International Journal of Mechanical Engineering and Robotics Research, Vol. 15, No. 3, 2026

Application of the DfT Methodology for the
Design and Validation of Exoskeletons Used in
Hand Rehabilitation for Patients with Cerebral

Vascular Accident

Erick Chuquimamani

! Edwin C. Calcina
and Erick Valdeiglesias Flores

2

L% Yuri L. Silva ©!, Daniela Ponte @2,

1

' Mechanical Engineering Professional School, Production and Services Faculty,
Universidad Nacional de San Agustin de Arequipa, Arequipa, Peru
2 Nursing Professional School, Nursing Faculty, Universidad Nacional de San Agustin de Arequipa, Arequipa, Peru
Email: echuquimamani@unsa.edu.pe (E.C.); ecalcinac@unsa.edu.pe (E.C.C.); ysilvav@unsa.edu.pe (Y.L.S.);
dponte@unsa.edu.pe (D.P.); evaldeiglesias@unsa.edu.pe (E.V.F.)
*Corresponding author

Abstract—Currently, exoskeletons have been developed for
the rehabilitation of patients with paralysis or loss of function
in the hands and upper limbs, a condition that mainly result
from Cerebral Vascular Accident (CVA). Although
significant advances have been made in rehabilitation
devices, technical limitations related to mechanical and
functional characteristics remain. This article studies the
application of the Design for Testability (DfT) methodology
to define mechanical and functional evaluation criteria in the
design of exoskeletons with potential applications in hand
rehabilitation. To this end, recent studies presenting
methodologies for evaluating the development of
exoskeletons for the rehabilitation of patients with CVA,
using mechanical and/or functional criteria, were first
reviewed. Based on this and the Design for eXcellence (DfX)
concepts, a DfT methodology for exoskeletons was developed
and verified, with the potential for implementation in hand
rehabilitation for CVA patients at the 50th percentile. The
prototype was designed in 3D modeling software,
manufactured, and verified using the proposed methodology.
The results show that the DfT methodology enabled the
design and validation of exoskeletons with the potential to be
implemented in hand rehabilitation procedures in CVA
patients, covering everything from the design stage to
manufacturing, resulting in better mechanical and functional
characteristics and low cost in line with the needs of CVA
patients.

Keywords—methodology, design, Design for Testability
(DfT), hand exoskeleton, Cerebral Vascular Accidents
(CVA), Design for eXcellence (DfX), mechanics

I. INTRODUCTION

The World Health Organization (WHO) indicates that
heart attacks and Cerebral Vascular Accidents (CVA)
account for more than 27.2% of deaths worldwide [1]. In
the last decade, the risk of developing CVA has increased
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by up to 50%. Currently, 1 in 4 people are at risk of
suffering a CVA, and 86% of CVA deaths occur in
low-income countries [2]. In Peru, CVA cases increased
by 6.7 cases per 100,000 people in a single year, with men
over 35 years of age the most affected group [3]. The CVA
is caused by the interruption of blood flow to part of the
brain, which consequently reduces the supply of nutrients
and oxygen to the brain, leading to deterioration and
damage to motor and cognitive functions [4]. These
sequelae are usually paralysis or loss of function in the
hands or upper extremities, representing between 85% and
87% of patients suffering from CVA [5, 6].

In response to this, exoskeletons have been developed
in recent years for the rehabilitation of the upper and lower
limbs. In hand rehabilitation, exoskeletons have become an
essential tool for therapeutic procedures [7, 8].
Plessis et al. [9] review 43 active hand exoskeletons from
the last decade. Huamanchahua et al. [10] conducted a
systematic review of 33 research articles addressing the
assistance and rehabilitation of patients using hand
exoskeletons. Kabir et al. [11] reviewed 35 Hand
Rehabilitation Devices (HRDs) and evaluated their design,
actuation, control systems, and therapeutic strategies.
Achilli et al. [12] presented a classification of hand
exoskeletons, dividing them into three categories: rigid,
soft, and hybrid.

e Rigid; these are the oldest models and among the
first to be developed for hand rehabilitation. They
have rigid links and are composed of complex
articulated mechanical systems that provide
greater load capacity and precision.

e Soft; these work with a mechanical tendon system
and resemble soft gloves. They are an alternative
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to rigid exoskeletons because they offer greater
flexibility, are lightweight, and comfortable.
Hybrid; their design combines rigid and flexible
elements, providing intermediate load-bearing and
precision characteristics between rigid and soft
exoskeletons. They are also commonly combined
with additive technology to create flexible
structures and better adapt the device to human
movements.

