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AbSTRAcT

Design of light weight structures is an important aspect in the aircraft industry, since minimizing the weight 
of components improves the overall aircraft performance. However, conventional manufacturing methods work on 
standard geometries and shapes, and often lead to overdesigning of parts. Additive Manufacturing (AM) overcomes 
these issues by allowing more design freedom. The present study focuses on two aspects of AM: (1) part consolidation 
through topology optimization, and (2) addressing thermal distortion through reverse shape morphing. An assembly 
of two load bearing brackets is first amalgamated into a single Topology Optimized (TO) part, which satisfies the 
displacement and stress requirements of the original design. After a series of optimization iterations, the final TO 
part (278 g) weighs 69 % lesser than the original assembled design (909 g), still meeting the design constraints. 
The TO part thus eliminates the need of fasteners to join both the brackets, thereby, making the design simpler yet 
effective. Moreover, a homogeneous stress distribution in the optimized part allows for efficient material utilization. 
In order to overcome thermal distortion that results during the AM process, the shape of the TO part is transformed 
in a sense opposite to the distortions produced. This is achieved through reverse shape morphing technique, that 
reduces thermal distortions in the printed part to sub-micron levels, and the morphed TO part conforms to the 
requirements meeting the design constraints. Therefore, the implementation of topology optimization along with 
reverse shape morphing makes the design simple and efficient having reduced distortion. This is achieved without 
any need of modifications in the manufacturing system or equipment, and such a strategy can be replicated and 
implemented at industrial scale as well.
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1. InTRODucTIOn
Modern day aerospace structures are subjected to 

complex static and dynamic loading patterns. The critical 
requirement of sustaining the allowable stresses and strains are 
to be met with very tight weight constraints. The requirement 
of lightweight designs, however, often leads to high level of 
geometrical complexity (with respect to structure, function, 
and property),1,2 which makes it challenging to realize through 
conventional manufacturing methods. The parts fabricated 
through conventional methods, such as casting, rolling, forging, 
and machining, are limited to some standard geometries, 
sections and shapes.3 The manufacturing process also has to 
take into consideration the manner in which different parts will 
be assembled and joined. This includes removable threaded 
fasteners, non-removable riveting, bonding using adhesives/
brazing, and permanent joining through welding. However, 
such assemblies have lesser reliability and have higher 
inspection, tooling, and maintenance requirements.4 Moreover, 
parts manufactured through such methods are subjected to 
inhomogeneous stress distribution, that may lead to dimensional 

mismatch and deformations exceeding allowable tolerances5. 
Consequently, the use of continuous material to fabricate such 
a structure would lead to overdesigning,6 leaving scope to 
make the part more efficient by selectively removing material 
from regions that are relatively less stressed. 

This calls our attention towards the three basic types 
of structure optimization techniques: size optimization, 
shape optimization, and topology optimization1. Each of 
these optimization problems require the definition of an 
objective function (e.g. minimization of weight or stresses 
etc.) subjected to some constraints (e.g. threshold frequency, 
allowable deflection etc.). While a few dimensions of the part 
are optimized in size optimization, in shape optimization the 
shape of the bounding surfaces is varied to satisfy the objectives 
and constraints. On the other hand, topology optimization is 
a technique of distributing material optimally within a given 
design space satisfying the minimization or maximization 
objectives subject to certain constraints.7 This allows a broader 
design space available with topology optimization compared 
to size and shape optimization techniques (which are limited 
to a sub-region of the full geometry), besides, topology 
optimization is independent of the original configuration itself. 
Topology optimization is mainly based on two approaches: 
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(1) truss-based method, (2) density-based method1. The truss-
based approach generates a mesh of connected trusses in a given 
volume, and then iterates to find a set of trusses necessary for 
the problem while eliminating the others. During the process of 
truss optimization, the size of each truss member is varied, and 
as the optimization progresses smaller size trusses are removed. 
Patel et. al.8 emphasized on varying both the truss size as well 
as its position during the optimization process. Alternatively, 
the density-based method fills a given volume with appropriate 
material density value. Such an approach works on the 
principle of solid isotropic material with penalization (SIMP) 
method in which the part geometry is divided into a set of 
voxels (a 3D version of a 2D pixel), with each voxel being 
assigned a density value between 0 (no material) and 1 (fully 
dense).9 Optimization solutions with voxels that have density 
either 1 or close to 0 are desirable, so as to avoid partly dense 
materials that are often challenging to produce. Several studies 
have focused their attention on creating efficient topology 
optimization algorithms10 for three dimensional problems11 and 
problems involving multiple materials12 as well. 

