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Topology Optimization of Exo-Glove Poly Il for Enhancing

Functionality and Wearability

Soomin Choi, Kyu Bum Kim, Donguk Kwon, Brian Byunghyun Kang,*

and Kyu-Jin Cho*

This study presents a novel design method for the finger body of Exo-Glove Poly II
(EGP 1) that enhances functionality and wearability by minimizing distortion
and achieving user-preferred stretchability. Minimizing distortion restores the
intended flexion moment arms at the finger joints, ensuring target functionality.
User-preferred stretchability minimizes constraints on the user’s finger flexion,
improving wearability. To satisfy these conflicting goals, the finger body as a
longitudinally periodic structure and develop a corresponding unit cell-level
optimization is developed. Specifically, finger body-level evaluations are con-
verted into equivalent unit cell-level analyses. A novel metric, distortional
compliance—defined as a weighted sum of unit cell-level compliances—is
introduced as the optimization objective. To account for large deformation
effects, a two-step optimization approach is employed: topology optimization
under a linear elastic assumption, followed by size optimization considering
material and geometric nonlinearities. Experimental validation considers three
users with different hand sizes. Results show that the optimized designs reduce
distortion by 54.9% on average compared to the previous version, while
achieving target stretchability within a 4.43% error. The optimized EGP Il exhibits
minimal distortion, increased grasping force (15.3% on average), and user-
preferred wearability, thereby demonstrating the effectiveness of the

1. Introduction

In tendon-driven soft wearable robots, !

the wearable components consist of a
tendon routing system for power transmis-
sion and deformable bodies made of
elastomers or fabrics. Remote actuation
by the tendon-driven mechanism makes
the wearable components compact and
lightweight. Bioinspired routings allow
these components to operate more effec-
tively. Accordingly, these features enable
the robots to assist users with weakened or
paralyzed muscles during activities of daily
living (e.g., for upper limbs?>™*% and lower
limbs!"**%). Moreover, recent studies have
improved the usability of such robots,>**~2#!
including their wearability.*>~*?
Leveraging the aforementioned advan-
tages of tendon-driven soft wearable robots,
Exo-Glove Poly II%% (EGP II, Figure 1a)
was developed to assist the flexion and
extension of the index and middle fingers
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of individuals with spinal cord injuries.

In the wearable components, the finger

body has a diamond-shaped pattern, which

allows it to easily stretch during flexion
and be adapted for users with different hand sizes. The flexion
of the index and middle fingers is induced by a single tendon
(Tendon 1) passing through straps, where the straps determine
the length of the flexion moment arm for each finger joint. The
extension is induced by two separate tendons (Tendon 2) passing
through cable holders. The effective design of the tendon routing
system enables EGP II to adaptively grasp objects of different
shapes and sizes through an under-actuation mechanism.
Subsequent studies have also improved EGP II's usability,
including grasping force estimation,® user intention detec-
tion,> and durability.*%!

Nevertheless, EGP II faces a design issue: the finger body
exhibits undesirable distortional deformation when assisting
flexion (Figure 1b). The primary cause of this issue appears to
be asymmetric external loads induced by friction. Specifically,
Tendon 1, which bends during flexion, tends to straighten under
the applied tensile force T (Figure 1c), thereby exerting external
loads on the finger body in the direction normal to its path. Here,
the magnitudes of the external loads exerted by the left and right
straps differ due to friction between Tendon 1 and the teflon tube
inside the thimble,'®*”) and this asymmetry causes distortion

© 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 1. a) EGP Il and its finger body. b) Design requirements for the finger body: i) minimizing distortion to help EGP Il attain its target functionality and
i) meeting the target stretchability for flexion to provide the user-desired wearability. c) lllustration explaining why distortion occurs in the finger body.

in the finger body. The resulting distortion alters the intended
length of the flexion moment arm, thereby compromising the
EGP II's functionality. Moreover, it causes repeated actuation
in an unstable posture and generates shear forces on the
skin that lead to discomfort,"®*® thus reducing the EGP II’s
wearability.

To prevent distortion, one may choose materials with as high a
stiffness as possible, as suggested in the design guidelines!'® of
the Harvard exosuit. However, this approach restricts the user’s
kinematics during flexion, reducing the wearability of EGP II. To
enhance the stretchability of the finger body while preventing
distortion, linear elastic metamaterials,***?) which selectively
lower specific elastic moduli, can be employed; however, these
metamaterials should consist of numerous meta-atoms that
are much smaller than the finger body, raising the level of
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difficulty in manufacturing. Alternatives include mechanism-
based metamaterials,**”) which can realize large amounts of
strain, auxetic material behavior, multistability, and shape
changes through origami and kirigami. However, these materials
require widely spread flexible hinges, which may result in an
undesirable reduction in distortional stiffness. Recent stud-
ies!*®** have proposed synthetic metamaterials composed of pro-
grammable organohydrogels with multistable mechanical states,
offering the ability to alter mechanical stiffness. However, the
lack of understanding regarding which type of stiffness in the
finger body plays a critical role in reducing distortion makes it
difficult to utilize these approaches effectively.

