color coding as described
above. In contrast to [23], the coordinates of the image are swapped based on the
respective moments of area. First, it is checked whether the greater principal axis
moment of the image If’ > If corresponds to the moment of area If of the image. If
this is not the case, the coordinate axes of the images are swapped. In this way, it can
be ensured that e.g. the longer side of a rectangle is aligned along the y-axis. Since the
mirroring of a cross-section about a coordinate axis does not change the moments of
area, four possible orientations with the same moments of area result. Altogether, for
the data argumentation the data set is only quadrupled, in which a data sample is mir-
rored about the coordinate axis y, z, y followed by z.

Each of these transformation steps is then stored in a database. Since the regressed
parameters are calculated for the transformation invariant images, they must also be
rotated, scaled and returned to their original position. Likewise, the axes of the pre-
viously changed images must be swapped back. These images are applied to the
convolutional neural network that classifies several different types of cross-sections.
Figure 3 illustrates a) the architecture for classification presented in [23], b) the
moments of area computation of a binary image presented in [23], and furthermore c)
the hierarchical architecture for the regression task presented in this work.
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Fig. 3. Hierarchical classification and shape parameter regression of the cross-sections. a)
Architecture of classification using four rotated representations of the distance fields. b)
Moment of area calculation of a binary image for parametric cross-section regression. c)
Hierarchical architecture using cross-section type classification followed by tailored regression

Based on the result of the classification, a regression dependent on the cross-sec-
tion type can be performed. In this work, the regression of the shape parameter can be
covered by comparing the principal moments of area of the image I7, Ié’ with the prin-
cipal moments of area of the parametric representation [j, I. Furthermore, the
cross-sectional areas of the image A” and the parametric description A must match,
which leads overall to a multi-objective optimization task by

min |1, 1 | A—aF|). ()

12—15);

The shape parameters x; are constrained between non-negative and the maximum pos-
sible diagonal length of the image in the bounding box l;,4 to x; € [0, L;4x] by

Lo \2by, for by > b, 5
max =\ \/2b, for b, > by’ 2)

where by describes the length of the bounding box along the y-axis and b, describes
the length of the bounding box along the z-axis. Instead of comparing the moments of
area directly with each other, a reasonable normalization of the individual terms can
be used to achieve a uniform ratio [24]. Likewise, instead of the sepearted objectives
in (1), a smooth differentiable function over the error squares should be used to be
able to find gradients for the optimization. From this, the formulation of the multi-ob-
jective optimization problem for the shape parameter x; with the respective constraint
can be derived as

2
. A(xg, ... xp) 2 2 Ii(xg,...,%,)
min (A—P — 1> + lel (T — 1) 3)

bnax > xi > 0,
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where n describes the number of possible shape parameters in the corresponding
cross-section. Thus, if the moments of area in the image are similar to those of the
parametric representation, the sum of the terms in (3) is minimized. The weighted
sum with equal weights in (3) is considered to define a global objective.

If the shape parameters x; are approximated according the solution of Eq. (3), the
individual cross-sections can be reconstructed. As described above, the moments of
area and thus the value of the objective function in (3) do not change when the shape
parameters are mirrored along the axes. This results in four possible mirrored orienta-
tions for the reconstructed solution with the same shape parameters x;. This alignment
can now be determined by comparing the binary cross-section with the cross-sections
reconstructed from the shape parameters. First, a cross-section is realized as a poly-
gon and then converted into a binary image by rasterization. Second, the rasterized
image is moved to the center of area of the original image. Third, this image is mir-
rored at the coordinate axes a) y, b) z ¢) y followed by z. These four images I; in
matrix representation of size mxn are now compared with the original image Ip in the
matrix representation of size mxn by calculating the difference € by summing up the
individual pixels (black =1, white =0) using

€= Zy:()zz:ous(ys Z) - IP(y, Z)| (4)

This results in four individual metrics € for the four orientations leading to the final
orientation with the smallest difference. Finally, the shape parameters are shifted,
scaled and rotated back to the original position. If the axes have been swapped, they
will be changed back. In the following section, the chosen regression approach is dis-
cussed through a case study.

4 Case Study on Classification and Regression

Initially, the synthetic dataset is trained for classification using the architecture of
[23]. Since a different number M of cross-section types is used, the categorical cross
entropy is for the sample i of n data samples considered as a loss function (as metric
of accuracy) applying

M
L= _ijlzj'zlyi’jlog(yi‘i)’ (5)

where y; ; describes the predicted probability for class j and ;; the target probability
value for class j [23]. For the encoding of the class vector a one-hot encoding is used,
so that in a vector y; of length M the value 1 is assigned to the associated class and the
value zero to the remaining entries. The neural network now tries to predict y; by esti-
mating the class probabilities for y; to minimize (5). Since four mirrored alternatives
are possible for a single image, the individual probabilities are added and averaged.
This results in an average probability from which the final class is derived. Overall,
the ratio between correctly classified samples and all samples is 94%. Figure 4 shows
a) the progression of accuracy over each training epoch, b) an example of averaging
the four variables, and c) the composition of the vector for each category i.
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a) Accuracy of the Classification b) Cross-Section Classification
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Fig. 4. Classification of cross-section type using categorical cross-entropy. a) Loss values
during training. b) Averaging of the four probabilities into a general probability vector. c)
Sampling of the probability vector considering the different cross-section classes

The full data set is separated into 80% training data and 20% test data. The accuracy
of the training data set and the test data set converges towards 94%, while the accuracy
of the test data set is usually lower than that of the training data set. This classification
can now be tested on different examples. Figure 5 shows the classification result of var-
ious binary images, with the highest probabilities above 25% listed below the example.

ﬁﬁ-!"-l-ﬂ

04 yz = 0.795 y, = 0.706 y, = 0.291 y, = 0.763
YRec = 0.986 yBSpI = 0.605 yESPI = 0.524 Yz = 0.821 Yu =
vy, = 0.280 YRrec = W=

Fig. 5. Results of classification with a probability in y; above 0.25, where yyj represents the
probability of the corresponding cross-section type such as rectangle “Rec”, B-spline “BSpl” or
U-, L- Z-sections “U”, “L”, “Z” for sample i

The classification of the proposed samples is even for humans challenging due
to the unclear shape. The first example shows a shape that could be classified as a
“U”», “Z” or “L” section. The neural network predicts a “U” or “Z” profile as possible
configurations. Nevertheless, the classification usually results in a number of possible
alternatives offered to the user.

Based on this classification, a regression of the shape parameters can now be per-
formed by solving the optimization task (33), which requires a comparison with the
original image considering Eq. (4). Figure 6 shows the result of such a regression, the
four possible orientations and the value of the metric of similarity (4) derived from the
regressed shape parameters of the four representations.
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Fig. 6. Results of the regression and selection of the correct rotation. The third option leads to
the smallest metric of similarity and thus defines the orientation to be selected

This regression can now be applied for different cross-sections and compared
to the moments of area of the image. Figure 7 shows the result of such a classifica-
tion and regression for an L-section and a Z-section. The shape parameter for these
cross-sections appears appropriate compared to the image's visual appearance.

a) Classification and Regression (L-Profile) b) Classification and Regression (Z-Profile)

17 =367 | I, =367 1f = 1706 | I, = 1708
t=27,b=24,h=99 ; t=30,b=53 | 1
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Fig. 7. Results of classification and regression and comparison of moments of area of
the image cross-section and the regressed parameterized cross-section: a) regression and
classification of an L-section (y; = 0.531), b) regression and classification of a Z-section
(yz = 0.795)

Comparing the cross-section properties of the images and the parametric rep-
resentations shows only minor differences. This approach leads to a reasonable regres-
sion when the mechanical properties are considered. The proposed strategy is limited
to the expression in (3) that must be minimized. If there are more than three param-
eters to regress, the system is underdetermined. In future works, the regression can
be improved by also considering the image contours, resulting in a regression that
considers mechanical properties and shape properties in combination. In addition, the
data set for the classification task can be enriched by such cross-sections that come
from industrial data samples instead of using only synthetic samples. Furthermore, the
results can now be used for the automatic reconstruction of 3D geometries.
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5 Summary

Parametrization of frame-like objects from polygon meshes or 3D images is a chal-
lenge in reverse engineering that requires recognition of the beamline and cross-sec-
tions. This article deals with the recognition of cross-section types and their shape
parameter sets, which can be obtained by slicing a 3D image along an existing beam-
line. This involves successive classification of cross-section types via a neuronal net-
work, followed by a regression of shape parameters by optimization of the objective
function. Finally, the type of cross-section and its shape parameters can be derived
from 2D images.

A significant focus of the work presented here is to exploit the properties of trans-
formation invariant quantities of a cross-section similar to [23]. For example, the area
of a triangle does not change with rotation or translation, so this quantity is consid-
ered invariant to rotation and translation. This property makes it possible to keep the
dataset for training as small as possible since such a translation no longer needs to be
learned. In this work, the data set could be halved by exploiting another invariance in
contrast to [23].

In addition to the classification, the individual shape parameters must also be
determined from the images. By defining an optimization task tailored to the respec-
tive class, the individual shape parameters were estimated taking into account the
properties of the cross-section. The difference between the principal moments of area
and the cross-sectional area of the image and the parametric description has to be
minimized. However, the mere correspondence of their moments of area is not suf-
ficient to identify the spatial orientation of the calculated shape parameters. In this
work, an additional similarity comparison of the possible shape parameters with the
original image is performed. All in all, this now leads to an automated classification of
cross-section types and regression of the form parameters.
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Abstract. Topology optimization can be used to generate a large set
of lightweight structural solutions either by changing the constraints or
the weights for different objectives in multi-objective optimization. Engi-
neers must analyze and review the designs to select solutions according
to their preference towards objectives such as structural compliance and
crash performance. However, the sheer number of solutions challenge the
engineers’ decision-making process. An automated way of summarizing
solutions is to cluster groups of similar designs based on a suitable metric.
For example, with the Euclidean metric in the objective vector, design
groups with similar performance can be identified and only the repre-
sentative designs from the different clusters may be analyzed. Since the
deformation behavior of a structure is an important design feature, in
this work, we investigate the use of manifold learning algorithms to iden-
tify and group similar designs using the nodal displacement data. The
proposed approach can process the volumetric deformation of geometries
with completely different topologies. In this study, we couple the man-
ifold learning techniques, t-distributed Stochastic Neighbor Embedding
(t-SNE) and Uniform Manifold Approximation and Projection (UMAP),
with the clustering algorithms, k-means and Ordering Points To Identify
the Clustering Structure (OPTICS), to identify the representative defor-
mation modes. Using Gaussian Random Fields (GRF') to create artificial
displacement fields, we generate a labeled dataset with different modes,
which enabled us to evaluate our method using classification accuracy,
precision, recall, and F1l-score. Finally, using our approach, we success-
fully distinguished between similar and non-similar designs in the results
from topology optimization.

Keywords: Deformation behavior - Topology optimization + Manifold
learning - Gaussian random field - Classification metrics
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1 Introduction

Topology Optimization (TO) [1] is a mathematical method that optimizes mate-
rial layout within a given design space for a given set of loads, boundary condi-
tions, and constraints, with the goal of maximizing the performance of a struc-
ture. Thanks to the progress in the manufacturing technologies, like 3D-printing,
as well as the latest research developments in the TO field, these methods are
increasingly used across different disciplines, including civil engineering [2] and
vehicle crashworthiness [3-9]. When conflicting objectives such as crash energy
absorption and structural compliance are used, a multi-objective TO approach
creates a Pareto front of optima, from which engineers need to select solutions
using additional criteria such as appearance [10].

A large set of solutions might impede the engineers’ decision-making pro-
cess. To mitigate this problem, Hagg et al. [11] cluster similar solutions and
obtain a representative solution from each group. They use machine learning
methods, such as Principal Component Analysis (PCA) [12], autoencoder [13],
t-distributed Stochastic Neighbor Embedding (t-SNE) [14], kernel-PCA [15], and
Isomap [16] to map the set of solutions to a similarity space and cluster simi-
lar solutions into different classes. Similarly, Dommaraju et al. [10] use PCA to
develop a metric for geometrical differences and identify prototypical designs in
the Pareto front. In a separate research paper [17], they use an autoencoder, a
non-linear dimensionality reduction method, to identify geometrical prototypes.

Since the deformation behavior of a structure is important, we investigate
methods to cluster based on deformation modes. Garcke et al. [18] and Sible et al.
[19] demonstrate the use of non-linear dimensionality reduction methods on the
displacement fields of a set of structures to find designs with similar deformation
modes, including complex deformations from crash simulations. However, their
approaches might not be suitable for TO designs since they assume isometric
deformation. Furthermore, we want to analyze TO designs with very different
topologies. Another interesting approach, proposed by Diez et al. [20], combines
decision tree and rule mining to identify different deformation behaviors in crash
simulation results but it requires labeled datasets.

In this study, we propose the use of manifold learning methods, t-SNE
and Uniform Manifold Approximation and Projection (UMAP) [21], to per-
form dimensionality reduction on the nodal displacement data. The resultant
data can then be processed by clustering algorithms such as k-means [22] and
OPTICS (Ordering Points To Identify the Clustering Structure) [23] to identify
structures with similar deformation behavior. Dimensionality reduction methods
require that the nodal displacement data is consistent across the structures. So,
we retain the elements that are allotted very small densities by the TO method.

To evaluate the performance of the proposed methods, we use two types of
datasets. The first dataset is created by applying artificial displacement fields
on cube-shaped structures to obtain different deformation modes. We can then
investigate if our proposed approach correctly identifies the different modes. The
second dataset contains TO results. While the first labeled dataset allows us to
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evaluate our approach using classification metrics, the second dataset allows only
visual evaluation.

This paper is structured as follows. In Sect. 2, we briefly discuss the proposed
workflow of our method. In Sect. 3, we discuss the two types of datasets and how
to generate them while the results and conclusions are presented in Sects. 4 and
5, respectively.

2 Method

Fig. 1 shows the proposed workflow to find the deformation modes where N is the
number of structures in the set, M is the dimension of the nodal displacement
field, and P is the number of dimensions in the similarity space produced by the
manifold learning algorithm.

) v =

Dataset Displacement Reduced Clustering
data Data

Fig. 1. General workflow to obtain design clusters. Displacement data are preprocessed
into a matrix of size N x M, then a manifold learning algorithm reduces the size of
the matrix to N x P. Finally, a clustering algorithm tries to find clusters and obtain
representative designs from each cluster

Instead of removing the low-density elements, data of all the nodes in the cube
is used as input for the dimensionality reduction method to ensure consistency
of data across all designs. Therefore, with our approach, we can compare the
deformation behavior of topologically different structures, as shown in Sect. 4.

To reduce the dimensionality of the nodal displacement field, we use the
manifold learning methods, UMAP, and t-SNE, which non-linearly reduce the
data. We consider two different clustering algorithms: k-means [22], a popular
inexpensive clustering algorithm, and OPTICS [23], a density-based clustering
algorithm. Silhouette method [24] is used to set the appropriate number of clus-
ters for k-means algorithm.

3 Dataset Generation

In this section, we discuss the datasets used to test our approach, namely the
artificial and topology optimization datasets. The initial finite element mesh that
we use for both types of dataset is shown in Fig. 2.
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3.1 Labeled Test Dataset

3.1.1 Gaussian Random Field

To generate a labeled test dataset of deformed structures, we apply displacement
fields generated by Gaussian Random Field (GRF) [25] on cube-shaped struc-
tures. GRF determines the displacement field using the mean and the covariance
function. Given the displacements of specified nodes, the mean function deter-
mines the most probable positions of the unspecified nodes while the covariance
function incorporates the uncertainty associated with the field. Using GRF,
we can easily specify the deformation mode and generate the corresponding
deformed structures much more quickly compared to finite element simulations.

Fig. 2. Finite element model in a cube domain, each side is 1 m in length, with 15,625
elements. The material properties are mass density = 7.83 1072 ton mm ™%, Young’s
modulus = 207 GPa, and Poisson’s ratio = 0.33

3.1.2 Dataset Generation

To generate the displacement fields seen in mechanical structures, we compose
the displacement field using the main field and the noise field. We also add
randomness to the selected node positions, displacement magnitudes, and dis-
placement directions to increase the variation across designs and to challenge
our approach.

To apply the main field on an undeformed cube structure, we randomly
select one or more nodes on the surface of the cube. A few examples are shown
in the top row of Fig.3. The selected two nodes act as specified nodes while
the remaining nodes act as unspecified nodes. After that, we can calculate the
mean displacement of the structures using the mean of GRF. The resulting set
of structures are shown in the bottom row of Fig. 3.
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To generate a noise field, it is possible to use the covariance matrix of a
GRF. However, due to the large number of nodes in our cube structure, it is
too expensive to create the covariance matrix. Therefore, we use a different
approach to create the noise field. We randomly select 100 nodes on the cubic
surface, which are then assigned displacement vectors with random magnitudes
and directions. To deform the structure, we can compute the mean node positions
using GRF. The resulting cube structure with noise field is shown in Fig.4. By
adding different noise fields to the main field, multiple deformations of a single
mode can be obtained. The resulting structures are shown in Fig. 5.

I EEEEENE

Fig. 3. Examples of our labeled test dataset. We apply displacement vectors on two
opposing faces of the cube

(a) Select random nodes (b) Deformed cube model
on the surface

Fig. 4. Deforming model with noise field
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Fig. 5. Models deformed using different noise levels

To make the separation of the deformation modes more challenging, the
amount of noise level for each mode can be varied. Noise level is defined as the
ratio between the maximum displacement of the noise field and the maximum
displacement of the main field. Deformed models with different noise levels are
shown in Fig.5 where the maximum displacement of the main field is 0.2m.
For visualization purpose, the displacement is scaled up by a factor of two. For
higher noise levels, the deformations become less realistic. So a noise level of
50% is chosen.

In total, there are 5 sets of node selections. Each set of node selections pro-
duces 6 different deformation modes, with 20 structures for each mode. There-
fore, we have 600 structures in this dataset with 30 deformation modes.

3.2 Topology Optimization Design Dataset

The dataset of TO designs used in this paper are the results of Solid Isotropic
Material with Penalization (SIMP) TO using the optimality criteria (OC)
method [1]. We use the following parameters in SIMP: move limit is 0.1, fil-
ter radius is 0.1, volume fraction is 0.3, and penalization factor is 3. For each
optimization, one of the faces is fixed and the cubic structure is optimized for two
arbitrarily applied loads. In total, there are 100 topologically different structures
in this dataset. Several structures in the TO design set can be seen in Figs.9
and 10.

4 Results and Analysis

4.1 Results on Labeled Test Dataset

In this subsection, we show the results of applying our approach on the labeled
test dataset with a noise level of 50%. In Fig. 6, we show the plots of using UMAP
with k-means (Fig.6) and OPTICS (Fig.6). The x and y axes are the reduced
dimensions, created by the UMAP algorithm. The clusters, i.e., the deformation
modes, obtained by the clustering algorithms, are represented in different colors
and are assigned different numbers, as pointed at by the arrows. As seen in Fig. 6,
both k-means and OPTICS could easily cluster the structures in our dataset,
although k-means does not perform well when the clusters are located very close
to each other.
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We investigate the clustering accuracy obtained using UMAP to other dimen-
sionality reduction methods: PCA, k-PCA, and t-SNE. For reference, results with
no dimensionality reduction are also used. With k-means clustering, there is no
noticeable difference in classification accuracy (0.6) between the reduction meth-
ods for this dataset. However, with OPTICS as the clustering method, UMAP
outperforms other methods (Fig. 7).
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(a) Clusters labeled by k-means (b) Clusters labeled by OPTICS

Fig. 6. Identified clusters in the artificial dataset using UMAP. In both the plots, each
design is shown as a point whose x- and y-coordinates are the corresponding UMAP
components, while each cluster of points is annotated and shown with a distinct color
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Recall
" e
§(a
[=]
Q
" Vxel PCA k-PCA t-SNE UMAP

Fig. 7. Comparison of different dimensionality reduction methods based on precision,
recall, accuracy, and F1-score. OPTICS is used for clustering designs

4.2 Results on to Design Dataset

In this subsection, we apply UMAP with k-means clustering on the TO design
dataset. Using the silhouette method, we select 18 as the proper number of
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clusters. To show that our proposed cluster designs with similar deformation
behavior, we visualize four structures from two clusters numbered 11 and 2

(Fig. 8).
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Fig. 8. TO designs mapped to 2-D using UMAP components

Figure 9 shows four structures in cluster 11 which have similar circular defor-
mation pattern in the middle, despite having different underlying topologies.
Figure 10 shows another example cluster. Here, the structures have pronounced
deformation in the fore-most corner.