Structurally optimized, but complex, shapes have 
organic or freeform designs that provide enhanced mechanical 
performance without compromising weight penalty13. Although 
topology optimized solutions can be manufactured through 
subtractive techniques, the implementation of topology 
optimization often leads to complex structural forms, which 
if manufactured additively allow the designer a considerable 
degree of freedom.14 Owing to a variety of additive 
manufacturing (AM) processes available for polymer and metal 
printing such as binder jetting, material jetting, powder bed 
fusion, vat photopolymerization, etc.15 AM is widely employed 
in the aerospace sector to serve the critical requirements of 
lightness and high specific strength/stiffness of the structural 
components, with aerospace industry contributing as much as 
18 % to AM industry revenue.16

laser powder bed fusion (Pbf) is one method which can 
be used to produce complex shapes with reduced design and 
build time, on-demand manufacturing, instant assemblies, part 
consolidation, easy model changes and part customization, 
freedom of design, and increased buy-to-fly ratio with less 
material wastage.17-18 PBF has been found to drastically reduce 
the material wastage to just 5 % compared to 95 % with 
conventional milling, with a buy-to-fly ratio close to 1:1.19,20 
However, the continuous cycle of melting and resolidification of 
powder layers causes anisotropic shrinkage,21 thereby resulting 
in high temperature gradients22 inducing residual stresses23-25 
and hence distortion26 in the printed part. Apart from this some 
other factors that influence thermal distortion are: (1) material 
properties (heat capacity, thermal conductivity/diffusivity/
expansion, elastic modulus), (2) processing parameters (part 
density, scan strategy, laser power, layer height, preheating, 
post-treatment), and (3) structure geometry (section length/
thickness, part/support stiffness, laying angle)27. If not checked, 
the thermal distortions may result in tolerance errors21, failure 
of support structure,28 interlayer delamination, part-recoater 
interference,27 voids and improper fusion29-32. 

Several techniques have been suggested to mitigate the 
effect of thermal distortion such as: laser scan strategy,29,33-35 

substrate preheating,36-38 localized preheating of deposition 
region39 etc. However, these methods are time consuming 
and are limited to small parts requiring modification in the 
laser deposition system. Further, the numerical modelling 
of additive manufacturing to find the ideal set of processing  
parameters40-41 is limited to small part volumes, focuses 
on individual printed layers,42-43 and are computationally 
expensive for full scale part modelling.42,44 Data-driven 
statistical approach45, and deep learning using big data46 
techniques have also been proposed, but need highly skilled 
manpower, high performance computing, and complex 
algorithms for distortion prediction and compensation. Dunbar 
et al.47 demonstrated an experimental approach for distortion 
measurement, in which each scan pattern is rotated by 67o, 
though there is a need of specialised equipment. The authors 
also highlighted the importance of inter-layer effects to be 
included in thermo-mechanical models for better prediction 
of distortion47. Afazov, et al.48 presented the idea of geometry 
compensation to minimize distortion, though the model is 
based on data inputs on materials, processing, and structural 
parameters. A simple technique lacks with which thermal 
distortions can be controlled without making any modifications 
in the manufacturing system or equipment, and can be readily 
implemented by the industry. 