From these backgrounds, we propose a new finger body
design method for EGP II that can minimize distortion while
providing the desired stretchability for flexion. To this end, we
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assume the finger body to be a patterned structure with period-
icity along the longitudinal direction (Section 2) and then find an
optimal pattern design to replace the existing diamond pattern.
This approach allows us to define the design domain as a single-
periodic unit cell rather than the entire finger body. It also ena-
bles the evaluation of distortional stiffness and stretchability for
flexion using the same design domain; without the aforemen-
tioned periodicity, the distortional stiffness and stretchability
need to be evaluated using respective finger bodies with different
shapes (Section 3), which would hinder the sharing of the same
design domain for optimization. However, for the proposed
approach to be feasible, unit cell-level evaluations equivalent
to the finger body-level evaluations in Section 3 should be
derived, and the detailed derivations are presented in Section 4.

The obtained unit cell-level evaluations enable the unit cell
design optimization. To find the optimal unit cell pattern, we
conduct topology optimization,*°=% which, unlike other techni-
ques, requires no prelinimary design. Additionally, it facilitates
solving optimization problems with conflicting requirements,
which are difficult to solve by the designer’s intuition and expe-
rience. Section 5 introduces a method of defining a distortional
compliance as a weighted sum of compliances corresponding to
the unit cell-level evaluations. This method enables the formula-
tion of a topology optimization problem that minimizes distor-
tional compliance, thereby yielding an optimal unit cell design
with maximum distortional stiffness.

The stretchability for flexion is formulated as a constraint in
the optimization problem. Specifically, we establish a sample-
based preference test (Section 3) to determine the user’s pre-
ferred finger body stretchability. Based on subjective feedback,
we derive the target tensile compliance for the unit cell and
define the target compliance as an equality constraint in the opti-
mization problem. This approach, together with the determina-
tion of the finger body dimensions tailored to the user, enables a
custom design of the EGP II finger body.

Consequently, we formulate an optimization problem that
minimizes the distortional compliance while meeting the

User’s finger dimensions

Distal joint

Corresponding finger body
with longitudinal periodicity

www.advintellsyst.com

stretchability constraint. Topology optimization is then con-
ducted to find a solution satisfying the conflicting requirements.
However, topology optimization encounters a convergence
issuel®® when material and geometric nonlinearities are incorpo-
rated into the unit cell-level evaluations, although these nonli-
nearities should be taken into account to meet the design
requirements of EGP II under large deformations. To address
this issue, topology optimization is first performed under a linear
elastic assumption (Section 6). Subsequently, using the topology
optimization result as a preliminary design, size optimization is
carried out (Section 7). Since material and geometric nonlinear-
ities are incorporated into size optimization, this two-step opti-
mization approach enables the derivation of an optimal solution
that satisfies the design requirements under large deformations.

The proposed design method is employed to solve three
optimization problems, considering three users with different
hand sizes. The resulting finger bodies are evaluated via the
finger body-level tests and simulations (Section 8). In addition,
we evaluate how the optimized finger body improves EGP II's
distortion prevention capability and wearability when assisting
the user’s flexion.

2. Finger Body and Periodic Unit Cell

The EGP II finger body was designed with a generous length and
diamond pattern to accommodate users having various hand
sizes. However, this versatility renders the finger body prone
to distortion, which highlights the need for a custom design
to enhance the distortional stiffness.

In response to this need, we define the finger body dimen-
sions based on the user’s finger dimensions (Figure 2).
Additionally, as mentioned in Section 1, we assume the finger
body to be a patterned structure with longitudinal periodicity
and define the design domain as a single-periodic unit cell
(Figure 2), the pattern of which will be derived through
optimization.

Single periodic unit cell

- — Design domain
(thickness: t;)
@ Non-design domain
| Unit cell b,
b,
L, i|ih3 hy
by
—l
| i,
Region Region for
- for strap cable holder
Metacarpophalangeal Index Middle (thickness: t;) (thickness: t,)
(MCP) joint finger body finger body

Figure 2. Dimensions of the finger body and its periodic unit cell. For a custom design to enhance the distortional stiffness, the dimensions {L;, Ly, by, b5,
bs, hy, hy, hs, 14, t,, t3} are defined based on the user’s finger dimensions (Section 2) and fixed during optimization. In the finger body, the regions for the
straps and cable holders (i.e., dark gray regions) are designated as the nondesign domain, which is completely filled with material and does not change
during optimization, to maintain EGP II's functionality. Hence, we find the optimal material layout for the given design domain (light gray regions)
through the proposed optimization.
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The finger body width b, is set to the maximum width of the
index and middle fingers. The finger body length L; (i=1, 2) is
set to the distance between the metacarpophalangeal joint and
the distal joint. The unit cell length h, is set to the difference
between L, and L,.

If L; (i=1, 2) is not divisible by h;, the remainder is placed at
the lower end of the finger body and defined as a nondesign
domain (the nondesign domain refers to a region that is
completely filled with material and does not change during opti-
mization) (Figure 2). The regions for the straps and cable holders
are also designated as the nondesign domain to maintain the
EGP II's functionality.

The other dimensions (i.e., {b,, b3, hy, h3, ty, t, t3}) are less
relevant to the user’s finger dimensions and are defined based
on the EGP II's previous design with a diamond pattern.?*!

bz _ b;;re , b3 _ b};re , hz _ hlz)re , h3 _ (hl/hqre) . h};rey

=8, L =0, 5=b—1

1)

(unit : mm)

where the superscript preindicates the dimensions of the EGP
IT’s previous design.