The use of motorized hand exoskeletons showed better
results in chronic CVA patients [13]. Haarman et al. [14]
designed an exoskeleton with mechanical indicators,
improving the functionality of the Metacarpophalangeal
(MCP) joints, achieving opening and closing ranges of up
to 46°. Although these hand exoskeleton options offer
optimal results for CVA patients compared to
conventional therapies [15], their validation systems
primarily focus on clinical indicators. However, these
studies do not explore mechanical and functional criteria
during exoskeleton development, which is why technical
failures persist.

On the other hand, the Design for eXcellence (DfX)
approach has evolved in recent years and has been
integrated across various areas of device development,
optimizing aspects such as reliability, usability, and
validation [16—18]. Thompson et al. [19] evaluate the
incorporation of DfX concepts, such as Design for
Additive Manufacture (DfAM), into the design and
manufacture of industrial devices. In the medical field,
Tsiokou et al. [20] implemented DfAM and Design for
Recycling (DfR) in orthoses design. In addition, among the
DfX concepts, Design for Testability (DfT) stands out, as
it enables devices to be developed from conceptualization

through manufacturing while accounting for guidelines for
subsequent validation. Zhang et al. [21] developed an
inspired-by DfT model for developing safe systems.
Similarly, Acevedo et al. [22] affirm the importance of
using an approach inspired by DfT methodologies for the
design and manufacture of quality products in the medical
field. These studies demonstrate that the use of DfX
concepts, specifically DfT, is useful for the development
and validation of exoskeletons with the potential to be
applied in hand rehabilitation for CVA patients, based on
mechanical and functional criteria.

In this article, we present a DfT methodology based on
DfX, which defines the mechanical-functional evaluation
criteria and subsequent validation of mechanical
characteristics during the development of a hand
exoskeleton for CVA patients. To this end, we analyze
several recent studies on hand exoskeletons and their
mechanical and functional validation methods. Then,
taking into account DfX concepts, we develop a DfT
validation methodology tailored to evaluate hand
exoskeletons. The methodology is evaluated in a case
study of an exoskeleton with the capacity to be
implemented in hand rehabilitation for CVA patients at the
50th percentile, from the design phase through its
construction and laboratory testing.

II. LITERATURE REVIEW

This chapter reviews 23 studies on hand exoskeletons
for stroke patients, where the tests are grouped according
to mechanical characteristics into two groups: functional
tests and mechanical tests, as shown in Table I.

TABLE I. FUNCTIONAL AND MECHANICAL TESTS IN CURRENT RESEARCH

Reference Functional Test Mechanical Test Test Details
[23] Yes Yes Mobility tests, mechanical simulations.
[24] Yes No Mobility tests with CVA patients.
[25] Yes No Functional testing with video game interface.
[26] Yes Yes Assessment of performance, strength, and mobility.
[27] No No Design and manufacturing, without testing.
[28] No No Conceptual design, untested.
[29] No No CAD design, without experimental validation.
[30] Yes Yes Motor control and strength tests on prototype.
[31] Yes No Preliminary clinical trials considering mobility.
[32] Yes No Evaluation of aptica experience with users.
[33] Yes No Grip and mobility assistance tests.
[34] Yes No Clinical trials in patients undergoing assisted therapy.
[35] Yes No Functional evaluation with neural networks.
[36] Yes Yes Mechanical and functional tests.
[37] No No Architectural proposal, without evidence.
[38] Yes Yes Electromyographic control and resistance tests
[39] Yes No Basic functionality tests.
[40] Yes Yes Finger movement and strength tests.
[41] Yes No Functional assessment with CVA patients.
[42] Yes Yes Control and mechanical response tests.
[43] Yes No Mobility tests with post-CVA patients.
[44] Yes No Functional tests in CVA patients.
[45] Yes Yes Functional testing and evaluation with CAD design

First, a systematic review was conducted in Scopus,
IEEE Xplore, and Google Scholar, covering the period
from 2014 to 2025 and using the following combination of
keywords: “hand rehabilitation exoskeleton”, “limb
exoskeleton”, “low cost”, “testing methodology”,
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“evaluation  protocol”,  “clinical  testing”, and
“rehabilitation post CVA patients”. Next, studies were
included that evaluated mechanical, functional, or
combined hand exoskeletons, either with real tests or
software validation. Studies that mentioned exoskeletons
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for rehabilitation of limbs other than the hand were
excluded, as were studies with a control focus, electrical
and electronic design, and duplicate studies.
Consequently, this systematic review identified 23 studies
that met the above criteria.

It was found that 19 studies incorporated functional
tests, as shown in Fig. 1, evaluating mobility, control, and
functionality with patients. It was also found that 8 studies
incorporated mechanical tests, evaluating resistance and
rigidity with software simulations, as well as load capacity
and grip. In addition, other 8 studies integrated mechanical
and functional validation, resulting in a hybrid evaluation.
This grouping of tests allowed us to identify that,
according to the mechanical characteristics, the functional
type test is the most used, and mechanical validation has
not been explored in the same way, showing inequality and
low reliability in current validation protocols.