(a) Design 74 (b) Design 27

(e) Design 74 (f) Design 27 (g) Design 82 (h) Design 89

Fig. 9. Different designs from class 11
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(a) Design 36

(e) Design 36 (f) Design 43 (g) Design 95 (h) Design 97

Fig. 10. Different designs from class 1

5 Conclusion and Future Work

In this paper, we address the problem of clustering a large set of topologically dif-
ferent TO designs, based on the deformation behavior. We use manifold learning
methods to perform dimensionality reduction and then use clustering algorithms
to cluster designs with similar deformation behaviors. For a consistent node-to-
node comparison, we retain the low-density elements of the TO designs. The
main methods that we use for our work are t-SNE and UMAP for dimensional-
ity reduction, and k-means and OPTICS to perform clustering.

To test our approach, we generated two datasets: a labeled dataset generated
with GRF and a TO design dataset. With our approach, we successfully identified
structures with similar deformation behavior on both datasets.

Future work may explore the applicability of our approach using different
mechanical features, methods, or datasets. Interesting mechanical features to
explore are stress, strain, geometries, and displacement as time series. We might
also explore other methods which could potentially separate different deforma-
tion behavior better than manifold learning methods, such as tree-based algo-
rithms or neural-networks. If available, we could test our approach on larger
datasets with more diverse TO designs to further test its performance.
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Abstract. Additive manufacturing is taking on an essential role in lightweight
design engineering. To realize significant weight reductions and manufacturing
time savings, additively manufactured components often consist of a shell and
an inner infill structure. By now, infill structures are mainly simple geometrical
patterns without any link to the load cases of the components.

In this article, we investigate the possibility of using topology optimization
for more dedicated infill structures. Therefore, we present a workflow to cre-
ate the topology-optimized shape of a unit cell, patterned and extruded as an
infill structure. The workflow is used to optimize various three-point bending
specimens, which are manufactured by fused filament fabrication. The speci-
mens are compared in experiments and finite element simulations utilizing a
lightweight number. Though open challenges exist in further automation and
consideration of other load cases, shape orientation and additive manufacturing
processes, this contribution represents a basic approach to employing topology
optimization to optimize infill structures.

Keywords: Additive Manufacturing - Finite Element Analysis - Infill
Structures - Sandwich Components - Topology Optimization

1 Infill Structures in Additive Manufacturing

In subtractive manufacturing, lightweight applications cause higher production costs
since more material has to be removed, corresponding to more machining operations.
Also, it is often hardly possible to realize the complexity of topology optimized parts
for lightweight applications with conventional manufacturing processes. Adversely,
in additive manufacturing (AM), lightweight applications are especially desired. The
freedom of design in AM widens the possibilities for adding geometrical complexity
at no extra costs [1, 2].
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Furthermore, since machine operations in AM are adding material, the less
material is needed for the part, the faster and cheaper the manufacturing process is.
Hence, lightweight engineering is explicitly effective in exploiting the full potential
of additive manufacturing. To lift this potential, the design for AM (DfAM) method-
ology offers multiple levers, such as, for instance, structural, or in particular, topology
optimization and infill structures [3]. Topology optimization (TO) has gained a cer-
tain maturity in recent years. It is one of the leading tools for structural optimization
in computer-aided engineering [4] and a well-established research field with current
vital areas such as automated redesign of topology optimized structures or integrating
design for AM aspects [4, 5]. Today, most approaches still assume solid parts and do
not consider structure-filled components as they are mostly used in AM. One exam-
ple for dealing explicitly with the anisotropic features of AM processes in TO can be
found in [6]. This example considers the combination of shell and infill but does not
interact with the infill structure. Nevertheless, the consideration of the infill pattern
shows high potential for changing the part's effective properties, as [7] shows exem-
plary that the modification of the infill degree can vary the effective Young's modulus
of a part significantly and, therefore, easily allows parts with graded properties. The
main purpose of infill structures is to reduce material consumption and printing time.
Hence, they are selected primarily under production engineering aspects and not from
a mechanical point of view. Gopsill et al. [8] address this point and modify the infill
structure globally by adding load-path-dependent additional struts to some infill cells.
However, for this approach, a finite element analysis, or alternatively, TO of the part
has to be conducted beforehand to obtain the load-paths.

In this article, we also consider infill patterns from a mechanical point of view, but
instead of changing the shape of some infill cells, our approach is to define infill cells
adapted to the part's primary load case. This will enable standardized infill patterns for
primary load cases without conducting preliminary numerical analysis of the system.

2 Load-Case-Oriented Infill Patterns

Most infill patterns for AM are simple geometrical patterns, such as hexagonal or trian-
gular honeycombs. Their primary purpose is production orientated and has the objective
to reduce the needed material and printing time. Conventionally an infill pattern is made
by replacing a solid cell with a 2.5-dimensional lattice structure patterned over the
whole cross-section and extruded in the part's stacking direction, as illustrated in Fig. 1.

KKK
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Fig. 1. Creating a 2.5-dimensional lattice infill pattern for an arbitrary cross-section. The unit
cell (green) replaces the solid cell and is used as infill pattern, which is extruded in stacking
direction (z)
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Our approach for load-case-oriented infill patterns is based on the idea of design-
ing infill patterns adapted from the part's principal load, for instance, tensile-, bend-
ing- or shear-load.

Therefore, we conduct a 2-dimensional TO (2D-TO) for minimal compliance with
the infill cell and its associated loading, as depicted in Fig. 2. This allows us to pro-
vide standardized infill patterns which are dedicated to basic loading conditions. In
this way, specific parts or areas of parts can easily be adapted to provide a more load-
case-oriented inner structure.

Tension

20—wx Shear

Fig. 2. Examples of basic loading conditions, which used in 2D-TO to obtain optimized infill
patterns

Hence, our workflow for creating load-case-oriented infill patterns consists of the
following four steps:

1. Define the shape of the infill cell

2. Conduct a 2D-TO for the primary load case on the infill cell
3. Convert the 2D-TO result to a 2D-geometry infill cell

4. Use the optimized cell as an infill pattern for the part

For the 2D-TO and the conversion to a 2D-geometry infill cell, we slightly adapted
the python code from [9] to solve a minimum compliance problem with a volume
constraint which can be written as.

minC = minu’ Ku

st.iv< V() (1)

where C denotes the Compliance, u the displacement vector, and K the stiffness
matrix. The constraint is written as the relative volume v, which has to be equal or
smaller than the target relative Volume V.. The obtained result is then converted to a
point map and stored as a CSV file. Followingly, we use the software nTopology [10]
to pattern the optimized 2D infill cell across the part and create the final infill struc-
ture. The result is exported as an STL file and transferred to the slicing software.

Figure 3 shows exemplary results of optimizing a quadratic infill cell for bending
load from the greyscale image to the extruded infill cell.
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(a) (b) (c)

Fig. 3. Exemplary results for creating a bending-optimized infill cell based on a quadratic
shape. a) greyscale image after 2D-TO; b) point map after post processing; ¢) extruded final
infill cell profile

In the scope of this article, we investigated the proposed workflow by the exam-
ple of bending-optimized infill cells with height to length ratios of 1:1, 1:2, 1:5,
respectively.

2.1 Design and Fabrication

Our proposed workflow was investigated by the example of three-point bending
beams with dimensions length =200 mm, width=40 mm, and height=30 mm. The
beams consisted of a top and bottom layer of 2 mm, the remaining core was replaced
by the respective infill pattern. For the optimization the solid isotropic material inter-
polation with penalization (SIMP) approach was used, there the element’s Young’s
Modulus E is described the initial Young’s Modulus E, the element’s relative density
and a penalty factor p.

E(p) = pi’Ep. 2)

In all optimizations, we used a target volume of 0.25, a penalty factor of 3 and consid-
ered all elements with a design variable greater than 0.4 for the post processing.

All parts in the following were printed via the Fused Filament Fabrication Process
(FFF) with a layer height of 0.2 mm, using the Markforged MarkTwo and the nylon
based Markforged Onyx filament, the slicing was done with the Markforged Eiger
software [11, 12]. The settings for infill optimization and the resulting volumes and
masses are summarized in Table 1 and their shapes together with the TO boundary
conditions are depicted in Fig. 4.

Table 1. Settings and resulting volumes and masses for the printed specimens. The volume
was calculated by Eiger, while the mass was measured after fabricating the specimens

Name | Aspectratio | Cell size (x,y)in | Target volume | Volumeincm?® | Massing
mm
Bl 1:1 10, 10 0.25 70.79 70.7
B2 1:2 10, 20 133.89 145.0
B3 1:5 10, 50 105.36 115.0
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Bl 4 B2 B3

F F F

Fig. 4. The shape and TO boundary conditions for the considered specimens

2.2 Experimental Procedure

A three-point bending test (Fig. 5.) was performed with three specimens for each infill
pattern configuration. The procedure was aligned to ASTM C393/393 M with a sup-
port span of 15 mm. As stopping criteria, a displacement of 10 mm, respectively core
crushing were chosen.

Fig. 5. Picture of the used experimental setup

2.3 Evaluation

We analyzed the results by different metrics. The maximum force F_is used to com-
pare the overall performance of the infill patterns. Also, for a quantitative evaluation,
the lightweight number M is useful, which can be written the following according to

[13, 14]:

M F
= g 3)
where F is a defined force, m is the part's mass, and g is the gravitational acceleration.
We use M in two different variations. Firstly, we compared the specimens in the linear
elastic regime and evaluated M, for F, at a displacement of 1 mm, and second, we
evaluated M,  _for the maximum forces F, .
Furthermore, the specimens were compared by the effective density-related-stiff-
ness Seﬁ, which was calculated by:

o _ Foar 1
7= dmec p‘?ﬁ( (4)
with
V. .
P = init ( 5)
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where F, and d, .denoting the maximum force, and the displacement at maximum
force, respectively. As this metric is defined for effective properties, the volume V, .
describes the representative volume of the solid part, while the mass m belongs to the

actual printed plastic volume.

2.4 Finite Element Analysis

For the finite element analysis (FEA) of the three-point bending test, we applied the
Hencky model [15], which can be used for geometric nonlinear problems with lin-
ear elastic material behavior. We considered the symmetry of the specimens and used
quarter models for the FEA to reduce the computational effort. Further, all models
were meshed with quadratic tetrahedrons, and a three-point bending test was simu-
lated until a displacement of 10 mm. We conducted a compression test to obtain the
Young’s modulus, resulting in a value of 0.7 GPa. However, it is notable that this
result differed significantly from the value of 2.5 GP given in the data-sheet [12]. We
attribute this difference to manufacturing-related defects like pores which arise from
the use of different printers and print settings. Accordingly, for all simulations, we set
the Young's modulus to 0.7 GPa and the Poisson’s ratio to 0.35, based on the litera-
ture values for nylon [16]. All simulations were conducted with Z88, an FEA freeware
developed by Engineering Design and CAD at the University of Bayreuth [17].

3 Results and Discussion
Based on the cell sizes and TO settings, we obtained the following three cells depicted

in Fig. 6, outlined in yellow, which were used to create the infill patterns of the speci-
mens. As a starting point for the pattern the geometric center point was chosen.

(b) (c)

Fig. 6. Optimized infill patterns after 2D-TO; a) B1, b) B2 and ¢) B3

The optimized cell of Bl is very similar to the commonly used triangular infill
pattern, and B3 is basically a combination of multiple B1 cells. The result of B2,
meanwhile, looks quite different and is very close to the well-known TO-design pro-
posal for minimum compliance cantilever problems [18, 19]. Since B2 has the highest
mass, it was also assumed to show the best experimental performance, which could
be confirmed during testing. As the test results in Fig. 7 show, the maximum force of
B2 is more than twice the maximum force of B3 and nearly four times the maximum



Optimization of Fused Filament ... 121

force of B1. The measurements show the expected behavior of a linear regime fol-
lowed by a plateau, which is caused by core-crushing. Since the strut diameters of
B1 and B3 are thinner as of B2, it is obvious that their measurements show a more
distinctive plateau.
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Fig. 7. Testing results of the optimized infill patterns. The grey shaded lines are the actual
measurements, while the green lines represent mean curves computed by rigid regression

By comparing the FEA results with the experiments in Fig. 8, the simulations cap-
ture the trend but slightly underestimate the samples’ stiffness from the experimen-
tal results. Hence, with a more detailed study on the material constants, the Hencky

model is a good choice for the simulation of structure filled additively manufactured
parts.
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Fig. 8. Comparison of experimental (green) and FEA (blue) results. The qualitative trend could
be reproduced but the simulations underestimate the stiffness of the specimens slightly
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Furthermore, the comparison showed, that a Young’s modulus of 0.7 GPa was
much more appropriate than the data-sheet value of 2.5 GPa.

Evaluating the metrics in Table 2, B2 has the highest maximum force and is
also the best configuration considering the lightweight numbers for elastic and plas-
tic deformation. As the mass differences were 205% between B2 and B1 and 125%
between B2 and B3, respectively, we conclude that the shape of B2 is the most prom-
ising for being used infill pattern for bending load. Also, the testing showed that the
cell’s shape has a significant impact on the part behavior. In general, the lightweight
numbers are within 10% in the elastic regime, while they differ by nearly 50% in the
plastic regime.

Table 2. Results for the maximum force, lightweight numbers and effective density-relat-
ed-stiffness. The mean values of all specimens are presented in the table

Name | FuuinN | M, | M_ S in Nr]:zignz
Bl 472 254 | 681 405,060
B2 1815 282 | 1276 343,799
B3 765 275 | 648 424,019

Interestingly, the effective density-related stiffness of B2 is significantly lower
than for B1 and B3. Here B3, which corresponds to the length to height ratio of the
tested beam specimens, shows the best performance, which leads to ambiguous results
depending on the metrics used or to the methodology as such.

Also, the dimensions we used for the infill patterns are unusually large. More con-
venient sizes would be in the region of 3 to 6 mm. Nevertheless, this step was neces-
sary for two reasons: The software Eiger does not allow self-designed infill patterns,
and predefined STL files were too large to be sliced successfully. To provide a compa-
rability with standard infill structures, the use of an open system, which allows the use
of self-designed infill patterns is inevitable. Also, the meshing for the FEA becomes
enormously costly for these small structures. A solution to this problem could be
using representative volume elements and the homogenization approach to use effec-
tive material parameters in the FEA.

4 Summary and Outlook

This article presented a basic workflow, which led to optimized infill patterns for pre-
defined load cases. The workflow is based solely on open-source tools and can poten-
tially be combined with slicing software tools. Thus, the approach has a high potential
for creating fully automated load case-orientated infill patterns. The FEA shows fur-
thermore that the Hencky model leads to reasonable results. However, there are still
some open challenges on choosing an appropriate cell shape and how to select an
optimal starting point for the pattern.

For future development, rules and strategies for selecting suitable cell shapes
and the arrangement of the unit cells are essential to exploit the full potential of the
approach.
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Abstract. Additive manufacturing processes in combination with
topology optimization offer great potentials for lightweight design. In
this work, the engine mount of a Unmanned Aerial Vehicle (UAV) is
topology optimized to minimize weight for a given stiffness. The solu-
tions are carried out taking into account the different material prop-
erties of Acrylnitril-Butadien-Styrol-Copolymere (ABS), Polyamide 12
(PA 12), acrylic photopolymer and glass fiber reinforced acrylic pho-
topolymer used for manufacturing. The adapted geometries are then
fabricated using Fused Filament Fabrication (FFF), Selective Laser Sin-
tering (SLS) and Stereolithography (SL) to find the most suitable process
to produce the weight-optimal solution. In order to validate the simu-
lation results, all parts are tested equally with the same load cases on
a customized test rig. The evaluation of the measurements shows that,
with one exception, the measured displacements are smaller than the
simulation values. By applying a quality criterion, the components made
of PA 12 using the FFF process prove to be the weight-to-displacement
optimal solution. Compared to the initial design, the topology optimized
version saves 40% of mass. In addition, the new design, together with
the use of additive manufacturing processes, facilitates the production
and assembly of the engine mount.

Keywords: Topology optimization + Additive manufacturing - UAV

1 Introduction

Unmanned Aerial Vehicles (UAVSs) are becoming increasingly popular due to
their wide range of applications in various fields. These range from small remote-
controlled multicopters for recreational purposes to research platforms and
autonomously operating military devices. By not requiring a pilot on board,
UAVs can often be built small and lightweight or enter areas that would be
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dangerous for humans. In order to increase flight duration, range or payload
ratio, the structures and components of the aircraft should be designed to be
as light as possible [1]. Lightweight structures can be created through structural
optimization. For this, optimization algorithms accumulate material only at the
points where loading occurs [2]. However, the structures created in this way are
often very complex and organically shaped and can not be produced with con-
ventional manufacturing technologies. This problem can be solved by additive
manufacturing processes, as they can be used to produce geometries of almost
any complexity [1].

1.1 Goal

The objective of this work is to improve the engine mount of the experimental
UAV called Aircraft for Research and Applied Science (ARAS), which is an air-
craft from the Institute of Aircraft Design, University of Stuttgart. The existing
engine mount is to be replaced by a topology-optimized structure, which aims
to save weight. Various additive manufacturing methods are used for the pro-
duction. The components are tested on a test rig and the results are compared
with the simulation to find out how well the simulation matches reality for the
respective processes. Furthermore an assessment shall be given, which process is
best suitable for this project.

2 Conceptual Design of the Engine Mount

2.1 Requirements

One of the elementary functions of the engine mount is to hold the engine in
its defined place and to introduce all loads occurring during operation into the
structure. The engine is a 720 g weighing electric motor TORCMAN NT430-40-Z
with 2400 W of power. It is aligned in the direction of the aircraft’s longitudinal
axis and is located in the rear, which results in a pusher configuration. On the
one hand, the engine connection should be as lightweight as possible to increase
the range of the UAV. On the other hand, it should have a high stiffness so
that no large displacements occur during operation. Further requirements are
mountability and inspectability during maintenance work.

2.2 Previous Situation

In the original design, the engine mount consisted of carbon fiber reinforced
plastic (CFRP) plates, which were glued to the fuselage shell made of glass-
fiber reinforced plastic (GFRP) for reinforcement. The engine was then bolted
directly onto the CFRP plates with the fuselage shell. The weight of this engine
mount, including adhesive, is estimated at approx. 55 g. This situation is shown
in Fig. 1.
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2.3 Load Assumptions and Materials

A total of 4 different load cases occur in operation. These are the maximum
static thrust, the torque of the motor, the weight force of the motor in the event
of a hard landing impact, as well as the resulting bending moment around the
connection points of the motor. The loads are summarized in Table 1.

«—— Fuselage shell
Engine Mount

--_.__-_‘-h_-_ -- 3 —_ Engine

Fig. 1. Previous situation of the Engine Mount

Table 1. Assumed load cases

Thrust ﬁTh = 100N
Torque Mp = 9,88 Nm
Touchdown load ﬁTD = 148,3N
Bending moment by touchdown Mp = 6,578 Nm

It should be noted that the assumed loads represent maximum expected
values and are used in the design so that all load cases act simultaneously.

Different materials are used for the various manufacturing processes. Avail-
ability, processability on the machines used and costs are decisive factors for their
selection. For the FFF process, ABS-M30 and nylon 12 respectively polyamide
12 (PA 12) are used. The SLS process also uses PA 12 with a 50:50 mixing ratio
of used to new powder. This allows a comparison of how the different processing
methods affect the same materials. For the SL process, acrylic photopolymer is
used on the one hand, and acrylic photopolymer reinforced with 20 percent by
weight of glass fibers on the other. The material properties used are given in
Table 2.
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Table 2. Material properties

Material | Young’s modulus | Poisson’s ratio | Density | Yield strength
[MPa] [ [Kg/m?’] [MPa]

ABS-M30 2180 0.35 1040 26

(FFF)

PA 12 1138 0.41 1000 28

(FFF)

PA 12 1700 0.40 930 48

(SLS)

Acrylic 2700 0.3 1216 74

photopoly-

mer (SL)

Glass fiber 4287 0.25 1465 79

reinforced

acrylic pho-

topolymer

(SL)

2.4 Types of Connections

Two different concepts are being investigated for attaching the engine mount to
the fuselage shell. One is a glued connection and the other is a screw connection.
Gluing is the lightweight option, because no fasteners are required. However,
once it is carried out, it can not be removed without destroying the structure. In
this regard, the screw connection has a decisive advantage, as it makes it easier
to replace the components.

