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Abstract

Electric Vertical Take-Off and Landing (eVTOL) vehicles are consid-
ered a promising solution to alleviate traffic congestion and provide
an alternative to traditional individual transportation. The design and
performance of eVTOL battery packs play a critical role in the devel-
opment of this mode of transportation. In this paper, we propose a
methodology to topologically optimize an eVTOL battery pack using
the level-set topology optimization method while considering multi-
physics loading conditions. The objective is to obtain a thermally and
structurally efficient lightweight structure. At the system level, a lin-
ear elastic beam model is developed to model the boom where the
battery pack is located and obtain the mechanical load carried by the
battery pack due to its placement in the vehicle. At the battery scale,
a physics-based electrochemical model is applied to predict the maxi-
mum heat generation of the batteries due to the power requirements
from a given mission profile. The mechanical load from the system
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2 Thermo-Mechanical eVTOL Battery Pack Topology Optimization

scale and the thermal load from the battery scale are considered inputs
for the battery pack thermo-mechanical model used for optimization.

Keywords: eVTOL, multiphysics optimization, level-set topology
optimization

1 Introduction

With concerns over climate change and the need to reduce carbon emissions,
electric vehicles (EV) gained significant attention as a viable alternative to tra-
ditional gasoline-powered vehicles in the last two decades [1]. The development
of advanced battery technology and charging infrastructure has contributed
to the undergoing market growth of EVs in the automotive industry. Recently
there has been increasing efforts to apply the same principle to the aerospace
sector.

One of the challenges for the development of eVTOL vehicles is the energy
requirements and power density of the batteries [2]. Additionally, the battery
pack in an eVTOL vehicle is subjected to various loads during flights. The
external loadings arise from physics at different scales, i.e., the aircraft scale
during the flight due to a given maneuver, to the molecular scale due to the
electrochemical reactions in the cells. In this work, we propose a methodology
to account for multiscale loading via topology optimization of an eVTOL bat-
tery pack. The objective is to obtain a lightweight thermally and structurally
efficient design.

The workflow and the mission profile are first discussed in Section 2. The
battery placement considered for this work is presented in Section 3 before
introducing the numerical models of the aircraft boom, battery pack, and
batteries in Section 4. The level-set topology optimization scheme is discussed
in Section 5. Finally, the example battery pack designs are optimized in Section
6.

2 Workflow and mission profile

First, the power profile from the specified mission is taken from [3] with a
cruise segment of 400 s. A power of 43.2 W is used for the landing and takeoff
segments, and 16 W is used for the cruise segment. The power requirements
are then passed to an electrochemical model which serves two purposes: first,
to estimate the electrochemical response and second to predict the volumetric
heat generation from the batteries. The load from the rotors is fed into a
linear elastic beam model of the boom where the cells are placed to determine
the mechanical loading on the pack. The heat generation and the mechanical
loading are inputs for the coupled thermo-mechanical finite element model
of the battery pack. A heat conduction equation is solved to determine the
temperature distribution in the pack and this temperature field is then used
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Fig. 1: eVTOL battery pack optimization workflow

to compute the thermal strain. The battery pack is modeled assuming linear
elasticity. From the coupled thermo-mechanical model, shape sensitivities are
computed using the adjoint method and utilized by a gradient-based topology
optimization algorithm to optimize the design of the battery pack in the volume
available in a boom. The overall workflow is presented schematically in Fig. 1.

3 Battery pack placement

Electric aircraft require a large number of batteries stored in the vehicle while
maximizing the volume available for payload. Possible locations considered for
the batteries are

1. inside the wing where the fuel is stored in traditional aircraft
2. in the booms, i.e., inside the component that connect the rotors to the wing
3. under the floor of the cabin

This work studies storing the battery cells in the booms as they offer good
proximity to the electric motors and their placement is shown in Fig. 2.
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4 Thermo-Mechanical eVTOL Battery Pack Topology Optimization

Fig. 2: Schematic of the battery placements in this eVTOL study. The model
of the eVTOL is taken from [4]