On the other hand, there are IEC/ISO validation
standards such as IEC 60601, ISO 14971, and IEC 62366
that provide validation protocols for medical devices
regarding electrical safety, risk management, and
usability, respectively [46—48]. However, these procedures
do not focus on the mechanical and functional aspects
applicable to hand rehabilitation exoskeletons. The IEC
80601 standard described a functionality assessment
procedure for rehabilitation devices [49], while ISO 5363
presented a testing methodology for robots and walking
exoskeletons [50]. However, although these standards
provide a partial functionality assessment methodology,
they do not integrate specific mechanical assessment
aspects for hand exoskeletons applied to hand
rehabilitation in CVA patients.

This suggests the need to implement a standardized
testing methodology that includes more mechanical
aspects and seeks to optimize the designs of hand
exoskeletons for CVA.

III. DESIGN FOR EXECELLENCE AND DESIGN FOR
TESTABILITY

This chapter explains the concepts of DfX and DfT, as
well as the components of the validation methodology
inspired by DfT.

The concept of DfX refers to a design methodology for
obtaining products according to specific criteria, such as
manufacturing, assembly, quality, ergonomics, among
others.

Among the DfX criteria, this work focuses on DfT.
Since it focuses on designing a product with efficient
validation protocols, it allows technical problems to be
detected during the design phase and ensures it is optimally
adapted for validation testing. The importance of DfT in
this research lies in the fact that it will increase the
reliability of hand exoskeleton designs with the potential
to be applied in the rehabilitation of stroke patients, as well
as in the development of comprehensive validation
protocols that focus on functional and mechanical
protocols.

Based on DT concepts, a methodology for developing
and evaluating hand exoskeletons has been developed.
This methodology is divided into three components, as
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shown in Fig. 1: design requirements; design and
construction; and validation with DfT protocols.

(1) Design requirements: User requirements are
collected, then design requirements are generated
based on the functional and mechanical tests
explained in the previous chapter, seeking to
integrate a comprehensive testing protocol for
DAT.

Design and construction: CAD mechanical design
is developed in this case study, the mechanical
characteristics are verified for strength and
deformation using software and the Finite Element
Analysis (FEA) method, then the prototype is
manufactured and assembled, also evaluating
manufacturing costs.

Validation with DfT protocol: Six types of
tests  (anthropometric; — mobility;  weight;
assembly/disassembly; ergonomic, comfort, and
usability; grip strength) are incorporated based on
the validation methods used in various hand
exoskeleton development studies. These are
integrated, and the DfT validation protocol is
generated for our case study.

2

)

. . Design and Validation with DfT
Design requirements )
construction protocol
/ \ ( . \ ( Anthropometric
. * CAD mechanical “p
¢ Compilation of . * Mobility
design .
user R * Weight
. * Resistance and
requirements . * Assembly/
. deformation :
* Obtaining . disassembly
X * Manufacturing .
requirements and assembl ¢ Ergonomic,
according to DfT 'y comfortable, and
* Manufacturing
concepts cost easy to use
\ j \ / \- Grip strength /

Fig. 1. DfV methodology applied to hand exoskeletons.

This methodology allows for the establishment of test
methods and measurable acceptance criteria for each
design requirement from the earliest stages, focusing on
evaluating the mechanical and functional performance of
the exoskeleton for hand rehabilitation during the design,
construction, and validation stages.

IV. CASE STUDY: DESIGN OF AN EXOSKELETON WITH
POTENTIAL FOR IMPLEMENTATION IN HAND
REHABILITATION FOR CV A PATIENTS

This chapter presents a case study of hand exoskeletons
with characteristics that could potentially be implemented
in stroke rehabilitation procedures and how the DfT
methodology proposed in the previous chapter is applied
during their development.

Following the DfT methodology outlined in the
previous chapter and after exploring the research in
Table I, the 11 characteristics that a hand exoskeleton
should have were identified, and the specific requirements,
validation methods, and acceptance criteria were adjusted
with a mechanical and functional evaluation approach for
each characteristic, as shown in Table II. This shows how
the design decisions that will be developed during this case
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study are related to a validation method and acceptance
criteria.