3. Finger Body-Level Evaluations

This section establishes finger body-level tests and simulations
that evaluate distortional stiffness and stretchability. These tests
and simulations enable us to evaluate how the optimized finger
body improves distortion prevention and wearability. The finger
body-level simulations also allow us to derive equivalent unit
cell-level simulations, enabling the optimization of the unit
cell design.

3.1. Experimental Tests

Figure 3a depicts the finger body-level test setups. The stretch-
ability test is designed to evaluate the wearability of a finger body
design based on the following equation.

P~ P* (P*: Target force) (2)

Here, P denotes the force required to extend the finger body by
an amount a, which corresponds to the elongation during flexion
(Figure 1b). This force is measured using the Instron 5948 Micro
Tester. To ensure a stringent design criterion, the index finger
body—requiring a greater degree of material stretch due to its
higher a/L; ratio compared to a/L,—is considered in the
evaluation.

In Equation (2), P" represents the user-selected target force,
which is determined through the sample-based preference test
(Figure 3b) consisting of the following steps:

Step 1: Measure the user’s finger dimensions (Figure 2) and
determine the corresponding a.

Step 2: Provide finger body samples tailored to the measured
dimensions (Figure 3b). All samples share the same rectangular
pattern (the rectangular pattern refers to a unit cell configuration
in which the entire design domain is fully filled with solid mate-
rial, without any internal voids or structural features) but vary in
thickness t;, ranging from 0.5 to 1.25 mm.

Adb. Intell. Syst. 2025, 2500411 2500411 (4 of 16)

www.advintellsyst.com

Step 3: The user wears each sample and selects the one that
offers the most comfortable fit during flexion.

Step 4: The tensile force required to extend the selected sam-
ple by a is measured using the Instron 5948 Micro Tester. This
value is defined as the target force P

Accordingly, Equation (2) implies that a finger body design can
be considered to offer user-desired wearability if the measured force
P is approximately equal to the user-determined target force P".

The distortion test has a setup that approximates the situation
in Figure 1c. The user’s finger (or bone) is represented by a
finger-shaped rigid structure having a solid circular cross-section
with radius r (= b;/2 — b;, Figure 3c) and a quarter-arc profile
with arc length L,. Since the middle finger body—which has a
lower distortional stiffness due to L, > L,—is considered here,
the design requirement is again more stringent. To impose an
asymmetric load, a tensile force T=T" is applied to Tendon
1, which passes through the straps on the right.

The distortion test measures the maximum f occurring
under T', where p, indicating the distortion, is defined as the
x-directional displacement of the cable holder (Figure 3c). To this
end, the fy value of marker 1 is first measured using the V120:
Trio (Optitrack) and the 5948 Micro Tester. Then, we calculate
B based on the following relation, which holds for the geometry
shown in Figure 3c.

Puidr+t+ (= t) +df =p:{r+t + 251} 3)

The value of T" is set to match the force T that causes signifi-
cant distortion (i.e., = 2r/3) in the finger body of the previous
design (Figure 1a).

Accordingly, the test allows us to evaluate the distortional stiff-
ness of the finger body and define the design requirement for
distortion prevention as minimization of j.

3.2. Numerical Simulations

Figure 4a illustrates two Abaqus®* numerical simulations corre-
sponding to the tests shown in Figure 3a. To capture the nonlinear
behavior of the finger body, the simulations incorporate geometric
nonlinearity by employing a geometrically nonlinear finite ele-
ment analysis and material nonlinearity by adopting the Yeoh
model® as a hyperelastic material model. Additionally, the con-
tact effect of the user’s finger is taken into account by imposing
displacement constraints in the thickness direction on the left
straps. Further details on the simulation modeling, including
the treatment of these nonlinearities, are provided below.

The stretchability analysis is performed using S4R (4-node
shell element with reduced integration)—a typical shell element
in Abaqus—to model the finger body, the thickness t; of which is
lower than its other dimensions. To approximate the material
volumes of the cable holders and straps, the stretchability analy-
sis introduces their effective thicknesses {5, t5}, which satisfy
the following conditions

15 % (by X hy) = Ven, 5 X (b3 X h3) = Vo “4)

where Vcy and Vg, represent the actual volumes of the cable
holder and strap, respectively (Figure 1). To induce uniform
extension at all top edge points (clamped boundary condition
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Figure 3. a) Finger body-level tests to evaluate distortional stiffness and stretchability. b) Sample-based preference test to determine the user-selected

target force P". ¢) Relationship between {f, S, A}, which represent the x-directional displacements measured at the centroids of the cable holder, Marker 1,

and the unit cell design domain, respectively.

in Figure 3a), we employ rigid body element type 2 (RBE2), a
typical rigid body element in Abaqus. RBE2 rigidly connects
dependent nodes to an independent node, preventing any rela-
tive displacement along the top edge. The Yeoh model, with
material constants {C;o, Cy9, C30}, is employed as the hyperelas-
tic material model to capture the nonlinear responses of the soft
material, KE1300T (Shin-Etsu Chemical) (Substituting C;o from
Table 3 into the relationships 2Cyy = G and G = E/(2 + 2v)
yields the elastic modulus E of KE1300T as E = 1.3679 MPa (aver-
age), which is relatively high compared to other elastomers.”!
Accordingly, the use of KE1300T with relatively high stiffness
allows EGP II to mitigate distortion while maintaining a thin
thickness t;. Furthermore, this study achieves the user-desired

Adv. Intell. Syst. 2025, 2500411 2500411 (5 of 16)

stretchability—which is generally difficult to attain with high-
stiffness materials—through optimization of the pattern design).
Here, {Cio, Cz0, C3o} are determined using an optimization
method to ensure that the stretchability analysis results are consis-
tent with the test results (the graph in the first row of Figure 4a).