4 Numerical models

4.1 Linear elastic beam model

A boom is idealized as a beam with point loads at the two extremities due
to the rotors. The center part of the boom is attached to the wing and is
considered fixed in all degrees of freedom. Timoshenko-Ehrenfest beam theory
[5] is assumed and the effective section properties for the beam are computed
based on the skin of the boom made out of Aluminum. The second moment of
inertia I of the boom should be recomputed as the design evolves. However,
as a simplification, it is only computed once without considering the change
of the second moment of inertia due to the boom internal structure. Thus, the
second moment of inertia is computed as:

I =
π

4
(r4out − r4in) (1)

where rout and rin are the outer and inner radii of the boom respectively. The
shear correction factor κshear is taken from Cowper [6] as

κshear =
2(1 + ν)

4 + 3ν
(2)

where ν is the Poisson’s ratio. The governing equations for the beam are

d2

dx2

(
EI

dθ

dx

)
= q(x) (3)

dw

dx
= θ − 1

κshearAG

d

dx

(
EI

dθ

dx

)
(4)
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where A is the cross-sectional area, E is the Young’s modulus, G is the shear
modulus, and q(x) is a distributed load. The model is solved for the displace-
ment of the mid-surface w and rotation of the normal to the mid-surface of
the beam θ. The model is shown schematically in Fig. 3. Due to symmetry,
only half the boom will be modeled. It is also worth noting that some space
was left available intentionally for wiring and battery management systems.

Fig. 3: Schematic of the boom model idealized as the beam and the cells in
its cross-section

The shear forces and bending moments calculated from the Timoshenko-
Ehrenfest beam theory are used to calculate stresses in the cross-section of the
beam. These stresses are then used to calculate the loads on the battery pack
for the optimization problem.
The axial stress due to the bending moment is given by:

σxx =
Mh

I
(5)

The shear stress due to shear force is written as:

τxy =
VQ
Ib

(6)

Here, Q is the first moment of area, h is the height of a point above the neutral
axis of the beam, and b is the breadth of the beam. The axis along the length
of the beam is the x-axis, and y is orthogonal to x in the plane of bending.

4.2 Electrochemical model

The Doyle-Fuller-Newman (DFN) model [7, 8] of a lithium-ion battery is cho-
sen as the physics-based electrochemical model to predict the volumetric heat
generation rate from the batteries [9]. This model is based on charge conser-
vation, molar conservation, and intercalation kinetics, and is solved using the
finite volume method [10]. The model is implemented with the open-source
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Python library PyBaMM [11]. It is used the predict the volumetric heat gener-
ated by the batteries due to the ohmic heating, electrochemical reactions, and
entropic changes. The maximum volumetric heat generation is then considered
as an input for the thermo-mechanical finite element model.

4.3 Thermo-mechanical model

The battery pack behavior is modeled assuming a weak coupling between the
thermal model and the elasticity model. This is reasonable under the small
deformations assumption and the assumption that the displacement field does
not have a significant effect on the temperature field. First, the steady-state
heat conduction problem is solved for the temperature and the governing
equation is

∇ · (κ∇T ) +Q = 0 (7)

where κ is the thermal conductivity and T is the temperature. The source
term Q is computed from the electrochemical model in Section 4.2. From the
heat conduction solution, the temperature field is passed to the linear elasticity
model. The governing equation of linear elasticity is,

∇ · σ(u) + b = 0 (8)

where b is the body force, u is the displacement, and σ is the Cauchy stress
tensor. The constitutive law considering thermal strain is given as

σ = C : (ε− εT1) (9)

where C is the elasticity constitutive tensor, ε is the strain tensor, and εT is
the thermal strain. The thermo-mechanical model is implemented using the
open-source finite element library FEniCSx [12]. For scalability, the model
is implemented using distributed memory parallel computing using message
passing interface (MPI) [13].