The acceptance criteria determined in Table II were
based on actual biomechanical and clinical rehabilitation
values. The 50th-percentile dimensions and angles of each
joint, based on the DIN 33402 standard, ensure a design
that fits the average adult hand. The weight recorded in
other studies of 415 g indicates that the 500-gram limit is
in line with low-cost exoskeletons. The proposed 10DoF is
a limit that coincides with the common range of
commercial exoskeletons, which range from 5 to 15 DoF.
Five minutes for assembly and maintenance corresponds

to an adequate time for clinical devices. The Likert scale
rating of 4 or higher for safety, comfort, ergonomics, and
usability was established according to the Likert scale with
questions appropriate to clinical criteria. The cost of
100 USD aligns with the trend toward low-cost prototypes,
falling below the recommended values for exoskeletons of
200 USD. The safety factor was determined to ensure the
structural integrity of the device. Likewise, the load
capacity was defined as a minimum of 10N so that the
exoskeleton can provide day-to-day rehabilitation
operations with objects such as bottles, plates, cutlery, and
tools mentioned in the Yale-CMU-Berkeley list of objects.

TABLE II. DESIGN REQUIREMENTS ALIGNED WITH DFT

Feature Specific Requirement

Validation Method

Acceptance Criteria

Adjustable to size M (50th

Anatomical adaptability percentile)

Anthropometric

Complies with the hand size range of adults
above the 50th percentile according to DIN
33402 [51].

60°—70° (MCP)

The movement complies with the range of

Range of joint motion 806609(()13(1}}?)[) ) Mobility motion of joints in standard DIN 33402 [51].
. . . . Less than 500 g, considering that existing hand
Weight Lightweight Weight exoskeletons weigh 415 g [52].
Flexible mobility in ever 10 Degrees of Freedom (DoF), above average
Degrees of freedom y y Mobility value of existing designs ranging from 5 to 15

finger

DoF [9].

Assembly and
maintenance

Assembly/disassembly time
less than 5 minutes

Assembly/Disassembly

Less than 5 minutes without complex tools and in
low-resource environments [53].

Safety No risk of entrapment or cuts

Ergonomic, comfortable, and
simple to operate

Ergonomics and safety report according to the
Likert scale with values equal to or greater than 4
[54].

User comfort

Prolonged use without
discomfort

Ergonomic, comfortable, and
simple to operate

Comfort rating according to the Likert scale with
values equal to or greater than 4 [54].

User-device interface

Simple on/off switch

Ergonomic, comfortable, and
simple to operate

Usability rating according to the Likert scale
with values equal to or greater than 4 [54].

Cost

Low cost, less than 100 USD

Manufacturing costs

Less than 100 USD, according to the low-cost
recommendation indicating values below 200

USD [34].

Resistant and rigid under

Basic durability stress

Strength and rigidity

Safety factor greater than 2.0. This value aligns
with standard recommendations in mechanical
design to prevent structural failure.

Lift light objects with a load

Grip strength of up to 10N

Grip strength

Over 10 N of force in the fingers, aligned with
the maximum recorded weight of 1.131 kg, on
standard Yale-CMU-Berkeley objects [55]

Next, the 3D model of the exoskeleton is designed,
taking into account the validation criteria and requirements
seen above. The modeling is done in SolidWorks software,
as shown in Fig. 2. The design takes into account the
dimensions of a 50th-percentile hand. The traction rings
are designed to fit between the phalanges of the fingers,
and their upper and lower holes, through which the traction
cord passes, are aligned at the midpoint of the
Metacarpophalangeal (MCP), Proximal Interphalangeal
(PIP), and Distal Interphalangeal (DIP) joint phalanges.
The traction couplings were designed with holes to allow
the springs and cords to be exchanged during testing, and
their location behind the exoskeleton prevents jamming
between the glove fabric and the springs. Both the lower
and upper casing designs were designed to accommodate
a 50th-percentile hand, with a foam coating, considering
the variation in dimensions among patients of the same
percentile. The design has external rails for the cords and
springs so that any type of failure can be detected during
testing. Both the box and the electronic component support
have side and top cavities, as well as screw connections for
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easy disassembly and visualization of the electronic
components during testing.

(@ (b)

Fig. 2. 3D modeling of exoskeleton with the ability to be applied to hand
rehabilitation: (a) top view of the model in left image; (b) bottom view of
the model in right image.

The mechanical characteristics of both strength and
stiffness are then evaluated using FEA, as shown in
Figs. 3 and 4, respectively. A load of 10 N was applied,
representing the minimum force clinically required
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according to the critical weight of objects in the
Yale-CMU-Berkeley standard. The outer face of the upper
housing was restricted to simulate fixation. PETG material
with a Young’s modulus of 2.96 GPa, Poisson’s ratio of
0.37, and elastic limit of 57.3 MPa was applied. The mesh
is based on curvature with an average mesh size of
4.95 mm. Design iterations were performed using FEA to
minimize the risk of structural failure and deformation.
The maximum stress was recorded at 7.065 MPa, located
in the upper shell of the thumb cavity, and the maximum
deformation recorded was 1.39 mm, occurring in the same
shell, at the point furthest from its structure, approximately
above the index finger. To calculate the safety factor, the
values obtained from the FEA analysis are substituted into

Eq. (1), where “FS” is the safety factor, “g,” is the elastic
limit of PETG, and “0,,,,”" is the maximum Von Mises
stress obtained from the FEA simulation:
FS = Uy/amax (1)

The critical safety factor value was calculated at 8.1.
This indicates that the proposed design guarantees
structural strength and rigidity, and would even allow for
further optimization of its design to reduce the weight of

the device for future work. This analysis also allows us to
identify critical areas to pay attention to during testing.

