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Abstract: Dissatisfaction among upper limb prosthetic users is high, reaching over 70%, and 52% of
upper limb amputees abandon their prosthetic devices due to limitations such as limited functionality,
poor design/aesthetic, and improper fit. The conventional procedure of making prosthetics is time-
consuming and expensive. This study was conducted to provide an alternative solution for the
several issues of current prosthetic devices. 3D printing technology offers a promising alternative,
providing greater accuracy, reduced labor time, and improved fit and comfort. This research explores
the application of 3D printing for creating custom silicone prosthetic fingers, using Fused Deposition
Modelling (FDM) for the mold. A high-resolution 3D scanner was employed to capture the precise
anatomy of the patient’s hand, and CAD software was used to design molds that satisfied the patient
preference and were reusable. The resulting prosthetics demonstrated good fit and patient satisfaction,
though exact color matching remains a challenge, but still, it did demonstrate that it is possible to
fabricate colored prosthetics. Performance tests, such as the Jebsen-Taylor Hand Function Test,
indicated that while initial performance with the prosthetic was slightly lower, patient satisfaction
and potential for improved functionality over time were high. This study underscores the potential of
3D printing to enhance the customization, cost-effectiveness, and overall quality of prosthetic devices,
contributing to Sustainable Development Goals related to health and industry innovation.
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1. Introduction

Amputations of the fingers and partial amputations of the fingers are common types
of partial hand loss [1,2]. Finger amputation is common and has a significant impact on
function, coordination, and quality of life, interfering with daily activities [3]. Prosthetics
have been shown to improve daily duties, psychological well-being, and professional and
social lives [4-6]. However, dissatisfaction among upper limb prosthetic users is high,
reaching over 70% [7], and 52% of upper limb amputees abandon their prosthetic devices
due to limitations such as limited functionality, poor design/aesthetic, and improper fit [8,9].
To address this, custom prosthetics matched to the physical characteristics of the patient
provide better fit, comfort, and performance than non-custom off-the-shelf solutions [10].

A certified prosthetist performs the traditional manufacturing process for custom static
and passive prosthetic fingers, which includes at least two waxes [11] or alginate [12,13]
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impressions for the residual digit and the contralateral finger. To generate the final shape, a
lost-wax process with dental stone is used with silicone molding. Although dental stone
prostheses achieve remarkable anatomical accuracy [14], the construction procedure is
time-consuming and expensive [15]. Another shortcoming for the traditional process such
as plaster cast is that the skin topology mapping phases can be relatively invasive and
uncomfortable for the patient [16].

3D printing is highly suitable for fabricating prosthetic parts [17], with numerous
publications showing success in developing prosthetic parts with 3D printing technologies.
3D printing can be used in different ways to create prosthetic parts. One primary way
is to directly 3D print the prostheses. The examples can be seen in several publications
of 3D-printed prostheses [18-20]. Directly 3D printing prostheses is especially useful for
making active prostheses, allowing for actuators and specific designs.

Another way is to use 3D printing to replace traditionally plaster-made molds. 3D-
printed molds as alternatives to shape prostheses have been well studied [21-24]. One
research study by Cabibihan et al. [25] achieved high accuracy in the resulting prosthesis
created using 3D-printed molds, showing promise of comparable quality to traditional
molds. Compared to traditional methods, the 3D printing-based approach offers several
advantages, including greater accuracy (due to the ability to mirror the contralateral limb),
reduced labor time, improved prosthetic fit and comfort, a more straightforward process
for both manufacturers and patients, and a digital record of the prosthesis and mold
shape [26,27].

There is a growing recognition of 3D printing-based solutions for partial hand and
finger amputation prostheses [28]. The topics can then be connected to the Sustainable
Development Goals (SDGs). For example, enhancing the functionality and comfort of
prosthetic fingers through 3D printing and or materials selection can contribute to the goal
of ensuring healthy lives (SDG 3); furthermore, the topics also discussed the possibility
of enhancing cost-effective production and improved fit in regards to SDGs 9 and 12.
However, common materials used for 3D-printed prosthetics are from harder materials,
which is less suitable for human fingers, and also, it is harder to customize the color as well
as post-processing such as painting.

