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Abstract

The growth in build volumes of additive manufacturing (AM) printers has enabled the manufacture of larger and more complex
products, such as drones, known as unconstrained structures. This necessitates advanced optimisation techniques to achieve
optimal designs. Inertia relief (IR) is a solution for analysing these structures by leveraging their inertial properties while
considering concentrated non-structural masses. Unfortunately, designers often overlook the benefits of IR due to a lack of
understanding, a preference for static techniques involving boundary conditions (BCs), or the absence of a methodology for
IR. Existing literature lacks sufficient comparison and documentation of the mechanical performance losses resulting from
the application of BCs instead of IR. Therefore, this study provides a detailed comparison of BC and IR designs, highlighting
the advantages in terms of compliance, stress fields, and eigenfrequency performance. Additionally, based on the findings, it
proposes a comprehensive design and optimization methodology tailored for IR + TO, demonstrating its advantages through
a case study. Applied to the redesign of a drone structure, results reveal that IR-optimized designs achieve a mass saving
of 13%, with up to 53% lower compliance and 12%-32% lower stress values compared to BC-optimized designs. Those
significant differences highlight the crucial role of IR in achieving optimal designs for unconstrained systems. Besides, these
findings underscore the enhanced mechanical performance and potential for material savings in IR + TO, bridging the gap
between theoretical understanding and practical application. This research provides valuable insights and practical guidelines
for engineers and designers aiming to optimize complex structures for AM.

Keywords Inertia relief - Topology optimisation - Design methodology - Additive manufacturing - Drone - Airframe

1 Introduction

The rapid growth in the number of additive manufactur-
ing (AM) applications has driven the development and
redesign of new complex structures to meet today’s chal-
lenges. Topology optimisation (TO) is a technique that
allows a designer to take advantage of the freedom that
AM offers, particularly for mass reduction [1], which was
proposed by Bendsoe and Kikuchi [2]. Over the years, numer-
ous methods have been developed to improve and extend
its application, such as density-based methods, hard-kill
methods, boundary variation methods, and a biologically
inspired method, as reviewed by Deaton et al. [3]. Despite
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these developments, the density-based solid isotropic mate-
rial with penalisation (SIMP) method remains the widest
applied approach in commercial software and industry. One
of its best-known applications is in the development of new
mechanical structures, due to its great effectiveness in saving
weight and improving multidisciplinary performance. Many
authors have worked on deriving good practices for the use
of TO; for example, Morretton et al. [4] showed that the final
design is greatly affected by the settings adjustments made by
the designer, whereas Tyflopoulos and Steinert [5] explored
the ways in which the TO results are influenced depending on
the boundary conditions (BCs), and Orquera et al. [6] exam-
ined the influence of the design space (DS) and non-design
space (NDS). Its industrial applications were summarised in
areview by Prathyusha et al. [7].

Over time, the applications of TO have been scaled up
to include buildings, bridges, and transport systems such as
aircraft [8] and vehicles [9]. These transport systems are com-
monly referred to as unconstrained structures (USs), as they
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move through space as rigid bodies (RBs) without the need
for physical supports to anchor them to a fixed frame. If tra-
ditional nodal displacement constraint methods were used
to analyse these structures, the results would be artificially
biased due to the presence of unrealistic reaction forces that
would affect the stress field. To avoid this issue, designers are
recommended to employ a technique known as inertia relief
(IR), in which the inertial properties of the structure are used
to counteract its motion and the system is then solved.

Barnetetal. [10] introduced this approach, and researchers
have since formulated and published other types of IR pro-
cedures and applications. Essentially, applied loads produce
RB translational and rotational accelerations, and when com-
bined with the mass and inertia of the structure, induce RB
inertia forces distributed over it. By subtracting the inertial
forces from the external forces, the elastic forces produce
a load-balanced static formulation, allowing the designer to
determine the displacements and stresses, as described by
Lee and Guo [11] and Wijker [12].

Applications of this method can be found in numerous
published works: for example, Nelson and Wolf used this
approach to replace a transient dynamic analysis to estimate
impact loads on a structure [13]; De et al. [14] applied it to the
design of a lightweight chassis for a hybrid truck; and Liao
[15] studied the implementation of basic structures and the
influence of conventional and automatic setups, constraints
and mass distribution In the field of TO, Pagaldipti and Shyy
[16] explored the impact of IR and local mass on TO, and
Wagner and Helfrich [17] extended this research by apply-
ing it to the optimisation of a control arm. Song et al. [18]
proposed a TO formulation based on regional strain energy
for the optimisation of protective structures, and Thore [19]
provided a detailed explanation of the TO and IR theory and
compared 3 methods of problem-solving.

Although the use of IR with TO has been considered in
previous works, these studies have mainly focused on mathe-
matical development or specific applications like single parts.
Then, looking to the TO for USs like drones, studies such as
those by [20-22] commonly apply traditional BCs by fixing
either the centre of the main body or the arms. Relatedly, oth-
ers like [23] split the model into components and optimised
them independently. Similar cases were found during the lit-
erature review and are summarised in Table 6 in the Appendix
of this paper. Unfortunately, the preference for static tech-
niques involving BCs, coupled with a lack of understanding
or absence of an IR methodology, often leads designers to
overlook the benefits of IR. This can result in suboptimal
designs due to the artificial constraints imposed by the BCs.
Consequently, a significant question arises: how much does
the use of BC-modelling versus IR-modelling impact the
optimal design of a structure?.

@ Springer

1.1 Article scope

Up to now, there has been a lack of awareness and clarity in
the literature regarding IR, particularly when comparing the
mechanical performance drawbacks of IR-optimised designs
to those incorporating BCs. Furthermore, the state of the art
highlights the absence of a method for optimizing USs using
IR. Hence, this paper aims to explore the drawbacks that
arise when BCs are applied to an US. It provides a detailed
comparison, highlighting the advantages of applying IR in
terms of compliance, stress field, and eigenfrequency perfor-
mance. By proposing a design and optimisation methodology
adapted to IR + TO, this contribution bridges the gap between
the current theoretical understanding of IR and its practical
application in structural optimisation.

