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Prosthetic Hand Prototype with Servomotor and Capacitive Sensor
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Based on the hurdles individuals with an upper limb absence face, biomedical engineering advancements have aimed at providing
a better quality of life for these patients. Despite that, the market alternatives are expensive, which reduces accessibility and creates
a need for the development of more affordable options. This study investigates the possibility of building a functional and under
USD 40 prosthetic hand and its performance. An initial prototype was built using an MDF claw, a servomotor, an aluminum foil
capacitive sensor and a code programmed with Arduino. A second prosthetic hand was 3D-printed using Polylactic Acid plastic,
and a traction system was applied to it. The findings after the performance-testing process suggest that the MDF prosthesis can
carry objects that weigh up to 500 grams. Moreover, although the materials used to assemble the MDF claw cost under USD 40,
ideally, the 3D-printed prosthesis would cost more than the estimated budget. Thus, this study highlights the viability of building a
hybrid-type prosthetic hand without employing overly complex and costly materials. Even so, further studies are required to

investigate utilizing either a more specific sensor or implementing a Bluetooth system for precision and convenience increase.
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Introduction

The human hand enables the execution of a wide range of so-
phisticated movements for interacting with the environment.
The opposable thumb, which also plays a fundamental role,
has allowed higher levels of dexterity and a faster evolutionary
process compared to other animals, as it provides humans with
fine motor coordination and a greater ability to grasp objects'.
Nonetheless, individuals without upper limbs encounter substan-
tial challenges in performing everyday tasks. In Brazil alone,
motor impairments affect 28% of the population living with dis-
abilities, making it the second most prevalent type of disability.
Fortunately, the development and implementation of innovative
technologies have made it possible to mitigate these difficulties,
promoting greater independence and an improved quality of life
for amputees”. Research by Sinha et al. (2011) further supports
this, showing that the use of prostheses is significantly asso-
ciated with improvements in both physical and psychological
well-being®.

Throughout history, various prosthetic technologies have been
developed to provide users with greater comfort, practical us-
ability in daily life, and improved performance. The origins of
prosthetic devices can be traced back to the 16th century, with
documented illustrations of motorized arm and leg prostheses by
Ambroise Paré — an innovative physician and pioneer in surgi-
cal procedures>. Although the concept of prosthetic technology
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has existed for centuries, research in this field remains relatively
limited and often lacks depth. High-quality, comprehensive
studies are still scarce, highlighting the need for continued in-
novation, particularly in advancing solutions that support the
social and functional reintegration of individuals with disabili-
ties®. While prosthetic devices represent a feasible solution to
upper limb loss, one of the main barriers to widespread adoption
is their high cost, which renders these devices inaccessible to
many individuals.

A global analysis highlights that the limited availability of
affordable prosthetic services and devices remains a critical
and widespread issue, particularly in low-resource settings.
McGimpsey and Bradford (2006)® report that millions of indi-
viduals in developing countries lack access to functional pros-
theses, not only due to cost, but also because of inadequate
infrastructure for fitting and maintenance. This significant un-
met need reinforces the urgency of creating alternative, low-cost,
and easy-to-produce prosthetic solutions.

To gain a deeper understanding of prosthesis development,
existing studies on upper limb prosthetic systems were reviewed,
including those by Jacob Segil and colleagues (2017), as well
as PJ Kyberd and PH Chappell (1994)%. While both models an-
alyzed are impressive examples of contemporary engineering—
featuring advanced design and high-quality materials, their pro-
duction costs are significantly elevated. As a result, these devices
remain out of reach for low-income individuals. A manufactured
prosthesis, for instance, can cost between USD 4,000 to 75,0002,
Nevertheless, recent technological advances have opened oppor-
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tunities for the development of more affordable, modern, and
efficient prosthetic solutions, offering greater accessibility to a
broader population.

Furthermore, prosthetic hands available through the e-
NABLE community, such as Jeremy Simon’s Unlimbited
Phoenix Hand"? and Osprey Hand''Y, were examined as rep-
resentative open-source models for low-cost prosthetic design.
These devices emphasize accessibility, simplicity, and innova-
tion, but they generally rely on body-powered traction systems
and lack electronic actuation. In contrast, the prototype de-
scribed in this study integrates a servomotor-driven grasp and a
homemade capacitive sensor while maintaining materials cost
below USD 40. Unlike most existing open-source models, this
work integrates both the electronic control system and the me-
chanical design to support reproducibility and further develop-
ment.