While using the same element type, effective thicknesses, and
material model as the stretchability analysis, the distortion anal-
ysis in Figure 4a models the finger body of the distortion test as a
system of flat unit cells with a quarter-arc profile. In addition, the
distortion analysis imposes thickness-directional displacement
constraints on the left strap regions to include contact effects
resulting from the finger-shaped rigid structure. The external
forces applied by Tendon 1 are represented by {F;, F,}, which
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Figure 4. a) Numerical simulations equivalent to the tests in Figure 3a. The stretchability analysis employs RBE2, which rigidly connects dependent nodes
to an independent node, to induce uniform extension at all top edge points (clamped condition). In the plots, the red spots and error bars represent the
mean values and standard deviations of the experimental results, respectively, while the bar graphs correspond to the numerical simulation results.
Together with the deformed shapes, the comparison between the simulation and experimental results demonstrates that the simulations can capture
the actual nonlinear responses observed in the tests. b) Derivation of unit cell-level simulations from finger body-level simulations. This determines the
internal nodal forces and moments that the unit cell is subjected to during the finger body-level simulations. In the unit cell-level simulations, the nodal
forces/moments determined from the 1D analyses are applied to all the top edge points using RBE2, which also plays a role in inducing rigid-body
translations and rotations at all the top edge points. The distance from the independent node of RBE2 to the top edge is zero (i.e., e = 0), although these
points are separated in Figure 4b to ensure a clear visualization.
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act on the right strap regions along the transverse and thickness
directions, respectively. The magnitude of F; (i=1 or 2) exerted
on each strap is assumed to be identical. The magnitudes of {F;,
F,} are determined using an optimization method to ensure that
the distortion analysis results are consistent with the test results
(the graph in the second row of Figure 4a).

Based on the distortion analysis, the value of  depicted in
Figure 3c can be calculated. § can then be determined from /3
using the following relation (Figure 3c).

Pifr+4} =p{r+n+2) 5)

4, Unit Cell-Level Simulations

This section describes the derivation of the unit cell-level
simulations equivalent to the finger body-level simulations
(Figure 4b). These unit cell-level simulations can evaluate the
unit cell’s distortional stiffness and stretchability, enabling the
unit cell design optimization.

www.advintellsyst.com

First, the finger body-level simulations are converted to equiva-
lent 1D analyses, where each unit cell is represented by a straight
line passing through its centerline (Figure 4b). In the 1D analyses,
these straight lines are discretized using B31 (3D beam element
with 1st-order interpolation), a typical 1D element in Abaqus. In
addition, {F;, F,}, along with the reaction force Fy caused by the
strap constraint, are replaced by the equivalent forces {F;, F} and
moment M acting at the center of each straight line. Here, {F, M}
indicate the force and moment caused by {F,, Fg}, and their mag-
nitudes can be calculated using the following relations

(Fr — Fy) x {(by — b3)/2} (6)

where {F,, Fg, F} have the same positive directions.

The 1D analyses yield the internal nodal forces, internal nodal
moments, and strains for each unit cell (Figure 4b). To define
stricter design requirements, we use the internal nodal forces
and moments exerted on the unit cell that shows maximum
strains and derive the corresponding unit cell-level analyses,
as shown in Figure 5a. Specifically, the resulting nodal forces,
nodal moments, and {F;, F, M} are classified such that the unit

F:FR+F2, M:
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1
0.8
Finger _
body- P o6
level i
response
02
0
EGPII's t=10 15 20 25
pée"'.Ous Rectangular designs
esign with different t, (mm)
Analysis 2 (In-plane bending) Analysis 3 (Out-of-plane bending) Analysis 4 (Torsion)
2 1.2 1.2
I 1 1
08 0.8 0.8
Unit cell 67 0.6 63(1,(, 64 0.6
-level - :
responses 0.4 04 04
0.2 0.2 0.2
0 0 0
EGPII's #%=10 15 20 25 EGPI's t=10 15 20 25 EGPIIIs t=10 15 20 25
previous Rectangular designs previous "~ Rectangular designs designs previous Rectangular designs
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Figure 5. a) Unit cell-level analyses. Analysis 1 considers P = P* obtained from the sample-based preference test. b) Comparison of unit cell-level
responses {C,, C3, C4} in Equation (9) with the finger body-level response f in Equation (11).
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cell-level analyses can measure four distinct types of stiffness, i.e.,
for extension, in-plane bending, out-of-plane bending, and torsion.
In this regard, {F;, F, M} of the 1D analyses are replaced by the
equivalent forces {Fy, F/2, M/(b; — b3)} acting on the strap regions.

5. Optimization Problem Formulation

This section formulates an optimization problem for a unit cell
that minimizes the distortional compliance while satisfying the
stretchability constraint. To this end, we define distortional com-
pliance as the weighted sum of the compliances corresponding to
the unit cell-level analyses, as detailed below.