3 Topology Optimization of the Engine Mount

3.1 Design Space

The maximum available design space results from the maximum available space
within the fuselage shell. It is delimited in the longitudinal direction because of a
circuit board for flight controlling. There is space left out in the design space for
the motor and motor ventilation. Excluded from the design space are the three
connection flanges to the engine, as these should be present in their entirety.
The resulting design space is shown in Fig.2 in burgundy, the excluded parts
are grey.
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Symmetry plane\ Cutouts for air supply and motor

Connection

flanges

(b)

Fig. 2. Design space: without (a) and with (b) fuselage shell

3.2 Optimization

For the topology optimization the software Inspire from Altair is used. It should
be noted that in the approach chosen here, only the different material properties
for the respective processes are taken into account. Process-specific peculiarities,
such as anisotropy effects due to the layered manufacturing, cannot be included
in the optimization. They are taken into account by appropriately reduced mate-
rial properties, however.

A symmetry plane between the left and right sides of the design space is
defined as a boundary condition for manufacturing. It is marked in Fig.2a as a
translucent red plane. It ensures, that the optimization algorithm generates both
sides of the mount symmetrically. The load application point is placed in the
common center of the three mounting points of the engine and is connected to
them via rigid connectors. This distributes the load equally over all connection
flanges. As bearing, the entire cross sectional area of the fuselage shell is defined
as a fixed bearing. The fuselage shell is just a part of the whole fuselage structure.
In order to achieve a more realistic result, it is taken into account in the topology
optimization but as structure which is excluded from the optimization. For the
connection between the design space and the fuselage shell, the entire contact
surfaces are defined as a fixed adhesive joint.

For topology optimization, the objective is to maximize the stiffness for a
given mass target. For this, the mass target for the optimization runs is increased
from 3% to 12% of the total design area volume in 1% steps. The optimizations
are carried out for every material and manufacturing process. The resulting
design proposals are then analyzed structurally, in particular with regard to the
displacement. In order to determine the optimal solution from the multitude of
resulting structures, an evaluation parameter is required. For this, the reciprocal
value of the product of the maximum displacement and the weight of the loaded
structure is used as a quality criterion [3]:

1
max. displacement x weight

(1)

The optimal design proposal according to the quality criterion is smoothed and
adjusted constructively. Depending on the type of connection, either the defined

Optimization quality =
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adhesive surfaces, or the flanges for the screw connection are added to the struc-
ture. Attention must be paid to the mountability of the components, which is
why the upper part deviates from the design proposal. Figure 3 shows an example
of the design proposal (3a) for the FFF process with ABS-M30 and the derived
smoothed structure (3b) for the screw connection.

4 ' A ‘
(a) (b)

Fig. 3. Geometry for the FFF process with ABS-M30: (a) design proposal; (b) post-
processed and smoothed structure

4 Manufacturing of the Engine Mount

After topology optimization of the engine mounts, they are manufactured using
various additive manufacturing processes. The Stratasys Fortus 450mc machine
is used for the FFF process. The layer height is set to 0.254 mm and the infill to
100%. The production of the components with the SLS process takes place on the
EOSINT P 390 of the company EOS GmbH with a layer height of 0.12 mm. The
parts produced using the SL process are manufactured on the Rapidshape S30L
printer with a layer height of 0.1 mm. For the production of the fiber-reinforced
components, glass fibers are added to the photopolymer with a weight percentage
of 20%. The printer is modified for the manufacturing process by installing a
wiper which automatically moves back and forth once after each manufactured
layer to prevent sedimentation of the glass fibers. An overview over the processes
and materials used is given in Fig. 4.

5 Testing

In order to validate the simulation results, all parts are tested equally with
the same load cases on a customized test rig. For this purpose, the part of the
fuselage shell used in the simulation is replicated. The loads on the components
are applied with turnbuckles, weights, pulleys and monitored with load cells.
The deformation of the loaded structures is then measured using the Aramis 4M
3D measuring system from GOM GmbH.
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Process Material
ABS-M
FEF
PA 12
Y
SLA
_| Photopolymer
with fibers

Fig. 4. Overview of the manufacturing processes and materials used

6 Results

6.1 Optimization Quality

For the evaluation of the topology optimization, the quality criterion described
in Eq. 1 is applied. The result for the fuselage shell in its initial configuration is
shown in Fig. 5. The blue curve represents the quality criterion for the complete
design area. To cover smaller mass fractions, the design space must be reduced
by 2/3 in the software. This is represented by the red curve. The optimization
quality is applied for the maximum displacement occurred in each solution. It
can be seen that the optimization quality for the reference shell does not have
a global peak. The curve implies that the optimum lies at the boundaries and
thus the mass fraction should be reduced further. As the component mass tends
towards 0, it can be concluded that the fuselage shell is already sufficiently
dimensioned and stiff enough to carry the loads through the engine. Therefore no
additional structures are required for the engine mount for this configuration. As
a consequence, the entire fuselage shell is included in the topology optimization.
The result of this optimization is shown in Fig. 6a.

—*— Max Displacement, Designspace 105 g
—*— Max Displacement, Designspace 35 g

0.4 F e 1

Optimization quality

0 10 15 20 25 30

Component mass [g]

ot

Fig. 5. Optimization quality of the initial fuselage shell - FFF-ABS
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As this design would be difficult to manufacture, it is transformed into a
simpler one. This can be seen in Fig. 6b. This image also shows the points where
the optimization quality is evaluated.

Fuselage shell

Engine mount

(a) (b)

Fig. 6. a Design proposal for the topology-optimized fuselage shell; b Adapted geom-

etry of the fuselage shell with position of the measuring points

The optimization quality results for the adapted fuselage shell with FFF-ABS
are given in Fig. 7.

1T —— Max Displacement, Designspace 105 g | ]
—— Max Displacement, Designspace 70 g |
0.8 1

0.2r

Optimization quality

0 1 . I I L
0 5 10 15 20 25 30

Component mass [g]

Fig. 7. Optimization quality of the adapted fuselage shell - FFF-ABS

The blue curve is the quality for the complete design space and the red
curve represents the space reduced by one third in the initial mass to cover
smaller design spaces. The optimization quality in this diagram is applied for
the maximum displacement. It can be seen well that in the area of approx. The
part resulting from this investigation is manufactured for comparison with all
materials and processes and is subsequently referred to as the reference geometry.
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Analogous to the reference geometry, the design of a geometry adapted to
each material is carried out, as can be seen in Fig.4. The results of the opti-
mization quality for these optimizations are shown in Fig. 8 for each process and
material.
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Fig. 8. Optimization quality of the adapted geometries

The points at which the optimization quality is evaluated are drawn in Fig. 6b.
The course of the curves for the three points under consideration shows a similar
behavior in all four diagrams. The curve of point 2 does not provide an opti-
mum in all cases. This is due to the fact that the point is located on the shell
and therefore the displacement decreases only relatively slightly with increasing
component mass.

For PA 12, point 1 delivers a peak for the FFF and SLS process each at 3 g, for
the maximum displacement it is in the range of 5g for both methods. Since the
geometry of the design proposal for the optimum of the maximum displacement
hardly differs from each other for both methods, the same smoothed geometry
is used for the further investigations.
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For the SL process with photopolymer, the optimum of point 1 is also around
3g. The peak for the maximum displacement is located at 5.5g. The geometry
of the maximum displacement is used for further investigations.

In the SL process with fiber-reinforced photopolymer, there is no optimum
for point 1 because the initial mass of the design space is too large for this
and smaller component masses cannot be achieved. The maximum displacement
provides a peak at a component mass of approx. 4.5g. The optimized structure
of this mass is smoothed for further use.

6.2 Comparison of the Measurements with the Simulation

The comparison between the measurements under load on the test rig and the
simulation is shown in Fig.9 for the mass (a), the displacement (b) and the
normalized quality (c).

It can be seen that the glued variant is most lightweight in both simulation
and measurement. This is due to the fact that the flanges for the screws are
omitted for these parts. Furthermore, all components except those produced
with the SL process are lighter in measurement than predicted by the simulation.
This is due to the fact that with the FFF and SLS process, there are small voids
in the components, but this does not apply to the SL process.

If the displacements are considered, it is noticeable that there are no mea-
sured values for FFF-ABS-glued and SLS-PA 12. This is caused that the adhesive
bond broke during the tests and the sintered parts are produced with defects
due to technical problems of the machine. Furthermore, it should be noted that
the measured values for all parts are smaller than the simulation values and
are relatively constant in the range of 1.5 mm. Only for the adapted geometry
with SL-photopolymer, the measured value is larger than the simulation, which
is probably owed that the simulation underestimates the displacement for this
part. The reason for this cannot be clearly identified. One possible cause could
be the mesh discretization. In the software used, the user has no influence on
this.

Regarding the quality calculated according to Eq. 1, it should be noted that
the components with FFF-PA 12 are the best solution according to the mea-
surements. Considering the simulation values, the components made of SL-
photopolymer represent the best solution.
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Fig. 9. Comparison of the measurements with the simulation

7 Conclusion

Compared to the previous situation, which is shown in Sect. 2.2, Fig. 1, a weight
saving of approx. 80 g can be achieved by optimizing the fuselage shell and the
engine mount. In relation to the total mass of the examined part of the fuse-
lage shell including the engine mount in the previous design, this corresponds
to a reduction of 40%. This weight saving illustrates the potential of additive
manufacturing processes in combination with topology optimization. While the
simulation cannot accurately represent the processes and materials, the mea-
surements show that the models and assumptions are conservative and provide
slightly larger deformations. For these reasons, the process chain consisting of
topology optimization, simulation and additive manufacturing for the production
of lightweight structures in the UAV area can be recommended. The additional
effort is justified by the weight savings, as this brings a great advantage with
an increase in payload or range. Furthermore, the manufacturing of the fuselage
shell is significantly simplified by the optimization. The new design, together
with the use of additive manufacturing processes, facilitates the production and
assembly of the engine mount.
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Abstract. Additive Manufacturing is a young, promising manufactur-
ing method that is currently coming into focus for its faster and rela-
tively cheaper fabrication of complex, custom-made parts in compari-
son to conventional manufacturing methods. Prototyping is one of the
most favoured fields, as on-demand 3D printing of components can be
particularly beneficial at the Research & Development stage. Among the
employed materials, one can find elastomer alternatives as traditional lig-
uid silicone rubber and photopolymers. This work deals with mechanical
investigation of four silicone technologies, with emphasis on the mate-
rial characterization. Hyperelastic laws were fitted to tensile tests for
Finite Element Method simulations of aircraft door seals. A proposal
for multiparametric design optimisation of the seal geometry through
genetic algorithms (NSGA-II) is presented based on analysis results. The
potential application of each 3D printing technology in seals prototyp-
ing is highlighted and evaluated according to the collapse criteria under
cabin pressure. Results indicate the variability of the optimal parametric
designs according to both the silicone behaviour and the material model
stability limitations. The impact of the material model is also underlined
as a way to enable seal design improvements.

Keywords: Prototyping - Elastomer - Material characterization -

NSGA

1 Introduction

The use of Additive Manufacturing (AM) comes to evidence more and more as a
reflection of the advantageous fabrication of parts on site, on demand. Although
the current trend is heading towards rapid manufacturing, it is still an interest-
ing ally for prototyping in the industry. Particularly for the aerospace sector, the
adoption of AM leads to benefit in the development stage by combining it with
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numerical simulations for the behaviour prediction of functional parts. While the
manufacturing of new parts could take 6-12 months to be accomplished, includ-
ing the ordering of the geometry, mould fabrication, production itself and final
delivery, the 3D printing of a small number of complex parts can be performed
from the 3D model data without the use of individual tooling, with reduced
waste by-products. Moreover, depending on the geometry size and technology
employed, AM requires only a few hours to days without associated delivery time
and costs [4,10,19,21]. The faster fabrication of such components may assist on
the evaluation of their design and mechanical performance in operation, identifi-
cation of sources of errors in the early stages and, consequently, provide further
improvements on conceptual design optimisation and reduction on laborious and
time-consuming numerical analyses of aircraft structures.

In aerospace applications, the majority of AM involves metals, mostly
powder-based technologies for titanium and nickel alloys, due to the high per-
formance requirements [20,22,25,28]. Nonmetallic parts are employed as well to
some extent in rapid prototyping, tooling for the production of composite parts,
fixtures and interior components [20,26]. AM is notably beneficial in this sector
since there are lower batch sizes than in other industries, like the automotive,
also being an interesting alternative for the just-in-time production of parts for
repairs while reducing maintenance and inspection times of the aircrafts unable
to be operated [25,28].

The main limitations for the full implementation of AM for manufacturing
purposes are the rigorous certification requirements, the standards for testing
and the safety and maturity of the technologies [20], although several advances
are taking place in the last years. The lack of standard material properties and
performance database also hinders the designing of components by engineers
and designers, besides the need for process control in order to provide consis-
tency and reliability in the manufacturing. Prototyping, on the other hand, does
not have such high demands. Therefore, AM can be put to more use, helping in
reducing the time and costs related to the product development cycle [26] regard-
ing the form and appearance and, as the technologies and materials evolve, the
functionality of the parts.

Associated to the further exploration of AM is the understanding of the
printing processes and modelling to assist in the prediction of material properties.
A great portion of current studies involving numerical analysis and AM consists
of investigations on the printing process for its optimisation and consequent
quality improvement of the final part. Common topics involve the use of the
Finite Element Method (FEM) to model metal deposition heat transfer [27], as
well as in combination with optimisation algorithms [2], for powder bed fusion
processes. It is furthermore used for the thermomechanical analysis for residual
stress and distortion predictions in direct energy deposition [7]. FEM is also
applied in the analysis of material extrusion technologies for predictions of the
mechanical behaviour [3], evaluation of damage under compressive loads [12],
quantification of the effect of microstructural imperfections [29], and predictions
of printing parameters on layer adhesion [5,24].
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A more recent topic of study is focused on elastomers fabricated by AM. They
can be of great value for the aerospace industry in sealing applications. Although
those are not of first priority for the operation of aircrafts, a proper seal design
choice can reduce risks of leakage [11]. Moreover, conventional prototyping is
time-consuming and does not allow the investigation of more design options as
a consequence of the strict product development and certification deadlines, in
which AM can be decisive. Most of the current AM technologies are not suitable
for the use of traditional rubber, and vulcanisation cannot be easily transferred
to printing processes. Nevertheless, a few of them are able to print with conven-
tional Liquid Silicone Rubber (LSR). For other technologies, new materials with
rubber-like properties are developed to fulfil the process requirements. Alterna-
tives include photopolymers for vat photopolymerization, material jetting and
binder jetting printers (cured by Ultraviolet - UV - light), as well as thermoplas-
tic elastomers for powder bed fusion and material extrusion machines, which
require the use of thermoplastics.

Numerical analyses of 3D printed elastomers is a still modest research subject
that has plenty of potential. In any case, in order to make use of Finite Element
Analysis (FEA) tools on the evaluation and optimisation of not only the print-
ing process itself but also the final printed parts, material characterization is
an important step to be performed [15,16]. The implementation of constitutive
models into commercial FE software facilitates the numerical approach and pro-
vides more realistic results, assuming that constraints should be imposed due to
material stability [23].

With this in mind, this work deals with the parameter identification for 3D
printed silicone materials from different AM technologies, according to avail-
able material models with a polynomial free energy function with second-order
terms [18] and respecting material stability criteria [13,14]. Information about
the material behaviour of silicone is provided by uniaxial tensile tests, while the
optimisation of a parametric door seal design is carried out with genetic algo-
rithms [30]. The aim is to find the best geometry employing current AM tech-
nologies of silicone, by minimising the reaction forces of the door closure and the
system weight. Similar studies were carried out in the automotive industry [31].
Although topological optimisation may be addressed in works related to con-
tact problems [9], nonlinear FEM simulations are prone to numerically diverge,
making the use of nonparametric techniques quite challenging. By considering
large deformations of door seals under cabin pressure, the presented analyses
attempt to represent a straight cross section prototype in plane strain state,
while avoiding structural and material instabilities.

2 Overview on the Investigated AM Materials

2.1 3D Printing Materials and Processes

The four selected materials consisted of two silicones, named here as “Silastic”
and “Wacker”, and two grades of a photopolymer with silicone in their composi-
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tion, named “Keyence-H” and “Keyence-L”. More detailed information is found
in Table 1 for each type of silicone used in this study.

Table 1. Material and printing information for the investigated silicone materials

Material Silastic ‘Wacker Keyence-H | Keyence-L
Technical name | SILASTICT™3D 3335 LSR | ACEO® Silicone GP | AR-G1H | AR-G1L
Shore Hardness | 50 A 50 A 65 A 35 A

Company Dow (USA) Wacker Chemie AG Keyence (Japan)

(Germany)
AM technology | LAM DOD MJ
3D Printer innovatiQ LiQ 320 ACEO® Technology | Keyence Agilista-3000

Silastic is a conventional two-part, thermo-cured LSR printed with Lig-
uid Additive Manufacturing (LAM) from innovatiQQ (Germany). The silicone
is extruded through a nozzle and a 2000W halogen lamp provides the heat for
curing. Flat plates of 60 x 60 x 2 mm were printed, from which dogbone samples
were cut for posterior mechanical testing (see Appendix). Wacker is an UV-cured
silicone printed in Wacker’s trademark Aceo 3D printing technology. Since Aceo
is a paid service provider, details on the printing parameters are not available. It
is known, however, that it is a process based on Drop-On-Demand (DOD) with
water-soluble support material. It uses inorganic synthetic rubber, which under-
goes a vacuum post-curing at 200°C for 4 h to improve the mechanical properties
and remove the volatiles [1]. Dogbone-shaped samples were acquired from this
technology. Finally, Keyence-H and Keyence-L are elastic photopolymers printed
in Keyence’s Material Jetting (MJ) process without the need of post-curing. The
materials are especially developed for the technology itself (closed source); the
type of material is chosen in the slicing software and no printing parameters
need to be manually set. Both materials possess the same chemistry, while the
component content gives the different hardness grades and elastic capabilities.
As well as for Wacker, dogbones were directly printed.

The choice of materials was based on the fact that current aircraft sealing
components are made of silicone. Moreover, these printing processes avoid the
use of a greater range of printing parameters by the printer operator that might
influence the properties of the final part, reducing the variability in the results.
This becomes convenient, as the focus of this study is not the improvement of
the printing process.

2.2 Uniaxial Loading

Tensile tests were performed for 5 specimens per material on a Zwick-Roell ©
testing machine at room temperature for a force sensor of 500 N and a strain
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rate of 15 mm/min. Dogbone geometries according to DIN 53504-S3A [6] were
pulled up to 100 % strain, or stretch A = 2, shown in Fig. 1.

(a) Silastic (b) Wacker

Fig. 1. Uniaxial loading experiment performed on Zwick-Roell machine

Figure2 presents the average results converted to the first Piola-Kirchoff
(PK1) stress, i.e. engineering stress, for each silicone type. It can be noted that
the silicones from Silastic and Wacker have very similar behaviour and values,
which is expected as Silastic is a typical LSR and Wacker is a “100% pure
silicone”, according to the manufacturer. Keyence-H and Keyence-L behave in
a more distinct way, with the differences in the stress intensities as a reflection
of the lower/greater elastic composition. The mechanical properties are a direct
consequence of the material chemistry and the AM process nature.
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Fig. 2. Stress-strain curves for uniaxial loading of each technology
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3 Mechanical Behaviour of Silicone

After performing tensile tests, the material parameters for each specimen were
identified according to their mechanical response up to 100% strain, or A = 2.
This study is based solely on the hyperplastic behaviour of the different 3D-
printed technologies to prototype seal designs through 2D simulations assuming
plane strain states around the straight sections of the door contours. Thus, it is
important to investigate which hyperelastic models are already implemented in
commercial FEM software for easy design optimisation, without requiring the
development of user defined models.

3.1 Hyperelastic Incompressible Models

Assuming homogeneity and isotropy in the specimens, the elastic behaviour is
approximated through the choice of free energy functions that are consistent
with the stress-strain response of the tensile tests. By adding the constraint of
incompressibility for the silicone, the deformation gradient F is written as a
function of the uniaxial stretch A, imposing that det[F] = 1:

A0 0
1
F=(03x 0 (1)
00 5
A

The models are then formulated based on the first and second invariants of
the left Cauchy strain tensor B = F - FZ:

I, = tr[B] (2)
1
L=y (tr[B]> — tr[B - B]) (3)
The generalized Mooney-Rivlin free energy function is initially considered

since it is already implemented in commercial FEM software [17,18], assuming
the following form:

n
Gl L) = Y Cij(Iy —3)'(I — 3)/ (4)
i+j5>1
where C; are the coefficients of the n-th order polynomial free energy func-
tion depending on the strain invariants. The Cauchy stress tensor T can be
written by adding the pressure term p that satisfies incompressibility.