Silicone, on the other hand, is the common material choice for prostheses as it is not
irritating to the skin, it is hypoallergenic, and can withstand long-term wear and everyday
stretching, while being closer to the characteristics of human fingers. Silicone is difficult
to directly 3D print; however, it could easily be molded to form various forms and sizes
due to their diverse physical properties [29]. Furthermore, it is possible to add and mix
dye to color silicones. However, the ability to 3D print silicone is not yet widely available.
Alternatives such as TPU (Thermoplastic Polyurethane) can be 3D printed, and offer high
elasticity and abrasion resistance, but they are more challenging to recolor and provide a
less realistic look and texture compared to silicone-based products. Silicone is then a better
choice, resulting in more natural aesthetics and better resistance for heat and chemical
degradation that can be found in day-to-day life.

For 3D printing itself, there are plenty of options on fabrication methods such as Fused
Deposition Modelling (FDM), Stereolithography (SLA), and Selective Laser Sintering (SLS),
as well as materials that can be used for the fabrication process. All of these methods and
materials come with different cost ranges as well as advantages and disadvantages. It was
decided that the fabrication method to be used is SLA, with resin as the mold for silicone,
considering that the aesthetic is an important factor as well.

Polylactic Acid (PLA)-based prosthetics perform well, resulting in almost an 80%
improvement in the time needed to perform certain tasks compared to the unaffected
hand [30]. The Acrylonitrile Butadiene Styrene (ABS) study, however, only details grip
strength, which remains underwhelming, even though silicone gloves provide a significant
increase in grip strength [31]. Thermoplastic Elastomer (TPE)- based prosthetics scored well
on the Orthotics Prosthetics Users Survey (OPUS) but showed only a 20% improvement
in task performance time in the Jebsen test compared to a normal hand [32]. TPU-based
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prosthetics with soft fingertips achieved over 80% of the performance of a normal hand in
both the Action Research Arm Test (ARAT) and writing speed test, specifically in terms of
task completion time [33]. Polyamide-based prosthetics using SLS showed an improvement
of up to 70% in task performance time compared to a normal hand [34]. Photopolymer
resin molds created with SLA scored well on both the Jebsen and OPUS tests, but the results
for the grip strength test remain inconclusive [35].

This research was conducted with the aim to ease the cost of fabrication of silicone
prosthetics while also experimenting with adding colors for the fabricated prosthetic with
the aid of 3D technologies by using 3D print and 3D scanning. The study will also provide
a method of fabrication and mold design that contributes to cheaper production costs while
retaining the qualities of the fabricated prosthetics. This paper consists of the Introduction
in Section 1, to provide general insight into the prosthetics world, and then narrows into
the problems and state of the art of current prosthetic technologies. Section 2 details the
research methods on what and how this paper provides an alternative solution/innovation.
Section 3 comprises the results and discussion in which will be discussed the effect of the
fabricated prosthetics. Lastly, the conclusion in Section 4 discusses the results by comparing
them to previous results, and new problems arise.

2. Research Methods

The overall process for creating a customized silicone prosthetic, as shown in Figure 1,
begins with selecting materials and a fabrication method. The patient’s fingers are then
3D scanned, and these data are used to design and print an accurate mold. Silicone is then
mixed with pigment color and casted on the printed mold that follows, where the mold is
cast with RTV silicone mixed with pigments to match the patient’s skin tone. After curing,
the prosthetic is removed and undergoes fitting and functionality testing to ensure that it
meets the patient’s needs.

Materials and

3D Mold Design and
Fabrication Method » # Printing

) Scanning
Selection

Fitting and Hand ‘ Coloring and

Functionality Test Silicone Molding

Figure 1. Diagram of the silicone prosthetic fabrication process.