To this end, the present study illustrates the replacement 
of a sub-assembly of two brackets with a single TO component. 
The TO part, which is lighter and stiffer than the original 
design, is then virtually printed using laser powder bed 
fusion method by sequentially coupled thermo-mechanical 
simulations. Based on the thermal distortion analysis, reverse 
shape morphing technique is applied on the TO part to take 
care of the tolerance constraints and printing the part to meet 
the application requirements. Reverse shape morphing enables 
scaled deformation of a pre-existing shape without changing 
the topology. To the best of authors’ knowledge, no literature 
is available on the use of reverse shape morphing as a tool to 
overcome thermal distortion in topology optimized additively 
manufactured parts. The findings of the present study can 
be implemented in any application involving structural load 
carrying members to attain simple yet efficient parts with least 
dimensional errors.

2. MeThODOlOgy
The complete procedure followed for the preparation of 

additive manufacturing layout is shown in Fig. 1. Broadly, 
the methodology can be divided into 3 stages. In stage-1, the 
original model is set up by defining the boundary conditions, 
loading conditions and performing Finite Element Analysis 
(FEA) to get the part response in terms of displacement, stresses 
etc. This is followed by carrying out topology optimization 
procedure on a design space for a given set of targets to be 
achieved subject to constraints defined in the previous step. 

The TO concept is analysed for any violation of design 
parameters. If the design criteria are not met, the above 
procedure is repeated either by modifying the targets or the 
design space itself. Once a feasible TO concept is attained 
satisfying the model functionality, the concept so generated is 
refined in stage-2 to get a topology optimized CAD model. The 
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refined part is again verified for any constraint violations.  
     In the final stage-3, the refined TO part is sent for virtual 
printing. The critical parameters to be considered here are 
part orientation, part slicing, generation of support structure, 
and laser scanning path. Once these parameters are defined, 
the part is virtually printed following the laser powder bed 
fusion technique by sequentially coupled thermo-mechanical 
simulations. Any excess thermal distortions are corrected by 
way of reverse shape morphing technique to get the optimum 
design. Each of these steps depicted in Fig. 1 is discussed in 
more detail in the coming sections.

3. ORIgInAl DeSIgn
The sub-assembly taken for the case study consists of 

2 brackets as shown in Fig. 2(a). Bracket-1 is bolted to the 
outer structural members of an airframe through 6 bolts, while 
bracket-2 consists of a bearing slot which acts as a hinge for the 
control surface sub-assembly of the aircraft wing. Bracket-2 
is fixed rigidly to bracket-1 with 4 bolted connections shown 
in Fig. 2(c). Both the brackets are made of Aluminium  
alloy – Al 2014-T6. The bracket is designed as two separate 
parts so as to avoid excessive material removal during milling 

Figure 1. Methodology of additive manufacturing of a topology optimized part.
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operation and keeping in mind the manufacturing constraints. 
Although, the present design is simple considering the CAD 
and manufacturability, this is a clear case of overdesigning 
having a total mass of 909 g.

stress distribution in the original configuration. As expected, 
maximum displacement (~0.24 mm) is observed around the 
loading area, while maximum stress is 80 MPa and that too 
is concentrated at certain regions. This indicates the non-
homogeneous stress distribution, and hence overdesigning. 
Therefore, there is a need to optimize the part in order to save 
weight and improve the performance of the part. In the next 
section, the topology optimization problem is defined in terms 
of objectives and constraints of the optimization problem, and 
design space and functional regions using the same loading 
and boundary conditions as given in Fig. 2.

4. TOpOlOgy OpTIMIzATIOn
The objective of the optimization problem at hand is to 

create a structurally stiff part with minimum weight under the 
given loading and boundary conditions. In other words, the 
optimized part must be able to withstand the deformation and 
stress levels as defined by the static analysis of the original 
configuration (refer fig. 3). The solver49 is, therefore, given a 
task of maximizing stiffness with a target mass of 35% of the 
design space. Symmetry constraint is used in the optimization 
process so that the generated conceptual part is symmetric 
about the mid-plane parallel to z-x plane in Fig. 4a.

