
 

 

Bionic Lightweight Design by Laser Additive Manufacturing (LAM) 
for Aircraft Industry 

 
Claus Emmelmann*a, Maren Petersena, Jannis Kranza, Eric Wyciskb 

aInstitute of Laser and System, Technologies (iLAS), Hamburg University of Technology (HUT), 
Denickestraße 17 (L), 21073 Hamburg, Germany 

bLaser Zentrum Nord GmbH (LZN), Harburger Schlossstr. 6-12, 21079 Hamburg, Germany 

ABSTRACT 

Today many challenges lie ahead of the aircraft industry. The increasing competition and shortage of resources raise a 
challenge for future manufacturing technologies and lightweight design. A possibility to cope with these circumstances is 
the manufacturing technology of Laser Additive Manufacturing (LAM). However there are still challenges to cope with 
due to the processes novelty, such as the development of further materials, especially lightweight alloys, and new design 
approaches. Therefore innovative approaches for material development and lightweight design were created in order to 
fully exploit the processes potentials. The material development process is based on an analytical calculation of 
temperature distribution versus effective process factors in order to identify acceptable operating conditions for the LAM 
process. A novel approach to extreme lightweight design was realized by incorporating structural optimization tools and 
bionic structures into one design process. By consequently following these design principles, designers can achieve 
lightweight savings in designing new aircraft structure and push lightweight design to new limits. 

Keywords: Additive Layer Manufacturing; Laser Additive Manufacturing; Selective Laser Melting; lightweight design; 
bionic design; structural optimization; material development, ANE-Method 
 

1. INTRODUCTION  
In addition to the already existing American competitors, a rising number of internationally acting companies from Far 
East and Russia lead to a steadily increasing pressure of cost efficiency and innovation in the European aircraft industry. 
The increasing struggle for more efficient aircrafts shows, among others, in the rising use of lightweight structures based 
on structural optimization tools. The introduction of these load optimized components result in falling lot sizes, highly 
complex parts and the demand for reduced production times at lower raw material charges. Thus manufacturing by 
conventional processes becomes increasingly more cost-intensive. Therefore a flexible and fast manufacturing process 
that is able to produce manifold product variants of a high geometric complexity is necessary. A possible process to cope 
with these challenges is Laser Additive Manufacturing (LAM), see figure 1. 

 

2. LASER ADDITIVE MANUFACTURING (LAM) 
Laser Additive Manufacturing (LAM) is based on a repeating layer wise manufacturing process which uses a laser beam 
to melt and solidify material in a powder bed according to slices of a corresponding 3D-CAD model. The stepwise 
production causes the reduction of complex three dimensional geometries into simple two dimensional manufacturing 
steps and enables the production of highly complex parts without the need for complex tools [1,2]. The individual 
production steps of the SLM process are shown in figure 1. In the preprocessing a 3D-CAD-model is divided into 
horizontal slices with thickness corresponding to the layers in the production process. Typical layer thicknesses for 
TiAl6V4 are hereby 30 µm – 50 µm. Subsequently to the “slicing” the prepared data is transmitted to the SLM machine 
in which the actual manufacturing process occurs in three repeating steps. First a powder layer is applied to the base 
plate and in the second step exposed by the laser beam. 

*ilas@tuhh.com; phone +49 40 42878 - 3456; fax +49 40 42878 - 4076; http://www.tu-harburg.de/ilas 
  

Plenary Paper

SPIE Eco-Photonics 2011: Sustainable Design, Manufacturing, and Engineering Workforce Education for a Green Future,
edited by Pierre Ambs, Dan Curticapean, Claus Emmelmann, Wolfgang Knapp, Zbigniew T. Kuznicki, Patrick P. Meyrueis,

Proc. of SPIE Vol. 8065, 80650L · © 2011 SPIE · CCC code: 0277-786X/11/$18 · doi: 10.1117/12.898525

Proc. of SPIE Vol. 8065  80650L-1



 

 

 Due to the en
every single l
plate is lower
unmelted pow

Besides the a
reduction of m
cutting. Besid
scrap produce
by saving too

However, con
production w
are among ot
(figure 2), th
for finishing
converting str
in extremely 
designs have 

nergy input of
layer the beam
red and powd

wder recycled 

 

ability to man
material waste
des the raw m
ed from a less

ol costs especi

nsidering rest
with LAM is m
thers high mac
e limitations o
. Pitted again
ructurally opt
strong lightw
to be solved t

f the focused 
m melts the su
der is applied
for further pr

Figu

nufacture high
e during mach

material cost sa
s-extensively m
ally when pro

trictions and o
more complex.

chine hours, h
of the buildin
nst these neg
timized geome
weight designs
thru multiple p

laser beam th
urface area cor
. After compl
roduction. 