The primary functional prostheses for upper limbs are cate-
gorized into active, myoelectric, or hybrid types. Active pros-
theses are controlled by the user through wires or cables and
require more maintenance. Myoelectric prostheses, on the other
hand, are controlled by software that receives input from sensors
which detect electrical signals produced by muscle contractions.
Hybrid prostheses are controlled by both methods'. In the
operation of the myoelectric model, a mechanical motor works
as an output, receiving code from the software, a program, such
as Arduino, that runs on a computer.

Recent advancements in neural engineering have significantly
improved the control of upper-limb prostheses through surface
electromyography (sSEMG). This technique enables the extrac-
tion of neural information from muscle activity via non-invasive
skin-surface electrodes, allowing for precise and intuitive con-
trol of prosthetic devices. As discussed by Farina and collab-
orators (2014)13 SEMG systems can decode complex motor
commands and enable multi-degree-of-freedom movement in
real time. However, such systems often rely on expensive sen-
sors and high-processing hardware, which limits their use in
low-cost applications. In contrast, this study explores a more
accessible approach: a myoelectric prosthesis with a home-
made capacitive sensor built from aluminum foil, which detects
changes in capacitance caused by subtle forearm movements.
Although this sensor does not directly read bioelectric signals
like SEMG, it functions as a simplified control mechanism based
on user-initiated muscular shifts—offering a low-cost alterna-
tive for basic prosthetic activation. Prior testing ensured that the
signal detected by the aluminum sensor was a result of delib-
erate muscle contractions and not environmental interference.
The prototype is controlled by a servomotor, which operates the
movement of the fingers. Nylon threads function as tendons,
following the flexion/extension of the finger, being sufficiently
loose to allow the finger to move through the servos 4.

Moreover, a technology related to the materials used in pros-
thetic production that is currently experiencing rapid growth

is three-dimensional printing. This method significantly re-
duces material cost and enables customized sizing, tailored
to meet the individual needs of users. Children, for instance,
benefit greatly from this affordability and flexibility, as they re-
quire frequent prosthetic replacements due to ongoing growth'™>.
Three-dimensional design also polishes the cosmetic appear-
ance of artificial hands, which is crucial since a lack of aesthetic
appeal may discourage amputees from using their prosthesis
regularly 0.

Lastly, to assure prosthetic performance needs and capabil-
ities align with the expected outcomes present in successful
commercial and research devices, benchmarks have been estab-
lished in prosthetic literature. Belter et al. (2013) have defined
weighing under 500 g, producing sufficient pinch force (= 65
N), operating at a responsive speed (115-230°/s), and incorpo-
rating features like thumb mobility, compliance, and durability
as the main parameters that provide a framework for evaluating
new prototypes-Z.

In light of these considerations, this study investigates the
viability of developing a functional prosthesis capable of holding
up to 500 grams with a success rate of at least 70%, maintaining
the grip for over 30 seconds and costing no more than USD
40, while considering the accessibility and simplicity of its
production for amputees, alongside advancements in biomedical
engineering.

Methods

Preliminary Models

Before building prototype 1, three simple models were made:
a cardboard finger, a wooden finger, a cardboard hand, and a
servomotor connected to the sensor. These preliminary tests
were performed to check whether the finger joint system would
work, before developing the official prototype.

The prototype would be considered functional if it could lift
objects of increasing mass up to at least 500 g, with a success
rate of > 75% over multiple trials. Failures would be defined as
slippage or inability to raise the object to a height of 10 cm.

Prototype 1

Design and Assembly

To build Prototype 1 (Figure[I), the materials used were an
Arduino set, straws, nylon threads, hinges, and a MDF Y-shaped
piece.

The first step was to sketch a prototype on paper, detailing
the correct proportions (two rectangles measuring 3x7.5 cm
each, one rectangle measuring 3x6 cm and a final Y-shaped
piece). Subsequently, a digital design was created with the
previously established proportions. Then, the design was cut out
of MDF using a laser cutter, and the prosthesis was assembled,
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Fig. 1 Design sketches of prototype 1 in open (left) and closed (right)
positions. The structure consists of a Y-shaped MDF frame with three
articulated fingers. Finger motion is controlled via nylon threads
connected to a servo motor, while elastic threads provide passive
extension, allowing the fingers to return to their original position after
flexion. The system responds to muscle contractions detected by a
capacitive sensor positioned on the forearm, enabling the grasping and
releasing of objects. This configuration represents the final working
model of the first prototype developed in the study.