4.1 Design cycle-1
To begin with the optimization process, the first task is to 

conceptualize a design space, which captures the mechanical 
and functional requirements of the component. Design space is 
a volume or conceptual geometry in which the solver carries out 
the optimization by way of selective removal of material from 
non-critical areas. Here we propose a single solid design space 
that represents the original model such that it covers the area of 
both the brackets. This will help to consolidate the assembly of 
brackets into single structural member, which reduces the tool 
and part inventory as well as the associated costs2,4, ultimately 
leading to increased reliability and performance50. Accordingly, 
a design space as shown in Fig. 4(a) is created and the material 
properties of aluminium alloy AlSi10Mg51 are assigned  
(Table 1).

(a)

(b)                                        (c)

(a)                                        (b)

Figure 2. (a) cAD model of the original design of two brackets 
with dimensions x=180 mm, y=110 mm, z=120 mm, 
(b-c) loading and boundary conditions applied on 
the meshed model of the original design: α – clamped 
boundary condition, β – bolted connections.

Static analysis is now performed on the original design to 
obtain the deformation and stress profiles which will later act 
as design constraints for the topology optimization problem. 
To this end, a finite element mesh is created with tetrahedron 
second order quadratic elements (TE10) for the original design 
as shown in fig. 2(b-c). While, bracket-1 is clamped at 6 
places, bracket-2 is bolted to bracket-1 through 4 infinitely stiff 
bolted connections. A force (F) acts on the hinge section of 
the bracket (Fig. 2b) having force components: Fx = -50 N,  
Fy = -2.52 N, Fz = -204 N. Figure 3 shows the displacement and 

Figure 3. (a) Displacement and (b) stress distribution in the 
original design.

property ρ (kg/m3) e (gpa) ν σy (Mpa) σt (Mpa)

Value 2670 76 0.33 251 345

Table 1.  properties of AlSi10Mg additive manufacturing 
material

This is followed by assigning portions of the design 
space as functional region. Functional region is the region in 
the design space which is non-designable, that is, the solver is 
restricted from modifying this region during the optimization 
process as these regions serve the critical requirements. 
Accordingly, 7 functional regions are defined (see fig. 4a): 6 
bolt regions in bracket-1, and the bearing region in bracket-2. 
All these 7 regions are partitioned cylindrically with an offset 
of 3 mm and are assigned as functional regions. Additionally, 
the load bearing area is constrained because too much 
displacement in this region may affect the functionality of the 
part. The displacement along the hinge line is constrained to 
be less than the equivalent displacement in the original design. 
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Consequently, a set of nodes along the hinge line (highlighted 
in Fig. 4(b) is constrained for displacement not to exceed  
0.2 mm.

solver removes unwanted material and retains material only at 
regions necessary for the part to transmit the loads [Fig. 5(b-c)]. 
This indicates that no solid connection is needed between the 
upper and lower sets of bolts for transmitting the load.

The concept shape generated after the optimization process 
meeting all the objectives and constraints is shown in fig. 5(d). 
The concept generated indicates that 4 bolt connections for 
bracket-1 are sufficient to efficiently provide stiffness under the 
applied loads. So, it is better to eliminate the middle two bolts 
[marked by arrows in Fig. 5(d)]. As per the conceptual shape, 
it will be difficult to fasten the bolts because of the presence 
of bulk material in front of lower holes [encircled regions in 
Fig. 5(d)] and slanting front face in front of top holes. Even 
though all the requirements are met, the concept is not practical 
to use. So, in order to get a workable design, the design space 
is modified as discussed in the next section.

4.2 Design cycle-2
Based on the outcomes of design cycle-1, the design 

space is modified by eliminating the middle row of bolts 
and providing provision for bolt fastening. The updated 
design space, shown in fig. 6a, is then subjected to topology 
optimization keeping the loading and boundary conditions, 
and objective and constraints as same from the previous design 
cycle-1. The concept shape so generated [Fig. 6(b)] not only 
meets targets and constraints, but is also viable both in terms 
of functional as well as the assembly requirements of the 
bracket. The maximum displacement of 0.037 mm [Fig. 6(c)] 
and maximum stress of ~24 MPa [Fig. 6(d)] are far lesser than 

(a)                                        (b)

Figure 4. (a) Design space and functional regions in the original 
configuration, and (b) Meshed model of the original 
design. 