Using the unit cell-level analyses (Figure 5a), the optimization
problem can be formulated as

WZEZ + W363 + W464
C;—Ci=0 )
x -and y-axis symmetry

Minimize

Subject to :

where Cy (k= 1,2,3,4) represents the compliance (inverse of stiff-
ness) of the unit cell corresponding to Analysis k and can be cal-
culated using the following equation.

Cy = dlFy (8)

In Equation (8), di and F, denote the nodal displacement vec-
tor and external nodal force vector, respectively, defined for all
nodes in Analysis k. C (k=1, 2, 3, 4) in Equation (7) represents
a normalized compliance, which is defined as

Go=G/G" )

where C}'° represents Cy for the unit cell having the EGP II's
previous design (Figure 1a).

Accordingly, Equation (7) represents the compliance minimi-
zation problem under multiple loading conditions.*” Here, the
objective function is defined as the weighted sum of the normal-
ized compliances corresponding to Analyses 2—4 derived from
the distortion analysis. Minimizing this objective function yields
the unit cell design with the minimum p. To satisfy the
user-selected stretchability, Equation (7) also includes C; = Cj
as an equality constraint, where Cj denotes the C; value corre-
sponding to the sample selected in the preference test
(Figure 3b). Finally, Equation (7) considers both x-axis and
y-axis symmetry conditions, which ensure that the optimal solu-
tion can be applied to all unit cell locations on the index and mid-
dle finger bodies.

In Equation (7), the weighting factor wy, (k= 2, 3, 4) represents
the priority of reducing Cy to prevent f and is calculated based on
the relation between f and C,

{1 [Cult =5) — Bl =)}
Wi = 4

(10)

where § denotes a normalized distortion, which is defined as

B(t) = p(t) /7 (11)
In Equation (11), pP*® indicates the § value for the finger body

with the EGP II's previous design.
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To clarify the meaning of Equation (10), we consider C,(t; = 1)
and B(t; = 1) as representative examples. As shown in Figure 5b,
C,(t; = 1) = 0.2 indicates that the in-plane bending stiffness of
the rectangular pattern with t; =1nm is five times greater than
that of EGP II's previous design. In contrast, f(t; = 1) = 1.0
states that the distortional stiffness of the finger body with the rect-
angular pattern with ; = 1 nm is the same as that of the EGP IT’s
previous design. Based on these observations, the priority of C,
can be quantified as {1 — [C,(t; = 1) — B(t; = 1)|}, which is
close to 1 if C, has a high priority in enhancing distortional stift-
ness. Accordingly, {1 — |C,(t; = 1) — B(t; = 1)|} = 0.2 indicates
that C, has a low priority (i.e., minimizing C, is less effective in
preventing f). Since {1 — |C,(t;) — B(t)|} can be calculated for
unit cells with the rectangular pattern with ¢, =1.0, 1.5, 2.0,
and 2.5 mm, we define their average as w,. Moreover, {w;, w,}
are calculated in the same manner as expressed in
Equation (10). (The weighting factor wy, (k= 2, 3, 4) varies depend-
ing on the modeling of the finger body-level simulations. For
instance, if the contact effect (i.e., the displacement constraints
on the left straps) described in Section 4 is not considered, this
absence leads to sequential variations in the distortion analysis
results, the derived loading conditions for the unit cell-level analy-
ses, the compliance values Cy, and the corresponding weighting
factors wy, ultimately resulting in a different optimized design.
This study establishes finger body-level simulations whose results
closely match the experimental data, thereby enabling an opti-
mized unit cell design that satisfies all the design requirements.)

6. Two-Step Optimization Approach

To determine the optimal material layout for Equation (7) within
the design domain defined in Figure 2, topology optimization is
first performed. At this stage, a linear elastic assumption is
employed to ensure convergence of the solution. Subsequently,
using the topology optimization result as a preliminary design,
size optimization is carried out to incorporate material and
geometric nonlinearities. This two-step approach enables the
derivation of an optimal solution that satisfies the design require-
ments under large deformations. Further details on this two-step
approach are provided below.

6.1. Topology Optimization Based on Linear Elastic Assumption

The topology optimization formulation for Equation (7) can be
expressed as

Minimize w,Cy(p) +w;3Cs(p) + wsCulp)
peRN
SUbjeCt to: (CT)Linear -G (ﬂ) <0 (12)
0<p <1 (k=1,2, ... , N)

x -and y - axis symmetry

where the design variables are p = {p;, ,pn} (N: number
of elements), and p represents the material density of the k™
shell element in the design domain (Figure 6a). Accordingly,
unit cells with different p values have different values of
{Ci, Gy, G5, Gy

© 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 6. a) Topology optimization results for Problem 1. The topology optimization considers p = {py, p,, ... , pn} (N: number of shell elements)

as the design variables. Here, p represents the material density of the kth shell element. b) Size optimization results for Problem 1. The result in Figure 6a
is simplified first using straight lines and is then used as the preliminary design. The size optimization uses D= {D;, D,, D3, D4, Ds} as the design
variables. ¢) Comparison of topology optimization results with different plot criteria. Owing to the x-axis and y-axis symmetry, only the segment in
Quadrant | (x > 0, y > 0) is considered. From this comparison, we determine the design variable D (k=1, 2, 3, 4, 5) and its bounds {D", D"}

