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Abstract—Recent advancements in soft-robotic technologies
provide a novel paradigm for designing wearable assistive de-
vices (exosuits), making them comfortable, safe, and offering
an enhanced range of motion. However, modeling these non-
linear actuation technologies is challenging, particularly due to
complex interaction mechanics with the body. As a result, current
studies often investigate actuation performance in isolation,
which leads to poor translation in wearable applications. This
work presents the modeling and design optimization of a soft-
exosuit for assisting the motion of the index finger. We modelled
both the exosuit and finger using a hybrid multibody toolbox
and included their interaction mechanics. The optimal exosuit
design for maximum bending of the finger joints resulted in a
narrow exosuit base thickness compared to its tip. Moreover, we
compared the influence of the objective function on the design
of the exosuit. Our results show that it is essential to include
interaction mechanics when evaluating actuation performance
in these scenarios. The proposed modelling approach can be
extended to designing optimal exosuits for other joints of interest.

Index Terms—exosuit, design optimization, SoRoSim, human-
machine interaction

I. INTRODUCTION

Wearable assistive devices (exos) for the hand and finger
can help elderly individuals or those with movement disorders
improve their hand function [1]. Designing such exos requires
consideration of several factors, including optimal alignment
with the target joint to ensure efficient transmission of assis-
tance, and comfortable anchoring to prevent discomfort during
use [2].

Finger exoskeletons can be either passive or active, and can
be designed using rigid or soft materials [2]. Rigid structures
allow better transmission of assistive torques or forces to the
user [3]-[8]. Aligning the exoskeleton joint with the biological
joint is relatively straightforward, but any misalignment can
introduce parasitic resistance and additional inertial effects
from the rigid frame during movement [9]. This misalignment
may increase the power needed and require complex control
strategies to make the exoskeleton transparent when not as-
sisting [10]. Furthermore, rigid components used to interface
with the user can lead to discomfort with prolonged use.

Alternatively, advances in soft-robots could be exploited
for this purpose. Exoskeletons made from soft materials, or

IDepartment of Biomechanical Engineering, University of Twente, The
Netherlands, 2Department of Computer Science, University College London,
The UK, 3Khalifa University, UAE.

*m.i.mohamedrefai @utwente.nl

exosuits, offer advantages such as being lightweight, con-
formable, provide better distribution of forces and cause less
discomfort over time. Use of soft materials allows for a
lower-profile design, making them more suitable for daily
life applications [11]. However, a significant drawback of
exosuits is their reduced efficiency in transmitting assistance
to the user [11], [12]. The deformation and movement between
biological tissues and the exosuit interface can result in energy
losses ranging from 25% to 50% [8], [12]. Optimizing exosuit
designs can help improve the transmission of assistance to
biological joints.

Rigid finger exoskeletons have been designed using either
iterative methods or optimization techniques [13]. Research
efforts typically focus on improving hand range of motion
[3], [5] or optimizing the force applied by the exoskeleton
[4], [7], [14]. In contrast, soft exosuits that are cable-driven
have mostly been designed iteratively [15], [16]. While a few
studies employ finite element modeling techniques to study
exosuits, these often neglect the finger-exosuit system as a
whole [17], [18], due to the complexity of modeling the soft
exosuit and its interactions with the user’s finger mechanics.

This work presents a modelling and design optimization
framework for a finger and soft-exosuit system considering
soft-rigid contact mechanics. Since active exosuits are made
from soft materials and employ actuation principles similar
to soft robotics, we explored soft-robot modeling literature to
model the finger-exosuit system [19], [20]. The system could
be modeled as a hybrid multibody structure; with the exosuit
modelled as a Cosserat rod, and the finger joints as rigid links
with known joint stiffness. This is feasible using the SoRoSim
toolbox, which uses a Geometric Variable Strain (GVS) model
to define the strain of the exosuit as a Cosserat rod with a finite
set of strain basis functions [21], [22]. Moreover, this toolbox
enables both static and dynamic analysis of hybrid soft-rigid
robots, and allows for the simulation of interaction mechanics
between the finger and the exosuit [23].