Once the design space, boundary and loading conditions, 
and performance targets are defined, the Tosca solver49 performs 
a numerical methodology to remove any unwanted material 
from the design space that is not playing any useful function. 
Simple Isotropic Material with Penalization (SIMP) strategy 
is used by the solver to do topology optimization by varying 
the density between 0 (void space) and 1 (fully dense material) 
across the design space.10 Figure 5 schematically shows the 
process flow during topology optimization followed on the 
design space given in Fig. 4. The fully dense material can be 
seen in red colour, while the material of no use is presented 
as blue in colour [fig. 5(a)]. Over a number of iterations, the 

Figure 5. (a-c) Design cycle-1 process flow during topology optimization. Legend shows density level at different locations of the part 
during the optimization process, and (d) concept generated after design cycle-1.

                            (a)                                                     (b)                                        (c)

                                                                                     (d)       
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that produced in the original design (refer Fig. 3). However, 
these small magnitudes of displacement and stress, suggest 
underutilization of the material. 

This motivates us to run another iteration of topology 
optimization with a reduced target of 25 % residual mass. The 
raw concept thereby generated after the second iteration is 

7(e) also highlights the simplicity of the TO part in contrast 
to the original design configuration of the sub-assembly of 
brackets. 

Figure 6.  Design cycle-2, iteration-1: (a) Design space, (b) 
Topology optimized conceptual shape, and (c-d) 
Displacement and stress distribution in the generated 
concept.

(a)                                        (b)

(c)                                        (d)

shown in fig. 7(a), which needs refinement by the designer to 
get a smooth CAD model as shown in fig. 7b. Such refining 
process is carried out with the help of ‘Imagine and Shape’49 
toolbox so as to remove any unwanted tessellations or meshed 
surfaces. 

Considering the conceptual shape as a guide part, the 
refined CAD part is prepared [fig. 7(b)]. Static analysis is then 
performed on this refined model and the results are presented 
in Fig. 7. As expected, the displacement is high at the point of 
loading in the original design [0.239 mm, Fig. 3(a)] as well as 
in the topology optimized part [0.188 mm, Fig. 7(c)]. This 21 % 
reduction in peak displacement indicates an improved stiffness 
of the TO part with respect to the original configuration. 
Even though the peak displacement [Fig. 7(c)] and peak 
stress (Fig. 7d) obtained in design cycle-2 are more than the 
previous iteration, these are still less than the requirements of 
the original design. Furthermore, the stress gets transferred 
away from the loaded region to the arms of the part and is 
homogenously distributed throughout the part [Fig. 7(d)]. The 
refined TO part weighs 278 g, which means a 69% reduction 
in mass compared to the original design (Fig. 2). Figure 7(e) 
shows the conformance between the TO part and the original 
design in terms of bolted and load application regions. Figure 

Figure 7. Design cycle-2, iteration-2: (a) Topology optimized 
conceptual shape, (b) Refined topology optimized 
concept, (c-d) Displacement and stress distribution 
in the refined concept, and (e) Topology optimized 
part superimposed on the original design of the pair 
of brackets.

      Displacement (mm)                        Stress (pa) 

                   (a)                        (b)

        (c)                                       (d)

(e)

5. VIRTuAl pRInTIng
5.1 part Orientation

Part orientation is one of the most critical parameters 
in additive manufacturing. Ideally, the best orientation is the 
one leading to minimum effective height of the printed part, 
thereby resulting in minimum printing time and hence cost. 