To achieve this objective, the article is structured as fol-
lows: Sect. 2 introduces the mathematical background of IR
and highlights the parameters that affect the elastic forces.
TO is then presented, and how it can be combined with IR
in the optimisation formulation is subsequently explained.
Afterwards, the optimisation of 2 USs will be conducted,
with one approach applying BCs and the other IR. For the
sake of clarity, the former will henceforth be referred to as
BC-design and the latter IR-design. The results compari-
son highlights the drawbacks of the BC-design. Thanks to
the findings, a methodology for TO + IR is proposed in the
Sect. 5. A case study is presented to demonstrate the appli-
cation of our methodology to the redesign and optimisation
of a drone airframe. In this way, the discussion compares tra-
ditional modelling based on BCs with IR and observes the
percentage gains obtained. To conclude, the article will deal
with the conclusions and perspectives.

2 Mathematical background
2.1 Inertia relief

This technique approximates a dynamic problem as a static
one, based on the following assumptions: (i) the structure
moves through the space as if it were infinitely stiff, and
(ii) the loads are in a steady state meaning that the structure
is under constant loads and accelerations. The fundamental
equation can then be derived from an approximation of the
dynamic equilibrium equations of motion:

[M1{u,} + [K Wy} = {Foxs) (1

where [M] is the mass matrix,[ K ] the stiffness matrix, and
{ Fex:} the external force vector. The first assumption is then
expressed through the total displacement vector, denoted as
{u,}, which comprises both the RB {u,.} and the elastic {u.}
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Fig. 1 Reference point for the equilibrium of a rigid body

vectors. Where the last one results from the elastic deforma-
tion of the body under inertial forces, as follows:

{u} = {u,} + {u,} @

Assumption (i) leads to [K ]{u,.} = 0, and assumption (ii)
to the simplification [M]{u,} = 0. Consequently, Eq. (2) can
be reformulated as:

[M1u, )+ [K1{u,} = (Foxt) )

To solve this problem, the finite element method is com-
monly employed. However, due to the absence of BCs, the
system becomes singular. In such cases, 3 possible meth-
ods can be applied [19]. The first, known as the geometrical
centre (CG) method, is explained below. After discretising
the body, IR forces are calculated based on the RB modes
and [M]. To achieve this, a reference point, typically the CG
(Fig. 1), is chosen to apply the transformations required for
the equilibrium and to handle the singularity of the stiffness
matrix by imposing a displacement.

For equilibrium of the forces and moments at CG, the
RB transformation matrix of each node i;, [CD,-, 0] relates the
motions of the RB from the CG {u,, p,} to the motions of
each node iy, {u,,;}. We can then define:

{ur.i}=[®i0]{ur. po} @)

where x;, y;, z; are the coordinates of each node i;j, and xg,
Y0, Zo denote the coordinates of CG.

100 0 (zi —20) —(yi — y0) |
010 —(z; —z0) 0 (x; — xo)

[@:.0] = 001 (yi —yo) —(xi —xo0) 0

000 1 0 0
000 0 1 0
000 0 0 1

From this matrix, in the case of rotational acceleration,
the further the i;;, node is from CG, the higher its acceler-
ation will be. To calculate the stresses in the structure, the
second term in Eq. (3) must be solved, which can be repre-
sented as [K [{u.} = {F.;}. Here, the external forces {F,;}

Fig.2 Compression static analysis with IR: a model; b von Mises stress
field

are assumed to be in equilibrium with the RB inertia forces
{F,} and the internal elastic forces { F,;}, where the latter are
derived from subtraction as follows:

{Fel}:{Fext}_{Fr} (5)

The vector {F}} is responsible for the virtual movement
of the body and is defined as being in equilibrium with the
inertial loads [M1{ii,}:

{Fr} = [M]{ur} (6)

The acceleration vector for the RB, {ii, }, can be expressed
as a linear combination of the global RB body transformation
matrix [®,]; this contains the transformation matrix of each
node iy, [®;,0] and the vector {ii, p, }, which represents the
acceleration of each of the rigid body modes at the reference
point, as shown in Eq. (7). The same principle can be applied
to the RB inertia forces {F}}, as given in Eq. (8):

{ii,} = [q)r]{iir,po} 7

{F} = [®:17 {Foxe} ®)

By substituting Egs. (6) and (7) into Eq. (8), we can derive
Eq. (9):

-1
{iir.po} = (1017 IMI®1) 10,17 (Fexy) ©

Finally, by substituting Egs. (9), (7) and (6) into Eq. (5), the
internal elastic forces { Fy; } are obtained as shown in Eq. (10).
This allows the stresses and displacements of the structure to
be found.

-1
(Fu} = (Feat) = M1 (10,17 (MI[,1) (917 (For)
(10)

Equation (10) defines how the mass and the transforma-
tion matrix influence the result of the elastic force vector.
As highlighted by Wijker [12], in a structure consisting of
homogeneous masses, the one to which the force is applied
will have the highest elastic force value as a result. This is
illustrated in Fig. 2, where an unconstrained beam is sub-
jected to an external load. In response, IR induces a body
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load to counterbalance the applied load, resulting in a stress
field extending from the load point application to the end of
the beam.

2.2 Topology optimisation

This mathematical method allows to determine the optimal
material distribution within a given DS, to achieve an objec-
tive while meeting a set of constraints. The most common
formulation (IP1) involves minimising the elastic deforma-
tion energy or the so-called compliance (C) under a volume
constraint [4]. The TO problem can therefore be stated as
follows:
findn =@, ... 1), 0 < Mi)pin <mi =L i=1...N
minC(n) = 3{Fexr}' ()

(K1) = {Fexs) (11)

Tlven =X vim < v

Py) =

where 7 is the artificial density vector containing all the
design variables, N the total number of elements, C the com-
pliance, {F,y;} the external force vector, [K] the stiffness
matrix, {u#} the displacement vector, v; is the volume of each
finite element, and Vi the volume constraint value.

The pseudo-density from the SIMP model is employed
here, which gives the following power-law relation for the
stiffness and the value of the intermediate densities:

Ei=n'Eo, p>1 (12)

where p represents a penalty coefficient for the stiffness of the
material, and Ej is the Young’s modulus. Finally, to improve
the discretisation and to control the size of the topology
‘frames’, multiple parameters can be applied: these include a
minimum (MinDim) and maximum (MaxDim) size control
method to filter out very thin or large frames [3, 24]; a min-
imum that adds a penalty based on the distance between the
frames (MinGap) [4]; symmetries along one, 2 or 3 planes;
pattern repetitions; or manufacturing constraints [25].