We perform simulation studies on a planar finger-soft actua-
tor system to understand the relevant modelling considerations
for accurate representation while keeping the optimization
problem computationally tractable. Both global and gradient-
based optimization algorithms were investigated. Our results
highlight the importance of design optimization with both the
exosuit and user biomechanics in-the-loop, a consideration
lacking in current literature.
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Fig. 1: Modelling the finger-exosuit as seen in (a). The
exosuit, modelled with Ecoflex 00-30 (Smooth-On Inc.), was
placed parallel to the finger. (b) depicts the model designed
using SoRoSim. The exosuit modelled as a soft robot is
fixed at the base. The finger consists of three rigid links
ph1,phs,and, phs, connected via rotational joints (RRR). A
tip of negligible thickness is added as a fixed rigid body to
phs to increase the number of contact points.

II. METHODS

First, we describe the design of the finger-exosuit system
using the SoRoSim toolbox in Section II-A, and provide a
summary of the implemented underlying model. Following
this, we describe the parameter sets of the exosuit that are
optimized in Section II-B, the target objectives for optimiza-
tion in Section II-C, and eventually, the analysis of results in
Section II-D.

A. Modelling the finger-exosuit system in SoRoSim

Figure 1a depicts the exosuit worn in parallel with the index
finger. The exosuit was fabricated using ecoflex 00-30 silicone
(Smooth-On Inc.). The exosuit can be actuated via a chamber
positioned at the surface.

1) Kinematics of the exosuit: The soft exosuit was rep-
resented using a Cosserat rod model, which conceptualizes
the structure as a continuous series of rigid cross-sections
described by a curvilinear coordinate X € [0, L], where L
denotes the total length of the rod. A linear Hooke-like elastic
law was assumed as the operating values of the systems used
would not exceed 100% strains. Therefore, using non-linear
material models would not significantly affect our results.
The Young’s Modulus of the exosuit was set to 30 kPa to
resemble Ecoflex properties. By assigning a fixed coordinate
frame to each cross-section, the complete configuration of the
rod is determined by a directed spatial curve, g(e) : X —
g(X) € SE(3), which can be expressed as a homogeneous
transformation matrix:

g(X):[Oﬁg ’1"], (1)

Fig. 2: Schematic of the kinematics and interaction forces of
the finger and exosuit in SoRoSim. The exosuit was modelled
as a Cosserat rod that can elongate in the X axis and bend
around the Y axis. Contact mechanics were defined using
spheres placed along the finger and exosuit. The actuation of
the exosuit was performed along the red line shown at the
surface.

where 7(X) € R3 represents the position vector of the origin
of the moving frame, while R(X) € SO(3) describes the
orientation of the local frame relative to the spatial frame.
The local x-axis is oriented perpendicularly to the plane of the
cross-section. By differentiating equation (1) with respect to
space, denoted by (+)’, and time, denoted by (-), the following
expressions are obtained:

g(X)=g&  9(X)=gn. (2)
Here, £(X) describes the strain of the Cosserat rod. Addi-
tionally, 7j(X) defines the velocity twist, capturing both the
translational and rotational velocity of the rod along its length.
The operator () signifies the isomorphism between R® and
s¢(3). By equating the mixed partial derivatives with respect

to space X and time ¢, the relationship between velocity and
strain can be derived, leading to the following result:

' = € — aden, 3)

where, adg is the adjoint operator of .
The integration of equation (2) yields the pose model, while
the integration of equation (3) results in the velocity model:

~

g(X) =exp (Q(X)) , and 4)

X
n(X) = Ady / Ad,Eds. (5)
0

Here, Adg represents the adjoint form of the homogeneous
matrix g, while Q refers to the Magnus expansion of &(X).
Next, we move on to discretizing the strain and introducing
generalized coordinates. The continuous strain field is simpli-
fied into a finite number of strain bases:

§(X) = ®¢(X)g + £7(X). (6)