FDs
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8.111e+00
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_ 1.048e+01

9.300e+00

8.111e+00

Fig. 3. FEA simulation to validate strength.
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1.392e-01
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Fig. 4. FEA simulation to validate stiffness.

Finally, the prototype was manufactured using additive
printing technology with PETG material and assembled as
shown in Fig. 5. There are 20 parts divided into three
groups: traction structures, main structure, and secondary
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structures. The main structure consists of two parts, one
being the upper casing and the other being the lower
casing. These two pieces are attached to the hands of users
in the 50th percentile. The rail where the traction springs
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are located is installed on the upper casing, and the
secondary structures, which refer to the structures of the
electronic components, are attached to the lower casing.
The secondary structure consists of three parts: two parts
are the frames to which the electronic components and
motors are screwed, and one part is the electronic box,
which covers and protects the entire set of electronic
components and attaches them to the lower casing of the
exoskeleton. Then, in the traction structures, it refers to the
mechanisms that interact with each other to generate the
movement of the MCP, DIP, and PIP joints, as well as the
opening and closing movement of the exoskeleton. It is
composed of 15 pieces, 10 of which are traction rings that
are installed on each finger (2 rings per finger). Each ring
has two opposite holes through which the traction cord
passes. On one side, the cords are connected to three
servomotors, distributed as follows: the cord for the thumb
mechanism goes to one servomotor, and the other four sets
of mechanisms are connected to two servomotors. On the
opposite side of the cords, there are five pieces that are the
traction couplings for each cord. These couple the cords
coming from the fingers to a traction spring each. The
drive is powered by a spring-cord traction system, where
the mechanisms of each finger are pulled by servomotors.
The servomotors wind the cords onto a pulley, generating
the flexing movement of each finger’s phalanges. The
fingers are extended by the force of the traction springs,
which generate passive movement, reducing the energy
consumption of the motors. As seen above, the structural
configuration of the exoskeleton and the selection of a
rope-spring traction system reduce the mass and number
of components, making the exoskeleton design a
simplified structure that is easy to assemble/disassemble.
The drive system with three servomotors is a configuration
that also simplifies the design and reduces the number of
actuators without the exoskeleton losing its basic
flexion/extension functions. From a DfT perspective, the
exoskeleton’s design facilitates the evaluation and
detection of mechanical failures in each component during
the different stages of the DfT evaluation.

Fig. 5. Construction and assembly.

Next, a manufacturing cost analysis was performed for
the proposed exoskeleton, considering mechanical
materials (screws, springs, traction cables), electronic
components (servomotors, batteries, microcontroller
board, resistors, buttons, and cables), PETG 3D printing
material, assembly labor, and 3D printing operator labor,
which can be seen in Table III.
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TABLE III. MANUFACTURING COSTS

Description Cost (USD)
Mechanical materials 8
Electronic components 12
PETG 3D printing material 30
Assembly labor 20
3D printing operator labor 14

The total manufacturing cost is USD 84, which is in line
with the DfT approach, as it contributes to the goal of
developing a low-cost exoskeleton for clinical
environments with limited resources. In addition, this
facilitates maintenance and sustainability operations, due
to the easy replacement of parts and the low cost provided
by the additive manufacturing process.

V. APPLICATION OF DEFT METHODOLOGY IN CASE STUDY

This chapter presents the tests from the DfT
methodology testing protocol, as well as their application
for evaluating the hand exoskeleton. The tests are divided
into six types: anthropometric; mobility; weight;
assembly/disassembly; ergonomic, comfort, and usability;
grip strength.

A. Anthropometric Test

This test allows the dimensions of the prototype
manufactured using additive printing technology to be
evaluated in comparison with the design, as shown in
Fig. 6. To do this, 10 anthropometric measurements are
considered, and up to 5 measurements were taken for each
item, as shown in Table IV. Measurements such as the
length of the support for the little finger and the
height/thickness of the palm space were made with
precision. However, other measurements, such as the
distance of the index finger support and the distance from
the base of the wrist to the start of the fingers, vary from
the designed measurement by 0.39% and 0.4%,
respectively. These variations are due to manufacturing
parameters, as well as thermal expansion that occurs
during 3D printing. Despite the variations, these did not
cause any complications during the assembly of the

prototype.