2.3 Topology optimisation with IR

The optimisation problem with IR requires a change in (IP),
as indicated in Eq. 13. In this case, elements of [M] are
calculated from (m; = v; p;), where p; = nipg, and pg is the
density of the material.

(13)

o DM+ K i} = {Fext)
Vin) = Z,N:Wini =Wy

An example of the presence or the absence of BCs can be
seen in the work of Quinn [26], as illustrated in Fig. 3. In
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(b)

Fig. 3 Comparison of TO results for a brick: a conventional BC-design;
b IR-design for an unconstrained structure. Adapted from Quinn [26]

the conventional BC-design (Fig. 3a), TO generates a design
by following the stress flow from the point of application
of the load to the fixed supports. However, in the IR-design
(Fig. 3b), the mass is concentrated close to the point of appli-
cation since there is no stress path as in the previous approach.
Consequently, applying BCs can significantly impact the
resulting design, due to a wrong description of the physical
system.

3 Research method

To emphasise both the importance of applying IR to the opti-
misation of USs (as opposed to a BC approach), and to outline
the considerations required for designing under IR, 2 distinct
approaches are proposed:

e In the first study, we optimise common structures using
BC and IR designs. The results are then compared and the
differences between them are highlighted. The outcomes
of the study allow us to propose a methodology for IR +
TO.

e The second study demonstrates the application of the pro-
posed method. The research strategy is illustrated in Fig. 9.
The proposed methodology is implemented to guide new
designers. The results of this second study are compared
to those of a BC-design approach, to accentuate the advan-
tages of the proposed method.

4 Influence of the design approach: topology
optimisation with BCs vs. IR

As aforementioned, the topology obtained through IR differs
from one obtained using BCs. It can therefore be inferred
that when optimising an IR problem with BCs, the result-
ing topology may not be the most optimal. To illustrate this
hypothesis, 2 structures that normally operate under dynamic
conditions are optimised through BC-design and IR-design.
They are then submitted to an IR analysis, and the results are
finally analysed and discussed.
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The TO models described below were implemented using
Altair software with (i) HyperWorks used to realise example
(a) and the study case; (ii) Inspire for example (b). The sim-
ulations were conducted on an Intel Core i7-11850H with
32 GB of RAM. The units employed were mm, N, g, and
MPa. Each model was identical in terms of dimensions, loads,
BCs, and optimisation formulations as in the original studies.
In certain models, multipoint constraints (RBE2 or RBE3)
were applied to model the connections, loads, and BCs. The
first element (RBE2) introduces infinite stiffness to the nodes
that are constrained, while the second (RBE3) provides a
distributed connection that does not influence the local (or
global) stiffness of the model. This is ideal for load/mass
distribution [27].

Following optimisation, models were generated using
automatic interpretation (OSSmooth) for reanalysis in
HyperWorks. This was achieved by specifying a density
threshold, and the option ‘keep smooth narrow layer around
non-design’ option. Subsequently, all elements were then
‘split’ and transformed to ‘second order’ to further refine
the model.

4.1 Control arm

The first model was one proposed by Altair [28]. The BCs are
represented as triangles in Fig. 4a and b, and the associated
degrees of freedom (DOF) are given as numbers. The study
involved a single load case with 2 forces, as shown in Fig. 4c:
(i) in the z-direction, with a magnitude of 3¢5 N; and (ii) in
the x-direction, with a value of —1e5 N. The material was
steel with a Young’s modulus of 210e3M Pa, a Poisson’s
coefficient of 0.3, a density of 7.86e —3g/ mm?3, and a yield
strength of 520 MPa. The FEM model was composed of
CHEXAS elements with a size of 6 mm. The optimisation
formulation applied was the [P; within a volume constraint
of 20%. A symmetry plane (x) and a MinDim of 40 were
imposed as additional parameters.

Models were generated based on the thresholds in Table 1
to ensure the same volume. Results show that the BC-design
includes the anchor zone for the shock absorber, while the
IR-design does not, as shown in Fig. 6a and b. The reason
is that in IR, displacements are relative, and do not influ-
ence the stress field. Hence, the use of special ‘supports’ for
IR analysis, to replicate the deformation behaviour accord-
ing to the arm movement, does not guarantee a stress flow
through that area, resulting in a low-density region from
the obtained topology, as mentioned in [19]. Therefore, to
ensure the future connection of the shock absorber, 2 poten-
tial adjustments can be considered: The shock absorber mass
can be included, or a new NDS can be specified, as shown in
the zone with a star shape, enclosed by a circle in Fig. 5.

The results in Fig. 6a—c and Table 1 show that the compli-
ance and stress values for the IR-design are lower by 34.7%

Fig.4 Benchmark problem for TO, involving a control arm from Altair
[28]: a locations of BCs; b detail showing the application of BCs with
RBE?2; ¢ load point of application

Fig.5 New non-design space for the control arm (orange area shown in
the red circle)

and 12-32%, respectively, in comparison to the BC-design.
The IR-design with the NDS modification has a similar
performance. This demonstrates that IR models outperform
those based on BCs. The cause may be intimately related to

@ Springer
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Table 1 Summary of results for

the control arm Values/models BC-design BC-designlR analysis IR-design IR new NDS design
Threshold 0.25 0.275
Volume DS (e6 mm?) 1.64 1.60
V. DS + NDS (e6 mm?®) 2.01
Compliance (e5 Nmm) 3.60 2.19 1.43 1.47
Ixx (mm*) 275.1 277.8 278.9
Tyy (mm*) 115.4 158.6 151.9
Izz (mm*) 369.3 413.0 406.0

Von Mises (MPa)

600.0
5334 ]
466.9

4003 —
3338 —
267.2 =

200.6
1341
67.5
1.0

No Result

Max = 1327.3
Min=1.0

(@

Von Mises (MPa)

600.0
533.3 ]
466.7

400.0 —
3334 —
266.7 —

2001
1334
66.8
0.1

No Result

Max = 1312.2
Min=0.1

Von Mises (MPa)

600.0
5334 ]
466.7

4001 —
3335 Jm
2669 —

200.2
1336
67.0
0.4

No Result

Max =1311.8
Min=0.4

(©)

’.
. 8.156 )
’-

4‘ /1

Fig.6 Stress analysis of the control arm: a BC-design; b IR-design;
¢ IR-design with the DS modified

the higher inertia values for 1, (37%) and I, (12%) in the IR-
designs, as shown in Table 1. These inertias counteract the
stresses generated by the moments and the torque created
by the forces. Finally, the modification proposed for IR-
design allows the shock absorber anchor zone to be retained
(Fig. 6¢).