T=2 [(W(@I}; 12)) B-— (W(a[}; IQ)) B‘l] —pl (5)

In order to compare the tensile tests in terms of engineering stresses, the 1st
Piola-Kirchoff tensor P is calculated:

P=T-F7 (6)
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3.2 Parameter Identification

The identification of the model parameters was performed by means of the
numerical optimisation algorithm NMinimize in Wolfram Mathematica 12, by
minimizing the stress difference between model and experiment:

N i 2
1 pmodel (/\k) _ Pexpemment(/\k)
MSE = — k k 7

N ; ( P;gnodel()\k) ( )

This function expresses the sum of the mean squared errors (M SE) between
the experimentally measured stress values from N-data points and the model
output at each stretch value depending on the parameters of the free energy
function. Among the internal conditions of the material model, Drucker’s stabil-
ity criterion [8] is used to ensure that for each stretch increment, the free energy
function is always increasing. It is necessary that the free energy function also
covers other loading states, remaining polyconvex at least for a limited range
of stretches. To consider different stress-strain modes other than uniaxial, this
criterion is verified for the biaxial tension and compression with independent
stretches A1 and Ao. To this end, the deformation gradient is rewritten as:

A0 0
Fbia:rial = 0 /\2 (1) (8)
00 S

For the identified material model, Drucker’s stability criterion should be sat-
isfied at the change dT in the stress driven by an arbitrary logarithmic strain
increment de by the following inequality:

dT : de > 0 9)
Using the material tangent D with the relation dT = D : de in the inequality:

de:D:de >0 (10)

It is required that D must be positive-definite for any values of strain. Con-
sidering for the plane stress condition 733 = 0, the material tangent can be
written in matrix form with respect to the main stretches using the relation
between the logarithmic strains deq; = dA\1 /A1 and degg = dAgy/Ag:

Dyy Dy2 dA1 /M
D= 11
<D21 Dzz) (d/\2/>\2 (11)
Thus, the material stability check is performed for values of A\; and Ay under
the limits of tension and compression which are relevant for aircraft seals. From
the definition of a positive-definite matrix, we find:
TI'[D} =D11+ Dy >0 (12)
det[D] = D11D3y — D13D5; >0 (13)
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Both inequalities are used to evaluate the quality of the identified parameters
for loadings that are not represented by the uniaxial test. Table 2 presents the
fitted parameters for a polynomial energy function of second order according to
Eq. 4. The results show that the Silastic and Wacker silicones presented good
correlation while presenting also material stability. All fitted parameters came
positive. On the other hand, both types of photopolymers from Keyence could
not satisfy the stability criteria for a good fit without having some negative fitted
parameters, which are discussed in Subsect. 3.3.

Table 2. Identified parameters with 2nd order law according to each technology

Model |MSE| Co1 | Cio | Ci1 | Coz | Cao |Stability
Silicone (%] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | check
Silastic 2.10 | 0.345 | 0.000 | 0.079 | 0.004 | 0.000 | Valid
Wacker 4.63 | 0.279 | 0.000 | 0.019 | 0.000 | 0.028 | Valid

Keyence-H | 8.87 | 0.831 | 0.000 |-0.090 | -0.084 | 0.085 | Limited
Keyence-L | 6.85 | 0.319 | 0.000 |-0.030 |-0.040 | 0.030 | Limited

Figure 3 presents the first Piola-Kirchoff (PK1) stress data obtained in the
tensile tests and the fitted models as function of the stretch A. The dotted curves
represent the experimental data, while the solid ones are the models.

Silastic Wacker
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Fig. 3. Fitted curves of each technology (dotted - experiment / line - model)
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3.3 Model Stability Limitations

Due to the change in the stiffness of the Keyence materials from 20% deformation
onwards, a different free energy function should be considered to avoid negative
parameters and to render the mechanical behaviour more consistent. As this
study is restricted to material laws that are already implemented in the ABAQUS
software [17], the Drucker’s stability condition in the biaxial case is used to bound
the identified parameters within expected limits for door seals. For this purpose,
stretch limits for Ay and Ay are limited between 0.65 and 1.35, which takes into
account the compression and tension limits of the seal in operation, respectively.
This boundary is considered for the seal optimisation on Sect. 4. By taking into
account the model limitations, the material stability criterion is illustrated in
the regions of interest. Figure4 shows how the strain energy is restricted for
some stretch combinations. Despite not respecting the polyconvexity [13,23] for
all stretch levels, the material model for the Keyence silicones must be limited
for seal loading conditions, remaining stable inside the green mashed region.

[0 D11+ D22 >0 D11D22 — D12D21 >0

Az [-]

06 08 1.0 12 14 16 06 08 1.0 1.2 14 16
A A [
(a) Keyence-H (b) Keyence-L

Fig. 4. Free energy function domain valid for Drucker’s stability

More experiments should be considered to suit different loading conditions
and to fit the model parameters, e.g. simple shear. In the case of the stress-
strain curves of the Keyence materials, the choice of the free energy function
may also impair the correct modelling of the mechanical behaviour of silicone. It
is observed that the stress response under uniaxial loading suits the polynomial
energy order for Silastic and Wacker elastomers. Although it is not the focus of
this work, it is desirable that the hyperelastic model for Keyence silicones are
able to capture the material softening under large deformations. Lower order
free energy functions without employing negative parameters that multiply the
strain invariants may avoid the use of stretch restrictions considered in the seal
optimisation procedure.
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4 Seal Designing Optimisation

After identifying the parameters of the hyperelastic models for each type of
silicone, seal simulations were carried out by employing the different 3D printing
technologies. Based on a previous study with seal applications for aircraft flight
cruising conditions [11], a FEM boundary value problem is proposed considering
the cabin pressure and the contact conditions for a simple 2D plane strain model.
The seal geometry is parametrised for a prototype seal-striker interface with the
dimensions presented in Fig. 5:

tr

from
A Hop ;
° th P / % °

[

Hy,

13mm :

L»X " 40 mm -

Fig. 5. Seal prototype (solid) and rigid striker (dashed) cross sections

Table 3 shows the range in which these cross section dimensions are used in
the context of door seals. Some of the interface values are prescribed in order
to establish a baseline for the design optimisation: a door striker closed gap
of 13.0mm, the seal bottom dimensions fixed as showed and fillet radii set to
2.0mm for the geometry. Since low friction layers can be added to improve the
surfaces of the 3D printed seals, the coefficient of friction is also considered.
Despite being made of fabric materials, the influence of such thin layers on the
global mechanical behaviour of the seal is disregarded in this study.

Table 3. Design parameters range of the door seal optimisation

Design parameters Description Minimum | Maximum
tr, tr, tT Thickness (seal wall) | 1.0mm 5.0mm
Hp, Hr Height (seal wall) 35.0mm | 43.0mm
hr, hr Height (lip feature) | 1.0mm 5.0mm
0L, Or Angle (seal wall) 60° 90°
wp Width (seal bottom) | 5.0mm | 15.0mm
I Friction coefficient 0.1 0.4
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4.1 Optimisation Tasks

To initiate the design optimisation process, objective functions to be minimised
are needed. The lowest possible reaction force (RF') for the cross-section com-
pression is sought so that the aircraft door does not require more robust parts
for the latching mechanism. In addition, the aim is to reduce the weight of the
seal itself in order to minimize the mass of the system as a whole. In this way,
each type of material is evaluated based on its mechanical characteristics in the
search of an optimum geometry that delivers the best seal performance. Table 4
presents the measured densities of each material employed for the optimisation.

Table 4. Densities of silicones in ton/mm?

Silastic Wacker | Keyence-H | Keyence-L
1.121E-09 | 1.164E-09 | 9.978E-10 | 9.824E-10

A stability criterion for the seal is used on a two-step analysis for the opti-
misation tasks (Seal Compression and Cabin Pressure). If the cross section does
not offer sufficient stiffness under cabin pressure, the seal can collapse. Struc-
tural instability occurs once the contact forces are no longer able to hold the
cabin pressure (AP = 0.0465 MPa) on the contact boundary, due to insufficient
tangential forces driven by friction. This failure criterion is defined from the
model outputs based on relative displacements between striker US'"*¢" and seal
lip UV in the x-axis direction. Figure6 illustrates a frame previous to the seal
collapse in the second step of the simulation. The upper right lip slips under
the rigid interface to the atmosphere side, which does not enable the seal to
recover its original deformed configuration in the first step. Taking into account
the two-step analysis results, an optimisation task was defined to search for the
best geometric parameters of the seal while avoiding collapse.

Atmosphere Cabin

¥ | AP
C '-\\
y T
. Lox o
Step 1 - Seal compression Step 2 - Cabin Pressure

Fig. 6. Seal about to collapse in a two-step FEM analysis
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4.2 Multi-objective Search with NSGA-II

Given the problem of minimizing the door closure reaction forces (RF') and the
mass per metre of seal length (M), a multi-objective algorithm was assigned to
find “the best” design solutions. Using the software iSight, the Non-dominated
Sorting Genetic Algorithm (NSGA-II) is applied to find the best candidates
with a number of 20 generations containing populations of 12 seal simulations,
in total 240 runs. Despite of heaving different dimensions and magnitudes, the
algorithm tries to improve both outputs independently, without dominance by
one of the objectives. By means of genetic mutations and crossover between the
design variables (x;), the “best” runs are selected according to the improvements
from previous runs, establishing a Pareto Front. The following scheme presents
how the multi-objective problem is defined:

min f(z;) = w(RF(z;) + M(z;)) (14a)
Zq

s.t Seal collapse — ULP > ystriker, (14b)

Material stability — 0.65 < {A1, A2} < 1.35, (14c)

x; € Table 3 (14d)

The parameter w is a weight that penalises the multi-objectives if the con-
straints are violated, the so-called unfeasible runs. While condition 14b refers
to the seal collapse fail criteria, the condition 14c is only assigned to Keyence
materials to keep material stability. The penalty function f(z;) represents the
sum of contribution of the objectives to be minimized. Figure 7 illustrates an
example of optimisation considering the Keyence-H silicone. The boundary of
the trade-offs between seal mass and the door reaction force is seen as a Pareto
Front, where it is not possible to change the design variables z; without affecting
one of the objectives, at least.
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Fig. 7. Multi-objective design optimisation example with Keyence-H silicone
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4.3 Optimisation Results

Once the optimisation tasks were completed for each type of silicon, the “best”
design solutions are compared according to their multi-objectives of reaction
force and mass per seal length. Figure 8 illustrates the results belonging to the
deformed configuration under cabin pressure for the four seal designs with max-
imum absolute logarithmic strain () contour plots.

e, Max.Abs e, Max.Abs
(Principal) (Principal)
0.34 0.35
__BnEn e
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(c) Keyence-H (d) Keyence-L

Fig. 8. Different seal designs found by the optimisation algorithm (NSGA-II)

For all types of AM silicones, the algorithm opted for thin walls on the
majority of the profile, with the exception of the right side wall that requires
more stiffness against the cabin pressure. In order to provide structural stability,
the designs used with the Silastic and Wacker silicones present profiles with
wider angles. The Keyence solutions maintained a higher aspect ratio between
width and height. Although seal collapse did not occur for the all candidates, the
Keyence-L silicone could not respect the limits of material stability. Due to its
mechanical behaviour which is less stiff than the other materials, the optimisation
algorithm was not able to find a design that could satisfy the condition 14c. The
following expression converts the logarithmic strains to stretches:

A = exp(e) (15)
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Despite presenting larger lateral displacements due to the seal inflation by
the pressure, the solution found using the Keyence-H silicone respected both
structural and material stability conditions. Table 5 presents the combined design
variables that enabled to keep the seal in a stable configuration while minimizing
the objectives for each silicon printed by a specific AM technology.

Table 5. Multi-objective results for each silicone AM technology

Design parameter (z;) | Silastic | Wacker | Keyence-H | Keyence-L | Unit
Friction coefficient () | 0.245 | 0.335 0.192 0.355 -
Angle left (01) 89.8 79.3 74.6 81.0 degrees
Angle right (0r) 78.6 84.3 65.7 76.1 degrees
Height left (Hr) 36.5 35.2 36.9 41.7 mm
Height right (Hp) 39.8 36.3 35.0 39.8 mm
Lip height left (hz) 3.7 4.2 1.3 1.1 mm
Lip height right (hr) 1.1 1.9 2.0 3.2 mm
Wall thickness head (t#) 1.2 1.6 1.3 1.6 mm
Wall thickness left (¢1) 1.6 1.4 1.1 1.6 mm
Wall thickness right (tg) | 2.0 2.3 1.9 2.5 mm
Width bottom (Wg) 8.8 5.3 12.5 14.2 mm
Reaction force (RF) | 12.45 | 10.04 5.12 8.41 daN/m
Seal mass (M) 0.299 | 0.320 0.267 0.314 kg/m

The results show that the designs based on the Keyence-H silicone can con-
siderably reduce reaction forces and system mass through a suitable combination
of mechanical and geometrical characteristics. During the seal compression step,
due to a lack of contact between the seal lips and the rigid striker combined
with a relatively lower friction coefficient, the best design among the other tech-
nologies was able to take advantage of the stiffer mechanical characteristics of a
harder silicone. However, other hyperelastic models that are more consistent with
the mechanical behaviour of the Keyence silicones could contribute to less con-
strained optimisation tasks, not influenced by material modelling instabilities.
Table 6 shows that the optimisation time was lower for the Silastic and Wacker
silicones for each run and the total working time compared to the Keyence mate-
rials. The optimisation tasks were limited to run 5 parallel simulations simulta-
neously, using 2 cores from the CPU.
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Table 6. Statistics for elapsed time of the 240 optimisation runs in hours

FEM Model | Min Max | Average| Total
Silastic 00:01:46 | 00:19:07 | 00:02:48 | 02:52:04
Wacker | 00:01:27 | 00:27:55 | 00:03:10 | 03:41:49

Keyence-H | 00:01:34 | 00:31:41 | 00:09:28 | 11:13:48

Keyence-L | 00:02:19 | 00:34:44 | 00:06:58 | 07:51:22

5 Summary and Conclusion

The use of AM technologies for prototyping of aircraft door seals is presented,
focusing on traditional silicone and UV-cured photopolymers. A mechanical
characterisation was carried out with the help of uniaxial tensile experiments,
along with a multiparametric design optimisation. The experiments reveal dif-
ferent kinds of mechanical behaviours depending on the distinct chemistry and
polymerisation processes, which were taken into account for the design solutions
with the genetic algorithm (NSGA-II).

In Sect. 1, the objectives of this work and the state of the art are described.
Section 2 presents an overview of silicone AM technologies considered for the door
seal prototype. Within this framework, Subsect. 2.2 portrays the experiments
performed under uniaxial loading conditions. Section3 presents the applied
hyperelastic models and Drucker’s stability. Subsection 3.2 compares the param-
eters of the four different silicones.

Subsequently, in Sect.4, optimisation tasks are built for a prototype seal
where part of the geometric variables are parametrised and constrained.
Section 4.1 highlights the failure modes to be avoided in the context of an air-
craft door seal, while also expressing the output variables obtained from the
FEM analyses that should be minimised. Subsection 4.2 formalises the multiob-
jective minimisation problem and exemplifies how the genetic algorithm searches
for optimal design candidates. In Subsect. 4.3, the results are summarised. By
plotting the results of the deformed seal after the cabin pressure loading step, the
majority of the design solutions were feasible, with the exception of the Keyence-
L silicone, whose material stability was not met. Even though the “best” solu-
tions are still associated to Keyence’s technologies, a more consistent material
modelling for these silicones could enable even better seal designs.

For future studies, it would be interesting to consider other material models
that can better capture the material behaviour of certain elastomers, avoiding
problems of polyconvexity. Furthermore, the modelling of the boundary problem
was simplified in this study compared to real aircraft door loadings and should
be more deeply explored. Relative deformations of the striker with respect to the
nominal seal compression during ground and flight events, as well as temperature
influence and time-dependent material behaviour should be incorporated to the
optimisation guidelines of seal prototypes in order to mitigate failure scenarios.
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Appendix

Table 7 presents the 3D printing parameters for the Silastic specimens:

Table 7. Printing parameters for Silastic (LAM)

Nozzle diameter 0.4mm
Layer Height 0.4mm
Line Width 0.41mm
Flow 145%
Retraction 10.0mm at 16.7mm/s
Outlines 0
Infill 100%
Speed 6.7mm/s
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Abstract. Lightweight design is a powerful method to decrease weight, to
increase the performance of an application. This document describes the
design, the development (industrialization), the qualification of a lightweight
design application (airplane door latch) which was developed under appli-
cation of additive manufacturing (Ti6Al4V-powder-bed-fusion). The docu-
ment explains the development content, the requirements, the applied design,
development considerations, the sizing operation. A multi-process customized
design solution, based on an integrated design, represents the key innovation.
Furthermore the paper explains the qualification, certification approach, pro-
vides an example for the achieved mechanical properties. The final result of the
development is a decrease in weight by 45%, at once a decrease in recurring
cost by 25%. The additively manufactured airplane door latch received certifi-
cation by EASA, FAA. It is an example of the potential of additive manufactur-
ing in an aerospace environment for existing, new aircrafts.

Keywords: Additive manufacturing - Lever-shaft-integration - EASA/FAA
certified

1 Preface

Airbus Helicopters offers the full spectrum of rotary wing aircraft solutions to its cus-
tomers in more than 150 countries worldwide [1]. In parallel Airbus Helicopters is
a design and build partner for Airbus Commercial Aircraft in the area of cabin entry
systems for large fixed wing aircrafts such as passenger entry doors, cargo doors, bulk
cargo doors and emergency exit doors. In the year 2019 this complementary business
of Airbus Helicopters employed a work force of 1350 employees and delivered 5000
door units to Airbus. ‘Airplane Doors’ supplies approximately 70% of the cabin-entry
needs for the Airbus fixed wing aircraft production. It manufactures conventionally
fabricated, aluminum-riveted doors as well as doors equipped with a CFRP structure.
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In the year 2016 Airbus Helicopters presented the second generation of a CFRP pas-
senger entry door. The door system conceived new CFRP load introduction solutions
(ie the maxShear load introduction) which make metallic reinforcements obsolete. At
the same time Airbus Helicopters and its partner Fraunhofer LBF, Darmstadt intro-
duced a new door test facility. The door test system offers 50 DOF! for a full com-
pliant representation of an aircraft fuselage door interface. The test facility allows a
double-cabin pressure load and measures the reaction forces via 3D load cells. Both
innovations together emphasis the research and product development capabilities of
‘Airbus Helicopters — Airplane Doors’ and the role as a market leading design and
build partner for Airbus.

2 Introduction

State-of-the-art airplane doors fulfill the definition of a system. The system elements
are a door structure, an opening and closing mechanism, a main hinge, an electric
status monitoring, a thermo-acoustic insulation and a cabin lining. The doors main
functions are the provision of fuselage functions in cruise condition, the provision of
access to the cabin for passengers and crew members and the provision of the emer-
gency exit function.

The door opening motion is initially inward, upward and a swivel motion out-
ward. Aircraft doors for large passenger aircrafts follow EASA/FAA certification
specification 25 (CS-25) [2]. The certification specification does not accommodate a
doors chapter. Never-the-less there are some door specific requirements such as ‘mul-
tiple layers of protection’ for passenger doors. A history of accidents in the 1960’s
and 1970’s with airplane doors led to the introduction of additional safety elements.
The multiple layers of protection consist of a latching system, a locking system, an
indication system and a pressure prevention means. The basic protection objective is
to provide a high degree of tolerance to failures, malfunction and human errors. The
CS-25 paragraph illustrates the significance of the door latch to the safety of the air-
craft. From an ‘aircraft-system’ point of view the door latch represents a flight critical
(important) element of the aircraft.