2.1. Material and Fabrication Method Selection

Considering the dissatisfaction of patients, as stated in Section 1, the main consid-
eration to select materials and the fabrication is determined by fit, quality, ergonomics,
and aesthetics. With the main focus on attaining high quality, ergonomics, and aesthetics
prosthetics, it was decided that silicone-based prosthetics is the superior choice. In addition,
it is also possible to fine-tune colors of silicone prosthetics by mixing primer colors to obtain
the desired colors that match patients’ skin color. But to fabricate silicone-based prosthetics,
they need to be casted and cured in a mold. The mold needs to be highly accurate to
capture the features and details of the 3D-scanned fingers. In recent years, advancements in
3D printing technologies, particularly in FDM, have enabled cost-effective, high-accuracy
results with a line height of 0.05 mm, previously limited to an inadequate 0.1 mm.

The fabrication process of prosthetics from 3D print mostly consisted in three steps.
The first step is to 3D scan the corresponding hand. A 3D scan of the hand for a prosthetic
hand provides at least two advantages: the first one is easier or even skips the designing
process to obtain the 3D model needed in 3D print; the second allows a specific model of
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prosthetic that has a design that is much more similar to the subject hand. The second step
requires modifying the scan results on Computer-Aided Design (CAD) software to design
the mold. The third step is then to fabricate the prosthetic itself by casting the silicone on a
3D-printed mold.

2.2. 3D Scanning

3D scanning was employed to capture the shape and dimensions of the patient’s
severed hands and the contralateral side. To record the shapes of the fingers, the researchers
used a high-resolution 3D optical scanner. The 3D scanner used is a Revopoint Mini 3D
scanner, with an accuracy of 0.02 mm. The anatomical precision of the fingers was captured
using a 3D scanner, which is critical for the appearance and fit of the prosthesis. The 3D
scans obtained were then mirrored, and we modified the design of the prosthetic fingers to
generate molds for 3D printing. The 3D scanner precision influenced the final appearance
and fit of the prosthetic fingers. The use of 3D scanning technology enables the creation of
precisely formed finger prosthetics for certain actions in amputated patients, resulting in a
more tailored and exact solution.

2.3. Mold Design and Printing

Two CAD software programs, Revo Scan 5 and Fusion 360, were utilized in the mold
design process. Revo Scan 5 was first employed to process raw 3D scan data, refining them
into clean, usable data. These refined data were then imported into Fusion 360, where the
actual mold design took place.

The design featured a two-part outer mold and an inner mold. The inner mold was
crafted to accommodate the disabled fingers, ensuring a snug fit. The outer mold was
designed to replicate the texture and shape of the corresponding healthy finger. For precise
alignment and ease of assembly, the outer mold included four pins, while the inner mold
had two pins that connected it securely to both parts of the outer mold.

This straightforward design allows for easy disassembly and reuse of the mold. Once
the design was finalized in Fusion 360, the mold components were 3D printed using a
chosen printing method, resulting in a practical and efficient mold for creating the silicone
finger prostheses.

2.4. Coloring and Silicone Molding

The coloring process of RTV silicone involves mixing primary colors—red, green, and
blue (RGB). By adjusting these primary colors, a wide range of skin tones can be achieved.
The specific pigment-to-silicone ratio plays a crucial role in determining the final color
intensity. For optimal results, it is recommended that the pigment-to-silicone ratio be
between 0.1% and 3% of the total silicone weight [36]. This precise ratio ensures a balanced
and realistic color match while maintaining the material’s integrity and durability.

The L'Oréal skin color chart [37] was used for skin color identification. The L'Oréal
reference chart, widely used in the cosmetic industry for matching makeup to skin tones,
was deemed a convenient tool for matching skin colors for prostheses. However, it is
important to note that skin tones can vary significantly among individuals, presenting
challenges in achieving an exact match—an issue long recognized in the cosmetic industry.
This limitation should be considered, ensuring that color modification for prostheses can
be customized for everyone. The patient’s hand was directly compared to the chart, and
paints were mixed to match the patient’s skin color accordingly. Several trials and errors
were conducted using four pigments—white, red, blue, and yellow—until the exact skin
tone was achieved. Initially, the base color was chosen based on the lightest average color
profile of the patient, referring to the palest color of the palmar sides. The mixture was
then combined with a two-part room-temperature-vulcanized (RTV) clear-colored silicone,
platinum-cured with a Shore A 30 hardness, in a 1:1 catalyst ratio.