ure 1. Process

hly complex p
hining, compa
avings there is
machined part

ocessing high 

other addition
 Possible limi

high powder c
ng chamber, li
gative effects
etries and bio
s (figure 2). A
part designs c

he powder mel
rresponding to
letion of all la

s of Selective L

parts, the high
ared to conven
s an ease in ha
t. Additional b
abrasive mate

nal benefits of
itations for ec
costs compare
imited surface
s are benefits
onic structures
Also the integ
an be realized

lts and solidif
o the CAD – m
ayers the part

Laser Melting

h recycling ra
ntional subtrac
andling smalle
benefits occur
erials such as t

f the LAM pr
onomic LAM

ed to wrought 
e qualities due
s from new 
s without adap
gration of add
d. 

fies into weldi
model slice. W
t can be taken

g [3]. 

ate of additiv
ctive manufac
er billets of raw
r thru the tool 
titanium. 

rocess the ass
M production a

material, the 
e to powder a
engineering 

ptation into th
ditional functi

ing beads afte
With each new 
n from the po

ve manufactur
cturing process
w feedstock, b
less manufac

sessment for a
and geometrica

need for supp
adhesion and p
possibilities. 

he part design
ions which in

er exposure. In
layer the base

owder bed and

 

ring leads to a
ses, like shape
by-products or
cturing process

an economica
al possibilities
port structures
potential need
LAM allows

n which results
n conventiona

n 
e 
d 

a 
e 
r 
s 

al 
s 
s 
d 
s 
s 

al 

Proc. of SPIE Vol. 8065  80650L-2



 

 

  
Figur

 

3.1 Overview

Currently opp
suitable for li
additional are
cost and tim
parameters is
desirable. Fin
the characteri
complex task
design of exp
as laser powe
experiments [

 

3.2 Physical

The interactio
during the pr
solved sequen
which derive
material. The
heat transfer 
process param
the rheologic

 

re 2. CAD-mo

3. 
w 

posed to the 
ightweight des
eas of applica

me consuming
s an iterative p
nal properties 
istics of the p

k. Therefore, a
periments with
er, scan speed
[4]. Thus acce

l model 

on between th
rocess. For LA
ntially as sho

es from the la
e amount of h
equations in t

meters. The ca
al properties c

odel of optimi

PROCESS

lightweight p
sign. Hence it

ation for the L
g process inv
procedure wh
of parts manu

powder materi
a systematic ap
h respect to th
d, hatch distan
eptable proces

he laser beam
AM  processe

own in figure 
aser beam par
eat can be use
the powder be
alculated temp
corresponding

ized bionic pa

S DEVELO

potential due t
t is essential to
LAM process.
volving exten
hen performed
ufactured in t
ial. Optimizat
pproach shou

he results of th
nce can be de
ss conditions c

m and the mat
es it is useful 
3. The optica

rameters like 
ed in a heat s
ed will be set
perature of th

g to these temp

art and its man

OPMENT F

to the freedom
o qualify furth
 However, th

nsive experim
d experimenta
the LAM proc
tion of a proc

uld include a s
he simulation.
scribed theore
can be identifi

erial can be m
to compose t

al model is th
intensity, lase
ource function
t up using the
he powder bed
perature condi

nufactured cou

FOR NEW 

m of design i
her lightweigh
e qualification

mental effort. 
ally. Thus, a r
cess depend o
cess with a lar
imulation to i
 The influenc
etically for ea
ied by using th

modelled base
three sub-mod

he calculation 
er beam distri
n in the therm
 thermal prop
d can be used
itions. Althou

unterpart with

MATERIA

s a still limite
ht alloys for L
n of new mat
The identifi

reliable optim
on the operatin
rge number o
identify a poss
ce of character
ach material s
he model desc

ed on the phy
dels according
of the heat a

ibution and th
mal sub-model
perties of the m
d in the sinteri
ugh it is clear t

h support struc

ALS 

ed lineup of m
LAM and there
terial systems 
cation of sui

mization of thi
ng conditions

of operating p
sible process 
ristic process v
system withou
cribed in this s

ysical phenom
g to Sun [5], 

absorbed in th
he optical pro
l. In this therm
material and t
ing sub-mode
that the 

 
ctures. 

materials wel
eby exploiting
for LAM is a

itable process
s procedure is
 as well as on
arameters is a
window and a
variables such

ut the need for
section. 

mena occurring
which can be

he powder bed
operties of the
mal model the
the significan
l to determine

ll 
g 
a 
s 
s 
n 
a 
a 
h 
r 

g 
e 
d 
e 
e 

nt 
e 

Proc. of SPIE Vol. 8065  80650L-3



Laser beam parameters
optical power properties

process parameters
thermal material properti
energy losses

material properties
reaction time

desired product
erties,/

Optical model

Heat source
'S.7 term

[Thermal model

Temperature
distribution

Sintering model)

> Density
distribution

 

 

 
Figure 3. Models required for temperature estimation. 

temperature in the zone of interaction between the laser beam and the material takes great influence on the metallic 
microstructure of a finished part [3, 6] the majority of its properties is controlled by part porosity. Thus it is desirable to 
eliminate the part’s porosity by completely remelting the powder material. Objective of the model introduced in this 
paper is to calculate the temperature distribution in the powder bed during the laser beam exposure process. 