including hinges, nuts, screws, nylon threads, elastic threads,
and sandpaper strips for the fingers.
Hardware and Software Integration

Fig. 2 Tinkercad simulation of the electronic setup used in Prototype 1
of the prosthetic hand. The system includes an Arduino Uno board
connected to a servo motor (top left) and to a capacitive sensor made
of aluminum foil (bottom right). Four 1.5V AA batteries supply power
to the motor through the breadboard to avoid overloading the Arduino.
The aluminum foil sensor does not detect muscle movement directly;
instead, it captures changes in capacitance that occur when the user’s
forearm muscles contract or shift beneath the foil. These variations are
interpreted by the Arduino, which then activates the servo motor to
move the fingers of the prosthesis.

A small structure of hardware components, including the
aluminum foil capacitive sensor, the servomotor, the Arduino
pieces and 1.5 V each, providing 6.0 V in series, with a capacity
of 2,500 mAh and an effective runtime of roughly 4-5 hours
at a 500 mA load (= 500 g mass at 5 cm arm length on the

MG995) were integrated to operate the prototype (Figure
2). The hardware components can be viewed at: https!
//www.t inkercad.com/things/6W5CbXHCgeD—-
arduino-hardware-prosthetic-hand.

After that, the software code that controls the
operation of the servomotor and the detection
of movements by the capacitive sensor was pro-
grammed. The software code is available at: |https:
//github.com/prosthetichandprototype/
arduino—-prosthetic—-hand/blob/main/
servomotor_code.ino. The code aimed to integrate what
was detected by the sensor with the rotation performed by the
servomotor.

The Arduino code used to control the system was tested
using a capacitive sensor circuit connected between digi-
tal pins 4 (send) and 2 (receive), with a 10 MQ resistor.
The sensor reading was processed every 30 cycles using the
capacitiveSensor (30) function from the CapacitiveSen-
sor library.

Sensor Operation

The sensor consists of a wire connected to an Arduino board
and a strip of aluminum foil, which is fixed around the arm.
Since the servomotor requires more current than the laptop’s
USB port can safely supply, an external battery was necessary to
prevent the computer from shutting down. Without this external
power source, the servomotor could draw too much current,
potentially overloading the computer’s power supply. To prevent
this, the battery was connected to the protoboard, powering the
servomotor, while the computer provided power to the Arduino.

The aluminum foil, due to its metallic bonds, has many free
electrons, making it an excellent electrical conductor. When
used in the sensor, it functions as part of a capacitive sensing
system. In this system, the aluminum foil can detect changes
in the electric field caused by nearby objects or movements.
Through the movement of the aluminum strip, the redistribution
of electrons alters the capacitance, which creates a small electri-
cal signal. This signal serves as input for the system, sending
a trigger to activate the servomotor. The dynamic of how this
input is processed and used to control the servo is defined by the
software code that was developed.

Prototype 1 Tests

The first set of tests carried out related to the mechanical
components and abilities of Prototype 1:

* Servo motor’s rotation: Tests were conducted to verify
if the servo motor’s rotation would function as intended.
Once the desired result was achieved, the servomotor was
attached to the MDF model, and its ability to lift objects
was tested.

¢ Weightlifting tests: The main independent variable was
the power exerted by the servomotor, while the dependent
variable was the force the prosthesis can generate to lift
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objects. Various load masses were used to evaluate the
servomotor’s efficiency and its ability to lift objects. The
load was gradually increased from 50 grams to 100, 250,
400, and 500 grams to test the limits of the prosthesis.

Lifting efficiency of objects with different shapes, mate-
rials and orientations (Table 3): this test was conducted
using objects of different shapes, materials, and sizes to
evaluate the prototype’s performance. Four objects were
selected: a smooth glass container, a textured plastic bottle,
a soft sponge, and a coin. Each object was grasped in two
ways: from the top (e.g., gripping the rim or upper edge, as
if picking up a cup by its lip) and from the side (e.g., grip-
ping the body or lateral surface, as if holding the middle of
a bottle). All lifting tests were performed vertically, lifting
the objects upward from a resting position against gravity.
This allowed assessment of how well the prototype adapts
its grip depending on the contact area and orientation of the
object. For each trial, it was recorded whether the object
was successfully lifted without slipping or dropping.

Durability testing: to estimate the operational lifespan of
the prosthesis, a cyclic opening—closing test was designed.
The prosthetic hand was fixed to a support structure, and
the sensor was repeatedly triggered to simulate real use.
Each open—close sequence was counted as one cycle, and
the process was continued until functional failure occurred.
The test focused primarily on the elastic components, as
they are the most likely to experience fatigue and wear
during repeated operation. The number of cycles completed
before loss of function (e.g., insufficient finger return or
elastic rupture) was recorded.