Fig. 6. Anthropometric and weight validation of the exoskeleton: (a)
Left: anthropometric validation; (b) Right: weight validation.
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TABLE IV. VALIDATION RESULTS OF ANTHROPOMETRIC DIMENSIONS

Item Description Design Value (mm) Measured Value (mm) Diff. %
1 Total length from wrist to middle finger tip 183 182.9+0.2 0.05
2 Maximum width of the palm 97 97.2+0.3 0.21
3 Thumb rest length 71 71.1£0.1 0.14
4 Index support length 87 87.0+0.1 0.00
5 Length of the support for the medium 103 103.4+0.4 0.39
6 Length of the ring finger support 88 88.2+0.2 0.23
7 Length of the little finger support 72 72.0+0.1 0.00
8 Index-middle interdigital space 28 28.1+0.1 0.10
9 Height/thickness of palm space 45 45.0+0.1 0.00
10 Length of the base from the wrist to the start of the fingers 95 95.4+0.3 0.40

TABLE V. REFERENCE VALUES FOR MECHANICAL AND FUNCTIONAL

ANGLES
Finser Joint Mechanical Functional
g Reference Angle Reference Angle
Index, Middle, = MCP 80°-90° 60°-70°
Ring, Little PIP 100°-110° 80°-90°
MCP 61° 60°-70°
Thumb 1P 81° 80°-90°

TABLE VI. VALIDATION RESULTS OF JOINT MOTION RANGE

Finger DoF Joint Mechanical Angle Functional Angle
Ind ,  MCP 84.6+0.5 69.4+3.7
ndex PIP 105413 85.6+13
Medium 2 MCP 84.6+ 0.9 682+22
PIP 106.8 = 1.5 82.0+2.1
Rin ,  MCP 874+0.5 69.8+ 1.3
g PIP 106.4 = 1.5 80.8+2.5
) MCP 86.6+ 0.9 70.0 £2.7
Litle 2 pp 105.0 + 1.4 77.6 4 0.9
MCP 62.8+13 414+25
Thumb 2 80.8 + 0.4 704415

B.  Mobility Test

This test evaluates the mobility of the phalanges and
joints of the hand exoskeleton. Table V shows the
reference angles for the Interphalangeal (IP), MCP, and
PIP joints, according to the studies by Tavakoli et al. [56]
and Lee and Jung [57]. Table VI shows the results obtained
from the mobility tests, with 2 DoF per finger, 10 degrees
of freedom for the entire exoskeleton, and up to 5
measurements per item for mechanical and functional
angles. In terms of the mechanical angle assessment, only
the thumb had a variation of 1.8° with the reference
measurement in the MCP and 0.2° from the reference
measurement in the IP. On the other hand, the functional
angle evaluation shows greater variations. Initially, most
fingers did not reach the reference angular measurement.
In response to this, the servomotor was adjusted by
modifying the stop on its mechanism, achieving an angle
greater than 180°. This modification allowed the angular
values of the fingers to be increased. However, in the little
finger, the PIP angle of 77.6 + 0.9° did not reach the
reference measurement, as was the case with the thumb,
with MCP and IP with values of 41.4 + 2.5° and
70.4 + 1.5°, respectively. This is due to the anatomical
complexity of the thumb, which causes deviations in its
functional angles, and to limitations in the drive system
that moves the traction cords for the little finger and
thumb. Even so, these deviations are acceptable for
rehabilitation tasks, as they do not require a high degree of
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precision. However, for tasks that require grasping objects,
the servomotors for the thumb and little finger would need
to be redesigned. In the case of the thumb, the position of
the servomotor would need to be redesigned to compensate
for the displacement of the traction cord and achieve the
desired angles. For the little finger, an independent motor
would need to be added and its position redesigned in a
similar way to the thumb.

C. Weight Test

The weight test evaluates the weights of each
component and the total weight of an exoskeleton with
potential for implementation in hand rehabilitation.

Fig. 6(b) shows the total weight of the device, which is
694 g. the specific weights of each component are shown
in Table VII. The heaviest components are the lower and
upper shells, weighing 121 g and 117 g, respectively. The
lightest components, weighing less than 10 g, are the rail
guides, protective foam, and the Arduino Nano. The
structural components account for 71% of the weight,
while the electronic components account for 29%. This
increase in weight is mainly due to the inaccuracy of the
weight of mechanical components (screws, springs, foam)
and electronic components (Arduino Nano, cables)
available on the local market.

D. Assembly and Disassembly Test

This test allows the assembly and disassembly time for
device maintenance to be evaluated. The results are shown
in Table VIII, with similar, short times for easy
maintenance.