5.24e+7
4.71e+7
4.19e+7
3.67e+7
3.14e+7
2.62e+7
2.1e+7
1.57e+7
1.05e+7
5.26e+6
2.87e+4

0.188
0.17
0.151
0.132
0.113
0.0942
0.0754
0.0565
0.0377
0.0188
0
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This, however, must not be the sole factor to decide the part 
orientation as it directly affects not only the surface quality and 
the volume of supports required, but the mechanical properties 
of the printed part as well.3,18 Table 2 shows various parameters 
and their priority level considered to define part orientation.52 
Since, the part dimensions can be easily accommodated in the 
machine (SlM280: 280 mm x 280 mm x 365 mm), and there 
are no sudden cross-section changes in the part, low priority is 
assigned to three parameters: projected part area, part height, 
and slice variation. Member to member support criteria is 
assigned medium priority because the gap between different 
members of the part varies from one end (loaded region) to the 
other end (fixed end), and no hollow regions to be supported 
other than the loaded region. Finally, to minimize the supports 
required for the part, highest priority is given to part area 
requiring support. Keeping in mind these considerations, the 
solver52 suggests the orientation of part on build tray as shown 
in Fig. 8. 

                                        (a)                                         (b)                                             (c)

                    (a)                                    (b)

                      criteria priority level

Part area requiring support High

Part area projected on build tray low

Member to member support area within a part Medium

Part height low

Slice variation low

Table 2.  Selection criteria for the computation of part orientation 
for virtual printing

5.2 Support Structure
To carry out the additive manufacturing of the part, a support 

structure is required to support the part on the build tray, support 
the part overhangs and to carry the heat away from the part.6 For 
the given part orientation, a support structure is generated [Fig. 
8(a)] using wired-offset52 patterned support structure [Fig. 8(b)] 
with a spacing of 3 mm between the successive support walls. 
Such patterns, having line contact between the support and the 
part, provide higher strength than point contact supports and are 
easy to remove when compared to area contact supports.53

5.3 laser Scanning path
After finalizing the part orientation and support structure, 

the laser scanning path is generated. A 400 W, 0.09 mm diameter 
laser beam is used to scan the powder bed at a scan speed of 
10 m/s.52 A typical scan strategy includes contours and infill 
(see fig. 9). figure 9 shows the scan path at different levels of 

Figure 8. (a) part orientation and support structure used for 
printing the refined topology optimized concept on 
build tray, and (b) Offset patterned structure of the 
supports shown on the bottom view of the part.

Figure 9.  Laser scanning path for the part and supports to be printed at different part heights: (a) At the interface of support 
structure and the build-tray, (b) In the middle of the part, and (c) near the top region of the part.
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part height: (a) at the interface of support structure and the 
build-tray, (b) in the middle of the part, and (c) near the top 
region of the part. As can be seen in the detailed views of  
Fig. 9 (b-c), 5 contour passes are used to print the outer boundary. 
While, contours are meant to make an outer boundary and give 
smooth surfaces to the part, the core of the part is filled with a 
hatching pattern.

5.4 Virtual printing
A finite element mesh of the part is now generated with 

tetrahedron (TE4) elements having 4 nodes (see Fig. 10a). 
While, the supports are meshed using quad dominant elements 
having a mix of trigonal (TR3) and quad (QD4) elements, the 
build tray is meshed using sweep 3D elements with a mix of 
wedge (WE6) and hexahedral (HE8) elements.52 Next, the 
bottom face of the build tray is clamped, and tie constraints are 
generated between the tray and supports, and between supports 
and the part. The tie constraints replicate the actual printing 
conditions of fusion between the tray and supports, and between 
supports and the part. The following printing parameters 
are given as input52: powder melting temperature = 1200oK, 
powder absorption coefficient = 0.45, convection coefficient of 
inert (argon) gas = 18 W/oK/m2, powder emissivity = 0.25. The 
thermal and mechanical steps are then defined to perform the 
thermo-mechanical analysis. An initial time increment of 200 s 
is used for a total simulation time of 4428 s.