Here, ®¢(X) € R®*" is the matrix function whose columns
define the basis for the strain field, ¢ € R™ (where n is the



TABLE I: Design parameters of the finger and exosuit

TABLE II: Parameter sets for optimization

Ttem Length | Radius Base | Radius Tip Joint Set Parameter Optimized Parameters
(cm) (cm) (cm) Stiffness (Nm/rad) L length of the exosuit L

exosuit 10 1.16 0.8 - Ro1 base and tip radius of the exosuit [Ro, R1]

ph1 4.5 2.16 1.39 0.04 exosuit surface as a . .

pho 2.53 1.39 1.02 0.03 Rse sum of a sine and a cosine wave | > B phia, phip]

phs 2.36 1.02 0.87 0.02 R exosuit surface as a

tip 0.1 0.87 0.8 — LP | sum of 10 Legendre Polynomials | @0>®1:@2,- @10

number of generalized coordinates) is the vector of generalized
coordinates in that basis, while £€*(X) represents the rod’s
strain in its natural, stress-free state. Substituting equation (6)
into equation (3) ultimately leads to the velocity model:

X
n(X) = Adg /O Adg®Pedsg = J(q,X)g.  (7)

Here, J € R®X™ represents the geometric Jacobian. While
Equations (4) and (5) are analytical, they cannot be computed
directly. A recursive formulation of the kinematic equations,
using a quadrature approximation of the Magnus expansion
), is provided in [24], [25].

The exosuit uses a nodal basis reminiscent to the quadratic
basis of FEM with 3 quadrature points [24]. The degrees of
freedom of the exosuit was constrained such that it could
extend in the local X axis and bend about the Y axis.

2) Kinematics of the finger: We assumed the finger to be
passive, and modelled it as a rigid three bar linkage with
rotational joints (RRR). The dimensions and joint stiffness are
derived from literature [26]-[28]. The modeling of the linkage
follow the classical rigid robot modeling [29] with the addition
of external loads defined by the contact forces. We consider
more contact points at the tip realized by an additional fixed
link with negligible length (see Sec. II-A3).

The dimensions of the finger-exosuit system are provided in
Table I. The finger-exosuit system has 25 degrees of freedom
in total. 22 of these define the kinematics of the exosuit, and
three denote the rotation of the finger joints. The rotation of
the first finger joint was constrained between -10° and 90°
whereas the second and third were constrained between -5°
and 90°.

3) Contact forces: To model the interaction between the
exosuit and the finger, we implement a simple interference
contact model, approximating the contact as between two
spherical bodies, as shown in Fig. 2. The contact model is
defined by the following:

kd—C if d>0
HTCH

0 if d<0

fc = ; (8)

where r. = rs — 7y, d = Ry + R(X) — ||r.|| (see Fig. 2
for details) and £ is the contact stiffness of the model. Note
that the contact force model only has a normal component.
For the sake of simplicity, we ignore the tangential friction.
The exosuit had 42 contact spheres defined along its length,
whereas the finger had eight contact spheres. The static

equilibrium for the system is solved, accounting for contact
interactions between the finger and the exosuit.

4) Statics: By projecting the static equilibrium equations
of the soft exosuit [22] and the rigid finger into the space of
generalized coordinates using the geometric Jacobian through
D’ Alambert’s principle, we get the generalized static equation:

Kq = B(q)u+ F(q), 9)

where K € R™*" is the stiffness matrix, B(q) € R" is the
actuation matrix, u is the actuation force due to the pneumatic
chamber represented as the red line in Fig. 2 and F(q) € R”
is the vector of generalized external (contact) forces.

To implement and solve the full system model, we exe-
cute root-finding methods for equation (9). By incrementally
increasing the actuation force and using each equilibrium
solution as the initial guess for the next iteration, the system
progressively adjusts to maintain stability and computational
efficiency as the load increases.