Next, to ensure that the signal detected by the capacitive
sensor was indeed a result of muscle activity—and not due to en-
vironmental interference—two validation tests were conducted.

* Voluntary contraction: the sensor, an aluminum foil strip
connected to the Arduino, was wrapped around the user’s
forearm, above a muscle group. The user was instructed
to alternate between contracting and relaxing the forearm
muscles.

* Control test: this test was carried out to assess potential
environmental interference. With the user’s arm at rest,
external stimuli were applied, including tapping the table,
bringing metallic objects near the sensor, and directing
airflow from a fan.

More tests were carried out to verify the response time of the
sensor-servo mechanism, the presence of jitter in servo actuation,
the sensor’s change in capacitance, its latency, its detection
accuracy and its long-term stability.

* Responsiveness of the servo-sensor mechanism: the in-
terval between sensor activation through muscle contrac-
tion and the servo motor’s movement, as well as the pres-
ence of jitter, were observed.

* Capacitance amplitude: by analyzing the variations in the
Arduino’s Serial Monitor values, the change in capacitance
was measured.

* Latency: it was measured using Arduino timing functions,
recording the time between the activation of the capacitive
sensor and the command transmitted to the servomotor.
Each subject performed multiple repetitions, and the me-
dian latency values, together with their variation, were
calculated to verify the stability of the system. Latency
between sensor activation and complete closure of the pros-
thetic grip was measured. Response times of < 400 ms
were classified as successful, while delays exceeding this
threshold were considered failures. The capacitive sensor
was evaluated by alternating blocks of trials with voluntary
muscle contractions and at-rest conditions. Accuracy was
calculated through the proportion of correct detections rel-
ative to total trials. A minimum acceptable level of 80%
accuracy was defined.

Detection accuracy: it was also assessed by comparing
randomized blocks of trials in which subjects either con-
tracted their forearm muscles or remained at rest.

* Long-term stability: a cycle test was performed in which
the prosthesis executed a standardized gripping and lifting
task repeatedly. A cylindrical container weighing 250 g
was grasped, lifted to a height of approximately 10 cm,
and released in consecutive repetitions. A total of 200
cycles were carried out under the same conditions. To
assess durability, the prosthesis would undergo repeated
gripping and lifting cycles using a standardized object. A
reduction of no more than 10% in success rate across 200
consecutive cycles would be considered acceptable, while
larger declines would indicate mechanical instability.

Prototype 2

Design and Assembly

This prototype (Figure [3) was based on a pre-existing
3D model of a human hand, featuring anatomically seg-
mented components—such as phalanges and palms—which
were printed as separate, articulated parts rather than a single
solid piece. The pre-existing 3D hand model can be found at:
https://www.thingiverse.com/thing:906098.

To allow movement and connection between the separate
parts of Prototype 2 (Figure [d), a similar elastic-nylon thread
dynamic was applied based on Prototype 1’s results. Before
that, each printed segment’s surfaces were rounded with silicon
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Fig. 3 Photograph of Prototype 2, a 3D-printed prosthetic hand based
on an open-source anatomical model. The hand features segmented

phalanges and joints that mimic the structure of a human hand. Nylon
threads routed internally through the fingers simulate tendon traction,

while elastic threads provide the return movement for finger extension.

The mechanical setup demonstrates how the fingers would flex and
extend when actuated, offering an anatomically realistic and visually
refined design compared to the MDF prototype.

carbide sandpaper. Subsequently, a nylon thread was attached
with an elastic thread to each finger in the bottom region of the
distal phalanxes and passed through the structure of the hand.
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Fig. 4 Design illustrations of Prototype 2, a 3D-printed prosthetic hand
shown open (on the left) and closed (on the right) positions. This
model was created using PLA plastic and features articulated joints
that replicate human finger anatomy. Finger movement is achieved
through nylon threads that simulate tendons: when pulled, they cause
the fingers to flex; when released, elastic threads restore the fingers to
their extended position.

No tests were performed with Prototype 2, as no servomotors
were attached to the prosthesis.

Motion Simulation

Prototype 2 demonstrates how the fingers would move when

pulled by the nylon threads, simulating the motion that could be
achieved with the application of a servo. Furthermore, it offers a
design that is both more anatomically accurate and aesthetically
refined, which contributes to the overall realism and user appeal
of the mechanical system.