Before the silicone mixture is poured into the assembled molds, a mold release agent
is applied to the surface of the inner mold to facilitate demolding. After 24 h of curing,
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the outer mold is opened, and the finished prosthesis is removed. This method ensures
that the unique skin texture captured with a 3D scanner is replicated in the final prosthetic
product, providing a high level of detail and realism. Multiple prosthetics were fabricated
in various colors to find the best match for the patient’s skin tone. This method provides an
effective solution for patients with skin tones that differ from standard-colored imported
prosthetics.

2.5. Hand Functionality Test

The Hand Functionality Test is conducted with the Jebsen—Taylor test. The Jebsen
Hand Function Test is designed to assess the individual’s functional hand abilities, par-
ticularly those with hand limitations or impairments. It focuses on testing the fine motor
abilities and hand dexterity required for everyday life tasks. It is made up of seven com-
ponents and takes between 15 and 45 min to administer. The Jebsen test consists of seven
subtests that represent fine motor, non-weighted, and weighted hand function in daily life,
which includes:

Printing a 24-letter, third-grade reading difficulty sentence;

Turning over 7.6 x 12.7 cm (3 x 5-inch) cards (simulated page turning);

Picking up small, common objects (e.g., pennies, paper clips, bottle caps) and placing
them in a container;

Stacking checkers (test of eye-hand co-ordination);

Simulated feeding;

Moving large empty cans;

Moving large weighted [0.45 kg (11b)] cans.

3. Results and Discussion

The patient’s right index finger is amputated from the proximal interphalangeal joint
(PIP) to the tip, also known as the intermediate phalanges. Based on the patient’s experience
and needs, they prefer a slightly bent prosthetic rather than a straight one for daily use.
Therefore, we scanned the contralateral finger at a 15° angle. The 3D scan results of the
patient’s severed hand are shown in Figure 2. The scan of the patient’s contralateral finger
was then modified in Revo Scan 5 to clean, refine, and mirror the data, creating a usable 3D
model for the prosthetic design, as illustrated in Figure 3.

Figure 2. 3D scanner result on amputated finger.

The mirrored finger from the contralateral hand was exported to Fusion 360 to design
the mold. A cylindrical object was cut by the mirrored finger to create the outer mold,
which was then split into two parts with four pins for alignment. The process of outer
mold design can be seen in Figure 4. For the inner mold, the proximal phalanges of the
mirrored finger were used. In Revo Scan, the proximal phalanges part of the finger was
simplified and smoothed to provide better comfort for the patient. The simplified shape
was then exported to Fusion 360, where it was attached to a connector for the outer mold.
The process of inner mold design can be seen in Figure 5. Although it is possible to design
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the inner mold using the stump of the severed hand as the base design, it is much harder to
properly align it with the outer mold without making an oversized outer mold.

Figure 3. 3D-scanned and mirrored results of contralateral patient fingers.

Figure 4. Outer mold design.

Figure 5. Inner mold design process.

The final mold design comprises three parts, as illustrated in Figure 6A. The top part
functions as the inner mold, creating space for the stump to be properly molded inside the
prosthetic. The tube-like parts are split to facilitate the easy removal of the prosthetic once
it has fully cured. This feature allows the mold to be reused, unlike common designs where
the mold must be destroyed to remove the prosthetic. The reusability will help streamline
and minimize the process of fabricating prototypes or variants of the prosthetics.
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Figure 6. Exploded view of the mold design (A), final mold design (B), and section view of the mold (C).

The inner mold is crucial as it forms the cavity where the patient’s stump will be placed.
Its design ensures that the prosthetic will have a precise fit, accommodating the unique
contours of the stump. The split design of the tube-like part allowed for the prosthetic to
be removed without damaging the mold.