B. Exosuit Parameter Sets

The parameters considered for optimization included the
length (L) and the shape of the exosuit surface (S(X)). Table II
summarizes the parameters, including the three approaches
used to model S(X). Their respective formulations are:

Ro1:5(X) = Ro+X/L-(R1— Ry), (10)
Ry :S(X) = RO+§—8(sm(A-7r-X/L+¢A)(11)
+ cos(B-m-X/L+ ¢p)),and,
N-1
Rpp:S8(X) = > AppPu(X). (12)
n=0

Equation (10) models S(X) linearly from the base (Rp) to tip
(R1) of the exosuit. Thus, for this case Ry i, there are two
parameters to be optimized (Table II). Equation (11) denotes
the formulation for R,., where S(X) is defined as the sum
of a sine and a cosine wave. For this set, there are four
parameters to optimize; the frequency (A, B) and phase (phi,
phiy) of the respective waves. Finally, Ry p in equation (12)
denotes the surface as a sum of N — 1 Legendre Polynomials
(LP) of degree n (P,(X)). Here, the amplitude of the LPs
of subsequent degrees decreases as A,4+1 = 25% where a,,
denotes the n-th LP. To prevent very small exosuit thickness,
the minimum radius of the exosuit was limited to 0.5 cm.
We optimized either the length, the S(X), or both length and
S(X).
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Fig. 3: The exosuit was actuated from O N to 10 N in steps of 2 N. In the second and third rows, we demonstrate the interaction
of the exosuit with a simulated finger defined using either two or three rigid links respectively, showing the effect of interaction
dynamics on overall behavior. The exosuit could only elongate in the X-axis and bend in the Y-axis.

C. Optimization objectives

Hand exos are optimized for their force transmission or
resulting range of motion of the fingers [2]-[5], [7], [15], [16],
[30]. Therefore, we identified objective functions that target
either the deformation or forces applied to the finger:

fo = llall, (13)
feaco 7Ft; and (14)
foe = labell- (15)

The first objective function (13), f,, maximizes the bending
of the three finger joints by minimizing qp, where q, = [r —
01, ™ — O, ™ — 05]T, with 0y, 02, and 65 representing the
bending angles of the finger joints. The objective function f.,,
in equation (14) maximizes the force F} applied by the tip of
the exosuit on the finger. Finally, we wanted to maximize the
bending of the finger while ensuring that the exosuit tip did not
slide along the finger. Therefore, f3. in equation (15) included
the number of spheres along the exosuit that were in contact
with the finger (n.) to the objective function. Here, qp. is
defined as [qp, —n.|T. In all cases, the exosuit was actuated
with force increments starting from O N in steps of 1 N, and the
objective functions were evaluated when the actuation reached
SN

D. Analysis of Results

First, we demonstrate how the configuration of the default
finger-exosuit system changed with increasing exosuit actua-
tion. Next, we evaluate the performance of both gradient-based
and non-gradient-based optimization algorithms for optimizing

TABLE III: Optimized values for each parameter set

Set Optimized Values Time (min)
L 7.97 cm 30
Ro1 [0.67, 0.75] cm 96
L, Ro,1 [10.8, 0.65, 0.74] cm 201
Rsc [-2, -0.5, 0, 0] 66
L, Rsc 10 cm, [-2, -0.5, 0, 0] 77
Rrp [0.4,0.7,0,1,0.8,09, 1,1, 1, 1 ] 236
L, Rpp | 10cm; [04,0.7,0,1,0.8,09, 1, 1, 1, 1] 264

the system’s parameters. The gradient-based algorithms were
executed using standard approaches in MATLAB, whereas,
we utilized MATLAB’s parallel computing toolbox for the
non-gradient-based algorithms. We then present the optimal
parameters identified for each parameter set, followed by an
analysis of how different objective functions influence the re-
sulting optimal parameters. The simulations and optimizations
were performed using MATLAB R2024a on a Windows 11 PC
with 16 GB RAM and a 6-core processor clocked at 3.4 GHz.