3 Requirements of the Door Latch and Design
Considerations

The research project GENfly [3] generated many promising results with respect to
the material quality of additively manufactured components. Based on these positive
results Airbus Helicopters decided to perform research and pre-development activities
with the objective to improve the weight and the cost of the A350XWB passenger door
latching system. The pre-development work was built-on the components requirements

I DOF: degree of freedom.
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such as material requirements, load requirements, installation and door mechanism
requirements, process requirements and quality assurance requirements. It is impor-
tant to mention that the door latch is loaded mainly by static forces. Its cyclic loads
are very small compared to the static loads which is an advantageous situation for an
additive manufacturing application. Material requirements are defined in several CS-25
paragraphs and subsequent in the relevant Airbus company standards. An important
requirement for additively manufactured components is the surface quality. Oxygen
modifications such as alpha-case or an increase in micro-hardness in the fringe of the
part are not allowed. Additionally the Airbus material standards require fluorescence
penetrant inspection (FPI) together with radiographic testing such as digital x-ray or
computerized tomography. Furthermore the geometrical compliance, and the way of
demonstrating this, are important requirements for the development (Fig. 1).

Fig. 1. Left hand side: The conventionally latch shaft assembly consists of 10 parts. Right hand
side: the newly developed AM latch shaft represents a single part which integrates ten parts into
one part

4 Mechanical System and Sizing Operation

The development of the AM latch shaft was based on a systematic design approach.
Under application of the requirements different solutions in the development phases
‘physical principle’ and ‘concept’ came into existence.

Iteration 1 demonstrated a truss-structure combined with local reinforcements
and strongly pronounced bionic elements. After the creation of early demonstrators
the design developed into a closed surface structure including bionic elements (itera-
tion 2). Iteration 3 applies the surface structure again and includes an optimized topol-
ogy. The concept of integration is common to all design iterations and represents the
most powerful solution method. The AM latch shaft realizes an integration ratio of ten
parts into one part. The integrated design (iteration 3) of the AM latch shaft eliminates
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overlap areas known from conventionally manufactured assemblies. In addition to that
it presents stress-customized wall thicknesses and manufacturing friendly geometries.

The AM latch shaft is based on a cantilever beam. Due to the latch lever which is
assembled to the main body a combined loading by torsion and bending comes into
existence (door operation). The critical load case is slightly different compared to the
standard operation but still torsion and bending are the most important stress compo-
nents. As already described the application uses stress-customized wall thicknesses to
react the applied loads.

5 Multi-Process Optimization

Lightweight design represents a multi-functional field of science. Lightweight design
principles and state-of-the-art sizing methods are very important but lightweight
design strategies also includes manufacturing process elements such as produc-
tion light weight design [4]. The Airbus Helicopters additive manufacturing produc-
tion system integrates the full additive value chain. It starts with the data preparation
(print-pre-stage), the print, de-powdering, stress relief heat treatment and the separa-
tion from the build plate. This step of master forming is followed by sand blasting,
hot-isostatic-pressing and etching. After this the functional surfaces and fittings are
created by machining. The final sequence includes computerized tomography, fluo-
rescence penetrant inspection (FPI) and the installation of bushes and bearings. It is
important to understand that the print process itself consumes 30% of the recurring
cost. 70% of the recurring cost are created by the post print operations. The develop-
ment activities at Airbus Helicopters are based on a commercial environment and are
limited by schedule and budget constraints. In order to comply with the commercial
environment Airbus Helicopters applies a multi-optimization development method.
This means the activities of geometry creation, sizing, the development of the print
job, the development of the machining operations and the AM process definition are
performed simultaneously. The concurrent approach allows the development team
to introduce new solution elements and to immediately perform manufacturing tri-
als to instantly validate the new features before freezing the final configuration. This
approach requires precise coordination but allows to develop a process customized
lightweight design application within a very short cycle time compared to a sequential
operation.

6 Certification

The certification of the AM latch shaft applies the basic concept of part qualification
(validation of the application performance). The defined process (frozen manufac-
turing route), the design and the Airbus internal additive manufacturing (AM) stand-
ards constitute the certification basis. The assessment of the application performance
includes the validation of the Material-Parameter-Supplier (printing infrastructure)
set-up, the validation of the part characteristics and a destructive component test. The
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validation of the Material-Parameter-Supplier (printer infrastructure) set-up is basi-
cally a test campaign to evaluate the mechanical properties of the melted material.

The validation of the part characteristics includes the geometrical compliance,
the microstructure of the material, porosity and lack-of-fusion inspections as well
as FPI inspections to exclude surface defects. The destructive component test repre-
sents a cross-check of all other performed validation methods and ensures the overall
mechanical performance of the AM application.

The modification justification report delivered a number of very advantageous
results. The fatigue strength of the Airbus Ti6Al4V-material surpasses the specifi-
cation limits by 5-10%. The AM latch shaft represents the replacement of an exist-
ing design solution. In order to safeguard the door system qualification the Airbus
Helicopters development team targeted on an equal performance compared to the pre-
vious solution. The component test (static strength) resulted in a slight increase of the
stiffness. With respect to the part strength a sufficient reserve factor (compared to the
strength requirement) could be achieved (Fig. 2).
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Fig. 2. Qualification test result of the fatigue strength of Ti6Al4V produced by means of
additive manufacturing in the framework of the qualification and certification activities of
the AM latch shaft. The graph compares test results in ‘as-build” surface quality (AB) with
specimen in ‘surface finished’ quality (SF), specimen in ‘two-times surfaced finished’ quality
(SF?) and ‘machined’ specimen (no suffix)

7 Achievements

After a successful validation test campaign (including the characterization of the
melted material, the evaluation of the part characteristics and a series of component
tests) Airbus and Airbus Helicopters decided to apply the AM latch shaft for the serial
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manufacturing of the A350XWB passenger doors. The development resulted with a
decrease in weight by 45% and at once with an increase in the parts performance.
This performance increase is well appreciated since the latch shaft is flight critical. At
the same time the new additively manufactured solution decreases the recurring cost
by 25%. Later process optimizations generated a potential to decrease the application
weight to 50% at a 50% recurring cost reduction. The development objective to gen-
erate a commercial advantage together with a significant weight reduction could be
achieved. Both certification organizations EASA and FAA acknowledged the devel-
opment and certified the application. The EASA Major Change Approval 10,074,979
was awarded 26 Nov 2020. The confirmation of FAA has been communicated 08 Sep
2021. Between the start of production and today Airbus Helicopters manufactured
3200 parts and replaced a number 32.000 conventionally manufactured parts. The AM
latch shaft represents a flight critical part fabricated by additive manufacturing and is
certified by the airworthiness authorities. It is the first of such parts in civil aviation
history. This achievement represents a major milestone with respect to the commer-
cial application of additive manufacturing for Airbus Helicopters as well as for Airbus
Group.
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Abstract. Lightweight design for gears is becoming increasingly important
for efficient, sustainable drive trains. Innovative lightweight designs can be
achieved by the additive manufacturing process of P.B.F.-L.B./M. (powder bed
fusion by laser beam of metals). This contribution presents lightweight hub
designs for gears manufactured by P.B.F.-L.B./M. Helical as well as spur gears
are 3D-printed out of the case-hardening steel 16MnCr5. After the PBF-LB/
M-process, the gears are case-carburized, shot blasted for mechanical clean-
ing. The gears with lightweight hubs are analyzed concerning their density,
microstructure, roughness. The gears are tested regarding their static, dynamic
load carrying capacity, the influence of the lightweight hub on the load car-
rying capacity is analyzed, evaluated. In conclusion, this contribution enables
aprofound understanding, prospective evolution of lightweight hub designs for
gears.

Keywords: Load carrying capacity - Lightweight - Gear - Hub - 3D-printed -
16MnCr5 - PBF-LB/M - LPBF

1 Introduction

Within the introduction, the PBF-LB/M process will be introduced as well as the
application of the PBF-LB/M process on the manufacturing of gears and the differ-
ence to conventional manufacturing of gears.
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1.1 PBF-LB/M Process (LPBF)

The term PBF-LB/M is an acronym, stands for powder bed fusion (PBF) with a laser
beam (LB) of metals (M) and is an additive manufacturing process. PBF-LB/M is
also known as LPBF, which stands for laser powder bed fusion or the non ISO-term
“selective laser melting (SLM)”. PBF-LB/M is an additive manufacturing process
enabling new possibilities with regard to design and manufacturing. Conventional
manufacturing restraints can be reduced and innovative designs are achievable.
Conventional manufacturing techniques rely on primary forming a gear by casting and
forging as well as removing material by cutting, milling and grinding. Using PBF-
LB/M it is possible to create undercuts and curved bores, both of which are not easily
realized with conventional manufacturing. With the new design freedom of additive
manufacturing, functionality features such as curved cooling pipes or mass reduction
by lightweight designs are possible. The realization of such functionality and mass
reduction has been proven by the authors in recent research and publications. [1-3]

Additive manufacturing is characterized by a layer-by-layer build-up of the geom-
etry [4, 5]. PBF-LB/M is a repetitive process, with the following steps:

1. Powder is distributed by the coater from the powder supply onto the building plat-
form. Additional powder is discarded in the powder throw-out.

2. Powder is melted by a controlled laser beam according to the component geometry.
Powder will be solidified, where needed for the component geometry, the rest of
the powder remains unsolidified.

3. The building platform is lowered, the powder supply is raised and the process
repeats itself.

The entire process is performed under a shielding gas atmosphere. Common shielding
gases are nitrogen, argon or helium. For the research in this paper, argon is used as a
shielding gas. Figure 1 shows a schematic process set-up of powder bed fusion with a
laser beam of metals (PBF-LB/M).
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Fig. 1. Schematic process set-up of powder bed fusion with a laser beam of metals (PBF-
LB/M)
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1.2 Gears Manufactured by PBF-LB/M

The gears investigated in this paper are manufactured by the PBF-LB/M process.
Gears are a widespread and usually highly-loaded component in drive trains and gear
boxes. In order to raise the material strength, these parts are typically made out of
case-hardening steels such as 16MnCr5 and hardened during a heat-treatment called
case-carburizing after soft machining of the gear geometry. Besides the heat treat-
ment, primary forming, soft machining and grinding are important manufacturing
steps of conventional manufactured gears. As a pre-processing, the powder production
by e.g. gas atomization for the PBF-LB/M process as well as the smeltering for the
conventional process have to be realized. The main difference between conventional
and additive manufacturing is the primary forming by PBF-LB/M instead of casting
and forging. Due to the different primary forming, the subsequent soft machining is
different as well. The heat treatment and the hard machining (grinding) for conven-
tional and PBF-LB/M manufacturing are comparable. Figure 2 shows a comparison of
the manufacturing steps for a gear manufactured conventionally and by PBF-LB/M.

~
» Casting of the material ) )
(e.g. slabs) . IPowdgr bed ffu5|on \Imth a
Prima . i aser beam of metals
Folrmir?é Forging (e.g. of the slabs) PBF-LB/M )
+ Milling of the gear teeth . gtrﬁ§s I'?Iief r;eat trela:ment
+ Drilling of the bore + futling from base plate
Soft  Turning of the hub PB;-L?/M (e.g.IW|re-cut EDM)
Machining OSt- * Turning of support structure
Processing
. Case-carb_urlzmg _ » Case-carburizing
* Shot blasting (mechanical « Shot blasting (mechanical
Heat cleaning) Heat cleaning)
Treatment Treatment y
* Grinding of bore and * Grinding of bore and
transverse faces transverse faces
Hard « Grinding of gear teeth Hard « Grinding of gear teeth
Machining Machining Yy

Fig. 2. Comparison of the manufacturing steps for a gear manufactured conventionally and by
PBF-LB/M (exemplary process route, alternative steps are possible)

2 Lightweight Gear Hub Designs

Two major lightweight gear hub designs were developed and investigated within the
research of this paper: a topologically optimized and a bionically optimized gear hub
design. The bionically optimized gear hub design was elaborated into two versions:
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a (conservative) bionically and an advanced bionically optimized gear hub design.
Besides the lightweight gear hub designs, conventional full material hubs were addi-
tively manufactured for comparison.

The process of developing and optimizing the lightweight gear hub designs is
comprehensively described in the publication “Framework and strategies for the light-
weight construction of AM gears for the automotive industry” [4]. The main infor-
mation regarding the lightweight gear hub designs is summarized in the following
chapters to better understand the later following investigations on the characteristics
and the influence on the load carrying capacity.

2.1 Topologically Optimized Gear Hub Design

The topologically optimized gear hub design is developed with the help of the simula-
tion programs Inspire 2018 and Siemens NX 11. The design space is defined by a gear
rim thickness and a minimal thickness above the feather key. The gear rim thickness
is based on calculations according to ISO 6336 [6]. The minimal thickness above the
feather key is based on experience of the gear research institute (FZG) and scientific
publications [7]. The gear models are positioned, paired and meshed before simula-
tions with a static load are performed. Figure 3 shows a visualization of the design
space as well as the positioning of the gears, a detail view of the pairing and the mesh-
ing refinement.

a) b)
Positioning and paring of the gears
non-design design K —
space space Ll
pa N ".!‘_ ) |
e
T“ B L P
S

Detail of contact point Meshing refinement

Inner hub

diameter

— |
Inner design space|
Quter desing space

Foot circle diameter

Fig. 3. Visualization of a the design space and b the positioning of the gears, a detail view of
the pairing and the meshing refinement [4]

For the topologically optimization of the gear hub design, a variation of the sym-
metry planes is performed. The initial number of symmetry planes is 27: one sym-
metry plane for each tooth of the gear. With each step of the variation the number of
symmetry planes is reduced by 40% until six symmetry planes are reached. Based on
a FEM simulation, the variant with 16 symmetry planes is chosen due to an even load
distribution. Figure 4 shows a visualization of the variation of the symmetry planes.
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a) b) Number of symmetry planes

Positioni
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Torque  Tooth contact

Fig. 4. Visualization of a the positioning, loads and contact zones and b the variation of the
symmetry planes in the topology optimization [4]; variant with 16 symmetry planes is chosen

2.2 Bionically Optimized Gear Hub Design

The bionically optimized gear hub design is developed with the help of the simulation
program Siemens NX 11. The design space is identical to the topologically optimized
gear hub designs. Three biological models are selected and their structure abstracted
and transferred to a gear hub design. All gear hub designs were roughly analyzed with
the help of FEM to make sure, that a basic strength of the lightweight gear hubs is
ensured. Based on the calculated mass reduction, the bulrush as a model for the bion-
ically optimized gear hub design was selected. The selected bionically optimized gear
hub design is subsequently modified to a more conservative version with 30% instead
of the initial 35% mass reduction and an advanced version with 45% mass reduction
(see Table 2 of Sect. 2.3). In the following, the conservative version is simply called
“bionically optimized hub” without the label “conservative”, whereas the advanced
version is called “advanced, bionically optimized hub”. Table 1 shows the different
biological models and bionically optimized gear hub designs.

Table 1. Biological models and bionically optimized gear hub designs; the bulrush variant is
selected and modified to a conservative and an advanced version (see Table 2 of Sect. 2.3)

Concept 1 Concept 2 Concept 3 Concept 3
Winter Horsetail Blue Alga Bulrush Advanced

Designs

Biological Model

Bionic Gear Design

Mass reduction

Safety at 250 Nm /
1450 Nfmm?
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2.3 Manufactured Gears and Lightweight Hub Designs

There are three types of gears and three main types of lightweight hub designs manu-
factured. The gear types are common test gear geometries which have been in use at
the gear research instute (FZG) and for which extensive experience is available. The
manufactured gears and their corresponding hub designs are listed in the following:

e Type I gears (helical, m =3.3 mm, z,,=25/27) with:
— conventional, full material hubs
— bionically optimized hubs
— topologically optimized hubs
— advanced, bionically optimized hubs
e Type 17/18 gears (spur, m, =5 mm, z, = 17/18) with:
— conventional, full material hubs
— two gear wheels with bionically optimized hubs based on the blue alga model
(trial tests)
e Type Pm5 gears (spur, m =5 mm, z=24) with:
— conventional, full material hubs
— advanced, bionically optimized hubs

The hubs for the Type 1 and Type Pm5 gears are equally manufactured regard-
ing quantity. The two gear wheels with bionically optimized hubs based on the blue
alga model were trial tests to proof the concept of biological models apart from the
bulrush.

The gears were tested regarding the following load carrying capacities:

e Typel
— static form stability
— dynamic surface durability
e Type 17/18
— dynamic surface durability
e Type Pm5
— dynamic tooth root bending strength

The PBF-LB/M process creates a high surface roughness of up to Rz=60 pm. In
order to reduce the surface roughness and to investigate its influence on the tooth root
bending strength, half of the Type Pm5 gears with conventional, full material hubs
and half of the Type Pm5 gears with advanced, bionically optimized hubs were chem-
ically polished. The chemical polishing consisted of a bath in acid for a defined period
of time. The exact characteristic values of the chemical polishing were not disclosed
by the contract manufacturer. All transverse surfaces of the Type Pm5 gears were
grinded in order to achieve a precise tooth width, which is essential for the experi-
mental testing of the tooth root bending strength. The Type 1 and Type 17/18 gears
were not chemically polished but tooth flank grinded for experimental investigations
regarding the surface durability. Figure 5 shows the gear types with their correspond-
ing lightweight hub designs and manufacturing routes.
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Fig. 5. Gear types with their corresponding lightweight hub designs and manufacturing routes

Table 2 shows the manufactured lightweight hub designs with their corresponding
mass reduction for the Type 1 gears.

Table 2. Manufactured lightweight hub designs with their corresponding mass reduction for
the Type 1 gears

Advanced
bionically
| optimized hub

Conventional Bionically Topologically
(full material hub) optimized hub optimized hub

Mass reduction -1 25% 30 % 45 %

3 Characteristics of Lightweight Gear Hub Designs

Regarding the characteristics of the lightweight gear hub designs the following prop-
erties were investigated: density, microstructure and hardness depth profile.

3.1 Density

The density was evaluated with the principle of Archimedes as well as with com-
puter aided analysis of unetched gear sections. The computer aided analysis identi-
fied scarce and small-sized cavities within the gear sections, which are shown as
minuscule black dots on the gear sections. Both methods resulted in relative densi-
ties of p,,;>99,7% compared to a material with no cavities (p,,=100%). The slight
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porosities were not agglomerated but evenly distributed over the entire gear section.
The density did not show an influence on the load carrying capacity of the lightweight
hub designs. No lightweight hub design failed due to its density. Figure 6 shows the
cross sections for the density analysis of the gears with different lightweight hub
designs.
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Full material hub pinion Full material hub wheel Topolegy hub wheel Bionic hub wheel Advanced bionic hub wheel

3

Fig. 6. Cross sections for density analysis of the different lightweight gear hub designs;
cavities are shown as minuscule black dots on the gear sections

3.2 Microstructure

The microstructure of the different lightweight hub designs was analyzed with the
help of etched metallographic gear sections. The different colors in the cross sections
are caused by small time deviations regarding the etching and can be neglected. All
cross sections show a constant case-hardening depth and a homogenous case-harden-
ing layer. The case-hardening layer is made up of a mainly martensitic microstructure,
the material beyond the case layer is a composition of mainly upper and lower bainitic
microstructures. The lightweight structures were not through-hardened, which was
explicitly intended to avoid a brittle and thus fragile microstructure. In general, the
microstructure of the additively manufactured gears is comparable to conventional,
smelt-metallurgical gears. Figure 7 shows the etched cross sections of the lightweight
hub designs for the analysis of the microstructure.

Full material hub pinion Full material hub wheel Topology hub wheel Bionic hub wheel Advanced bionic hub wheel

Fig. 7. Etched cross sections of the lightweight gear hub designs for analysis of the
microstructure (different colors due to small deviations of the etching time can be neglected)
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Apart of the generally comparable microstructure, the following particular charac-
teristics regarding the microstructure of PBF-LB/M gears were found:

e Scarce and evenly distributed foreign material occurrences (especially alumi-
num-oxides) possibly due to powder cross-contamination (handling and processing
of powder on a research PBF-LB/M machine that is used with different types of
powder).

e Pronounced non-martensitic case layers with troostite and ferrite microstructures.
Scarce and evenly distributed cavities caused by the PBF-LB/M process.

Sporadic differences in the characteristic of the martensitic microstructure: coarse
and fine martensitic microstructures next to each other; research on the causes is
ongoing.

All of the above-mentioned particular characteristics did not show a measurable influ-
ence on the load carrying capacity of the lightweight hub designs. No lightweight hub
design failed due to irregularities in the microstructure. Figure 8 shows the particular
characteristics regarding the microstructure of lightweight hub designs manufactured
by PBF-LB/M.