@ Springer

Fig. 7 Finite element model of a connecting rod considered by Orquera
et al. [6]

4.2 Connecting rod

Another model that highlights the advantages of IR + TO
is the connecting rod analysed by Orquera et al. [6]. In this
study, optimisation was conducted using classical BC mod-
elling. The bearing of the connecting rod at the small end is
clamped, and the large rotating bearing is loaded. Two differ-
ent load cases are considered: (i) a tensile force of 11449N;
(ii) a compression force of 27721 N. These load cases are
depicted in Fig. 7. We note that in the IR model, only the
loads are applied. The material was TiAI6V with a Young’s
modulus of 131.5¢3M Pa, a Poisson’s coefficient of 0.31, a
density of 4.5¢ —3g/mm?, and a yield strength of 1110M Pa.
The FEM model was constructed with a mesh size of 2 mm.

In this example, the objective is to maximise both the
stiffness and the eigenfrequency. To achieve this, a new opti-
misation formulation is employed, designated as (P>), which
introduces the combined compliance index response (S).
This response allows to minimise the strain energy (C;) and
maximise the inverse of the eigenvalues (A ;), as shown in
Eq. (14). Given the substantial difference in the orders of
magnitude between (C;) and (A;), a normalization factor is
used (NORM = Cjax min), in which the largest value of
compliance and the lowest eigenvalue obtained in the first
iteration are multiplied. This normalises the eigenvalue and
gives a value between zero and one. This is then multiplied by
the largest value of the compliance, to achieve a total value on
the same order of magnitude as the sum of the compliances.
For further details, please refer to [29]. By default, Inspire
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Table 2 Summary of results for the connecting rod

Values/models BC-design BC-design IR IR-design
analysis
Mass DS (g) 212 219
Compliance 2.37 0.62 0.39
eT(Nmm)
First 3222 3954 3615
eigenfrequency
(Hz)
maximises the first 6 eigenfrequencies.
x(3)
i\
§=Y WiCi+NORM ! (14)
l

Zjo

The constraints were a maximum volume of 35% and 2
planes of symmetry in the directions (x, z). In their original
work, Orquera et al. [6] perform multiple optimisation loops
to redesign the NDSs to the topologies found. However, in
this work, only the first optimisation is required to compare
the BC and IR outcomes.

For reconstruction, we used the ‘topology slider’ offered
by Inspire to adjust the amount of material finely. This slider
was positioned in the middle for each model to obtain the
same mass. The results are summarized in Table 2.

We then evaluated the compliance obtained from a static
analysis under IR. The IR-design values were found to be
37% lower in comparison to the BC-design. Following the
research by Orquera et al. [6], the first eigenfrequencies of
each model were then compared, and it was observed that
the IR-design performed 8.5% better than the BC-design.
Finally, for the stress values, the ‘results envelope’ option was
applied, which provides the maximum value for each type
of result across all load cases. Compared to BC-design, the
values yielded by IR-design were lower by 72% on average
(Fig. 8a,b). Atthe lower connection (Fig. 8c, d) of the bearing
at the large end, we see that the BC-design has higher stress
concentrations.

Finally, a noteworthy change in the new topology was the
displacement in the location of the CG, which moved from
41.5 mm (BC) to 26.3 mm (IR), toward the flange of the
crankshaft. This shift could potentially reduce the longitudi-
nal vibrations.

5 Proposed methodology
The models analysed above showed that optimisation without

IR affects the results and decreases the performance. How-
ever, the simplicity of these models means that they do not

Von Mises (MPa) Von Mises (MPa)

(a) g63 ] (b) 238
591 212
517 185

443 T 159 |

369 B 13279

295 T 106 =
222 80
148 53

74 ] 27]
0 0

No Result No Result

Max = 664 Max =238

'on Mises (MPa)

238
212 ]
185
159 =

132 =
106 =

1.736+02| 79
53 ]
26
57

5
No Result No Result

Max = 664 Max = 238

9.436+01)

1.77€+02)
———

Fig.8 von Mises stress fields for the connecting rod; a, ¢ BC-design
[6]; b, d IR-design

consider other phenomena, such as the influence of local
masses or how forces are transmitted to the structure. It can
therefore be inferred that when analysing complex structures
such as drones or aircraft, optimising them with BCs will have
an even greater impact. Consequently, we propose a design
methodology for the optimisation of USs, based on previous
DfAM works [30-32]. It consists of ten steps, starting with
the requirements and ending with splitting for assembly or
fabrication, as shown in Fig. 9.

1. List of requirements This includes the performance,
behaviour, functions, or systems that the structure must
possess to satisfy the user’s needs. For example, the
structure of a helicopter will involve energy absorption,

@ Springer
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_______________________

2
| Load cascs

v

3 ? ST
—)[ Architectural optimisation ]

...... - r DS and NDS setup ]
.’ Specifications *, L/
- ' Loads and masses
i Required ' transtert
! functions i
. - . [s IR+TO formulation ]
- Required !
1/ performance, :>
1
! ' [7Slruclure optimisation ]
. E | No 5~ Performance
! CAD ' validation
£ model ;

J

Fig.9 Proposed methodology for inertia relief optimisation of additive
manufacturing

the integration of pipes, a safety factor, and structural
stability [30].

2. Load cases All the loading conditions to which the
structure will be subjected, such as nominal, dynamic,
or impact conditions, must be identified and established.