The continuous variable p;, (k=1,2, ..., N) can have any  indicates the absence or presence of the material in the kth ele-
value in the range 0 < p; <1 and its initial value is set to 0.5. ment, respectively. To obtain a converged solution for py, we
Through topology optimization, p, converges to 0 or 1, which  employ the solid isotropic material with penalization method®®
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Figure 7. a) Problems 1-3 considering three users with different hand sizes (Table 1) and the corresponding optimal unit cell designs. For comparison,
EGP II's previous designs, which are sized to fit the user’s hands, are also shown. b) Responses of optimal unit cell design for Problem 1 in unit cell-level
analyses. Deformed shapes, color-mapped von Mises stresses, and compliances are included. ¢) C; and 3_¢_, w\Cy for optimal designs (Table 7). Data of
EGP II's previous designs and rectangular designs are included for comparison.
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with a penalization parameter p = 3. For the same purpose, we
use the method of moving asymptotes (MMA)®”! as the optimi-
zation algorithm.

Instead of Cj, Equation (12) considers (Cj)jiear» Which is
obtained via a linear analysis, to maintain consistency with
the linear elastic assumption. While C;(p) > (C%)jpe.r 1S used,
the inequality constraint plays the same role as Ci(p) =
(C})linear (i-€., active) during optimization, so that the MMA
algorithm can find the optimal unit cell design that minimizes
the objective function w,C,(p) + w3 Cs(p) + w,C4(p) within the
imposed constraint.

6.2. Size Optimization Considering Material and Geometric
Nonlinearities

The topology optimization result that includes only those ele-
ments for which p converges to 1 can be used as a preliminary
design for the subsequent size optimization®® (Figure 6b).
Moreover, a comparison between topology optimization results
with different plot criteria, from p > 0.5 to p > 0.9 (Figure 6c),
suggests the design variables suitable for size optimization.

Specifically, Figure 6¢c shows that elements with intermediate
density values are located around the critical design points. This
indicates that the design change around the critical design points
plays a crucial role in achieving both the stretchability that meets
Cy > (C%)pinear and the distortional stiffness that minimizes
w,Cy + w3 Cs + w,Cy. Accordingly, the {D;, D,, D3, D4, Ds} val-
ues (Figure 6b) that determine the locations of these design
points are defined as the design variables, and their correspond-
ing bounds { D", D™} (k =1, 2, 3, 4, 5) are determined based
on the results in Figure 6c.

Based on D = { Dy, D,, D3, D,, Ds}, the size optimization for-
mulation for Equation (7) can be expressed as

Minimize w,C,(D) + w3 C3(D) + w,C,(D)
DeR
Subjectto: C;(D)—C;=0
D= {Dlr D,, D3, Dy, DS} (13)

Drin < D < D' (k=1,2,3,4,5)

x — and y — axis symmetry

where the constraint considers Cf, which is obtained via the non-
linear analysis. To find the global optimal solution of D for
Equation (13), we employ the nondominated sorting genetic algo-
rithm II (NSGA 11).5?!

7. Finger Body Optimization

We solve three optimization problems that consider three users
with different hand sizes (Figure 7a). Using the proposed
design method, we define the corresponding design domains,
finger body-level tests and analyses, unit cell-level analyses,
and optimization formulations. The results are summarized
in Table 1, 2, 3, 4, and 5.

Subsequently, we conduct topology optimization for Problems
1, 2, and 3. As an example, the optimization history and result
of Problem 1 are given in Figure 6a, where the design domain

Adv. Intell. Syst. 2025, 2500411 2500411 (11 of 16)

Table 1. Dimensions (mm) of finger body and its periodic unit cell
(Figure 2).

Ly L, b b, by h, h3 b 1 t3

Problem 1 73 8 21 4 4 10 25 538 25 58 20
Problem2 67 76 18 4 4 9 25 484 25 58 17
Problem3 79 90 23 4 4 1m 25 592 25 58 22

Table 2. Parameters for finger body-level tests (Figure 3).

a [mm] P*[N] r [mm] d [mm] T* [N]
Problem 1 13 5.896 6.50 1.65 0.634
Problem 2 12 4.952 5.00 1.65 0.562
Problem 3 13 5.572 7.50 1.65 0.830

is discretized into 3,360 shell elements with a size of
0.25 x 0.25 mm (i.e., N=3,360). The element size is set to be
small enough to serve fully converged analysis results. The itera-
tion history in Figure 6a shows that p in Equation (12) converges
after 45 iterations (27 min), and the resulting p minimizes
>t , wi.Ci(p) while satisfying the constraint C;(p) = (C})1ipear-
Once Equation (12) is solved, our two-step approach can deter-
mine the corresponding bounds of D in Equation (13)
(Figure 6¢). The results are presented in Table 6.

Finally, we conduct size optimization for Problems 1, 2, and 3.
Figure 6b presents the optimization history and result of
Problem 1 as an example. To find the optimal solution of D
in Equation (13), 240 candidates (population size: 12, and num-
ber of generations: 20) are considered in NSGA-II. The optimi-
zation takes 162 min when using shell elements with a size of
0.25 x 0.25 mm. The optimization history in Figure 6b plots
C;(D) and >"%_, w,Ci(D) for the 240 candidates, showing that
the optimal solution D°P'™?! satisfies C; (D) = Ci and minimizes
St , wiCi(D). Table 7 lists the size optimization results.