Results

Low-fidelity and Medium-fidelity Prototypes and Materials
Modifications

Throughout the project, several models which helped with the
improvement and development of Prototype 1 were built. During
this process, the materials were replaced to reach the desired
results with improved characteristics, such greater resistance,
and smoother motion (Table[T).

The development process of the models for Prototype 1 fol-
lowed a chronological sequence, with each stage increasing in
complexity. The three initial models (Figure[Sh, b and c) were
classified as low-fidelity prototypes, serving primarily for con-
ceptual testing and structural validation. Prototype 1 (Figure[3]
sections d, e and f) and Prototype 2 (Figure ) were considered
medium-fidelity models, incorporating more refined design ele-
ments and functionality. The sequence of prototypes was listed
below, in the order they were developed and according to their
respective levels of fidelity:

* Model 1: A basic hand model was constructed using card-
board, masking tape, and cotton twine (Figure[Sh). Finger
movements were manually controlled using tensioned cot-
ton twine strings, simulating basic flexion.

* Model 2: A single-finger prototype was developed using
the same materials (cardboard, string, and masking tape),
with the addition of a servomotor attached to the base
(Figure[5b). The servo enabled active flexion of the finger,
marking the first instance of motor-driven actuation in the
development process.

* Model 3: A representation of a finger was assembled us-
ing MDF in a rectangular form (Figure [3k). This model
included hinges at the joints to allow bending and incor-
porated an elastic band, which enabled the finger to return
to its original position after flexion, simulating a passive
extension mechanism.

* Prototype 1: A Y-shaped hand prototype was constructed
using MDF. It was designed with three fingers articulated
by metallic hinges at the joints, which were placed to con-
nect the separate pieces of MDF and offer flexion between
them. Small EVA foam segments were inserted at the joints
to secure smoother motion. Elastic threads were used to
return the fingers to their original position after flexion.

© The National High School Journal of Science 2025
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Table 1 Material Modifications During the Development of Prototype 1

Materials replaced

Materials used in prototype 1

Cardboard
Cotton twine string
Nylon thread without straws

Kraft paper (used between the hinges)

MDF

Nylon thread

Nylon thread with straws

EVA (used between the hinges)

The closing motion, which resembled a claw-like grip, was
achieved by pulling nylon threads attached to each finger.
To guide these threads, avoid contact and therefore mit-
igate friction between the claw and lifted object, plastic
straws were affixed to the MDF structure, allowing smooth
passage of nylon threads and improved control of the move-
ment.

batiery
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Fig. 5 Development sequence of the prosthetic hand preliminary
models and prototype. Images (a), (b), and (c) show the initial
low-fidelity models used for structural and mechanical testing: (a) a
cardboard hand with cotton twine string-actuated fingers; (b) a single
cardboard finger attached to a servo motor to test active flexion; and (c)
an MDF finger with hinges and an elastic band for passive extension.
Images (d), (e), and (f) display Prototype 1, a medium-fidelity model
made of MDF in a Y-shaped configuration with three articulated
fingers. Nylon threads pull the fingers to simulate gripping, while
elastic threads return them to their original position. This progression
illustrates the refinement of both structure and function leading to the
final working prototype.

capacitive  Acduino
ensor uno

Prototype 1’s Tests Performance

Mechanical components and abilities tests

Weightlifting tests: Load tests were conducted with Proto-
type 1, in which weights were incrementally added to a cylindri-
cal container to assess the prototype’s maximum load capacity,
measuring how much load the device was able to resist before
the lifted object slipped or was dropped (Figure|[6).

With these tests, the following results were obtained (Table

2)):

Fig. 6 Demonstration of how the weightlifting tests were executed. In
image (A), the prosthetic hand is in its resting state, positioned to grasp
a cylindrical container. In image (B), the servo motor has been
activated in response to a change in capacitance detected by the sensor
on the user’s arm, resulting in the closure of the fingers and successful
lifting of the object. This test illustrates the integration of the sensor’s
signals with the mechanical system to produce voluntary object
manipulation.

Lifting efficiency of objects with different shapes, materi-
als and orientations:

X fs 3 i
@ ‘&g - -

Fig. 7 Demonstration of the lifting tests with different objects.
Prototype 1’s claw, which was contracted through muscle activity in
every test, is shown carrying a glass container, a sponge and a PET
bottle from left to right.