Figure 6B demonstrates the fully assembled mold, which involves connecting four pins
in the outer mold and then attaching two pins from the inner mold to the top of both outer
molds. This assembly process is straightforward, ensuring that the molds align perfectly,
maintaining the accuracy of the prosthetic’s shape. The use of pins helps in keeping the
molds securely in place during the curing process, preventing any misalignment that could
compromise the prosthetic’s fit and functionality.

Figure 6C shows a sectional view of the inner mold’s position inside the outer mold.
This view highlights the importance of the gap between the inner and outer molds. It is
designed to be slightly smaller than the outer mold to provide the necessary thickness
for the prosthetic’s durability. The uniformity of this gap is critical, as it ensures that the
prosthetic will have a consistent thickness, contributing to its strength and longevity.

However, this might result in the prosthetic not fitting comfortably on the patient’s
severed finger. Additionally, there is a possibility of the prosthetic expanding slightly, but
the flexibility of the silicone material allows it to fit larger severed fingers as well. To address
these variations, the mold is designed with multiple linear scales of the original hand size:
105%, 100%, and 95%. This ensures a better fit for the patient’s needs and preference.

The mold was 3D-printed using FDM technology with PLA as the material, with the
results shown in Figure 7. The printing was executed with a 0.05 mm layer height, ensuring
high precision and detail in the final product. For the outer mold, a 20% infill ratio was
used, which is more than sufficient for maintaining structural integrity. In contrast, the
inner mold required at least an 80% infill ratio to prevent it from breaking easily due to its
more delicate structure.

These specific 3D printing parameters, including the chosen infill ratios and layer
height, were crucial in accurately capturing and preserving the intricate features of the
scanned finger within the mold. The design of the mold also allows for multiple uses,
making it a practical and cost-effective solution. The removal process is straightforward:
first, the inner mold is extracted, and then the outer mold is split open. This method ensures
that the mold can be preserved and reused without damage, further contributing to its
practicality and sustainability.

Various color compositions can be achieved by mixing basic silicone colorings by hand.
A skin color chart guide by L'Oréal was used as a standard reference for matching patients’
skin color. For the study, the patient’s skin color was matched with the reference chart and
then found by mixing basic coloring by hand until the dye was of a similar color to the
reference picked out earlier. The coloring was mixed into the silicone mixture and poured
into the mold to produce the prothesis. The finished prosthetics can be seen in Figure 8.
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The closest match to the patient’s skin on the color chart was B5 for the palmar side of the
hand and C9 for the dorsal side. The resulting prosthesis notably matches the patient’s
palmar skin tone as intended. However, the prosthesis only has one skin tone, while the
patient has notably different skin tones between the palmar and dorsal sides, as shown in
Figure 9. Further finishing techniques should be explored to be able to make the prosthesis
have different color tones for each side, to achieve closer resemblance to the natural look.

Figure 7. Two parts of 3D-printed outer molds (A), 3D-printed part of inner mold (B), and the
assembled 3D-printed mold (C).

Figure 8. Finished prosthetics.

. _‘e: R

Figure 9. Prosthetic fitted on patient.

Further advancements in coloring techniques are still limited, as much of the expertise
is closely guarded within the prosthetics industry. However, some color-mixing machines
could potentially be utilized in combination with 3D technologies, particularly 3D scanning,
to capture accurate skin tones and reproduce them precisely.

The texture of the prosthetic is as soft as human skin and captures the finger’s details.
Overall, the results demonstrate that it is possible to fabricate a colored prosthetic without
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compromising its texture and features. Further understanding of the effects of the silicone
mixture and post-processing techniques, such as air-spraying, could help achieve a closer
match for patients with multiple skin tones, especially for the dorsal side.

The custom-made prosthetic was fitted on the patient, as shown in Figure 9. The
patient expressed great satisfaction with the custom prosthetic, noting that it provided
a significantly better fit compared to pre-fabricated alternatives. The use of precise 3D
scanning and customized fabrication techniques ensured that the prosthetic was tailored to
the patient’s unique anatomy and preference, resulting in a perfect fit that pre-fabricated
options could not achieve. The patient reported that the prosthetic at 100% linear scale
(original size) feels and fits perfectly. This exact scaling was critical in achieving a natural
size and comfortable fit for the patient.