Figure 7a shows the optimal unit cell designs. Compared with
the EGP II's previous design, the optimal designs have a differ-
ently shaped hole and include new members connecting the
strap regions of adjacent unit cells (Figure 8a).

The optimal designs are examined via unit cell-level analyses.
Figure 7b presents the results for Problem 1 as an example,
where the color-mapped stress distributions highlight that the
new members play a crucial role in reducing the distortion-
related compliances {C,, C3, C,}. Additionally, the deformed
configurations show that the resulting hole shape enables the
optimal design to achieve the desired tensile compliance C;.

These new features allow the optimal designs to satisfy all the
requirements in Equation (7), while the EGP II’s previous design
and the rectangular designs with different thicknesses cannot
(Figure 7c). Specifically, the >}, w Cy values of the optimal
designs for Problems 1, 2, and 3 are approximately 17.7%,
22.7%, and 15.4%, respectively, of the corresponding values
for the EGP II's previous designs. The optimal designs for
Problems 1, 2, and 3 have C; values similar to the rectangular

© 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH
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Table 3. Parameters for finger body-level simulations (Figure 4a).

www.advintellsyst.com

£ [mm] t5 [mm| Cio Cao Cso Fi[N] F3[N]

Problem 1 5.37 13.79 0.2362 —0.0272 0.0244 0.0230 0.0471

Problem 2 5.37 11.81 0.2274 —0.0482 0.0252 0.0186 0.0416

Problem 3 5.37 14.93 0.2320 —0.0272 0.0193 0.0252 0.0332
Table 4. External loads (N, mm) used in unit cell-level analyses (Figure 5a).

p* F F/Z M/(b_‘ — b3) Fnodal Fnodal Mnodal Mnodal nodal

X z i v B

Problem 1 5.896 0.0230 0.0755 0.0314 0.009 0.059 0.140 0.753 0.191

Problem 2 4.952 0.0186 0.0617 0.0259 0.006 0.046 0.124 0.538 0.167

Problem 3 5.572 0.0252 0.0526 0.0251 0.016 0.037 0.101 0.606 0.215

Table 5. Constraint values and weighting factors for optimization
problems (Equation (12) and (13)).

G (C7) Linear W2 W3 Wy
Problem 1 8.247 6.890 0.504 0.664 0.829
Problem 2 6.230 5.024 0.483 0.709 0.743
Problem 3 7.614 6.434 0.635 0.762 0.847

Table 6. Bounds (mm) for design variables D = {D;, D, D3, Dy, Ds} in
equation (13).

Dllmn D;Y\a)( Drzn'm D;I’\ZX D|3mn Dsmax DT'm Dzﬂax Dlsﬂln Dsmax

Problem 1 250 3.25 1.50 325 025 205 025 125 550 6.50
Problem 2 225 3.00 1.50 3.00 050 183 025 125 3.75 5.00
Problem 3 275 325 150 3.50 025 225 025 125 7.00 8.00

design with t; = 1 mm while having >°f_, wy Cy, values similar to
the rectangular design with ¢; =2 mm (Figure 7c).

Substituting the optimal unit cell designs for Problems 1, 2,
and 3 into the design domain (Figure 2) yields the corresponding
optimal finger bodies. The resulting optimal index finger bodies
are shown in Figure 8a.

The optimal finger bodies are examined via the aforemen-
tioned tests (Figure 3a) and simulations (Figure 4a), and the
results are shown in Figure 8b,c. The new features of the optimal
unit cells allow the optimal finger bodies to exhibit the desired
responses in the tests (Figure 8b); thus these finger bodies satisfy
all the design requirements defined in Section 3.1 (Figure 8c),

while the EGP II's previous design and the rectangular designs
with different thicknesses cannot. Specifically, the stretchability
test results show that the optimal finger bodies for Problems 1, 2,
and 3 elongate by a (Table 2) under P=5.30N (error: 8.5%),
5.18 N (error: 3.7%), and 5.71N (error: 1.1%), respectively.
The distortion test results show that the j values of the optimal
finger bodies for Problems 1, 2, and 3 are ~46.7%, 51.2%, and
37.5% of those of the EGP II's previous designs, respectively.
Notably, the optimal designs for Problems 1, 2, and 3 have
stretchability levels similar to that of the rectangular design with
t1 = 1 mm while exhibiting § values similar to that of the rectan-
gular design with ¢; = 2 mm; this is consistent with the results
for the optimal unit cells (Figure 7c).

Using the obtained finger body design for Problems 1, 2, and
3, we fabricate an optimized EGP II for the corresponding users.
Figure 9a depicts the optimized EGP II for Problem 1 as an
example. The flexion motions of the optimized EGP II are tested
using the experimental setup shown in Figure 9b. A slider-
tendon linear actuator (STLA)®” is used to control the tensile
force T applied to Tendon 1 (Figure la). The responses of the
electromyography (EMG) sensors (Delsys) are observed to ensure
that the user’s muscles are inactive during the test.!*”] The results
show that the optimized EGP II is almost undistorted during flex-
ion (Figure 9c) while providing the desired wearability.

The changes in grasping force of the optimized EGP II, com-
pared to the previous version, are experimentally investigated
(Figure 9d). For a fair comparison, the length of the spring
sheath (Bowden cable), which helps transmit the tensile force
T from the STLA to EGP II, is kept identical. The tensile force
T of the actuation wire within the sheath is precisely controlled to
reach its target value using the STLA. Under the given tensile

Table 7. Optimal solution D°P™2 and corresponding performance metrics.