Bionic Advanced Bionic

Topology

Fig. 8. Particular characteristics regarding the microstructure of lightweight hub designs
manufactured by PBF-LB/M

3.3 Hardness Depth Profiles

The hardness depth profiles of the lightweight structures were analyzed with the help
of gear sections and a hardness testing machine. The hardness was measured from one
side of the lightweight structure to the opposite side of the lightweight structure. All
lightweight structures are at least 3.0 mm thick to avoid through-hardening and brittle
microstructures (see Sect. 3.2). Regarding the hardness depth profiles, the following
observations and conclusions can be made:

o All lightweight structures show a surface hardness of around 700 HV1 and a core
hardness of around 300 HV1. The core hardness was measured at the intersection
of normals constructed on the points of contact of the 30°-tangent to the tooth root
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fillet, the position is basically in the gear rim underneath a tooth. These values are
comparable to conventional, case-carburized gears and lie within the material qual-
ity MQ specified in part 5 of ISO 6336 [6].

o All lightweight structures show a symmetrical hardness depth profile, which corre-
lates with a homogenous heat treatment.

e All hardness values in the center of the lightweight structures are above the core
hardness, which correlates with the higher cooling rates of the lightweight struc-
tures compared to the thicker gear rim.

e The tendency towards higher hardness values in the middle of the lightweight
structure correlates with the mass reduction of the lightweight gear hub design: the
less material, the higher the hardness values. This observation correlates with the
knowledge, that less material leads to higher cooling rates which leads to higher
amounts of martensitic microstructures.

All of the above-mentioned characteristics did not show a measurable influence on
the load carrying capacity of the lightweight hub designs. No lightweight hub design
failed due to its hardness depth profile. In sum, the hardness depth profiles correlate
well with the expectations derived from conventional hardness depth profiles. Figure 9
shows the hardness depth profiles of the lightweight structures.
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Fig. 9. Hardness depth profiles of the lightweight gear hub designs in the following order:
bionically, topologically and advanced bionically optimized gear hub design

4 Influence of Lightweight Gear Hub Designs on the Load
Carrying Capacity

The influence of the lightweight gear hub designs on the load carrying capacity was
elaborated with the help of static and dynamic experimental investigations. A compre-
hensive description of the test rig, the experimental procedure and the analysis of the
results has to be omitted due to the limited scope of this paper but can be found in the
literature [8-10].
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4.1 Static Load Carrying Capacity

The static load carrying capacity is tested with a static test rig for all three lightweight
gear hub designs. Lightweight gears of the research project “Massiver Leichtbau™ [11]
are compared with the additively manufactured lightweight gears. The lightweight
gears of the research project “Massiver Leichtbau” have a case-carburized gear rim
which is joined with different lightweight hubs. Regarding the static load carrying
capacity, the following observations and conclusions can be made:

e All lightweight hub designs endured the maximum torque of T, =1200 Nm
structurally stable and without plastic deformations.

e Compared to the lightweight hubs of the research project “Massiver Leichtbau”,
the additively manufactured lightweight hub designs show a great potential regard-
ing mass reduction and static load carrying capacity.

Figure 10 shows the static load carrying capacity of Type 1 gears with lightweight hub
designs compared to lightweight gear hub designs of the research project “Massiver
Leichtbau”.
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Fig. 10. Static load carrying capacity of Type 1 gears with lightweight hub designs compared
to lightweight gear hub designs of the research project “Massiver Leichtbau™ [11]

4.2 Dynamic Load Carrying Capacity—Tooth Root Bending Strength

The tooth root bending strength is evaluated with the help of a pulsator test rig. The
four variants of Type Pm5 gear wheels differ in regard of the lightweight hub design
and the chemical polishing. Based on the experimental investigations regarding the
tooth root bending strength, the following observations and conclusions can be made:

o All lightweight gear hub designs were structurally stable and no plastic deforma-
tions were observed during the testing of the tooth root bending strength.

e Considering the common scattering of the experimental results, the chemically pol-
ished and the unpolished variants are comparable regarding the tooth root bending
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strength. Additionally, the lightweight gear hub designs do not influence the tooth
root bending strength.

e The chemical polishing does not deteriorate the structural stability of the light-
weight hub designs.

In sum, the investigated lightweight gear hub designs did not show any influence on
the tooth root bending strength. The structural stability during the tooth root bend-
ing tests shows the further potential regarding mass reduction by lightweight gear hub
designs. Figure 11 shows the tooth root bending strength of the different variants of
Type Pm5 gears with a reference from literature [12] and a comparison value from
research [13]. The lower tooth root bending strength of the PBF-LB/M gears is due to
the much higher surface roughness compared to the conventional reference values and
will be considered more detailed in upcoming publications.

relatie bending strength
3
Ed

Niemann & Winter Type Pm5u Type PmSu Type PmSc Type PmSc

18MACrS no chem. treatment no chem. treatment chem. treatment chern, treatment E:’:‘:é‘;
shot blasted o e shot blasted
refarence values 18MnCrS. 16MnCrS 16MnCrS 18MnCrS
o e 100% 0% % 99% 95% 108%

strength

Fig. 11. Tooth root bending strength of the different variants of Type PmS gears with a
reference from literature [12] and a comparison value from research [13] (blue: PBF-LB/M;
green: smelt-metallurgical reference)

4.3 Dynamic Load Carrying Capacity—Surface Durability

The surface durability of the Type 1 and Type 17/18 gears was tested on a FZG back-
to-back test rig. Based on the experimental investigations regarding the surface dura-
bility, the following observations and conclusions can be made:

e All but one lightweight gear hub designs were structurally stable and no plastic
deformations were observed.

e One exception occurred with a structural failure of a Type 17/18 gear with a light-
weight structure based on the blue alga. This failure was provoked by a known
small material thickness above the feather key. The notch effect at the keyway most
likely caused a stress peak which could not be sustained by the limited amount of
material. It is strongly assumed, that the failure initiated at the feather key and not
within the lightweight structure. Figure 13 shows the structural failure.

e Considering the common scattering of the experimental results, all variants are
comparable regarding their surface durability. Within the Type 1 variants, load
cycle numbers on a certain load level with different lightweight gear hub designs
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are comparable. Thus, the investigated lightweight gear hub designs do not influ-
ence the surface durability.

Figure 12 shows the surface durability of the different variants of Type 1 and

Type 17/18 gears with a reference from literature [12] and comparison values from
research [13, 14].
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Fig. 12. Surface durability of the different variants of Type 1 and Type 17/18 gears with a
reference from literature [12] and comparison values from research [13, 14] (blue: PBF-LB/M;
green: smelt-metallurgical reference)
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Fig. 13. Only structural failure of a test gear with lightweight gear hub design due to a limited
material thickness above the feather key; failure most likely initiated by notch effect of the
feather key, not within the structure of the lightweight hub design

5 Summary and Outlook

The summary of this paper includes the following main findings:

e Gears with topologically and bionically optimized lightweight hub designs can be
created with the additive manufacturing process PBF-LB/M.

e Density, microstructure and hardness depth profiles are of good quality and compa-
rable to conventional smelting-metallurgy gears.

e The lightweight hub designs have no negative effect on the load carrying capacity

and showed a high potential for further mass reduction (m_,>45%).
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The outlook provides the following topics:

Optimized lightweight gear hub designs should aim for further mass reductions
(e.g. m, >60%).

Further lightweight potential can be exploited by additively manufacturing gear
and shaft together in one PBF-LB/M part.
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Abstract. Additive manufactured parts have a high potential in weight saving
for aerospace applications. In the Bavarian-funded project BayLu25 — BLANCA,
the Universitdt der Bundeswehr Miinchen, the test house GMA, the small and
medium enterprise GERG and the aircraft manufacturer Boeing are working
together to investigate and develop additive manufactured load introductions into
sandwich parts. Certification is taken as a basis for the developments and there-
fore, 3D simulation methods are used to verify and validate the structure. Current
metal parts are commonly certified using the von-Mises yield criterion. The
advantages in higher compression and shear allowable as well as the orthotropic
behavior of additive manufactured metals are not considered. To further decrease
weight and therefore save CO,, the 3D material behavior of Ti-6Al-4 V is investi-
gated in the current project. The material characterization was done by means of
a test program, in which the 3D material properties for tension, compression and
shear loading were determined. Furthermore, the build orientation influence on
the strength and stiffness values of the specimens was evaluated. For modeling
the material behavior, the Cuntze-Bold model was adapted for metallic parts.

Keywords: Additive Manufacturing (AM) - Metal - Testing - Material
Modeling

1 Introduction

®

Check for
updates

Due to the high design freedom AM offers, conventionally manufactured parts are
progressively replaced by additive manufactured structures. In the Bavarian-funded
project BayLu25-BLANCA, the Universitit der Bundeswehr Miinchen, the test house
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GMA, the small and medium enterprise GERG and the aircraft manufacturer Boeing
are collaborating to optimize bonded load introduction into sandwich components
using additive manufactured load introduction structures. One way to increase the
lightweight potential is to further develop the AM-Process. Another possibility is to
improve the calculation methods used for strength analysis during certification. Thus,
accurate modeling of the material behavior, especially the failure criterion for strength
evaluation, is important for the resulting weight. Therefore, advanced simulation
methods are developed in this project, which shall contribute to simulation-assisted
certification.

In aerospace, certification is done according to regulations issued by e.g., the
European Union Aviation Safety Agency (EASA) [1]. These regulations state that
reduced material allowables must be used for strength calculation. For this purpose, a
distinction is made between A- and B-values, as indicated in Table 1.

Table 1. Definition of A- and B-Values [2, 3]

Load path design | Probability basis p | Material allowable

A-value | single 99%
B-value | multi 90%

=l | =l

—ky-o
—ky-o

In the research project BLANCA, a single load path design is developed. Therefore,
the A-value must be used. This ensures, that at least 99% of the population of val-
ues is equal to or exceeds the A-basis with a confidence of 95%. A-value calculation
is done by reducing the arithmetic mean material value obtained from testing, with
a reduction factor that consists of a reduction parameter k, and the standard devia-
tion o. In addition to the experimental inaccuracies, the manufacturing accuracy of the
specimens can also influence o, meaning that it can have a significant impact on the
resulting material allowables used for certification. Particularly in AM, it is therefore
important to determine the material values and their scattering for different build ori-
entations. In this paper, this was done for a laser powder bed fusion (LPBF) process.
The influence of the manufacturing accuracy on the material allowables is discussed.
Furthermore, a newly developed material and failure model is presented, which was
evaluated using the generated material data. This approach considers the build orienta-
tion and load direction dependent material allowables for strength calculation. Finally,
an outlook is given on further necessary steps to verify the failure criterion.

2 Material Characterization

In this study the titanium alloy Ti-6Al-4V was investigated. The material characteriza-
tion was done by means of a test program, in which the material behavior was deter-
mined for tension, compression and shear loading. ASTM standards were used as a
basis for testing. The given specimen geometries were applied for tensile and shear
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tests, while for the compression tests a modified geometry was defined. In addition to
the load direction (tension, compression, shear), the dependence of the material values
on the specimen’s build orientation was also considered. Figure 1 shows the inves-
tigated build orientations. Specimens built in vertical direction were labeled with T,
while for specimens aligned in longitudinal and width direction the labels L and W
were defined.

SO

&

Tension L

Compression L

Thickness Direction T

Gas Flow Direction

Longitudinal Direction L

Fig. 1. Definition of the build orientations

Eight specimens were tested for each load direction and build orientation, resulting in
a total of 72 specimens used for the characterization of one material. Manufacturing
was done by the project member GERG, using a Concept Laser M2 and minimum
postprocessing steps. After unpacking the specimens, a stress-relief heat treatment
was applied. An extra machining step was only necessary for the compression speci-
mens, in which the end faces were machined to ensure parallel level surfaces for load
introduction. Furthermore, it should be noted that due to the limited build plate size,
the specimens had to be printed in two batches. The build job of one batch is shown in
Fig. 2.

Fig. 2. Build job of Ti-6Al-4 V specimens
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In the following subchapters, the experimental results from tensile, compression
and shear testing are presented and the influence of the build orientation on the mate-
rial strength is shown. Testing was performed by the project member GMA on a uni-
versal testing machine (Zwick Z330). The environmental conditions were set to room
temperature (23 °C=£2 °C) and 50% =+ 5% humidity. To support these results, addi-
tional testing was conducted at the Universitit der Bundeswehr Miinchen, using a dig-
ital image correlation system for compression and shear tests.

2.1 Tensile Tests

Tensile testing was performed using the standard ASTM A370. A crosshead speed
of 10 MPa/min was defined and an extensometer was used for strain measurement.
Evaluating the stress—strain-curves for each build orientation L, W, and T, resulted in
the following ultimate tensile strength values (Fig. 3).

TENSION - STRENGTH
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Fig. 3. Tensile strength values for the build orientations L, W, T. Single- and A-values are
shown

In this graph, the eight single values for each build orientation and the resulting
A-values, used for certification, are shown. Furthermore, it was assumed that the sin-
gle values are Gaussian distributed. The arithmetic mean strength value is indicated
here, by the maximum of the gauss distribution.

The lowest standard deviation, and therefore the lowest material value scattering,
was found for specimens oriented in T-direction. It amounts to 0.52%, while the larg-
est standard deviation is in W-direction with 3.4%. The mean strength values are on
a similar level, while the strength in L-direction tends to be higher. However, com-
paring the A-values shows a more pronounced dependency on the build orientation.
This is due to different standard deviations, which are affected by varying manufac-
turing accuracy in each build orientation. For example, the strength in W-direction is
about 6.5% lower than in T-direction, because higher material value scattering causes
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a larger reduction of the mean value. The same evaluation was conducted for the spec-
imen’s elastic stiffness values. A similar influence of the build orientation could be
observed here. To consider this influence on A-values, a 3D failure criterion should be
used for strength calculation.

2.2 Compression Tests

Compression tests were conducted based on ASTM E9. A modified specimen shape
was defined as shown in Fig. 4.

. Y,
[ ____ooI o
= =
- Py
)
Q-// 10
42

Fig. 4. Compression specimen (Dimensions in mm)

The diameter at the ends was chosen larger, to ensure material strength failure.
Moreover, it is advantageous for reducing load introduction effects in the measure-
ment area [4]. The testing speed was set to 2 mm/min and for measuring the lon-
gitudinal strains a strain gauge was applied to the center area of the specimen. The
evaluated compression strength values are depicted in the following figure (Fig. 5).
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Fig. 5 Compression strength values for the build orientations L, W, T. Single- and A-values are
shown
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The mean strength values are close to each other, while the A-values in L- and
We-direction are about 8% lower than in T-direction. This is due to higher standard
deviation in these two directions. It can be noted that the lowest material value scat-
tering was again found for specimens oriented in T-direction. Furthermore, comparing
these results with the tensile strength values showed that the compression strength is
at least 42% higher. This indicates that the load direction should be considered in a
material- and failure model.

2.3 Shear Tests

For shear testing, the standard ASTM B831 was used. The given specimen has a small
shear zone with a length of 4.72 mm. It is located between two notches as shown in

Fig. 6. To investigate how distinct the shear zone is, a digital image correlation system
(Q400D, Limess GmbH) was used.

Fig. 6. a) Shear zone evaluation using a DIC-system, b) Shear strain distribution

Two 12 MPix cameras with macro lenses were used to resolve the shear zone. The
required speckle pattern was obtained with a spray gun. In Fig. 6 (b), the shear strain
distribution is shown for a load close to failure. As expected, the shear strain close to
the edges is higher, but apart from this an approximately homogeneous shear strain
field is formed. It was concluded that this specimen is suitable for shear characteriza-
tion. The test results are shown in Fig. 7.
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Fig. 7. Shear strength values for the build orientations L, W, T. Single- and A-values are shown

The smallest standard deviation was again found for specimens oriented in
T-direction. It can be concluded that the highest accuracy for the material strength
and stiffness properties can be achieved for specimens oriented in vertical direc-
tion. When comparing the mean shear strength values, no significant difference was
found. Therefore, an isotropic material behavior could be assumed. However, for
the A-values a dependency on the build orientation is present. This indicates that for
structural design a 3D material- and failure model could be useful. Furthermore, it
was noted that the measured shear strength value is about 10% higher than the one
which can be calculated using the von-Mises yield-criterion [5]. The lightweight
potential in structural design could therefore be increased using a failure criterion that
considers load direction dependent material allowables.

3 Non-linear Material Model and Failure Criterion

This chapter will describe the new BOLD non-linear material model and CUNTZE
failure criterion for additive manufactured materials. Combined it will be named
CUNTZE-BOLD AM.

3.1 Non-linear Material
The material behavior before yield follows Hooke’s law:
opy(e) =E™ . ¢ (1)

The past yield behavior (Fig.8) can be approximated in a first step as linear
and described with the yield stress Rjo2, the correlated strain gp02, the ultimate
strength R, and the corresponding ultimate strain &, as shown in Eq. (2), where

Rp0.2
Ep0.2 = fgin + &y.
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Fig. 8. Linear material behavior past yield point

Ry — Rp0.2
opr(e) = R+ Ey - (6 — &) = R+ ——222 . (6 — ) 2)
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The strain at the intersection point ¢; (Fig. 9) can be determined by setting the equa-
tions for the description before yield opy(e) and linear past yield opy(e) equal
(Eq. (3)) and solving for the strain (Eq. (4)).
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Fig. 9. Intersection between linear elastic and linear past yield behavior
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Compared to the classically used Ramberg—Osgood material model [6] where the
strain is described by the stress, the new BOLD non-linear material model uses the
strain to calculate the stress. This method is more convenient for engineers and can be
easily programmed. No if-then equation is used, but a step function to transfer from
the behavior before yield to the past yield behavior (Eq. (5)). In Fig. 10, the resulting
function o (¢) is compared with the test results for tension.

8(e)
o(e) = EM" . ¢ <ﬂ> (5)

OBY

Tension
L-Direction

o, [Nfmm?]

- i O Ultmate Strength
a0 : == D.2%offset
< Yield Point
—— Linear-elastic
200 1 --0--linear elastic, past yield
A intersection
= BOLD AM

0.0 10 20 3.0 40 5.0
£ [%]

Fig. 10. Typical stress—strain diagram in tension L-direction

The step function g(¢) is based on an analytical function — the hyperbolic tangent —
which runs from -1 for minus infinite to+1 for plus infinite. It is defined by the
e-function and is used here in the following form:

1
86 = S 11 6)

The two factors C and D can be calculated using Eq. (7) and (8). The values 0.99 and
0.01 are the accuracies for the lower (0.01) and the upper (0.99) stress. The function
will switch between the lower strain value of 2 - & — gp02 and gp02 with a width of
2 (gp02 — &) as shown in Fig. 11.

D_ l”(099 ) l”( })1 - 1) 7

2 (ep02 — &1)

1
= ll’l(@ — 1) —D g2 ®)
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Fig. 11. Transition function

The BOLD non-linear material model can be applied to all build orientations (L, W
and T) in tension (Fig. 12), compression (Fig. 13) and shear (Fig. 14) loading.

Tension
T-Direction

Fig. 12. BOLD non-linear material model applied to tension in L-, W- and T-direction
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Fig. 13. BOLD non-linear material model applied to compression in L-, W- and T-direction
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Fig. 14. BOLD non-linear material model applied to shear in LW-, WT- and TL-direction

3.2 Failure Criterion

The classical failure criterion being used for metal materials is the von-Mises yield
criterion as shown in Eq. (9). Only the tension allowable is used to determine the von-
Mises stress. No different build orientations (L-, W- or T-direction) or loading direc-
tions (tension, compression and shear) are considered.

2 2 2 2 2 2
oym = o} + oy + o7 —opow —owor —orop + 3ty + 3ty + 317, <Ry (9)

For orthotropic materials, in general composites, Eq. (10) can be used according to
the Tsai-Wu criterion [7], which is considering the different build and load direction.
Unfortunately, it is only available for 2D stress distribution and does not include the
third direction.

2 2 2
o} oW 1 1 1 1 " orLow Tiw
- ~N o == oo — = JowtFh———m—et+EY <11
RtLRZ Rilva)V (RtL Ri) t (Rgv W v 12,/R2R2R’WR§V R%W B

(10)

To overcome these challenges, a new failure criterion, called CUNTZE-BOLD, was
developed based on the CUNTZE failure criterion for woven materials [8, 9]. The
build orientations will be considered as well as different loading directions. Normal
loadings (Eq. (11-13)) were named N; with the index i describing the direction
(i=L,W,T). The shear loading (Eq. (14-16)) was named S;; with the index ij for
the shear plane (ij = LW, WT,TL). For all types, the value is calculated by the ratio
between the calculated stress, o; for normal and 7;; for shear stress, and the corre-
sponding allowable. Although these values look very similar to efforts in the single
direction, they should not be understood as these, because efforts should be within a
value of 0 to 1. The values in normal direction N; can vary from —2/+/3 to 0 in com-
pression and 0 to 2/+/3 in tension. Finally, the single loadings are combined in the
failure criterion as shown in Eq. (17).