 

3.3 Thermal model 

The heat source function according to equation 1 is a solution of the average laser intensity distribution. The coordinate 
system is given in figure 4 and all symbols are given in the appendix. In this solution the cross section intensity profile of 
the laser beam is described by a Gaussian profile and transmission of heat through the powder bed is neglected such that 
only absorption and reflection of laser beam energy are considered. Sometimes a rectangular function of the intensity is 
also used to reduce the calculation time. The effective surface absorptivity given in equation 2 can be calculated or 
measured (see Appendix for denotations). 
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The evolution of temperature vs. time in the powder bed is usually determined by balancing the energy in the thermal 
sub-model. Heat transfer in laser processing has generally been a wide area of research. In LAM processes the heat 
transfer problem is a combination of the three mechanisms of convection, conduction and radiation. On one hand it is 
possible to describe the process for metallic materials with the equation of effective heat conduction [5].  
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The effective thermal properties of the powder bed must then be determined depending on material and its temperature. 
On the other hand it is possible to calculate the terms of convection and radiation according to the process parameters 
and to integrate the mathematical description of these phenomena in the model. Under typical operating conditions the 
energies of convection and radiation are low compared to the heat source. Hence, the heat transfer problem can be 
described with a heat conduction approximation only as shown in equation 3. 

 

qT &=∇−∇ )( λ     (3) 
 

Although the powder bed cannot be characterized by the thermal properties of a solid material, the thermal conductivity 
of powder beds may be calculated according to various models given in the literature [7]. In order to test the suitability of 
materials for LAM it is important to know if the temperature distribution in the powder bed due to the applied laser beam 
is above the melting point of the powder’s lowest melting component. Therefore, the most crucial point in developing 
this theory is the thermal sub-model with calculation of the temperature distribution at the powder bed surface. 

 

3.4 Analytical solution 

The temperature distribution at the surface of the powder bed is derived from a one-dimensional model. Thus the 
suitability of the powder mixture can be evaluated theoretically. An analytical solution of the heat conduction equation 
(equation 3) is available for specific initial and boundary conditions. For a simplified one-dimensional heat conduction 
problem where the powder bed is represented by a semi-infinite solid with constant thermal properties, the temperature at 
the powder bed surface can be calculated easily [8]. With this calculation various modifications of a composite material 
can be tested for the LAM process and the thermal profiles allow a qualitatively correct prediction of the melting 
process. 

The theoretical surface temperature and the temperature distribution in the powder layer identify a reference value for the 
process window of the given material system in respect to the laser beam source. This simple one-dimensional model 
predicts the maximum surface temperature in order to describe the relationship between operating conditions and 
temperature distribution. The presumptions have to be adjusted to real conditions by a numerical solution. 

 

3.5 Numerical model 

A numerical solution of the heat conduction equation (equation 3) can be realized by finite element methods (FEM) and 
a computer simulation. In this context a three-dimensional solution of the temperature distribution is feasible. The 
melting depth corresponding to the layer thickness can be calculated using the numerical solution of this model. The 
width of the melting zone of each melt track can by calculated to define the required hatch distance. Some results of the 
calculation of the temperature at discrete points on the powder bed surface 
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Figure 4. Results of process modelling for Titanium. 

 

for titanium powder are shown in figure 4. Typical process parameters such as 100 W of laser beam power and a scan 
speed of 100 mm/s as well as 50 % effective absorptivity and 50 % density of the powder bed were assumed. The 
obtained results show that titanium can be melted sufficiently with nearly standard process parameters which are used for 
the processing of e.g. stainless steel. With this simulation the production time of a specified part can also be calculated 
according to the process parameters of layer thickness and hatch distance in order to gain a prediction for cost and time 
effectivity of LAM. 

 

3.6 Experimental qualification 

The results of the simulation depend on the accuracy of the material data. For solids the temperature-dependent values 
are available in the literature but powder beds or composites require an approximation. The results of determining the 
temperature distribution depend on the accuracy of the approximation of the effective thermal properties of the powder 
bed. To verify the processing conditions a statistical design of experiments is necessary to obtain acceptable process 
parameters for parts with desired properties. The initial parameters of the experiment were carried out with the process 
parameters which were calculated with the model derived above. Specially designed control parts were used to determine 
the scan strategy and the desired part properties. This three step method for qualifying material systems for LAM is 
called ANE (analytical, numerical, experimental) as shown in figure 5 [9]. 
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Figure 5. ANE method of process window determination. 