5 Level-set topology optimization

Level-set topology optimization (LSTO) is a gradient-based optimization
method [14]. The optimized design Ω is described by an implicit level-set
function ϕ(x) where x is a point in the design domain D such that,

ϕ(x) ≥ 0 ⇐⇒ x ∈ Ω ⊂ D
ϕ(x) = 0 ⇐⇒ x ∈ ∂Ω

ϕ(x) < 0 ⇐⇒ x ∈ D \ Ω
(10)

The design is iteratively updated by advecting the zero level-set using the
Hamilton-Jacobi equation, so-called the level-set equation,

∂ϕ(x)

∂t
+ |∇ϕ(x)|Vn(x) = 0 (11)
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where t is the pseudo-time and Vn is the normal component of the design
velocity computed by solving the associated suboptimization problem at each
optimization iteration [15]. The adjoint method is employed to compute the
sensitivities of the constraints and objective functions needed for the sub-
optimization problem [16]. The LSTO method is implemented using the
modularized open-source code ParaLeSTO [17]. More details regarding the
modularity of ParaLeSTO can be found in [18, 19].

6 Numerical examples

6.1 Problem setup

The battery selected for this work is the LG Chem 21700M50LT battery
and the parameters for the electrochemical models are taken from [20]. We
assume a container made of the same Aluminum as the boom and the prop-
erties are given in Table 1. The section of the boom near the wing, where

Table 1: Properties for the thermo-mechanical analysis

Property Aluminum Cell

Thermal conductivity κ [W/m.K] 220.0 1.25
Young’s modulus E [GPa] 68.0 1.5
Poisson’s ratio ν [-] 0.32 0.2
Thermal expansion α [K−1] 21x10−6 10x10−6

the bending moment is maximum, is considered for optimization. However,
the methodology is applicable to the entire boom given appropriate compu-
tational resources. The dimensions of the design domain are given in Fig. 4.
The boundary conditions are functions of the input models, i.e., the beam and
electrochemical models, and will be discussed in the next Section. The design
domain is discretized with 120x101x120 hexahedra finite elements resulting in
5,973,528 degrees of freedom.

6.2 Beam and electrochemical models results

The electrochemical and beam models serve as inputs for the thermo-
mechanical battery pack analysis. Thus, we will first discuss these results
starting with the electrochemical model. The terminal voltage and volumetric
heat generation obtained with the selected power profile are presented in Fig.
5. We observed that the voltage cut-off was not reached and that the battery
was able to complete the power profile. In addition, the maximum heat gen-
eration is 179.41 kW.m−3. This value will be used for the thermo-mechanical
analysis assuming a uniform distribution in each battery.

A disk loading of 222 N.m−2 with rotor disk area of 7.45 m2 is used for this
work [21]. Thus, a load of 1653.9 N is applied as a boundary condition for the
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Fig. 4: Design domain for optimization, in grey, and batteries as non-design
domains, in green

(a) Voltage profile (b) Heat generation

Fig. 5: LG Chem 21700M50LT Battery response to power profile

boom model. The length of the beam is 3.05 m from Fig. 3. The inner and outer
radii for the boom are taken as 58.7 mm and 63.7 mm respectively. The inner
radius is taken such that the design domain is inscribed in the boom which
also leaves room to wiring and battery management systems. The outer radius
is such that the aluminum skin has a thickness of 5 mm. The beam model is
discretized with 1000 finite elements and the results are presented in Fig. 6

It is worth noting that for a simple beam such as the one present here,
analytical solutions exist and were used to validate the numerical model. For
instance, the maximum deflection dmax of a cantilever beam subjected to a con-
centrated load P at the end is PI3/3EI = 0.0638 m. The tip deflection using
the finite element model is 0.0640 m, resulting in a relative error of 0.3 %. Even
though the exact solutions exist for simple beams, a general model is desir-
able to be expandable in future work. The shear force and bending moment
are then used to compute the mechanical boundary conditions applied to the
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Fig. 6: Beam response to rotor load: deflection (left), rotation (center), and
bending moment (right)

battery pack as described in Section 4.1. The mechanical loads are applied as
traction loads on four arbitrary locations on one face. The displacements in all
directions on the same four locations on the opposite face are fixed. The sides
of the battery pack are considered heat sinks. The thermal and mechanical
boundary conditions for the battery pack are shown in Fig. 7