3. Architectural optimisation As reported by Wagner [17],
and highlighted by Liao [15] ‘the variation of mass
distribution leads to the change of the distribution of
inertia forces and moments, which results in different
deformation and stresses’. Consequently, to achieve a
desired behaviour, it is crucial to know the architec-
ture and placement of components within the DS. This
can involve establishing criteria such as: (i) achiev-
ing a balance around a reference point; for example,
in a helicopter, considerations may include the seat-
ing arrangement and placement of luggage [33]; (ii) the
limitations imposed by dimensions, as demonstrated by
Ramsaier et al. [34], where modifying the position of
the battery, motor, or propellers leads to changes in the
topology of the structure as it adapts to new constraints;
(iii) the positioning based on their functionality; for
instance, in the design of a helicopter, this would include
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the placement of rotors, landing gear and fuel storage
[35].

4. DS and NDS setup The DS has a strong influence on the
final topology and mechanical behaviour [4-6]. A large
DS allows exploring different stress fields, and, often,
to obtain a stiffer design. The previous step will also
impose NDSs such as: (i) volume occupied by compo-
nents, (ii) contact or coupling surfaces, and (iii) surfaces
or volumes to fulfil functions (movement, fluid conduc-
tion, etc.).

5. Connection of loads and masses Once the components
and loads have been identified, another fundamental
aspect is how loads are transmitted to the structure, as
in IR, the stress path is very sensitive. For this reason,
the anchorage points of the standard components of the
structure must be considered. For the other components,
we can assume a DS, NDS or functional surface on
which they will be placed.

6. TO formulation Based on the specified requirements,
the formulation will be chosen. In this work, 3 formu-
lations were presented and assessed.

7. Structure optimisation The model is created by defining
the BCs, load cases, DS, NDS, and formulation. The TO
process is then carried out.

8. Performance validation When optimisation is com-
plete, the results must be interpreted. The obtained
structure is then analysed to validate the design, based
on the parameters and design constraints established in
the first step.

9. Assembly splitting (if desired) There are several reasons
to split a structure into components, as described by
Reichwein et al. [36]. This step may be performed based
on the designer’s experience, zones with fewer stresses
or a higher density concentration.

10. Design for manufacturing The last step is related to the
constraints arising from the manufacturing process, due
to the technology or the material chosen. The method-
ology proposed in [36] can be followed.

6 Case study: structure of a drone

A literature survey was conducted to select a predefined
model. The keywords employed for the research were:
‘drone’ OR ‘UAV’ OR ‘quadcopter’; ‘structure’ OR ‘air-
frame’; ‘design’ OR ‘optimisation’” OR ‘sizing’; ‘inertia
relief’; and ‘optimisation’, ‘topology optimisation’ OR ‘gen-
erative design’. The articles found are categorised as follows:
2 reviews provided classifications, applications, and design
challenges [37, 38]; 13 focused on flight control equations,
the estimation of flight times, and the selection of compo-
nents; 24 focused on the design, analysis, or optimisation of
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Fig. 10 Model used for the study: a architecture of the drone; b original
DS set-up; ¢ enlarged DS set-up; d placements of RBE2 and RBE3;
e detail showing arm dimensions

the airframe. The most relevant articles in the latter category
are summarised in Table 6 in the Appendix.

Most of these articles considered pre-established archi-
tectures, with the most common being a quadcopter. For

dimensioning, some authors only considered hovering, take-
off, or landing, whereas others included impacts and turns. As
seen in the Appendix, there was no evidence of the implemen-
tation of IR, which was surprising considering that during its
operation, the structure is in the air, meaning that BCs are
not involved. Most authors studied or optimised the structure
through BC-design: some fixed either the centre or the arm,
whereas others split the model into components and analysed
them independently.

Researchers who carried out optimisations typically
started with pre-established architectures. In other words,
the DS is very narrow, limiting the opportunity to obtain
structures with higher performance. Based on this literature
review, the study of Regino Prado was chosen [23] since it
provided the most detailed information needed to reconstruct
the model.

6.1 Information on the model

The drone had an X-type octocopter architecture, as shown
in Fig. 10a. Initially, the DS for the optimisation focused on
the arms (Fig. 10b, d and e); this was then expanded to form
a square, with a height of 40 mm, as illustrated in Fig. 10c.

For the methodology, the list of components and their
respective masses is summarised in Table 3. The material
used was PAGF, which has the following mechanical prop-
erties: Young’s modulus of 7453 MPa, Poisson’s coefficient
of 0.43, density of 1.29¢ — 3g/mm?>, and yield strength of
105 MPa.

Table 4 summarises the 16 load cases applied through
RBE?2 as shown in Fig. 10d. In the first 4 cases, forces are
positive and follow the direction of the Y-axis; the moments
are assigned according to the rotation of each motor, as shown
in Fig. 10a. The last 3 cases are applied to each RBE2 at the
bottom of the arms, and the forces are oriented along their
local coordinate system (x;, z;), as shown in Fig. 11b.

Table 3 List of components with

their masses No Component Dim (mm) Qty Mass (g) Perc (%)

1 Frame ZD550 550 x 395 1 675 24

2 Motor 2312 1150 kV 23 x 12 8 480 17

3 Propeller 9050 229 8 56 2

4 LiPo battery 1637 x 43 x 34 1 436 16

5 Speed controller (ESC) 68 x 24 8 132 5

6 Flight controller 82 x 47 x 16 1 41 1

7 Others 980 35

Total 2800 100
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Table 4 Flight load cases for optimisation

Drone loading conditions

Load case Force (N) Moment (Nmm)
1-6 2-5 3-8 4-7 1-6 2-5 3-8 4-7
1 Max. performance 10.3 160
2 Roll right 9.8 10.3 9.8 153 160 153
3 Pitch forward 10.3 9.8 160 153 153
4 Yaw 10.3 9.8 10.3 9.8 160 153 160 153
5-8 Impact X 200
9-12 Impact Y 200
13-16 Impact Z 200

Fig. 11 a Original DS [23]; b reconstructed model (green and blue rep-
resent the sliding and the tied contact, respectively; yellow and red
show RBE2 for the load and bolt connections, respectively; the red
point shows the application of impact loads

@ Springer

6.2 First scenario: same DS
6.2.1 Model structure

In this case, the DS, contact, bolts, symmetries, and BCs
are the same as shown in Fig. 11. Besides, to connect the
body plates to the arms, RBE3 elements were selected, since
when RBE2 was used, the central plates of the body had
no stresses. The FEM model contained CHEXAS elements,
where the size of the arm was 1.5 mm, and the body plates
were 4.5 mm.