With the described material development process on hand it is now possible to significantly expand the available 
material lineup of lightweight alloys at a reduced expenditure regarding cost and time. But the development of further 
materials is only one necessity for exploiting LAM processes full potential and to unlock further areas of application. 
Supplementary to this it is decisively to be able to fully utilize the process inherent freedom of geometry and to facilitate 
lightweight constructions not possible up to now. Hence an innovative design process approach was developed which 
will be described in the following chapter. 

4. STRUCTURAL OPTIMIZATION AND BIONICS 
The methods for structural optimization are manifold, see figure 6. Therefore just a brief summary will be given 
exemplarily with the help of a simple example: a bridge. The “choice of design“ includes the consideration of truss 
construction or compound structures. Furthermore it has to be decided whether the parts design shall be integral or 
differential. During the “choice of materials“ the materials themselves are the design variables which have to be chosen 
according to the case specific requirements. The preceding methods of structural optimization were of an analytical 
nature. With the advent of affordable and highly capable personal computers, numerical methods for structural 
optimization are being increasingly used. The major methods will be described briefly in the following. 
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Figure 6. Differentiation of structural optimization problems by design variables [10]. 

The “Topology optimizations“ goal is the determination of the fundamental optimum part structure. Due to the topology 
optimizations nature the most radical result geometries of the structural optimization methods can be the outcome. The 
“shape optimizations“ basis is the adaptation of local geometry according to the part load in order to reduce local stress-
peaks. In contrast to this the “parameter optimization“ is the simplest numerical method. Its goal is the adaptation of wall 
thicknesses or profiles according to the parts loads. Because the results of the topology optimization are the most radical 
ones, it is the decisive method in combination with LAM and will be described in more detail. 

 
Figure 7. Process of topology optimization according to the SIMP-Method [11]. 

The applied method of topology optimization is the “solid-isotropic-material-with-penalization“ method, see figure 7, 
which will be described in the following with the help of a simple bar. It is based on an iterative process that begins with 
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Figure 11. Comparison of different design alternatives of aircraft brackets. 

 

5. CONCLUSION 
New layer wise manufacturing technologies such as Laser Additive Manufacturing (LAM) allow innovative approaches 
to product design. Especially for lightweight design in aircraft applications LAM offers new possibilities for load-
adapted structures. However the available material range is still limited and new applications often attend the need for 
qualifying new materials which is a cost and time consuming process involving extensive experimental effort. The 
identification of suitable process parameters is an iterative procedure when performed experimentally. Using an 
interactive procedure between a theoretical calculation of the material behaviour with respect to laser radiation and an 
experimental optimizing of process parameters time and / or costs can be reduced significantly. With the presented 
mathematical model of the temperature distribution versus effective factors of the process a region of acceptable 
operating conditions for the laser generating process could be found. This strategy leads to a rather small number of 
required experiments to develop a new material. This concept is feasible only if the database for the heat capacities and 
thermal conductivities at the various temperatures of the laser generating process is accurate. For solids the functions are 
available in the literature, but for powder beds or composites there is an approximation. The results of the temperature 
determination are only as accurate as possible by the approximation of the thermal properties.  

To fully capture lightweight potential of LAM technologies new design guidelines and processes have to be developed. 
A novel approach to extreme lightweight design is realized by incorporating structural optimization tools and bionic 
structures into one design process. By consequently following this design process designers can achieve lightweight 
savings in designing new aircraft structures. Limited by the current 3D-CAD-Tools and the not yet holistic design 
guidelines for LAM the results of the conducted design optimizations only show the beginning of what can become an 
essential new way of designing lightweight constructions. 

 

original design bionic design
integrated design*

(“bracket” directly glued into 
honeycomb)

bracket weight 330 g 195 g 0 g

assembly 
weight

1.400 g
incl. fiber mount and 

HiLocks

1.265 g
incl. fiber mount and HiLocks 300 g

dimensioning 
load case 35 kN 35 kN 35 kN

weight saving 135 g per bracket
- 41%

1.100 g per assembly
> - 80%
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APPENDIX 

Table 1. Denotations of used symbols and their units. 

β effective absorption coefficient  
δ penetration depth mm 
λ thermal conductivity W/mK 
ρ density Kg/mm3

A absorptivity  
cP specific heat capacity  J/kg K 
I intensity W/mm2 
hs hatch space mm 
q heat input W/m2 
rb beam radius mm 
R reflectivity  
P laser power W 
T temperature K 
t time s 
vs scan velocity mm/s 
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