Fig. 7: Mechanical and thermal boundary conditions for the battery pack
optimization problem

6.3 Battery pack thermo-mechanical optimization

The optimization problem consists of the minimization of the weighted sum of
thermal compliance CT and structural compliance CS subjected to a volume
constraint such that the optimization problem reads

min
Ω

kCS/C
0
S + (1− k)CT /C

0
T

subject to Vol(Ω) ≤ ξVol(D) (12)
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R = 0

where k controls the weight given to the structural compliance and thermal
compliance and □0 indicates an initial value. The prescribed volume fraction
is ξ and is set to be 45 %. R is the residuals of the system being solved. The
thermal compliance and structural compliance are defined as

CS = f⊤Muh (13)

CT = f⊤TT
h (14)

where fM and fT are the vectors of mechanical and thermal loads, respectively.
The vector of nodal displacements is uh and Th is the vector of nodal tem-
peratures. The optimization history of CS and CT for different values of k are
presented in Fig. 8. The optimized designs for 4 selected cases are shown in

Fig. 8: Optimization history of the structural compliance (left) and thermal
compliance (right)

Fig. 9. We can see that with lower values of k, there exist more direct conduc-
tion paths from the heat source, i.e., the batteries, to the heat sinks, i.e., the
side surfaces. As k is increased, the conduction paths transition to truss-like
structures.

The temperature distribution of 4 selected cases and the displacement
magnitude of the same 4 cases are shown in Fig. 10 and Fig. 11. In Fig. 10
we can observe that the maximum temperature increases with an increase in
the weight given to structural compliance. Temperature distribution also gets
more uniform as we increase the weight given to CT . Analogous results are
observed when considering displacement in the pack. From Fig. 11 the inverse
relationship between the weight given to minimizing CS and the maximum
displacement is clear.
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(a) k = 0.2 (b) k = 0.4 (c) k = 0.8 (d) k = 1.0

(e) k = 0.2 (f) k = 0.4 (g) k = 0.8 (h) k = 1.0

Fig. 9: Optimized battery packs for four selected cases

(a) k = 0.2 (b) k = 0.4 (c) k = 0.8 (d) k = 1.0

Fig. 10: Temperature distribution [in K] of optimized battery packs for
selected cases

(a) k = 0.2 (b) k = 0.4 (c) k = 0.8 (d) k = 1.0

Fig. 11: Displacement magnitude [in m] of optimized battery packs for selected
cases
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7 Conclusions

This study focuses on enhancing the performance of an electric Vertical
Takeoff and Landing (eVTOL) aircraft’s battery pack by utilizing level-set
topology optimization. A physics-based electrochemical model, the Doyle-
Fuller-Newman model, was used to predict the heat generated by the batteries.
To estimate the mechanical loads on the battery pack, a Timoshenko-Ehrenfest
beam model, which represents the structural elements of the eVTOL where
the batteries will be placed, is employed. The mechanical and thermal loads,
derived from the electrochemical and beam models, are incorporated as bound-
ary conditions in a finite element thermo-mechanical model of the battery
pack.

The objective is to optimize the battery pack taking into account both
thermal and structural factors. A weighted sum of thermal compliance and
structural compliance, normalized by their initial values, is used as an objec-
tive function for the optimization process. We demonstrate that topology
optimization can be used to design battery packs while considering external
loadings from different scales. We present the optimization results for various
weights, along with temperature distribution and displacement magnitude for
four specific scenarios.

Our findings reveal that there is a trade-off between maximum displacement
and maximum temperature, and this trade-off can be controlled by adjusting
the weight assigned to each objective. Importantly, we note that as the weight
for structural compliance increases, there is an increase in temperature varia-
tion among individual battery cells. Ideally, we want to minimize temperature
differences between cells to prevent variations in degradation rates within the
same battery pack. To address this, future work will incorporate temperature
variance as part of the optimization process. Furthermore, we plan to expand
our research to include temperature and stress constraints in the optimization
formulation.
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