In the original thesis, the author conducted a 2-step opti-
misation process [23]: in the first step, formulation (Py) was
applied, within a volume constraint of 30%; the second step
introduced another formulation (IP3) based on the P-norm
of the von Mises stresses PN [39]. The objective was to
minimise the mass while ensuring that the global stress was
below & = 66MPa, as illustrated in Eq. 15. The previously
obtained structure was employed as the new DS for this step.
The MinDim parameter was set to 4.5, while the MaxDim
parameter was set to 30.

N
minm(n) = ) vin;
i=1

i=

15
(KM} = {Four) (1)

oV <7
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Fig. 12 Von Mises stresses
(MPa); a original model [23];
b reconstructed model

Fig. 13 Comparison of
displacements for the a BC and
b IR designs and equalised von
Mises stress for the ¢ BC-design
and d IR-design

(a)

6.2.2 First optimisation results

When these 2 optimisation steps were complete, a compar-
ison with the original work revealed significant disparities.
When the threshold was applied to achieve the desired mass
of 160 g, the reconstructed topology had a missing area,
as shown in Fig. 12b. The stresses in the body and motor
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supports were also inconsistent with the original author’s
findings for the higher load case (labelled ‘Impact Y’). This
discrepancy can be attributed to the use of different soft-
ware, in which diverse fastener setup options were available.
As there was insufficient information about their mechanical
behaviour, it was not possible to replicate the original model
exactly. The model recreated in HyperWorks was used for
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the subsequent studies, and the following analyses and com-
parisons refer to this model.

6.2.3 Inertia relief vs. traditional optimisation

After optimisation, both models achieved the desired mass
of 160 g. However, as expected, the IR-design underwent
81.4% less strain than the BC-design, as shown in Fig. 13a
and b. Moreover, by eliminating the stress concentrations
observed in the BC-design, it was revealed that the stresses
(100 MPa) in the structure were 31.4% higher than those in
the IR-design. Figure 13c and d show that when the displayed
stress values were equalised between the 2 models, the field
distribution was more uniform in the IR-design.

6.3 Second scenario: methodology application

In this section, the first 4 steps of the methodology are applied
to a 2D model. The remaining ones are then applied to a 3D
model.

e Steps 1 and 2 of the methodology (namely specifications
and load cases) were done by the author of the original
paper.

e In Step 3, the architectural optimisation, the components
remained in their original positions. Their central connec-
tion with the structure was modified as shown in.

e In Step 4, the DS was enlarged to take the shape of a square
and increased by 75 mm following the arm direction, as
shown in Fig. 10b.

6.3.1 2D model: pre-study for efficient model setup

Considering the parameters involved in TO, Sect. 2.2, this
step assists in setting up the models and selecting the most
relevant parameters. The use of 2D models allows for a
reduction in the dimensionality. Consequently, the number of
nodes and the computation time required. In this approach,
the DS becomes a shell with a 40 mm thickness.

6.3.1.1 BC-design The RBE2 elements were replaced with
RBES3, as shown in Fig. 14. The loads and moments are
applied to the dependent node, positioned at the CG of the
motors, 34 mm from the plane in the Y-direction. Indepen-
dent nodes are placed at the attachment points of the motor,
as shown in Fig. 10d.

To explore Steps 4 and 5 of the methodology, 3 different
model setups were created. Models 11 x featured a square
DS with a central RBE3 motor-oriented configuration, while
in models 12 x , this was rotated by 45°. In models 13x,
the DS had a circular shape with a diameter that equals the
previous models’ diagonal. The (x) in the models represents
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113

RBE3 motor oriented
RBE3 rotated by 45°

SUM OF
COMP
132 5.7E+04

2.09E+04

Fig. 14 BC-design topology results: a RBE3 applications; b model 110;
¢ model 121; d model 132

the 10 configurations to evaluate the parameters Mindim,
MaxDim and MinGap. TO was performed in one step with
the formulation (IP1), where the constraint was a maximum
mass of 300 g.

For reconstruction, a threshold ranging between 0.2 and
0.25 was applied. The mass of the structure reached 400 g.
A comparison of the results shows that model 110 exhibited
the lowest stresses, as depicted in Fig. 15a. Furthermore,
it is evident that increasing the size of the DS reduced the
displacement by 65%, from 18.3 mm to 6.39 mm, and the
stress magnitude by 58%, from 100 MPa to 41.9 MPa.

6.3.1.2 IR simulation: initial modelling In this step, differ-
ent TO formulations were evaluated: (i) (IP1); (ii) (IP3); (iii)
compliance minimisation under a displacement constraint;
and (iv) compliance minimisation under a displacement plus
a stress constraint. The resulting topologies depict structures
that do not cross the CG and are directed towards the DS edge,
as shown in Fig. 16. This concentration can be attributed to
the absence of loads or masses representing the components
at the CG; alternatively, it could be inferred that this con-
figuration is well-suited to the defined load cases because it
increases the structure inertia. Based on this observation, we
propose that for a new drone concept, components should
be designed, adapted, and positioned following this novel
architecture to take full advantage of its inherent structural
rigidity.

6.3.1.3 Enhanced IR modelling: adding the masses
of the main components In Steps 3 and 5 of the methodol-
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Fig. 15 Displacements and stresses for the reconstructed topologies of the BC-design: a model 110; b model 121; ¢ model 132

Fig. 16 TO results for the IR-design without the masses of the compo-
nents

ogy, it is important to consider the positions of the electronic
components, as presented in Table 1. The main masses were
assigned according to the original author’s work: motors and
propellers with a mass of 67 g were placed at nodes 1-8,
while the remaining components were concentrated at the
centre of the DS with a mass of 1589 g, as shown in Fig. 10.
Formulation (IP;) remained, and 3 variations (31x, 32x, and
33x) were created to compare with the BC configurations.

From Fig. 17, the inclusion of masses in the model results
in a well-defined structure, with a noticeable stress field
extending from the motors to the CG. The orientation of the
central RBE3 also has a significant impact on the compliance
of the structure.