Durability testing: The cyclic testing showed that the elastics
experienced gradual wear, with a noticeable loss of tension
after approximately 220 cycles. Complete rupture of at least
one elastic occurred before reaching 300 cycles, rendering the
prosthesis unable to return its fingers to the fully open position.
No significant structural damage was observed to the metallic
joints or MDF support during this test.
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Table 2 Demonstration of the Weightlifting Tests of Prototype 1 for Different Masses

Mass of the object carried Was Prototype 1 able to lift the object? Level of difficulty
25 grams Yes Low
50 grams Yes Low
100 grams Yes Low
250 grams Yes Low
400 grams Yes Medium
500 grams Yes Medium to high
525 grams Yes High
550 grams No Unable to lift
Table 3 Lifting Efficiency of Objects with Different Shapes, Materials and Orientations
Object Material Shape Top Grip Result  Side Grip Result  Notes
Glass container ~ Smooth glass Cylindrical Success Success Was tested with a 203g mass inside
Sponge Soft foam Rectangular Success Success —
PET bottle Textured plastic ~ Cylindrical Fail Success Was tested with a 505g mass inside
Coin Metal Sharp-edged, flat and round  Fail N/A Grip too weak for thin objects
Discussion ease of replacement in low-resource settings 5.

Improvements and Modifications in Prototype 1

Based on what was analyzed in the construction and testing of
the models, it was possible to verify what would be maintained
and what changes would be made in the construction of pro-
totype 1. Firstly, elastics proved to be efficient in providing
the fingers with the action of returning to their initial position,
therefore they were kept.

Furthermore, based on the cardboard hand model, it was ini-
tially decided that cotton twine strings were the most suitable
to provide the bending motion of the phalanges. However, after
producing and testing the MDF prototype, it was observed that
the cotton twine material caused a lot of friction, making it diffi-
cult to move the fingers. To address this limitation, cotton twine
strings were replaced with nylon threads, which caused less
resistance and facilitated operation. This modification was in-
spired by the findings of L. Dunai and colleagues (2020) 12, who
utilized a similar nylon-like material. The authors emphasized
that nylon threads, which act like tendons, execute minimal
friction, thereby facilitating smooth finger flexion during the
pulling motion.

In addition, when compared to the myoelectric hand called
HACKberry, developed by the open-source community Exiii
using 3D printing, the prosthetic hand prototype presented in
this work, which features a servomotor and capacitive sensor,
adopts a similar open-source approach. However, in this design,
aluminum foil was chosen over an infrared sensor due to its
lower cost and ease of integration, while still enabling effective
user input. Unlike the HACKberry, which uses a LiPo battery,
a component that adds cost and complexity to the system, this
prototype avoids such elements to preserve affordability and

Additionally, the nylon threads were routed through cut
straws, a strategy intended to prevent threads from interfering
with the hand’s grasping ability by obstructing the area needed
for object manipulation. This indeed improved grip stability.
However, during traction tests we noticed that the unevenness
of the MDF surface created slight resistance when the threads
passed through the straws. This adjustment was therefore par-
tially successful: while it enhanced object handling, it also
introduced a new mechanical limitation that we discuss as an
area for refinement in future designs. The code controlling the
sensor and servo motor also demonstrated consistent perfor-
mance, with response times to muscle contractions observed to
be under 200 milliseconds. No jitter or irregular delays were
detected throughout repeated tests, confirming the system’s re-
liability and suitability for real-time prosthetic control and the
aluminum foil structure assembled for the sensor was effective
in its function. Another change was made to enhance grip stabil-
ity. Sandpaper was affixed to the fingertips, therefore increasing
friction between the MDF gripper and manipulated objects and
reducing slippage.

Evaluation, Challenges, Limitations and Future Directions

Prototype 1

During functional testing, the prosthesis demonstrated the
capability to lift objects weighing up to 500 grams, albeit with
some difficulty. Even so, future designs would benefit from
employing more powerful servomotors to increase load-bearing
capacity and enable users to perform more complex motor ac-
tions with the prosthesis, like carrying groceries, for instance.

Different materials and shapes were also tested, which was
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Table 4 Results of the Tests Performed with Prototype 1’s Sensor

Type of Test/Analysis

Results

Voluntary contraction test

Control Test

Responsiveness of the servo-

sensor mechanism

Capacitance amplitude

Latency testing

Detection accuracy

Long-term stability

Observations showed that the servomotor was activated
only during voluntary contractions, while the system re-
mained inactive during complete muscular relaxation.
All of the analyzed conditions (tapping the table, bringing
metallic objects near the sensor, and directing airflow from
a fan) caused moderate interference evidenced by slight
claw movement, but not full closure.