TABLE VII. WEIGHT VALIDATION RESULTS

Component Recorded Weight (Grams)
Electronics box 62
Lower casing 121
Upper casing 117
Electronic component mounts 44
Traction spring rail 65
Rail guides 5
Protective foam 4
Servomotors 39
6V batteries 85
Arduino Nano 7
Electrical connections 70
Screws 75

TABLE VIII. ASSEMBLY AND DISASSEMBLY VALIDATION RESULTS

Activity Time
Assembly Smin38s
Disassembly/Maintenance 4 min 10 s
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TABLE IX. RESULTS OF ERGONOMIC VALIDATION, COMFORT AND USABILITY USING THE LIKERT SCALE

Description

The exoskeleton fits comfortably on the user’s hand.
No pressure points or discomfort are felt during use.

The movements made with the exoskeleton were natural and fluid.

It is safe and there is no risk of entrapment that could cause injury.

You can wear the exoskeleton for more than 30 min without feeling discomfort.
Turning the device on and off is simple and easy to use.
The basic manual adjustment of the exoskeleton is easy to perform.
The user-device interface is intuitive and accessible without specialized guidance.

E.  Ergonomic, Comfort and Usability Testing

This test allows an exoskeleton to be evaluated based on
the opinions of six healthy users, under the supervision of
two rehabilitation specialists, regarding comfort,
ergonomics, and usability, applying the Likert scale.
According to Koo and Yang [54], the Likert scale
evaluation method has a numerical rating range from 1
to 5, with 1 being the lowest and equivalent to a strong
disagreement, and 5 being the highest, equivalent to a
strong agreement. The results are shown in Table IX. An
optimal result according to the Likert scale should be
greater than or equal to 4 in at least 3 or 4 items, resulting
in 5 items for our case study, with results above 4. On the
other hand, it can be seen that aspects such as the presence
of pressure points, the feeling of entrapment risks, and
prolonged use without discomfort have an average score
of 3. These aspects are more sensitive in actual stroke
patients, which could affect the usability of the device in
actual clinical rehabilitation. Therefore, in terms of device
safety, design improvements should still be proposed to
increase confidence and incorporate the device in
rehabilitation protocols with patients in the future.

F.  Grip Strength Test

This test allows the load capacity of the hand
exoskeleton to be evaluated against different weights, as
shown in Fig. 7. The test protocol has the following
sequence:

First, start with a weight of 5 N. Place the weight
on the exoskeleton’s fingers as shown in Fig. 8.
The device is then activated using the buttons until
it reaches its maximum joint angle, at which point
the buttons are released. If the fingers remain in
that position, the test is passed.

This procedure is repeated, increasing by 5 N.

Fig. 7. Standardized weights for grip strength testing.
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Fig. 8. Grip strength validation.

The test results are shown in Table X. It was determined
that the prototype reaches a maximum load of 25 N with
stress samples in the servomotors. At the next weight of
30 N, the servomotors were unable to lift the weight,
stopping the test. The 25 N load achieved by the device is
acceptable for lifting everyday objects such as cups
(0.147 kg/1.44 N), bottles (1.131 kg/11.09 N), utensils
(0.950 kg/9.32 N), or tools (0.895 kg/8.78 N) [55].

TABLE X. GRIP FORCE VALIDATION RESULTS

Does it comply?

N°  Strength (N) YES/NO Comments
1 5 YES Normal operation
2 10 YES Normal operation
3 15 YES Normal operation
4 20 YES Normal operation
5 25 YES Effort in servomotors
6 30 NO Servomotors stop

VI. DISCUSSION

The application of a DfT methodology based on the case
study of the design and validation of an exoskeleton with
potential for hand rehabilitation in CVA patients made it
possible to establish a methodology that integrates
mechanical and functional aspects from the initial stages
of requirements, minimizing technical failures in the
manufacture of the product and improving the
performance of the exoskeletons in validation tests.

The application of the DfT methodology in mechanical
design software was also taken into account, where 3D
models were generated with geometries that facilitated the
validation of the CVA hand exoskeleton.

The first validation of the DfT methodology begins with
a finite element analysis of the design. This allowed us to
identify potential structural failures in terms of strength
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and rigidity, enabling us to correct the model in software
before manufacturing. This analysis also shows critical
areas, allowing us to pay attention to these areas during
subsequent validation tests.

The manufacture of the hand exoskeleton cost 84 USD,
which is quite affordable and was achieved by applying the
DIT methodology from the initial phase of the device
design.