6.3.1.4 Comparison between BC-design and IR-design To
summarize, for the same parameters and DS, the optimised
IR models have lower compliance. On average, the com-
pliance for the IR models is approximately 1.79 E04, while
for BC models, it is 3.95E04, resulting in a reduction of
54.7%. As observed above, the models with a central RBE3
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Fig.17 TO and static results for IR-design models: a model 310;
b model 321; ¢ model 332
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Fig. 18 Static analysis of reconstructed structures, with displacements
in mm a, ¢ model 110; and stresses in MPa b, d model 310

motor-oriented were the stiffest. These structures were there-
fore selected for comparison, with models 11X representing
the BC-design and models 31X representing IR-design.
Figure 18a shows that the displacement was 51.3% higher
in the BC-design than in the IR-design (6.39 mm compared
to 3.11 mm, (Fig. 18b). Similarly, the stresses obtained from
the BC model are 53% higher (41.1 MPa) compared to the
IR model (19.6 MPa), as shown in Fig. 18d.

6.3.1.5 Preliminary conclusions The proposed pre-study
approach serves as a valuable guide for new designers, as it
facilitates the exploration of concepts, modelling techniques,
and formulation. Besides, it was determined that the opti-
mal configuration required the central RBE3 to be oriented
towards the motors; however, the 2D model does not allow
the components to be placed centrally. Thus, the next step
involved transitioning to a 3D model.

6.3.2 3D model: final steps in the methodology

In this section, the last steps of the proposed methodology
are applied as follows:

e Step 4 As mentioned above, a hole was created in the DS to
accommodate the large component located in the middle.
The hole leaves a 5 mm distance for the fixing of the central
components, as shown in Fig. 19b. In this model, there is
no NDS.

e Step 5 involves the positioning of the masses of the elec-
tronic components and the transmission of loads.

It can be observed that the components are not located
in the same plane. It is therefore necessary to include the
mass of each electronic component positioned at its CG, as
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Fig. 19 Modelling of new electronic components: a 2D model; b 3D
model; ¢ representation of masses; d positioning of RBE3s

shown in Fig. 19d. At the bottom, there is the camera, fol-
lowed by the battery. In the middle, there is the ESC and the
flight controller, with two-thirds of the other components.
The remaining one-third is located at the top. New RBE3
elements are created to connect each concentrated mass to
the structure.

o Steps 6 and 7 The model contains CHEX A8 elements sized
at 1.5 mm. Formulation IP; is applied, with a constraint of
300 g. The MinDim parameter was set to 4.5, and MaxDim
to 10.

e Step 8 This is the performance validation step.

Reconstruction was performed with a threshold of 0.25,
achieving a mass of 350 g. In terms of topology, Fig. 20
demonstrates that the BC-design does not preserve mate-
rial for future structural attachments in the same way as
IR-design. This can be considered as a disadvantage, since
additional redesign or modification of the initially planned
positions may be required, such as new attachments points
on the structure, as shown in Fig. 20a, in contrast to Fig. 20b.

When the 2 obtained structures are superimposed, as
shownin Fig. 21, several differences become apparent, which
can be attributed to the different methods of load calculation.
In IR, the elastic forces are calculated by considering the
inertia and masses. This explains why the IR-design model
retains more material in the motor zone to counteract the
applied loads, as can be seen from Fig. 21c, while the BC-
design model incorporates stiffeners that extend from the
centre towards the arms (Fig. 21b). Moreover, at the bottom
of the IR structure, a bar connects all the arms of the drone,
as can be seen in Fig. 21b. This design optimisation may
be intended to counteract the displacements caused by the
perpendicular impact load.

From a comparison of the results of a static analysis, it is
evident that the 3D model has global lower values than the
2D model. This can be attributed to the advantages of the 3D
model in terms of element distribution and density .
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Fig.20 Attachment points for electronic components: a BC-design
(dark blue); b IR-design (light blue)

e Steps 9 and 10 are outside the scope of this study.

7 Discussion

Using the first 2 examples, we demonstrated how BC-design
can degrade the mechanical behaviour of an US. For the sus-
pension arm, the reduction in the inertial properties of up to
37% could contribute to an increase of 53% in the deforma-
tion energy of the model obtained by BC-design. This effect
was also observed in the second example, where the compli-
ance obtained under IR-design was 37% lower than for the
BC-design, and the first eigenfrequency was 8.5% higher.

For the drone, Table 5 shows the results and gains for
each study and model. The enlargement of the DS together
with IR-design optimisation gives a reduction of 79% of the
maximum stress compared to the original work of Regino, as
indicated by [5]. Moreover, the 2D and 3D models give com-
parable gains in terms of average stresses, with 52% for the
former and 72% for the latter in comparison to the BC-design
models. The 3D model also achieved a reduction in the air-
frame mass by 12.5%. This guarantees a better service life,
thanks to a higher safety coefficient demonstrating the inter-
est of considering the impact of IR + TO on unconstrained
structures.

VT3101_BCs
VT3301 IR

VT3101_BCs
VT3301_IR

Fig.21 Comparison of topologies created with the BC-design (dark
blue) and IR-design (light blue); a top view; b bottom view; ¢ arm
detail

Regarding the displacements, we note that the IR-design
again outperformed the BC-design. The overall values for
the IR model were 24% lower, and in the critical zone of the
motor mount the difference was 42%, as shown in Fig. 22.
For the stresses, we observe that for the most critical load
case (Impact Y), the values are 72% higher in the BC-design
(Fig. 23a). This may be related to the stress concentration.
To facilitate a comparison between them, reference points
were selected and depicted in Fig. 23. For instance, in the
motor joint area, the stress difference ranges from 27 to 60%.
Similarly, when comparing stress values in the arm areas, the
difference is approximately 45%. When the stress values of
the BC-design are adjusted to match those obtained in the
IR-design (12.8 MPa), it becomes evident that there are more
zones with higher stresses and a less uniform distribution in
the former.