III. RESULTS

In Fig. 3, we illustrate the differences in exosuit actuation
with and without the finger. In the second row, we introduce an
intermediary design where the finger is modeled with two rigid
links, to demonstrate changes in the exosuit kinematics with
respect to degrees of freedom of the finger. The exosuit was
actuated with forces ranging from 0 to 10 N in increments of
2 N. The current kinematic state of the finger-exosuit system
was used as the initial condition for solving the subsequent
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Fig. 4: Optimization of set Ry ; using non-linear least-squares
(LS) and pattern search (PS) algorithms. (a) and (b) show two
different views of the non-linear solution space, with the global
minima depicted in (a). The 10 and 2 random initial conditions
for LS and PS are denoted with L; and P; respectively.

actuation step. At 10 N, the sum of angles of the finger joints
was 0.27 rad with two links, whereas with three links, the
bending increased to 1.05 rad. As the finger and exosuit tips
were not kinematically fixed in the implemented SoRoSim
model, the exosuit slid along the finger as bending and
actuation increased.

Next, we evaluated the performance of gradient-based and
non-gradient-based algorithms in optimizing the exosuit pa-
rameters. Fig. 4 illustrates that the value of the objective
function f, for the set Ry ; (which includes the radii at the
base and tip of the exosuit) varies non-linearly. We compared
the performance of the non-linear least squares solver (LS)
implementing Levenberg-Marquadt and pattern-search (PS)
algorithms in identifying the global minimum. The true global
minimum is shown in yellow in Fig. 4a where Ry and R;
are 0.53 cm and 0.52 cm respectively. Ten random initial
conditions were used for LS, while two were used for PS.
Based on the results, we proceeded with the PS algorithm for
further analysis.

Table III presents the values for each parameter set of
the exosuit optimized for maximum finger bending (f; in
equation (13)). The resulting exosuit designs are visualized

TABLE IV: Optimal values of (L, Ry 1) set for each Objective
Function

Objective L Ro Ry Time
Function | (cm) | (cm) | (cm) | (min)
fo 10.8 | 0.65 | 0.74 203
Jezo 104 | 062 | 0.80 | 119
foe 9.6 0.88 | 0.57 166

in Fig. 5. For each set, the exosuit was actuated from 0 to 5 N
in 1 N increments. In Fig. 5, we show the kinematics of the
finger-exosuit system at 0 and 5 N. Since the objective was to
maximize finger bending at 5 N, all optimized parameter sets
outperformed the default model parameters. Optimizing the
(L, Rpp) parameter set took the longest, while the (L, Ry 1)
set achieved the furthest finger bending, reaching 1.43 rad
when actuated with 5 N.

Fig. 6 compares the differences in bending of the finger
joints for the three objective functions chosen (equation (13)
- (15)). We present results for the parameter set (L, Ry.1)
as it had the most bending among all sets (Fig. 5). We find
that all three objective functions enabled bending of the finger
joints. Table IV summarizes the optimal values of L, Ry, and
Ry for each objective function, and the time taken for the
optimization.

IV. DISCUSSION

In this paper, we present the modeling and design opti-
mization of a soft exosuit for the finger. Utilizing SoRoSim
toolbox allowed us to include both soft-exosuit and finger
mechanics in-the-loop. We simulated the exosuit as a planar
pneumatic actuator and included simple interaction mechanics
between the finger and exosuit during movement. This model
was used to optimize the design of the exosuit to maximize the
range of motion of the finger. This study offers a simulation-
based approach for designing a soft exosuit for the finger, with
potential to inform optimal designs for other soft wearable
assistive devices.

Fig. 4 shows that the bending of finger joints does not
change smoothly as the base and tip radius of the exosuit is
changed. Moreover, the global minima was found to be around
0.53 cm and 0.52 cm for the Ry and R; respectively, and not
at the lower bounds of the radii (0.4 cm). This could be due to
possible sliding of the exosuit tip over the finger which results
in a non-linear change in the objective function as a function
of change in the exosuit radii.