The DfT methodology allowed for the establishment of
a validation protocol during the empirical validation stage
that incorporates both mechanical and functional aspects,
which in turn improved the way hand exoskeletons for
CVA patients are validated. First, in the anthropometric
test, dimensional deviations are less than 0.4%, indicating
that software design and additive manufacturing methods
achieve a level of precision suitable for hand exoskeletons.
In addition, additive technology allows precision to be
adjusted with tolerances between 0.1 mm and 0.2 mm for
each part. In the mobility tests, it is possible to achieve the
reference mechanical angles DIP, PIP, and IP for the
exoskeleton fingers, indicating that the parts are
adequately designed. However, the reference values for the
functional angles remain at the lower limit of that reference
value, suggesting the use of servomotors with a greater
range of rotational movement. In weight tests, the
reference weight was estimated at 500 g. However, a
weight of 694 g was achieved. Structural components
account for 71% of the total weight. To achieve the
reference weight, topological optimization of the structure
is suggested to reduce weight. On the other hand, among
the electronic components, the heaviest is the battery, so it
is suggested to replace it with lighter batteries, such as
lithium batteries. In the assembly and disassembly
validation test, the operation was performed in 5 min 38 s
and 4 min 10 s, respectively. These times are acceptable
since the reference time required is 5 min. The time can be
improved with longer use by the user. To validate
ergonomics, comfort, and usability, the Likert scale was
applied, which suggests improvements in the comfort of
the exoskeleton, such as the addition of padding in areas
where greater pressure points are perceived to improve the
comfort of the device, as well as the implementation of
safety aspects based on Design for Safety (DfS). Finally,
in the grip strength test, the exoskeleton was able to
support a maximum load of up to 25 N with the fingers
extended. This value exceeded the required 20 N and
makes the proposed exoskeleton superior to several
models available on the market. However, above 25 N,
motor failures occur, so it is suggested that a locking
system be implemented for loads above the limit.

Although the design of the proposed exoskeleton has a
similar architecture and actuation system to several
designs created by other research groups and devices
available on the market, the main contribution of this work
is the integration of a replicable DfT methodology in the
different phases of exoskeleton development. This differs
from other studies that focus on evaluating strength,
endurance, movement, grip, CAD design, or move directly
to clinical evaluations. This study seeks to integrate a
validation methodology that addresses the exoskeleton
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design process from a mechanical and functional point of
view, allowing technical failures to be identified early and
corrected in a timely manner, thus reducing the probability
of technical failures in exoskeletons and offering the
possibility of improving performance in future clinical
trials.

VII. CONCLUSION

The implementation of a methodology inspired by DfT
concepts allowed for the integration of mechanical and
functional evaluation into the development of hand
exoskeletons with potential for hand rehabilitation in
stroke patients, from the initial requirements and design
phase to construction and testing. This minimized
technical failures and resulted in a functional, low-cost
product.

In the CAD design, the use of finite element analysis
software with DfT criteria made it possible to correct
potential mechanical failures and identify critical areas to
be considered in testing and commissioning. In the
manufacture of the exoskeleton, the use of additive
technology demonstrated dimensional tolerances of less
than 0.4%, and it was also possible to manufacture an
affordable product at a cost of USD 84. Tests using the
DfT methodology show that the prototype developed
achieves the mechanical angles of the DIP, PIP, and IP
fingers. However, the results of the functional angles are
lower than required, which could mean the implementation
of servomotors with a higher degree of rotation. The value
of 694 g represents the total weight of the designed device,
which exceeds the required weight of 500 g. This suggests
that the structure needs optimization to reduce the weight
below the required level. Switching to a lighter lithium
battery is also suggested. Assembly and disassembly times
are satisfactory. The evaluation of ergonomics, comfort,
and usability was carried out using the Likert scale, which
allowed us to identify characteristics to be improved in the
exoskeleton, such as design improvements for greater
comfort and safety recommendations. Finally, in the grip
strength test, the exoskeleton has a maximum load capacity
of 25 N, which is higher than various similar devices on
the market.

For future work, the following aspects are considered.
The CAD design will by adjusted by applying topological
optimization techniques to reduce structural weight, as
well as switching to lighter batteries such as lithium
batteries. Servomotors with a greater range of rotation will
be implemented to achieve the functional angle values of
the exoskeleton. To achieve better results from the DfT
methodology, it is recommended to implement safety
criteria through DfS for greater exoskeleton reliability.
The strength testing protocol will be supplemented by
measurements of electrical and thermal characteristics, as
well as repetitive load testing to assess long-term
reliability. The exoskeleton developed using the DT
methodology did not include clinical validation with real
patients; therefore, in future work, the device will be
evaluated in groups of 10 to 30 stroke patients to validate
its use at the hospital level, evaluating grip strength and
movement. Clinical scales such as the Fugl-Meyer and
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Barthel index will also be implemented, ensuring ethical
aspects and consents.

These aspects will be addressed in future research to
optimize methodologies and the development of the hand
exoskeleton.
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