Based on serial monitor output and stopwatch compari-
son, the measured delay between muscle contraction and
servo response was consistently around 200 milliseconds.
Across more than 30 consecutive trials, no instances of
jitter, inconsistent triggering, or perceptible lag were ob-
served.

The Arduino Serial Monitor readings varied from 51 to 63
while the servo motor actuation was activated via muscle
contraction detected by the sensor.

Each subject performed 40 repetitions, and the results
showed a median latency of 185 microseconds (IQR: 170-
198 us). This value indicated that the system consistently
responded within a very short time window, with minimal
variation between trials.

Across 100 trials, the system achieved a detection accu-
racy of 84%, with occasional false positives when metal-
lic objects were brought close to the capacitive sensor.
Despite these isolated interferences, the overall results
demonstrated high reliability.

The success rate was 84% during the first 100 cycles
and 78% after 200 cycles, demonstrating only a slight
reduction in effectiveness over time. Failures were pri-
marily related to partial loosening of nylon threads and
progressive wear of the elastic bands responsible for finger
extension. Importantly, the capacitive sensor preserved
stable detection thresholds, and no significant increase in
latency or false activations was observed.

fundamental to ensure that the amputees using the prosthesis
would be able to execute essential daily tasks, such as drinking
water. In future studies, it would be interesting to perform more
complex and professional clinical tests that are used to quantify
hand function, such as the Jebsen Taylor Test of Hand Function
(JTHF), as proposed by Godfrey et al. (2018) in the SoftHand
Pro prosthesis™?.

Regarding the durability test, the findings indicated that the
elastic elements are a limiting factor in the long-term perfor-
mance of the prosthesis and would require periodic replacement
to maintain functionality. Satriawan et al. (2023), who used
elastic ropes in their design, similarly identified this as a draw-
back. However, they also addressed the local availability of the

material, which highlights accessibility despite concerns about
the need for regular replacement..

Another constraint was the use of a sensor that was not specif-
ically designed for this function. The sensor employed was
rudimentary and overly sensitive, which could impair move-
ment control. The slight movement of the claw observed during
the control tests indicated that the sensor was susceptible to
external electrical or mechanical noise. Nevertheless, this did
not compromise system performance, since full closure only
occurred during actual muscle contractions, as proven by the
voluntary contraction test. These tests, although qualitative in
nature, were sufficient to confirm that the capacitive sensor cap-
tured changes in the electric field. Still, replacing it with a more
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precise alternative could enhance the system’s performance. Sur-
face electromyography (SEMG) sensors, for example, are widely
used in commercial applications and scientific research. They
detect muscle activity without requiring invasive procedures,
making them excellent candidates for such systems>!.

When analyzing the responsiveness of the servo-sensor mech-
anism, positive outcomes were revealed due to its fast actuation,
confirming that the system was both stable and responsive. This
low response time can be attributed to three key factors: (1) the
sampling rate of the capacitiveSensor() function is relatively fast
due to its direct use of timing loops and interrupt-free logic; (2)
the Arduino Uno communicates via Serial at 9600 bps, providing
near real-time monitoring; and (3) the servo motor used (MG995,
metal gear) has a typical reaction time of approximately 120—
150 ms for 60° rotation under standard voltage (6.0 V), as per
manufacturer specifications. Additionally, the code does not
include complex delay or filtering functions, which helps ensure
responsiveness. As shown in the code, when the sensor reading
exceeds a defined threshold (1f (totall > 50)), the servo
immediately receives a meuServo.write (180) command,
resulting in near-instantaneous actuation.

Improving the device’s autonomy is an important considera-
tion. At present, the prosthesis needs to be connected to an exter-
nal power source, which reduces its practicality for everyday use.
Additionally, the current prototype relies on a capacitive sensor
that requires wired connections to the processing unit, further
limiting convenience. In contrast, Sergeev et al. (2020) incor-
porate a Bluetooth module to enable wireless communication
within their smart prosthesis system, enhancing usability and po-
tentially improving the user experience. Incorporating wireless
technology alongside an internal power supply could be a valu-
able next step to increase the autonomy and user-friendliness of
future iterations of this prototype?2.

Building on the considerations of usability, further perfor-
mance evaluations of the prototype focused on analyzing latency
and detection accuracy. Taken together, the latency and accuracy
analyses confirmed that the prototype operated with fast respon-
siveness and satisfactory detection precision, making it viable
for basic prosthetic applications while highlighting the need for
further improvements in sensor shielding and robustness.

