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Abstract. This paper presents an integrated design method for the customization
and lightweight design of free-shaped wearable devices, illustrated by a lower limb
exoskeleton. The customized design space is derived from the 3D scanning mod-
els. Based on the finite element analysis, the structural framework is determined
through topology optimization with allowable strength. By means of generative
design, the lattice library is constructed to fill the frames under different conformal
algorithms. Finally, the proposed method is illustrated by the exoskeleton design
case.
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1 Introduction

Civilian wearable robots, specialized as exoskeletons, are in vigorous development due
to the increasing demands from mobility defection and the rehabilitation of aged people
[1]. Enhanced strength and endurance are the functional expectations of those devices,
while conformability and aesthetic property are the critical aspects considered by the
users [2]. To satisfy functional expectations and user requirements, there are several chal-
lenges required to solve, involving lightweight optimization and adaptation of individual
differences [3].

The reduced mass leads to less resistance to the motion and also less harm to human
beings in the case of collision [4]. For the lightweight of wearable structures, typically
there are two solutions: to choose lighter material but sufficient strength or to optimize
the structure design [5]. Currently, aluminium alloy is applied in the most available
exoskeleton products. One of the key reasons is due to its good balance between mass
and cost [6]. For lightweight material, carbon fibre composites and titanium, both with
extremely high strength and low density, are occasionally adopted in some special cases

© The Author(s) 2022
P. F. Yuan et al. (Eds.): CDRF 2021, Proceedings of the 2021 DigitalFUTURES, pp. 129-138, 2022.
https://doi.org/10.1007/978-981-16-5983-6_12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-5983-6_12&domain=pdf
https://doi.org/10.1007/978-981-16-5983-6_12

130 F. Liu et al.

[7]. The application of advanced material is not a good choice due to the high expense.
Therefore, using topology optimization to reduce the structure mass is a typical way for
lightweight design. However, most cases are for solid material [8]. With the develop-
ment of additive manufacturing, there is one more possibility to minimalize the mass by
using lattice material, which is designed for higher specific strength (the ratio between
strength and density) [9]. Although many optimization schemes using predesigned lat-
tice structures have been proposed, it is yet to practice on the lightweight design of
exoskeletons.

Besides lightweight, customization is another crucial factor for wearable devices.
Custom-fit here indicates the fitting of physical shape and the customer’s preferred pat-
tern. Different users have different physiological conditions, like height, weight and gait
pattern. The prescribed size, form and trajectories of exoskeletons are required to match
individuals for a snug fit [ 10]. Using 3D scanning technology is an effective way to get the
user-specified digital model [11], which provided an accurate reference for customizing
exoskeletons. However, previously it is not feasible to provide various appearances due to
the limitation of manufacturing and the design approaches. Generative design is a method
that is capable of creating unrepeatable forms under certain principles and mathematics
algorithms [12, 13], which can develop aesthetic and functional performance.

In this paper, conformal lattices, based on the generative design method, is proposed
to enhance the lightweight and custom-fit purpose. The cellular structure can be expanded
in a novel way through specific rules.

2 Multi-dimensional Customized Design Method

To address the Lightweight and Custom-fit challenges, an integrated approach is pro-
posed here to cope with the design of the exoskeleton. The overall strategy is illustrated
in Fig. 1, which mainly contains three parts:

1. Tailoring free shape modelling based on 3D scanning and reverse engineering
2. Refining the robust design frame with topology optimization
3. Mapping conformal lattice
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Fig. 1. Flowchart of the integrated design method

2.1 Design Domain and Modelling

For the custom-fit design purpose, the 3D scanning was used to obtain the digital cus-
tomer models, from which the closely fit design space was derived, as illustrated in
Fig. 2. Here a uniform thickness of 5 mm is assumed for the aluminum plate. The
material properties are shown in Table 1.

Table 1. Material properties of aluminum

Young’s Modulus (GPa) Poisson’s ratio

Yield strength (MPa)

Density (kg/m3)

76.6 0.33

250

2670

2.2 Numerical Analysis Based on Topology Optimization

To achieve an optimized morphology with specific boundary condition and constraints
for the design space of a thigh, finite element analysis is executed in this stage. Load
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condition is regarded as when the upper body is supported entirely by the exoskeleton in
the static mechanical model, proving the stability of the thigh shell structure. According
to GB/T 10000-1988, the allowable force formula is expressed in (1):

Finax = mg X ny X ng (D

where, the weight of consumer: m; safety factor: ny = 1.5; g = 10 m/s2; the ratio of
upper body mass: n, = 65.6%

According to the formula, the joint is set as fix support and 800N force acting on
the joint of the thigh exoskeleton, as shown in Fig. 3. After a specific load condition,
meshing sensitivity analyses are carried out to obtain a reasonable element mesh size
for an effective simulation at a low computational cost.