%é‘foroL >0
N = L

;—%foroL <0 (1
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Figure 15 shows the three failure envelopes for von-Mises, Tsai-Wu and CUNTZE-
BOLD for the normal-normal stress in o7 and ow. This comparison indicates that the
von-Mises yield criterion is conservative because it only takes the tension allowable
as reference. The Tsai-Wu failure criterion is even more conservative in the first sector
(tension-tension loading) while in the third sector (compression-compression loading)
it is optimistic. The failure envelope of the CUNTZE-BOLD failure criterion is in the
third sector between both criteria, while in the first sector similarities to the von-Mises
yield criterion are present. To assess each failure criterion, biaxial testing must be
conducted.

This comparison is also shown for a normal-shear stress combination (o7-tzw) in
Fig. 16. The von-Mises yield criterion is again the conservative one because here it
also only takes the tension allowable as reference. The Tsai-Wu failure and CUNTZE-
BOLD failure criterion are very similar in this case. Only two failure envelopes were
shown here. It should be noted that in total 15 envelopes must be considered: three for
normal-normal stress combination, nine for normal-shear combination and three for
shear combination.

4 Conclusion and Outlook

A material characterization was conducted for additive manufactured Ti-6Al-4V,
by means of a test program. The influence of the build orientation on the material
strength and stiffness was investigated for tension, compression and shear loading.
It could be shown that the A-values are dependent on the build orientation, because
of different reproducibility of the specimens in L, W, and T-direction. The lowest
material value scattering was observed for specimens oriented in vertical direction,
regardless of the load direction. Furthermore, test evaluation showed that a failure cri-
terion, which considers material allowables for each load direction could be favorable
for the investigated material. For modeling the material behavior, the Cuntze-Bold-
model was adapted for additive manufactured metallic parts. Comparing the failure
envelopes indicated that the developed failure criterion is less conservative than the
von-Mises yield-criterion and it also differs from the Tsai-Wu model. In subsequent
studies, biaxial testing will be conducted to qualify the failure criterion. In addition,
further metals such as AlSi10Mg will be tested for model qualification.
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Abstract. Additive manufacturing (AM) is not a technology that can be
viewed solitary, but in return it is increasingly collaborating with upstream
such as CAE software and downstream technologies such as subtractive man-
ufacturing. Even more important, this technology must collaborate in order to
leverage all the advantages that this technology offers.

Using the example of the robot head of the DMG MORI “Robo2Go”, a
flexible modular robot automation unit and a serial product of the portfolio of
DMG MORLI, a holistic redesign was carried out that considers the entire pro-
cess chain. The goal was to optimize the system accuracy, reduce the assembly
time and achieve a lightweight design of the assembly. In the context of the
redesign of the robot head, methods and strategies for modeling and analyzing
lightweight structures were developed and demonstrated by using innovative
simulation software and through close interlinking and early consideration of
mechanical post-processing with CNC machine tools.

This project illustrates the potential of a holistic product development not
only with a focus purely on AM, but also with a focus on the complete produc-
tion process up to the final lightweight product.

In this redesign project, the combination of AM and milling resulted in an
accuracy that is 16 times higher than the original milling design. Furthermore,
the assembly time is significantly reduced, the assembly weight is minimized
by up to 64%,the new robot head only has 20 sealing points—45 percent less
than before, the robot head originally consisted of 135 individual parts and the
AM component reduces the number to 56 parts, while the production costs
have remained almost identical.

Keywords: Structural Optimization - Lightweight Design - SLM - Additive
serial production - Post-machining
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1 Introduction

The industrial product development and manufacturing process is transforming into
an agile, rapid, and economical process. Determining factors in this transformation
are market and customer demands such as time reduction and cost minimization.
Factors that also affect lightweight structures, an area that has received a technology
push due to the design and manufacturing possibilities of Additive Manufacturing. [1]

Additive Manufacturing and in particular the SLM-process (Selective Laser
Melting) is not a technology that can be viewed on its own, but in return it is increas-
ingly collaborating with upstream and downstream technologies. Even more impor-
tant, this technology must collaborate in order to leverage all the advantages that this
technology offers.

A powerful and efficient value chain consist of design, manufacturing and
post-machining steps. At first, the design phase in which CAD and similar software
solutions are used to create function integrated and topology optimized parts resulting
in complex technical designs as preparation for the manufacturing process. Secondly,
the actual production is carried out by one of the various AM technologies available,
in the presented case the SLM-process. Subsequently, a subordinate process chain
usually follows, the so-called post-processing. Hereby the quality of the additively
created blank is improved by means of suitable processes to enhance the surface,
properties or applying technical connections by CNC machining.

RoboZGo 2™ Gen.

Fig. 1 Robo2Go—work environment

This paper discusses the transformation by using the project of the “Robo2Go”,
in which a holistic redesign was carried out that considers the entire value chain. The
innovative Robo2Go (Fig. 1), a serial product of the portfolio of DMG MORI, offers
a flexible automation layout with free access to the machine as well as an intelligent
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safety concept for the collaboration of man and machine. High flexibility is achieved
by simple handling and the possibility of free placement for several different lathes in
short time. The head is a structural component as link between the robot and the grip-
ping device that eventually carries the workpieces.

2 Challenges

Each stage of the development process is characterized by its particular challenges
and restrictions. For the design, existing connections and measurements must be com-
bined with the aims of the optimization process: functional integration and weight
reduction [2]. Therefore, the design task is rather complex and additionally requires
the usage of coexistent software solutions. Inconsistent data interfaces impede contin-
uous processes. In literature the term “DfAM—Design for Additive Manufacturing”
was established to express and dedicate emphasis to this field of research [3]. In
parallel cost and duration of development ought to be reduced to reach competi-
tive products in shorter time. Lightweight design is an interdisciplinary engineering
task between structural design, material science, simulation software and production
technology.

The additive production followed directly after the design phase, which underlies
its own complexity and challenge. The component, the machine and parameters must
be aligned to produce usable parts. Especially topology optimized parts often do not
meet manufacturability and require support material. Heat distortion through the laser
welding process possibly causes dimensional deviations and bad surface quality. To
counter this, the machine settings must be selected correctly and adapted to the mate-
rial and component.

Even if design and production phase create nearnet shape results the current state
of additive manufactured parts predominantly and inevitably require downstream
post-processing to meet dimensional and geometric tolerances set by the customer or
the application. [4] This fact is often neglected and not well discussed in literature but
must be considered already in the design phase of the component. Else, the nature
of lightweight, the reduction of unnecessary material, causes major problems for the
machinability, e.g. for CNC milling, because it results in difficult and unstable clamp-
ing and processing conditions.

In short, the holistic approach to DfAM or redesign projects is only possible
through interconnecting up- and downstream development stages and gathering all
necessary production information in the design phase to reduce errors afterwards.

3 Process Overview

In the context of the redesign process of the robot head, methods and strategies for
modeling and analyzing lightweight structures were developed and through close
interlinking and early consideration of mechanical post-machining with CNC machine
tools. A powerful and efficient process resulted mature of design, manufacturing, and
post-machining phase.
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3.1 Design

The goal was to optimize the quality, reduce the assembly time and achieve a light-
weight design of the assembly. In the context of additive redesign, a new and holistic
mindset is necessary to be successful. Structural lightweight design is the ideal strat-
egy, as its goal is maximum material utilization through an optimized and ideal shape.
The goal can be achieved, among other things, by applying the design principles for
additive manufacturing and lightweight and stress-oriented design. [5]

ONE HEAD FOR
ALL GRIPPERS

INCL. PNEUM
CHANNELS i

Fig. 2 Robo2Go—Redesign with functional integration and topology optimization

Already during the first additive quick check, a high additive potential of the
assembly could be identified; in particular, the functional integration, the direct
introduction of force, material savings in areas of low loads, and full utilization of
construction should be mentioned (Fig.2). In the design process, 79 conventional
individual parts were transformed into a highly complex integral design for additive
manufacturing. A new design methodology to realize a variable shelling and latticing
was developed to reduce the weight of the integral component. The field-driven design
capabilities of the software “nTopology” is the core of the new methodology. In the
following, the methodology will be described step-by-step. First, design automation
based on Color-Coding was developed and implemented into the design process. The
benefits of automation is a robust and reusable workflow for using the color property
to select relevant surfaces and function elements.

In a traditional CAD system, all surfaces of the original design were color-coded
for each subfunction and -systems. Each color represents a different subsystem: blue
for the pneumatic inlets and outlets, yellow for the pneumatic channels, red for the
interfaces with the robot, purple for mounting points, green for contact surfaces, and
white for the external surfaces. If the geometry changes in the future, only the new
CAD file must be imported, and the design and analysis process would rerun automat-
ically. Of course, the workflow can easily be adapted and reused for variant designs.
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Secondly, each colored surface has an individual thickness assigned before combining
them into a single body. The thickness of the outside surface was driven by topology
optimization to maximize the stiffness with minimal use of material. Here the design
automation based on Color-Coding was applied as well. Using the color-coded sur-
faces as input the design space and forces for the topology optimization were defined
automatically. The topology optimization result was then utilized as input to create an
optimized thickness of the outside surface: thicker where more material was required
and thinner where it was not. The thickness of areas where the result contacted the
outer shell should be thicker than the non-load-bearing areas of the frame. This pro-
cess allowed to use the structure benefits of topology optimization without changing
the outside surface. Once the exterior thickness was optimized, function elements like
the interface between robot and robot head or the pneumatic system also needed to
be lightweight and integrated. Here the design automation based on Color-Coding is
used as well. Using the color-coded surfaces as input the thickness of the function
elements has been applied automatically. Once the separate exterior and the function
elements were generated, all could be combined into a single body using a simple
boolean union. The Boolean union can join many single bodies into one, independent
of geometric complexities. Optionally, a fillet can be added between the bodies.

The single body had a lot of areas with large overhangs so that the body could
not be manufactured using selective laser melting. One way would be to use a sup-
port structure, but their removal is time- and cost-consuming. An alternative way is to
use lattice structures to provide permanent support to all overhang areas of the body.
Moreover, this lattice structure increased the stiffness of the component.

Finally, an analyze was run to find optimal parameters and to check the stiffness
of the lightweight structure. Thanks to the capability of nTopology a change can be
made at any point of the workflow and the entire workflow is updated automatically.

The last step of the design process was preparation for manufacturing. Additional
material is required for post-processing to achieve high accuracy in some areas. For
example, the holes were closed and to contact surfaces an offset of 0.5 mm was added.

3.2 Additive Manufacturing

To produce the Robo2Go head, the DMG MORI LASERTEC 30 DUAL SLM is
used, which functions according to the operating principle of the SLM process. The
maximum build volume of the system is 300 x 300 x 300 mm. Two 600 W lasers,
each with scan fields covering the entire build volume, enable build volumes of up
to 90cm3/h. In addition, the system is equipped with a permanent filter system that
works independently of the material and, thanks to the automatic passivation of metal
dust, offers a new level of durability and work safety. Active cooling of the installation
space allows users to remove finished components earlier and thus increase productiv-
ity. All these features make the LASERTEC 30 DUAL SLM ideal to produce additive
series components, like the robot head.

For manufacturing, the CAD model was exported from nTopology and imported
into the preparation software. This is pardon of additive manufacturing to CAM pro-
grams in conventional manufacturing. The job preparation includes the position and
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orientation of the parts in the build space are defined, necessary overhangs of the com-
ponents are made producible by support structures, and all machine parameters are
defined. After the complete preparation, a machine file is generated. Based on this file,
the additive manufacturing of the robot head took place.

The build volume of the DMG MORI LASERTEC 30 DUAL SLM allows the pro-
duction of up to 4 robot heads made of AlISilOMg simultaneously (Fig. 3). By using
dual-laser configuration, the production time amounts to 39 h, instead of 73 h when
using only single-laser configuration. So, the dual-laser configuration enables an 87%
increase in productivity compared to a single-laser process.

4 UNITS ON
ONE PLATFORM

Fig. 3 Robo2Go—Additive Manufacturing Set-up

3.3 Post-Machining

Based on the process character of the additive production the post-machining itself
is describable as subordinated process. The Robo2Go head passes through a total of
six further steps before its finish (Fig. 4). At first, the lattice structures and the inter-
nal channels are thoroughly de-powdered using a wet separator (1). In connection the
surface of the part is smoothened by particle blasting with glass beads (2). The two
staged CNC milling process (3 and 5) are divided by the separation of the part and
building plate using a conventional band saw (4). Last processing step is the addition
of steel thread inserts to guarantee a rigid connection for the grippers while reduce the
risk of damaging aluminum threads (6).

The CNC machining is the most extensive part, support material is removed, fit-
tings are milled, threads are cut, and flat surfaces created. After complete deburring on
the machine the finished part is taken out. For machining a custom fixture is respon-
sible to hold the workpiece in position and allow 5 axis processing of all sides except
the bottom. Required allowances for finishing are considered in the design phase as
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well as printed chamfers to decrease the machining effort. Due to small variations out
of the building process the reference point for the final part was placed at the fixture to
guarantee similar measurement and geometrical outcome for each component.

In the context of this paper, the post-processes enabled the usage of lightweight
design and the optimization of the robot head. It is integral part of the process chain
and while respecting its restrictions allows the usage of lattice structures and additive
manufacturing in general. It underlines that AM is not replacing conventional produc-
tion methods but used correctly empowers future manufacturing possibilities.

FINISHED
PART

UNPACKING
SEPARATION
BLASTING

DMU 50 3 Gen.

Fig. 4 Robo2Go—post-machining

4 Summary and Conclusion

The redesign of the Robo2Go head was the starting point in this project. In close col-
laboration with the customer, the requirements for the Robo2Go head and the avail-
able design space were defined. Afterwards a topology optimization was performed.
The result was an organic design that resists the loads with minimal use of materi-
als. In the last step, the customer's requirement of a closed housing was taken into
account. The shell design has variable wall thicknesses that are based on the loads.
The lattice structure on the inside allows a further reduction in weight with increased
stiffness at the same time.

The advantages of additive manufacturing compared to conventional design can
be seen clearly in the final design of the component. Besides the integration of the
adapter plates, it was possible to integrate the required channels for the pneumatics
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without the otherwise error-prone sealing points. The new Robo2Go head is now
fully compatible with all gripper types without any further adjustments. The key fig-
ures (Fig. 5) of the additively manufactured Robo2Go head impressively underline the
potential of this technology. Thanks to the entire optimization from redesign to the
process chain, positioning accuracy increased by the factor of 16.

YA

LIGHTER

Fig. 5 Robo2Go—Summary of improvements

The new component has become 64% lighter due to the integrated lattice struc-
tures. At the same time, it was possible to achieve a higher stiffness of the structure
due to the design. As a result of the integration of the pneumatic pipes into the base
body, up to 45% of the previously needed sealing points are avoided. Thanks to the
integral design, the number of individual parts is reduced by almost 60%. This conse-
quently leads to a significant reduction in the effort in commissioning, assembly, and
adjustment of the robot head. Furthermore, the center of gravity of the robot head was
moved. It is now closer to the robot hand and results in an improvement of the system
dynamics.
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Abstract. There is a growing interest in the application of mechanical
metamaterials due to the recent advances in additive manufacturing tech-
nology. In particular, materials with adjustable thermal expansion have
many fields of utilization in engineering. Materials with negative thermal
expansion (NTE) can be used in combination with materials with pos-
itive thermal expansion for creating thermoelastically stable structures
with an ultra low coefficient of thermal expansion (CTE). NTE-lattice
structures generally require multi-material combinations to achieve the
desired CTE. However, multi-material 3D printing is currently in devel-
opment and not available for industrial-scale applications to date. In this
paper, we present a unit cell based on an auxetic mechanical metama-
terial structure that can be manufactured using single material additive
manufacturing. For investigation, unit cells and a unit cell tessellation
with certain CTEs were designed and manufactured using metallic mate-
rials. The mechanical and thermoelastic functionality of the designed unit
cell could be demonstrated experimentally regarding the CTE and the
stiffness. The presented approach for including cells with tuneable NTE
and stiffness in additively manufactured structures has a high potential
for realization in practice.
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1 Introduction

Mechanical metamaterials have a rationally designed artificial micro structure
that enables certain desired properties on macroscale [1]. Usually, the micro
structure shows a unit cell that is composed periodically in order to create a
macro scale structure. Due to the recent advances in additive manufacturing
(AM) technologies, it is more and more possible to manufacture arbitrary com-
plex geometries on several length scales for many materials which further advance
this field of research [2,3]. The properties of mechanical metamaterials encom-
pass, but are not limited to, ultralight and ultrastiff structures [4], structures
with a negative Poisson’s ratio [5], and structures with a designed deformation
pattern that facilitates building mechanisms [6]. This enables a wide range of
application in engineering and science [3]. One class of metamaterials are ther-
moelastic metamaterials that have a designed coefficient of thermal expansion.
On the one hand, they can serve as actuator [7,8], on the other hand they can
be used to design structures with a certain thermoelastic behavior [9,10]. In par-
ticular, metamaterials with negative thermal expansion (NTE) can be used in
combination with materials with positive thermal expansion for creating ther-
moelastically stable structures with ultra low coefficient of thermal expansion
(CTE).

For the creation of NTE-metamaterials at least two components with dif-
ferent positive CTEs are required [11]. In order to achieve the desired over-
all thermal expansion, those constituents are arranged in special patterns, of
which many have been proposed [12]. Many of these concepts have been tested
using polymeric materials. But, for many applications, as an example for space
applications, metallic materials are more suitable due to the higher temperature
application range, better outgassing properties, and the superior stiffness.

Regarding the application of additive manufacturing, a major challenge is the
joining of the two constituents. Multi-material additive manufacturing is cur-
rently in development and not available for industrial-scale applications to date.
Interestingly, Ding et al. [13] fabricated a metallic metamaterial with NTE using
a robotized laser powder-feed metal AM-system. As the authors were focusing
on the manufacturing process, the functionality of the structure, especially the
stiffness and the CTE were not examined. Parsons [14] investigated a NTE meta-
material structure of aluminum and titanium. He applied ultrasonic additive
manufacturing to build a block structure with titanium and aluminum bands.
This AM method has many limitation regarding the geometric complexity which
was not further studied. The metamaterial structure was then cut out of this
block. However, it is not addressed how the structure could be manufactured
directly without an extra cutting process. Moreover, Parsons outlines different
methods for manually joining (pins, bolts, interference fits, adhesives, soldering,
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brazing or welding) applied in previous research work. Steeves et al. [15] investi-
gated conventionally manufactured samples joined with interference fits, pins and
bolts. These approaches of previous research work generally require the rather
complex conventional manufacturing of two parts of different materials that are
then joined. However, most of the studies to date focus on the investigation
of underlying mechanisms of thermoelastic metamaterials. The design freedom
when using additive manufacturing is generally not adressed. In particular, only
limited studies show how to integrate thermoelastic metamaterials into compo-
nents in practice. Moreover, the possibilities of AM for reducing post-processing
as cutting and joining effort are not considered.

In this work, we present a unit cell with tailorable NTE based on an auxetic
mechanical metamaterial structure that can be manufactured using single mate-
rial AM and assembled straightforwardly using a customary screw. For investi-
gation, unit cells and an unit cell tessellation with certain CTEs were designed
and manufactured using aluminum. The functionality is then examined with
tests regarding the stiffness and the CTE.

2 Design of the Unit Cells

2.1 Thermal Expansion Mechanism of the Unit Cell

The concept proposed herein is based on the auxetic planar cellular honeycomb
structure, that was studied in [16-18] (see Fig. 1a).

initial state v *: i heated state
(oA
/
|
y L *: <
N )
X

(a) Auxetic honeycomb structure. Initial (b) Bolted auxetic honeycomb structure.
state (black) and heated state (grey). Inital state (grey) and heated state
(black, half model).