After defining all these input parameters, the printing 
procedure begins based on powder bed fusion technique. In 
this technique, a layer of metallic powder is spread uniformly 
on the build tray and a laser is used to melt the powder particles. 
As the laser travels across a predetermined scan path, molten 
melt fuses and solidifies to make a slice or layer of the part. 
Once a layer is formed, the tray is moved downward equal 
to the slice thickness, powder is spread again and the laser 

scanning and melting process is repeated till the whole part 
is manufactured. Figure 10b-c shows the printed supports and 
the part along with temperature [Fig. 10(b)] and displacement 
[Fig. 10(c)] distributions on the part. As can be seen in Fig. 10b 
the temperature in the lower portion of the part is lowest and 
is similar to that of build tray. Whereas, near the top portion 
of the part the temperature is relatively high, as these are the 
most recent printed layers. This temperature variation in the 
printed part leads to thermal distortions with higher distortion 
in the right-side portion of the printed part [see Fig. 10(c)]. 
With a maximum distortion value of ~0.95 mm and an average 
distortion of ~0.5 mm, the right-side portion of the part does 
not conform to the desired shape of the topology optimized 
part shown in Fig. 7b. This may result in tolerance errors, 
failure of support structure,28 interlayer delamination, part-
recoater interference, voids, and improper fusion.29-31 Similar 
bending of far ends of the printed part is observed both in 
experimental studies54 as well as through prediction analysis.55 
In order to mitigate the effect of thermal distortion, reverse 
shape morphing is used to compensate for the predicted part 
distortions.

6. ReVeRSe ShApe MORphIng
In the process of compensating the part distortions, the 

displacement field of the printed topology optimized (TO) 
part (fig. 10c) is extracted. The displacement field consists of 
position coordinates of all the nodes present in the model. A 
scale factor is then applied on the displacement field to change 
the nodal displacements56. A negative scale factor = -1 results 
in computing the displacements in the opposite direction. 
figure 11 compares the shape difference between the TO 
part (fig. 7b), printed TO part (fig. 10c), morphed part (fig. 
11c), and printed morphed part (Fig. 11d). The distortions in 
the right-side portion of the printed TO part with respect to 

Figure 10. (a) Meshed model of the topology optimized part, support structure and build tray. Distribution of: (b) Temperature, and 
(c) Displacement in the printed topology optimized part.

                                                  (b)                                          (c)

                                                                                        (a)
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the TO part, as pointed out in the previous section (see fig. 
10c), are clearly depicted in Fig. 11a where both the concepts 
are superimposed. Figure 11b shows the deviation analysis 
between the compensated geometry (printed TO part) and the 
original geometry (TO part). A lot of deviation can be seen in 
the circular load carrying region (+0.4 mm, yellow region) and 
right portion (-0.4 mm, cyan region) of the part.

7. cOncluSIOn
Topology optimization is used to redesign a sub-assembly 

of load carrying brackets. The original pair of brackets is 
modified so as to get a single consolidated topology optimized 
(TO) part requiring lesser number of fasteners. The design space 
and the optimization targets are varied so as to accommodate 
the functionality and practicality in the TO concept. The final 
TO part weighs only 278 g, which is 69 % lighter than the 
original design (909 g), yet meeting the design constraints. A 
maximum displacement of 0.19 mm near the point of applied 
load is within the upper limit of 0.24 mm in the original design. 
Also, the maximum stress in the TO part (52 MPa) is 35 % 
less compared to the original design (80 MPa). Moreover, a 
homogeneous stress distribution throughout the optimized 
part allows for efficient material utilization. The TO part is 
then virtually printed through powder bed fusion technique. 
A suitable part orientation and support structure is chosen by 
assigning different priority levels to key selection parameters. 
Reverse shape morphing technique is used to compensate the 
geometry of the TO part for the predicted thermal distortions. 
This is done by scaling the dimensions of the TO part by negative 
one, before being printed. The approach helps in bringing down 
the thermal distortions in the additively manufactured part to 
sub-micron levels. Hence, by integrating topology optimization 
with reverse shape morphing, simple, light weight and efficient 
designs can be additively manufactured to serve the critical 
requirements of the aircraft industry.
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