In Table 2, the sensitivity analysis of mesh density is conducted. Max stress stabilizes
gradually and arrives at a peak when mesh size is set as 3 mm; and the number of mesh is
increasing dramatically as decreasing mesh size, especially appearing a sharp increase
from 3 mm to 2.5 mm. It means that the mesh size could be set as 3 mm for a considerable
result in an affordable time.

Table 2. Mesh sensitivity analysis

Max element size (mm) | 5 4 3 2.5
Nr. Elements 33967 | 73099 | 154010 | 428755
Max Stress (MPa) 206.6 | 202.77 1 212.31 |211.44

The conventional topology optimization method, namely solid isotropic material
with a penalty (SIMP), was used for initial optimization in this study. SIMP was an
element density-based optimization method by making a density approach to a specific
range.

This element density, namely pseudo density as design variables, was used for topol-
ogy optimization. This pseudo density value was set in the range of 0 to 1, presenting
the void and solid element. The value between 0 to 1 was used to prevent the stiffness
matrix from scaling linearly during the solution process. Therefore, with the stiffness at
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each iteration, the interpolation function was presented by the expression of power law

2):
P(pi) = pf @

where p; is pseudo-density variables and P is penalty factor (stiffness), P is set to be
3 in this study.

The objective function for each element is to find p; satisfying the minimum overall
compliance of structure (3):

1
min: overall compliance of structure = EF Ty 3)

where, U and F present the nodal displacement vector and the external load vector,
respectively.
Meanwhile, the volume and the static equilibrium should be satisfied (4):

n
Zpivizvf Vupper bound O0<pi=<1,i=123,...,n

i=1
F =KU “4)

where, V is the initial volume of the target domain with upper bound, v; is the volume
of the i-th element.

The objective function here is the minimal mass, which is equivalent to minimal
volume with the same density condition, as shown in Table 3.

Table 3. Original domain and its optimizations

Original domain Opt.1(50%) Opt.2(30%) Smoothed model(51%)

482.17 cm® 280.1 cm?® 196.68 cm? 283.56 cm®

However, those topology results are fragmentized and irregular structure far from
an available product, which needs further design and modifies. Hence, setting the
lightweight optimization as the functional target, the shape is trimmed according to
material distribution, as shown in Fig. 4. To ensure that the lightweight result follows
the scientific and accurate analysis, the strength of the result trimmed is analysed, and the
maximum stress is 207.23 MPa, less than the yield strength of Aluminium. This provides
an effective design frame for the lightweight optimization with lattice structure.
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Fig. 4. Topology optimization and remodeling

2.3 Conformal Lattice Generative Design

Filling conformal lattice works for 2.5D non-concave design domain, which is con-
structed by trimming or extruding; mainly two conditions are considered, the boundary
conformal condition and the surface conformal condition, illustrated in Fig. 5.

| ——— Surface conformal condition

Boundary conformal condition

Fig. 5. Conformal conditions

Four proposed algorithms of filling conformal lattice are described in response to
the loading condition, as shown in Table 4.

a. Voxel-like conformal filling.

A series of voxel-like cells are populated on the non-concave design domain, which
can be filled with tailored lattices. This algorithm covers four parts including adjust-
ing UV direction, setting a unit cell, tessellating, trimming. In response to the loading,
UV direction is manipulated and adjusted by four control points a,, b,, ¢,, d, which
are located on the boundary of a NURBS surface derived from non-concave surface.
Following that, the unit cell is represented by S,- the length of lattice and T,- the
thickness of lattice; the NURBS surface is tessellated to voxel-like cells. In order to
trim cells out of the design domain, each voxel cell is assigned a logic value (i.e.,
one or zero), with one denoting a filling space and zero indicating void space.
Assuming the trimming result is denoted by design domain E, unit cell F and the
filling cells are G, this can be represented by (5).