The differences in the previous results, and the enhanced
performance of the IR-designs, can be attributed to (i) the
application of load cases at a considerable distance from the
CG results in higher acceleration values in the motor zone
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Table 5 Summary of results

Tech. analysis Displacement (mm) Stress (MPa) Mass (g)
BC IR A% BC IR %

Orig. opt 18.3 34 81.4 100.0 68.6 314 400

2D DS 6.4 3.1 51.6 41.1 19.6 52.3 400

3D DS 33 1.9 42.4 46.0 12.8 722 350

Displacement (mm) Displacement (mm)

2
1
=]

M7_Grid1 M7_Grid1
(a) 35ta (b) 1.913

Fig. 22 Y-displacements of reconstructed structures: a BC-design; b IR-design
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Fig. 23 Von Mises stress fields for reconstructed structures: BC-design: a top; b ISO; IR-design: ¢ top; d ISO
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according to the RB transformation matrix [®; o], as previ-
ously discussed in Sect. 2.1; (ii) this phenomenon leads to
a greater concentration of material to counteract the applied
loads, as evidenced by [26] in Sect. 2.3. Consequently, the
entire body, including the interconnected arms, participates
in the load-bearing structure; in contrast, the BC-design relies
on stiffeners to reinforce the arms, as previously mentioned.
These results are also supported by [19], which states that in
instances where the relative significance of inertial loads in
comparison to other loads is considerable, optimal designs
for USs diverge significantly from those optimised for static
conditions.

8 Conclusions

This study has demonstrated the advantages and importance
of the optimisation of USs employing IR. The mathematical
development emphasised the influence of the applied loads
and masses on the stress calculations. Two examples were
considered to explore the impact of applying BCs and the
benefits and considerations associated with structure optimi-
sation using IR. The first example showed that to maintain
a connecting region, it is necessary to apply the loads or the
mass of the component to be connected or set a NDS. The
second example highlighted the significant improvements in
inertia obtained through the use of IR, as well as reductions
in the stresses. This led to the proposal of an optimisation
methodology, which was applied to the case study of a quad-
copter structure.

In addition, conducting a preliminary study with a simpli-
fied (2D) model aids in identifying the best modelling setup
and parameters, which saves time in terms of iterations com-
pared to a direct implementation with a 3D model. Moreover,
increasing the DS allows for new topologies that make better
use of available material, leading to a further reduction in the
total mass of the drone.

The results of the case study indicated a total weight
reduction of approximately 325 g compared to the original
model and 50 g compared to a classically optimised one,
corresponding to weight reductions of 48.5% and 12.5%,

respectively. In the most critical load case (impact in the Y
direction), the maximum displacements of the arm, where
the motor support is located, were reduced by 42%, and the
stresses were reduced by 45% on average, with a maximum
reduction of 60%. Although we do not consider manufactur-
ing or assembly concerns here, we can infer that the mass
reduction will offset any increase in the joint areas.

Finally, a comparison of the 2 topologies obtained using
the BC and IR approach proved that the latter adapts much
better to extreme conditions, such as impact cases.

9 Outlook

Limitations on the scope of this article prevent from study-
ing the positions of the electronic components. They could
be strategically placed to balance the structure based on their
mass and inertia. This placement would allow to obtain a
structure adapted to the stresses induced by each compo-
nent, considering at the same time their respective connection
areas.

Since the last 2 steps of the methodology were not imple-
mented, it would be important to explore different methods of
splitting the structure. One possible approach could involve
starting with larger frames or those having lower stresses and
strains. Additionally, exploring considerations for AM to bet-
ter support new designers in the redesign of unconstrained
structures.

Appendix

See Table 6.
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Table 6 Literature review of design and optimisation of drone airframes

Source References IR  BCs Struct. Dimensions Comp. Material Opt  Model Load Load appl  Load
shape mass  property config cases values
Art [40] A-Bdc  Quad-X E, v, p Assembly  Take-off Arm- Yes
o body
y
Connec-
tion
(A-Bdc)
[41] Legs Hex PE TO One- Take-off Motors Yes
Body
[42] A-Bdc  Modular Yes E, v, p Arm Take-off Motors Yes
Oy
[20] Body Quad-X Body, Yes TO One- Hovering Motors Yes
arms Body
[43] Yes Octo-X  Body Yes TO One- Hovering Motors Yes
Body
[44] A-Bdc  Quad-H E, v, p GD Assembly Landing Motors Yes
, Vs 0, Life
oy ifting
[45] Body Quad-X Body, ABS Assembly  Take-off, Motors Yes
arms Impact
[46] Motors Quad-X Body Yes Assembly  Take-off Body
[47] Quad-X Body, Al-7075 Assembly
arms
[48] Legs New E, v, p Assembly  Take-off Motors Yes
Arch P
y
[49] - A- Quad-X Body Al alloys - Arms Take-off Motors Yes
Bdc *Assembly
*Body
[50] Body Quad — E, v, p TO Body Take-off Motors Yes
H oy
[51] Tricopter E, v, p, Assembly  Impact Yes
oy
Conf [52] - Quad-X DIJI-F450 Yes E,v,p Assembly  Take-off Body
Body
*Arms
[53] - Quad-X E, v, oy One- 1) Take- 1) Arms, Yes
Body Body off 2) 2)
*Arms Hovering Body
[22] Body Quad-X DIJI-F450 Yes ABS GD One- Take-off Arms Yes
Body
[54] Body Quad-X Body E, v, oy One- Impact Motors
Body
[55] Body Quad-X Body E, v, oy TO One- Take-off Motors Yes
Body
[21] A-Bdc  Quad-X Al-7075 TO One- 1) Take- 1) Body Yes
Body off, 2)
Hover- Motors
ing
Turns,
For-
ward
flight
2) Full
speed
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Table 6 (continued)

Source References IR BCs Struct. Dimensions Comp. Material Opt  Model Load Load appl  Load
shape mass  property config cases values
[56] Body Quad-X ABS Arm Hovering, = Motors
Landing
Univ [57] Arms Quad-X Body, E Arm Take-off Motors
Base arms,
legs
[58] Motors Quad-X Body, E, v, p GD One- Hovering 1)
arms o Body Motors,
y
2)
Body
[23] Body Octo-X, Body, Yes E, v, p TO Assembly  Take-off, Motors Yes
H I arms, oy Hover-
legs . ing
Impact,
Turns
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