As we modelled the exosuit as a Cosserat Rod, the pa-
rameters to be optimized varied from 1 (set L) to 11 (set
(L, Rprp) ). Nonetheless, this is close to or lower than
studies that optimize rigid finger exos which include 10 to
21 parameters [4], [7], [14]. While evolutionary algorithms
are commonly used for exosuit design optimization [13], a
preliminary comparison with other non-gradient-based algo-
rithms revealed that pattern search (PS) was most robust in
converging to an optimal solution. Although, utilizing the
parallel computing toolbox reduced the overall optimization
time, optimizing the (L, Ry p) parameter set still took nearly
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Fig. 6: The differences in bending angle across the three
objective functions for the (L, Rp.) set are shown. The
exosuit is actuated from O N to 5 N.

4.5 hours. Ry p (equation (12)) defined the exosuit surface as
a general spline, however, this parameter set did not result
in most bending of the joints. This could have been due to
inability of the PS to converge to a global minimum for this set
with 11 parameters. Advanced optimization algorithms could
explore the higher dimension solutions space more efficiently.

The overall bending for the parameter set (L, Ro1) at 5 N
was 82° (Fig. 5). The pose of the finger shows that although
the exosuit bends the finger joints, unlike rigid exos, it is not
able to curl the fingers [4]. This is mainly due to the design of
the exosuit actuation. Inclusion of additional chambers could
help target different finger poses including curling.

As the actuator is placed along the surface of the exosuit,
changing the exosuit parameters influences the force transmis-

sion, and in turn contact with the finger. In Fig. 5, we see for
all three cases (Rp,1, Rsc, and, 27, p), that the optimal exosuit
surface is shaped with a thinner base and a thicker tip. As the
exosuit is actuated, the thinner base allows greater bending,
resulting in the exosuit sliding across the finger. This effect
arises from the lack of a fixed joint between the finger and
the exosuit. Additionally, Table III shows that for parameter
sets with more complex surface definitions ((L, Rs.) and
(L, Rrp)), the parameter L remains close to its initial value.
This suggests that the shape of the exosuit surface has a greater
impact on bending than its length. Nonetheless, including
a constraint between the tips of the exosuit and the finger
could influence the mechanics of the finger-exosuit system and
thereby the optimal design of the exosuit [3]-[5], [7], [14].
This constraint was excluded in this study as it prevented a
natural bending of the finger with increasing actuation of the
exosuit.

We evaluated the impact of different objective functions on
the optimization of the parameter sets in Fig. 6 and Table IV.
Overall, the objective function focused on maximizing bending
was the most effective. The parameter values of L, Ry, and R
were similar for the objective functions f, and f..,. For both
cases, the base radius Ry was smaller than the tip radius R;,
and they both have a large bend angle of the finger when the
exosuit was actuated to 5 N (Fig. 6). Alternatively, fp. resulted
in a narrower tip in order to maximise contact between the
exosuit and the finger.

There are a few limitations to the study. We assumed a
simple contact model with only normal contact forces. Incor-
porating tangential friction and velocity-dependent interactions
could enhance the interaction mechanics between the finger
and the exosuit, but would require more robust solvers that
account for kinematic and closed loop constraints in the finger-



exosuit system [31]. This would help us analyze the interaction
between the exosuit and finger in further detail.

We modeled the finger using average dimensions measured
from participants [26]-[28]. However, the lengths of the finger
segments could have also been varied to study the changes
in optimal exosuit design for varying anthropometry [7].
Moreover, we focused on exosuits that are placed in parallel
to the finger, whereas, soft-exosuits typically wrap around the
finger [15], [16], [30]. This requires modelling the exosuit as
a glove and modelling additional interactions with the finger.
Finally, the finger was assumed to be a three rigid link system
passively driven with fixed joint stiffness. Biomechanical sim-
ulation tools that incorporate the musculoskeletal structures
can offer better insights on the user biomechanics during
movement [32].

As a follow-up, the results from the simulation must be
compared to experimental data. The optimal exosuit design
can be fabricated using Ecoflex and actuated to assist a 3D
printed finger [33]. The elongation and bending of the exosuit
needs to be constrained to match the simulation presented in
this study. This can help us validate the optimal exosuit designs
identified by the technique.
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