0, otherwise

G, — { Lf(B) N (F(Fa) )

where n is each cell indices, f (F;) is an operation on F;, to determine the location of
each cell. Grasshopper’s “Morph to Twisted Box” component can be used to perform
lattice filling function.
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Table 4. Four conformal algorithms

a. Voxel-like conformal filling
T,- the thickness of the lattice
S,- the length of the lattice

a,, by, ¢,, d, - control points of UV direction

k- fractal parameter

b. Boundary shrinkage conformal filling
T,- the thickness of the lattice

kj- the hoop gradient

k- the radial gradient

k- fractal parameter

¢. Voronoi conformal filling

T,- the thickness of the lattice
ky,- the hoop gradient

k- the radial gradient

d. Triangular mesh conformal filling
T,- the thickness of the lattice

ky,- the hoop gradient

k,- the scattering parameter

Additionally, for obtaining optimal lattice structure, a fractal filling algorithm is
constructed for various applications.

Assuming the fractal result is denoted by fractal parameters kj,, fractal domain D,
fractal cell R, this can be represented by (6).

L if (D) N (f (Gm))

0, otherwise

T=f(Rm k) Rn= { (6)

where m is each cell indices, f (G,) is an operation on Gy, to determine the location
of each cell, f (R, k;) is an operation on Ry, k;, to determine the fractal quantity
of each cell. Grasshopper’s “Subdivided Twisted Box” component can be used to
perform the fractal function.

This voxel-like filling algorithm remains the structure feature of each lattice; the
population direction of the lattice can be adjusted in response to the loading. The
disadvantage of this algorithm is that the lattice structure has a ‘zigzag’ boundary,
which may result in the stress concentration.
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b. Boundary shrinkage conformal filling.
For this algorithm, the contour profile of the filling domain is shrinking in the inward
direction to the centroid. The population of the lattices can be determined by kj,
defined as the hoop gradient, as well as k;, expressed as the radial gradient. These
two parameters are employed to construct shrinking cells to fill lattice. This method
avoids the ‘zigzag’ boundary but twists filling cells. However, the form of shrinking
conformal population results in the dense population along the radial direction and
an N-side blank region sited in the centre, which cannot populate the cube lattice in
the centre.

c. Voronoi conformal filling.
Analogous to Boundary shrinkage conformal filling, k;-the hoop gradient and k;-the
radial gradient, as decisive parameters, are employed to construct a dot array, by
which the Voronoi diagram is built. The diagram is projected on the non-concave
surface for thickening to lattice structure. This filling method is aesthetic but natural;
however, the machinal properties of lattice are difficult to measure and verify.

d. Triangular mesh conformal filling.
Different from the conformal way of the boundary shrinkage, this algorithm con-
structs the lattice structure from the centroid to the contour profile through the line
frame. k,, defined as the scattering parameter, is applied to construct the radio dot
array in the outward direction to the circumference.
Assuming the number of the dots in each boundary shrinkage level is denoted by the
scattering parameter k, and boundary shrinkage level B, this can be represented by

).
Py=k,B B € [0,..., k] @)

where Grasshopper’s “Divided Curve” component can be used to construct a dot
array.

Delaunay mesh is built based on the radio dot array. Following that, more complex
wireframes are constructed and thickened to the lattice structure. This algorithm will
lead to better-proportioned mesh. Although organic and aesthetic is lattice structure,
the mechanical properties of lattice structure is hard to verify and measure. Besides,
this algorithm is just appropriate for non-concave space with small curvature.
Generally, the lattice can be designed and populated in the design domain within
the frame of the various algorithms. Based on these four algorithms, the exoskeleton
can be optimized with an customized and lightweight form, illustrated in Fig. 6.
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Fig. 6. Customized design using lattice library

Conclusion

this paper, an integrated method for the free shape customization and lightweight

design is represented thoroughly with the case of the lower limb exoskeleton. The
research fruits can be demonstrated as follows:

1)

2)

3)

This design method is instrumental in designing customized wearable robots from
form to structure. It not only brings a snug fit for different users through 3D scanning
but also offers myriad optimal choices via generative conformal lattice, which is able
to satisfy flexibly the customized requirements of different individuals.

Topology optimization provides a well-defined material distribution basis in order
to construct effective 2.5D non-concave design domains in which conformal lattice
is filled. The incorporation of both lattice structure and topology optimization is
effective to design a functional and lightweight wearable product.

This method presents a subtle design process from customization to structural opti-
mization with various advanced technologies, including 3D scanning, topology opti-
mization and generative design, which provides a constructive reference related to
customized and lightweight products for the designers in the exploration of AM’s
design space.
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