Latency testing showed that the prototype responded consis-
tently within a very short time window (median 185 us), with
minimal variation between trials. Detection accuracy reached
84%, with occasional false positives mainly caused by environ-
mental interference. These findings confirm the feasibility of the
system for basic prosthetic applications, while also indicating
the need for improvements in sensor shielding and robustness.

These findings show that Prototype 1 sustained repetitive
operation with minimal performance degradation, supporting its
feasibility as a functional low-cost prosthetic device. However,
the observations also highlight the importance of improving
mechanical durability, particularly regarding thread fixation and

elastic resistance, to extend long-term usability.

Prototype 2

Some challenges encountered during the development of Pro-
totype 2 included friction between the plastic phalanges, which
was mitigated by sanding the structures, and improper flexing
of the distal phalanges caused by the positioning of the internal
nylon threads and elastics (Figure |8} Illustration B). Although
these issues did not significantly compromise overall finger
movement, a more effective solution would have been to secure
the elastics to the distal phalanges’ tips rather than their bases.
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Fig. 8 Anatomical reference and observed limitation in Prototype 2.
Ilustration (A) shows the nomenclature of the human finger
phalanges—proximal, middle, and distal—which were replicated in
the 3D-printed design. [llustration (B) highlights a functional issue
encountered during testing: insufficient flexion of the distal phalanges
due to suboptimal positioning of the internal traction threads. While
the fingers could flex as a whole, the distal segments did not bend
effectively, limiting the range of motion. This finding suggests the
need to reposition the elastic threads closer to the tips of the fingers for
improved biomechanical performance.

A)

Regarding the construction of Prototype 2, it can be compared
to the study by J.M. Zuniga (2016)%>, which also employed 3D
printing combined with open-source design editing software.
However, as shown in the study by Siegel et al. (2024)24, al-
though open-source 3D-printed prostheses can replicate several
functional grips, their performance still falls behind commercial
devices when evaluated using standardized protocols such as the
Anthropomorphic Hand Assessment Protocol (AHAP). Similar
challenges regarding performance and user acceptance have also
been reported in the literature, with Bidiss and Chau (2007)2
noting high rates of prothesis abandonment when devices fail to
meet functional expectations.

Additionally, the integration of servomotors into Prototype
2 and the subsequent execution of standardized tests could not
be completed. This limitation was primarily due to constraints
inherent to the school research environment, including limited
access to laboratory facilities and time restrictions within the
academic calendar.

Nevertheless, constructing Prototype 2 proved valuable in
demonstrating the feasibility of a more anatomically accurate
design and offered key insights for future iterations. Further
studies in a more structured research setting will be necessary
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to validate its functional performance and to enable a direct
comparison with Prototype 1, particularly focusing on the incor-
poration of robotic components, as successfully implemented in
Prototype 1.

Comparison with literature benchmarks

When compared with functional benchmarks proposed in the
prosthetics literature'', our prototypes show partial alignment.
Prototype 1 weighed only ~200 g, which is under the recom-
mended 500 g threshold for comfortable daily wear. It was able
to lift up to 500 g, demonstrating basic grip capability, though
this falls short of the ~ 65 N pinch force considered ideal. The
system also responded in under 200 ms to user input, indicating
a level of responsiveness comparable to the minimal functional
threshold for actuation speed. However, the prototypes lacked
powered thumb adduction, which is crucial for grasp versatil-
ity1®, and their durability was not tested against long-term use.
Prototype 2, although anatomically more realistic, did not inte-
grate active motors and therefore could not be evaluated against
the full set of benchmarks. These findings suggest that while our
models meet some essential criteria, such as low weight and re-
sponsiveness, further work is required to achieve the versatility,
strength, and durability expected of fully functional prosthetic
hands.

Final Considerations

Considering the materials used in the assembly of the prosthe-
sis and excluding the energy source required for its operation
(in this case, a computer), it was concluded that a functional
prosthesis can be produced for less than USD 40, as the to-
tal material cost remains below this threshold. Moreover, the
prototypes movement was successfully demonstrated, though
limited to a claw-like grasping motion. Due to budgetary limita-
tions, the sensor employed was not specifically designed for this
application; its high sensitivity may potentially interfere with
precise control of the prosthesis. Despite this, the project can
be deemed successful, as it achieved finger movement to lift
objects alongside integration of a functional capacitive sensor.
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