Fig. 1. Auxetic honeycomb structure without (a) and with (b) bolt showing the ther-
moelastic kinematics caused by thermal expansion

The re-entrant mechanism ensures the reduction of width vy when stressed by
the force F' perpendicularly by a small increase of the angle . A uniform heating
of the cell results in scaling of the structure without changing the angle . In this
work, the thermal expansion of the unit cell in z-direction is hindered by using
a bolt with a smaller CTE than the auxetic structure (see Fig. 1b). Due to the
re-entrant mechanism, this results in a reduction of vg by 2v in the heated state.
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So, a thermal expansion smaller than the CTE of the material of the auxetic
structure y-direction, including NTEs can be realized. Simultaneously, the unit
cell expands through the sidebars in y-direction. Consequently, a small gap d
makes the thermal expansion mechanism efficient when aiming for NTEs. When
subjected to temperatures under the installation temperature, the bolt must be
preloaded to ensure the function of the re-entrant mechanism. This unit cell can
be integrated into an arbitrary complex AM geometry for a local thermoelastic
functionalization. By using a customary screw with nut as bolt, the structure can
be assembled straightforwardly after 3D printing without extra manufacturing
effort. The two main properties regarding the application, the stiffness and the
CTE, substantially depend on the angle . The CTE was evaluated analytically
using a quarter model which is outlined in the following.

2.2 Calculation of Thermoelastic Kinematics Caused by Thermal
Expansion

For the calculation of the kinematics of thermal expansion an idealized truss
model of the unit cell is considered. The truss consists of beams that are con-
nected with ideal joints, whereby the joint stiffness is modeled with torsion
springs (see Fig. 2a). In this course, the shear deformation and the bending
deformation of the beams is neglected due to the low stiffness of the torsion
springs in the experimental structures (see Sect. 2.3). The positions of the joints
in the model refers to the experimental structures (see Fig. 4a). In Table 1 the
main model parameters are listed.

%
a 2 EA,
- S DgE
] ]y R
h F Y
EA, M
| - L EA i
y y 3
L % x E4,
(a) Idealized model using (b) Quarter model. (c) Free body diagram of the
beams and ideal joints quarter model.

with torsion springs.

Fig.2. Models used for the analytical calculation of the thermoelastic kinematics
caused by thermal expansion. Beam 2 has two axial stiffnesses, EA; (black sectors)
and EAs (white sector). Beam 4 has the axial stiffness E A,

Due to the symmetry, the study of a quarter model is adequate (see Fig. 2b).
For the beams two coeflicients of thermal expansion « are regarded, a; (beams
1,2,3) and ay (beam 4), with ay > aq. For the calculation all beams are sub-
jected to the same temperature load AT and are subjected to the reaction forces
in the joints. Consequently, the total expansion of a beam of the length [ is the
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sum of two parts. On the one hand the thermal expansion Aly,, on the other
hand the mechanical expansion through the reaction forces Al,,. The thermal
expansion Algy, is considered as Aly, =1 -« - AT. For the mechanical expansion
Al,, through the force F' the linear formula Al,, = [- % using the axial stiffness
EA is applied. Two axial stiffnesses for beam 2 are considered (see Fig. 2). EA;
is the axial stiffness of the hinges whereas F A3 is the axial stiffness of the solid
part of beam 2. The axial stiffness of the solid part is far higher than the axial
stiffness of the hinges at the experimental structures in this work (see Sect. 2.3).
Therefore, the solid part is seen as rigid here.

Table 1. Main model parameters for the calculation of the thermoelastic kinematics
caused by thermal expansion

Symbol | Description

Al Thermal expansion

Alp, Mechanical expansion

a1 Coefficient of thermal expansion of beams 1,2, 3
o) Coefficient of thermal expansion of beam 4

EA; Axial stiffness of the hinges adjacent to beam 2
FA, Axial stiffness of beam 4
FEAs Axial stiffness of beam 2

Joint stiffness

Unit cell dimension in z-direction

Length of re-entrant mechanism leg

Unit cell dimension in y-direction

||| |q

Angle of re-entrant mechanism

In order to calculate the reaction forces a free body diagram is investigated
(see Fig. 2¢). In this course, the change of the angel ¢ of the re-entrant mechanism
when heated is described with Ag. Each torsion spring with stiffness C' at the
joints then introduce the moment M = C' - Ap on beam 2. The equilibrium of
moments for beam 2 of length b gives

2.-C-Ap

- b-sin(p + Ap)’ (1)

For the total expansion in y-direction, the geometric compatibility of beam
2 and 4 must be met:

5+ Alin, + Al = (b+ Al + Aly,) - cos(i0 + Ag) (2)

When using the formulas for Aly,, Al,, together with Eqgs. (1) and (2), the
angular change Ap and the reaction force F' can be calculated.
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In order to determine the CTE of the unit cell the section y in undeformed
state (yo) and in heated state (y¢) is calculated. The sections yo and y;y, can be
described as follows.

yo=h— g - tan (arccos (%)) (3)

[\

a a F o a
yn =h+ay-h- AT —tan(p + Agp) [<2+a2..AT+EAl.2>} (4)

This gives for the CTE in y-direction of the whole unit cell

CTEy(a,b,h,a1,a2,p, AT, EA1, EA,C) = Yth — Y0 (5)
yo - AT

The CTE in z-direction is the same as for beam 4.

Alm4 + Alth4 o F

CTE,(a,b,h,a1,09,0, AT, EA1,EA5,C) = - =
( LAz 1, B4, C) < AT EA; - AT

+ ao
(6)

Notably, beams 2 and 4 are stretched or compressed respectively during heat-
ing depending on the ratio of the axial stiffnesses and the joint stiffness. In the
following, the governing equations shall be used to design the experimental unit
cells and the unit cell tessellation.

2.3 Design of Experimental Unit Cells

Equations (5) and (6) show that the CTEs can be influenced by many material
and geometric parameters. For the selection of materials see Sect. 3.1. In order
to provide adequate reference surfaces for the capacitive displacement sensors, a
depth of 15 mm was chosen (see Table 2 and Fig. 4b).

To guarantee the system kinematics, hinges were used as joints. Hinges can be
manufactured directly and need no further mounting procedure. As thickness of
the hinges 0.5 mm was used. Preliminary experiments showed that these hinges
can be manufactured robustly and provide enough flexibility. Hence, the beams
were designed to 3 mm, to have a significant higher cross section of the beams
compared to the hinge. The hinge stiffness C' was determined experimentally
(3000 Nmm rad—1). The expansion mechanism requires a hole in beam 2 for
the bolt (see Fig. 4a). For the calculation, the influence of the hole on the axial
stiffness on beam 2 is neglected. Moreover, as to prevent the hole passing through
the hinges, the angle must be reasonably large.

This work focuses on studying the influence of the angle ¢. In order to make
the unit cells comparable, a constant width a of 60 mm and a constant gap d of
1 mm was utilized. Consequently, b and h are depended parameters that can be
calculated as follows.

b= % - cos(¢p) (7)

h=a-sin(p) + 1 mm (8)
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Table 2. Main geometric dimensions for the three investigated unit cells (UC+3, UC-
16, UC-71)

Parameter type | Value Unit UC+3|UC-16 | UC-71
Design target | CTE, 107°K™! 2.7 | —15.8 | =70.6
Variable ® ° 376 | 283 | 185
a mm 60
d mm 1
Constant C Nmm rad ! 3000
For all unit cells | Depth of models mm 15
Thickness of beams | mm 3
Thickness of hinges | mm 0.5
b mm 37.9 | 34.1 | 31.6
Dependent h mm 47.2 33.3 21.1
CTE, 107K 9.7 | 97 | 97
50
0
.50 F J
-
T -100f 1
o
=
/| o 8 |
= 150
o
-200 ——y-direction (C' = 3-10°> Nmm rad1)| |
- - —y-direction (C' = 3-10° Nmm rad~!)
-250 wweeenneee X-direction (C' = 3-10° Nmm rad 1) 1
————— x-direction (C' = 3 - 10 Nmm rad—!)
-300 : : : :
10 20 30 40 50 60

v []

Fig. 3. Influence of the angle ¢ on the CTEs using the values of Tables 2 and 3.
While CTE, stays almost constant at approx. 9.7 - 107 K™ for all ¢, the CTE,
asymptotically approximates the CTE of the auxetic base material with rising ¢. For
decreasing ¢ the CTE, gets more sensitive to changes of ¢. Negative CTEs in y-
direction can be realized with angles smaller than approx. 36°. The influence of the
torsion stiffness C is very small here. Only when using a value far higher (C = 3 -
10° Nmm rad™') instead of C' = 3-10® Nmm rad ™' a notable deviation can be seen
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The target coeflicient of thermal expansion C'T'E, can now be designed using
the angle ¢ (see Fig. 3).

CTE, stays almost constant at approximately 9.7 - 1076 K~ for all ¢. The
CTE, asymptotically approximates the CTE of the auxetic base material with
rising ¢. Notably, all the designed C'TE, are smaller than those of the aux-
etic base material. For decreasing ¢, the C'T'E, gets more sensitive to changes
of p. Negative CTFEs in y-direction can be realized with angles smaller than
approximately 36°.

The influence of the torsion stiffness C is very small for the structure inves-
tigated here. Only when using a value far higher a notable deviation can be seen
(see Fig. 3). In this case the thermal expansions of the beams Al stay the same
while the mechanical expansions get higher due to the higher reaction forces (see
Eq. 1). This results in a more positive CTE in = and y-direction. Notably, the
mechanism is stressfree for any thermal state if C' = 0 is applied (see Eq. 1).

For the experimental test, unit cells (UC) with CTE, of +2.7-1076 K~!
(UC+3), —15.8 - 1075 K~! (UC-16, see Fig. 4a) and —70.6 - 1076 K~! (UC-
71) were designed (see Table 2). As the mechanical expansion is very small,
the CTE, of 9.7-107% K~! differs insignificantly from the one of titanium.
Moreover, a 3x3 tessellation structure of the UC-16 unit cells (UCM-16) was
investigated (see Fig. 4c).

(a) Unit cell UC+3 with (b) Unit cell UC+3 (c) Matrix unit cell struc-
grinded surfaces for the with measurement rig, tre (UCM-16).
measurement rig with displacement and tem-

displacement sensors (1) perature sensors.

and the titanium screws

(2). The calculation

model (3) refers to the

center lines.

Fig. 4. Investigated unit-cell UC+3 without (a) and with measurement equipment (b).
Unit cell tessellation structure (UCM-16) (c). In (a) the deviation of the position of the
joints in the calculation model and the position of the hinges of the printed structure
can be seen
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3 Materials, Manufacturing and Experimental Procedure

3.1 Materials

An aluminum alloy was used for the AM structure as it is a common material
for structural applications. Moreover, additive manufacturing facilities for alu-
minum alloys are wide spread in industry. For the bolt a M3 titanium threaded
rod with nuts and washers was used. The combination of titanium and alum-
nium forms a notable CTE gap what allows the effective creation of the thermal
expansion properties of the metamaterial. For the determination of the coeffi-
cients of thermal expansion of both metals a thermomechanical analysis (TMA)
was applied.

Table 3. Material data for analysis. Mean CTEs for temperatures between 20 °C and
135 °C were measured using TMA

Material CTE (TMA) | Young’s modulus [19]
Aluminum (AlSi10Mg) | 21.1 - 107 °K ™! 69 GPa
Titanium (Grade 2) 9.7-107°K™! 110 GPa

3.2 Manufacturing and Experimental Procedure

For the unit cells and the unit cell tessellation selective laser sintering (SLS) parts
were manufactured. In order to avoid support structure in the AM process, the
holes for the titanium bolt in the auxetic base structure were designed elliptic.
The M3 titanium threaded rods were mounted to the manufactured structure
with a torque of <1 Nm using a high-precision torque wrench. This preload
was enough to avoid a settling effect during heat up and to limit the elastic
deformation through the preload to a minimum. The auxetic part has functional
surfaces for placing the measurement rig with displacement sensors and the
titanium threaded rod with washer which is depicted in Fig. 4a. All functional
surfaces are protruded and could be grinded after the additive manufacturing.
For the examination of the mechanical and thermoelastic functionality two
types of experiments were conducted. (i) The stiffness in y-direction was evalu-
ated using a common tensile testing machine. With the actual design, the unit
cell can only be loaded by traction. (ii) The thermoelastic characterization test
was performed in a heating chamber with circulating air. The forced convection
ensures a nearly homogeneous heat up of all areas of the specimen. Two cycles
from room temperature to 135 °C were performed. The temperature was mea-
sured redundant at the surface using two thermocouples. The deformations of the
unit cell in z-direction and y-direction were measured contact-free with capaci-
tive displacement sensors. The displacement sensors have a measurement accu-
racy of +0.03%. Measurement rigs were manufactured during the same printing
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job than the samples. The rig is mounted on one side to the mounting refer-
ence surface of the specimen and on the other side the displacement sensor is
applied. The temperature dependent CTE of the rig is well known by a TMA
measurement and can be compensated afterwards. Hence, the expansion of the
specimens can be measured suitable. The instantaneous CTE was evaluated for
each measurement according to ASTM-E228-17 [20].

4 Experimental Results and Discussion

4.1 Test of the Biaxial Thermal Expansion Behavior

The measured mean CTEs in z and y-direction were compared to the calculated
CTEs which is depicted in Fig. 5. Generally, there is a good concordance of
the calculated values of CTE, to the measured ones regarding the unit cells.
Consequently, the concept is appropriate for designing unit cells with positive
CTEs smaller than the auxetic base material to unit cells with a high NTE. The
concurrence for the unit cells UC+3 and UC-16 with a deviation of 0.6 pm and
1.7 wm respectively is better compared to the UC-71 with a deviation of 9.2 pm.
Hence, there is a higher deviation between the measured CTE, compared to the
calculated values at lower values of the CTE. In this work, lower values of the
CTE are reached with lower angles . This is in accordance with the angular
sensitivity of the unit cells. The unit cell is more sensitive for changes in ¢ for
lower values of ¢, which can be seen in Fig. 3. Consequently, the discrepancies in
the angle ¢ between the calculation model and the experimental structure result
in higher deviations of the measured CTEs compared to the calculated ones at
lower angels . Regarding the inclination of CTE, with respect to ¢, the change
in sensitivity is nonlinear and much higher at angles lower than approximately
20° (see Fig. 3). Therefore, the deviations of CTE, are comparable at UC+3
and UC-16, and much higher at UC-71.

10 0.7 9.7 9.7

—ftEy _k

1

[0 Measured mean value
Calculated value
—40//11 Deviation between measured and caleulated value (single cell)
I Measured mean value (unit cell tessellation)
—50

0.6

CTE [107% - 1/k]
CTE [107% - 1/k]

y _|[17 Measured mean value
—60 yd) =51|05 Caleulated value
—61.4 Deviation between measured and caleulated value (single cell)
-70 [ 11 Measured mean value (unit cell tessellation)
~70.6 10

UC+3 UC-16/UCM-16 uc-11 UC+3 UC-16/UCM-16 Uc-11

(a) CTE in y-direction (b) CTE in z-direction

Fig.5. CTEs in = und y-direction of the investigated unit cells (UC+3, UC-16, UC-71)
and the unit cell matrix (UCM-16)
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The deviation of CTE, rises with lower angles or lower CTEs respectively,
too. While the deviation of CTFE, at UC-7T1 is 4.4 pm, it is lower for UC-
16 (3.2 pm) and for UC+3 (0.6 pm). Regarding the unit cell tessellation, the
deviation of CTE, is higher compared to the unit cell, while the deviation of
CTE, is lower.

It is assumed that there are two main reasons for the deviations of the mea-
sured values. First, there are inaccuracies related to the joining of the titanium
threaded rods. The holes in the auxetic structure for the bolts provide a very
loose fit to the titanium threaded rods. Therefore, the two rods could be assem-
bled non-parallely. Secondly, there are geometric deviations of the calculation
model compared to the printed structure (see Fig. 4a). The titanium screw is
larger than in the calculation model caused by the thickness and the protru-
sion on the aluminum beams. Therefore, the expansion of the unit cell in z-
direction is higher, which is in accordance with the measured values of CTE,
(see Fig. 5b). Moreover, this lowers the re-entrant effect of the mechanism. This
could contribute to the lower measured NTE values of CT'E,, of UC-71 and UC-
16. Also, this matches with the lower deviation of CTE, and CTE, of the unit
cell tessellation. There, the thickness of the aluminum truss and the protrusion
contribute only two times for three unit cells. Therefore, the overlength of the
titanium threaded rod with respect to the calculation model is shorter per unit
cell compared to the single cell model.

Another point is the deviation of the joint position between the calculation
model and the printed structure. At the printed structure, the length h is shorter
which lowers the CTE in y-direction. This is in accordance with the lower mea-
sured CTE compared to the calculated one of UC+3. Moreover, the truss b is
shorter, which results in a shorter lever arm of the re-entrant mechanism and
therefore a reduction of the NTE-effect in y-direction. This is in coincidence with
UC-16 and UC-T71.

During the measurement a strong dependence of the CTEs of the temper-
ature was observed, which is depicted exemplary for UC-16 in Fig. 6a. There-
fore, a temperature-dependent calculation of the CTEs of the unit cell UC-16
was applied using the temperature-dependent CTEs of aluminum and titanium
measured in the TMA. Both measured CTEs of the unit cell increase with ris-
ing temperature rather linearly which is in good accordance with the calculated
CTEs. In concordance with the mean CTEs the deviation of CTFE, is bigger
than CTE,. In future, the temperature-dependent behavior should be further
investigated.

It could be shown that with this unit cell wide ranges of CTEs and NTE can
be realized. Hence, the unit cell can serve as a thermal actuator or as designed
compensation actuator for a structures with a longer characteristic length than
the unit cell with positive CTE.

In the experiments the unit cells were only investigated over the installa-
tion temperature, as the mechanism does not work at lower temperatures with
the small preload. This can be overcome by assembling the mechanism under
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the operating temperatures, by using higher preloads or by locking the axial
movement of the titanium rods in both directions.

As can be seen in Eq. (5) there are many possibilities to increase the CTE
efficiency of the unit cell. Regarding Eq. (4), one possibility for improving the
NTE-effect would be to lower as. On the one hand, this could be done using a
carbon fiber as rod instead of the titanium threaded rod. On the other hand, a
rod made of shape memory alloy could be utilized to further increase the NTE-
effect. As the reaction forces are rather low, rods with far lower axial stiffness,
e.g. wires, are suitable as well, when only stiffness for tensile loads on the unit
cell is required. This would further broaden the possibility for integrating this
unit cell into components. After the manufacturing of a component with several
unit cells in arbitrary positions the wire could be run in afterwards through all
cells serving as rod.
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Fig. 6. Temperature-dependent CTEs of the UC-16 unit cell (a) and stiffness in y-
direction of UC+3, UC-16, UC-71 (b)

4.2 Test of Stiffness in the Direction of Thermal Expansion

Besides the kinematics of thermal expansion, the mechanical properties have to
be considered when applying the unit cells into components. In general, the CTEs
and the stiffness of the unit cell depend on each other (see Sect. 2.2). Notably,
cells with lower NTE have smaller angles . This results in higher reaction forces
under thermal loads, which can be deduced from Eq. (2). But, because of the low
torsion stiffness, the reaction forces are very small (see Eq. (1)). Consequently,
the mechanical elongation of the trusses under thermal loads can be neglected
here.

Regarding the mechanical properties, the stiffness of the unit cells in the
direction of thermal expansion was tested experimentally. The tensile test of the
three unit cells showed a similar stiffness value and a similar linear behavior of
the tensile load with respect to the deformation (see Fig. 6b). In this course, the
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stiffness slightly decreases with higher angels. This behavior can be explained
with an increasing shear deformation of the hinges at lower angles.

5 Conclusion

In this paper we designed and investigated a unit cell with tailorable CTE based
on a bolted additively manufactured auxetic mechanical metamaterial structure.
First, the thermoelastic behaviour was studied analytically to predict the ther-
mal expansion for the designed unit cells. Then the thermoelastic functionality
was assessed experimentally for three different unit cells and an unit tessella-
tion. Additionally, the stiffnesses of the respective unit cells were evaluated by a
mechanical loading test. A good concordance between the calculated and mea-
sured CTEs was found in a wide range of CTEs, including a low thermal expan-
sion (3.3-107% K=!) and a highly negative CTE of —61.4-10~% K~!. Hence, the
presented unit cell concept can be applied as thermal actuator or compensation
unit for structures with positive CTE for reaching ultra low thermal expansion
of a component. Importantly, it could be shown that the presented manufac-
turing approach using single material additive manufacturing and then fitting a
customary screw has a high potential to be applied in practice.
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