Furthermore, the angled design of the prosthetic was deemed much more natural for
both idle positioning and a variety of activities, such as using a phone, driving, picking up
objects, and holding items. The patient highlighted that the angled prosthetic enhanced
comfort and functionality during daily tasks, making it superior to a straight design. This
ergonomic consideration in the design ensured that the prosthetic would support the
natural movements and postures of the hand.

The Jebsen test conducted as shown in Figure 10 and the results of the Jebsen test, as
detailed in Table 1, demonstrate that the performance of the patient with the prosthetic is
slightly lower compared to when the patient does not use the prosthetic. The difference is
noteworthy considering that the patient has been living with their disability for a significant
period. This shows that the prosthetic does not hinder the daily activities of the patient,
and, given enough time with the prosthetic, the patient might achieve better results and
become more accustomed to the prosthetic. Overall, the patient is satisfied with the custom
prosthetic that offers a perfect fit, which not only enhances comfort but also makes the
patient disability less conspicuous.

Figure 10. Jebsen test clockwise from top left for writing (I), flipping paper (II), picking up small
object (III), stacking checkers (IV), simulated feeding (V), moving empty can (VI), and moving large
weighted can (VII).
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Table 1. Results of Jebsen test.

Dominant Hand with

Subtest Non-Dominant Hand (s) Dominant Hand (s) .
Prosthetic (s)

Writing 27.46 10.89 13.99
Flipping paper 9.71 5.37 8.21
Picking up small object 6.97 5.95 6.43
Stacking checkers 11.95 7.46 7.55
Simulated Feeding 4.89 35 3.29
Moving empty can 3.85 3.51 3.67
Moving large weighted can 3.63 3.15 4.20

The process can be completed in under 3 days without color testing: one day for
scanning and mold design, one day for mold fabrication and silicone casting, and another
for curing. While color matching may take additional time, it improves with experience.
This method is faster and less tedious than conventional silicone prosthetic fabrication,
with a cost of under USD 10 per prosthetic. Mold fabrication, which accounts for nearly
50% of the cost, is made more cost-effective by using FDM technology.

FDM is a highly cost-effective method for fabricating prosthetic molds, especially when
compared to SLA (stereolithography) technology. SLA, a more commonly used method for
silicone-based prosthetics, can be up to three times more expensive. Recent advancements
in FDM technology have greatly enhanced its capability to produce highly accurate textures
and features, bringing its results in line with those of SLA. This combination of cost-
effectiveness and precision makes FDM an excellent choice for prosthetic manufacturing,
offering an affordable solution without compromising on quality.

4. Conclusions

One of the key innovations discussed is the use of 3D printing technology for molding
prostheses. This technology offers several advantages, including greater accuracy, reduced
labor time, and improved fit and comfort for the prosthetic. It also simplifies the process
for both manufacturers and patients. A major contribution to patient satisfaction is the
ability to customize the prosthetic to individual preferences. The ergonomic design further
enhances comfort, leading to a prosthetic that is generally better received compared to
pre-fabricated options.

The use of PLA for 3D printing the mold has demonstrated cost-effectiveness without
sacrificing quality. Additionally, the mold’s design that allows it to be reusable contributes
to further cost savings. The color of the prosthetic has been matched closely to the patient’s
palmar skin tone, demonstrating the feasibility of mixing color pigments in a 3D-printed
mold. To achieve even better results, further understanding of the silicone mixture and
color may be required. Post-processing techniques, such as air-spraying, could also be
employed to create prosthetics with multiple skin tones or gradient effects.

The Jebsen test results indicate that while the custom-made prosthetic may slightly
reduce performance compared to not using a prosthetic, patient satisfaction remains high.
This suggests that the enhanced fit and comfort outweigh the minor performance reduction.
Personalized prosthetic solutions are emphasized as important for maintaining overall
satisfaction. With time, patients may adapt to the prosthetic and potentially achieve
performance levels that match or exceed those without a prosthetic. This indicates that the
prosthetic not only integrates well into daily life but may also improve task performance
over time.
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