D?pﬁmal [mm] Dgp"ma‘ [mm] D;p"ma‘ [mm] szt'mal [mm] D?Ptimal [mm] Cy (Dertimat) >k, wiCi(DoPIm)
Problem 1 2.588 2.406 1.892 0.996 6.056 8.246 0.358
Problem 2 2.675 1.773 0.664 0.404 4.426 6.267 0.442
Problem 3 3.105 1.683 1.073 0.352 7.534 7.616 0.342
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Figure 8. a) Optimal finger body designs. Index finger bodies comprising seven unit cells are shown as an example. b) Responses of optimal finger body
for Problem 1 in finger body-level tests. c) Finger body-level test and simulation results (Figure 3a and 4a). In these plots, the red spots and error bars
represent the mean values and standard deviations of the experimental results, respectively, while the bar graphs correspond to the numerical simulation
results. In addition, P denotes the force that elongates the finger body by a, while $/r represents the ratio of the distortion j to the radius r of the finger-
shaped rigid structure (Figure 3a).
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Figure 9. a) Optimized EGP II. b) Test setup for evaluating EGP II's flexion motion. The STLA is used to control the actuation speed and the magnitude of
the applied tensile force T. Five EMG sensors are used to ensure that the user’s muscles remain inactive during the test. c) Flexion motions observed in
the test. Unlike the previous EGP Il, the optimized EGP Il exhibits almost no distortion during flexion while providing the desired wearability. d) Test setup
used to evaluate the grasping force of EGP II. e) Grasping force measurement results. For each tensile force T, the dynamometer is grasped five times. In

the plot, the bar graphs and error bars represent the mean grasping forces and standard deviations, respectively.

force T, the corresponding grasping force is measured using
a digital dynamometer (Go Direct Hand Dynamometer,
Vernier). Specifically, the dynamometer is positioned within
the hand aperture—between the thumb and the index/middle
fingers—and the grasping force is measured using a medium-
wrap grasp configuration.

The measurement results are presented in Figure 9e, indicat-
ing that the grasping force of the optimized EGP II is increased

Adb. Intell. Syst. 2025, 2500411 2500411 (14 of 16)

by 15.3% on average compared to the previous version. This
observation suggests that the optimized finger body design suc-
cessfully minimizes constraints on the user’s flexion motion by
fulfilling the user-preferred stretchability, thereby achieving the
target finger posture without a significant increase in tensile
force T. Furthermore, it implies that the increase in grasping
force is achieved by improving force transmission, which was
potentially degraded in the previous version due to distortion.

© 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH
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8. Conclusions

This study newly proposed a finger body design method for EGP
II. By considering the finger body as a patterned structure with
longitudinal periodicity, we simplified the design domain as a
single-periodic unit cell (Figure 2). To evaluate the unit cell’s dis-
tortional stiffness and stretchability, we established finger body-
level tests and simulations (Figure 3a and 4a) and then derived
equivalent unit cell-level analyses (Figure 4b). To formulate the
optimization problem, we defined the unit cell’s distortional
compliance as a weighted sum of the compliances corresponding
to the unit cell-level analyses and used it as the objective function
(Equation (7-11) and Figure 6b). To satisfy the design require-
ments under large deformations, an optimal solution was
obtained through a two-step optimization approach. Specifically,
the optimal material layout within the given design domain was
determined using topology optimization under a linear elastic
assumption (Figure 6a). Using the topology optimization result
as a preliminary design, size optimization was then conducted to
incorporate material and geometric nonlinearities, leading to the
final optimized solution (Figure 6b).

To validate the proposed method, we solved three optimiza-
tion problems considering three users with different hand sizes
(Table 1, 2, 3, 4, 4, 5, 6, and 7). The performance of the obtained
unit cell designs (Figure 7a) was measured through the estab-
lished unit cell-level and finger body-level evaluations. The
results showed that our optimal designs achieved the distortional
stiffness levels similar to that of the rectangular design with
t; = 2 mm while also providing stretchability levels similar to that
of the rectangular design with ¢t; =1 mm (Figure 7c and 8c).
Specifically, the finger body-level tests showed that the optimal
designs exhibited, on average, 54.9% less distortion than the
EGP II's previous designs under the same tensile force T while
providing the target stretchability with an average error of 4.43%.
Consequently, EGP II with the optimal finger body design
showed almost no distortion while providing the desired wear-
ability (Figure 9c). Moreover, the optimized EGP II achieves a
15.3% average increase in grasping force compared to the previ-
ous version (Figure 9e). These results confirm that our method
can find an optimal finger body design that not only helps EGP II
attain its target functionality by preventing distortion but also
provides the desired wearability for users with different hand
sizes. Moreover, two key design aspects—1) a tailored fit
achieved by customizing the finger-body dimensions based on
the user’s finger measurements and 2) minimized motion con-
straints achieved by fulfilling the user-preferred stretchability—
enhance the conformability of EGP II, thereby improving
comfortability for the users. We expect that the proposed method
can be extended to soft body designs not only for other tendon-
driven soft wearable robots that require both distortion preven-
tion and stretchability, but also for tendon-driven continuum
robots®*®* that demand high torsional stiffness and dexterity.
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