
Original research article

Volume 55: 1–23
© The Author(s) 2025
Article reuse guidelines:

sagepub.com/journals-permissions
DOI: 10.1177/15280837251327737

journals.sagepub.com/home/jit

Investigating
thermoplastic-elastomer-based
3D-Printed mesh and
honeycomb structures for
cycling gloves

Ye-Eun Kim1
 and Dong-Eun Kim1



Abstract
This study aimed to develop innovative palm pads and back-of-hand mesh materials for
cycling gloves using thermoplastic elastomers (TPEs) and 3D printing technology. To this
end, two prototype gloves, referred to as “Study Glove 1” and “Study Glove 2,” were
fabricated and compared with a commercial glove. First, the palm pads of the study gloves
were designed with honeycomb structures featuring varying cell sizes, while their back-
of-hand sections incorporated a uniform mesh structure with a zigzag infill pattern. These
structures were then subjected to physical property testing and were subsequently
incorporated into the palm and back sections of actual gloves. 12 women in their 20s and
30s evaluated the gloves based on their fit and functionality. Study Glove 2 received
particularly favorable feedback for its comfort, breathability, and flexibility. Its back-
of-hand mesh material was praised for flexibility and breathability, suggesting its potential
as a viable alternative to conventional mesh materials. While the honeycomb structure in
the palm pad of Study Glove 1 provided rigidity and shock absorption, it was sometimes
found to lack flexibility and cushioning. In contrast, the honeycomb structure of Study
Glove 2 successfully combined flexibility with cushioning. This research underscores the
potential of TPEs in creating 3D-printed palm cushions for cycling gloves. The findings
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confirm the feasibility of using 3D printing technology in cycling glove production and
suggest further applications in other protective equipment and sports gear, depending on
the desired size and thickness of the cushioning structure.

Keywords
3D printing, cycling gloves, thermoplastic elastomers, honeycomb structures, infill
pattern

Introduction

Three-dimensional (3D) printing, a form of additive manufacturing, fabricates objects by
layering materials, facilitating the creation of intricate shapes at lower time and economic
costs compared to traditional machining processes.1 This technology supports the custom-
ization and low-volume production of diverse products, enabling cost-effective testing of
product quality and performance before scaling to mass production, thereby conserving
materials, time, and costs.2 Among the various 3D printing methods, fused deposition
modeling (FDM), which utilizes thermoplastic filaments, is particularly popular.3

Generally, materials used in 3D printing vary depending on the specificmethod, with FDM
typically employing filaments from various plastic families. Common options include ac-
rylonitrile butadiene styrene (ABS), valued for its rigidity, and polylactic acid (PLA), known
for its eco-friendliness and ease of use. While ABS offers greater heat resistance than PLA, it
releases harmful fumes when heated, requiring proper ventilation during printing. Addi-
tionally, the high temperatures required for printing make ABS-based printing more chal-
lenging than PLA-based printing.4,5 Among the materials commonly used in FDM-based 3D
printing, those with the highest tensile elongation and impact resistance include thermoplastic
polyurethanes (TPUs), thermoplastic elastomers (TPEs), and thermoplastic copolyesters
(TPCs) with biological properties. While the flexible and elastic nature of these materials
complicates printing, they offer excellent durability. Furthermore, their washable nature
renders them ideal for garment production.6

Specifically, TPE filaments are based on thermoplastic elastomeric polyurethanes and
contain a mixture of resins and rubber, which provides them with similar elasticity and
flexibility to those of rubber. Because of their thermoplastic nature, plastics exhibit
properties such as excellent resilience and shock absorption, as well as remarkable
processability and lightweight characteristics. These characteristics enable the use of
plastics across various industries, including the manufacturing of sports equipment, hats,
footwear, leather goods, and gloves.7 Additionally, TPE is easily deformable at high
temperatures, making it highly recyclable. Due to this advantage, it is becoming more
widely acknowledged as an eco-friendly and sustainable material.8

Active research into 3D printing technology spans multiple fields, including footwear
production apparel manufacturing, fashion design, and protective gear development.9–15
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With ongoing advancements, 3D printing applications have also expanded into the sports
domain, where its impact is particularly notable. For instance, researchers at the Illinois
MakerLab, University of Illinois, developed 3D-printed racing wheelchair gloves using
PLA, highlighting benefits such as cost reduction, lightweight design, and custom-
ization.16 Inspired by these developments, leading brands like Asics, Nike, and Adidas are
now using 3D printing to produce environmentally sustainable, customizable footwear
from recyclable thermoplastic materials.17–19

Sporting goods often require specific materials and functions tailored to different
athletic activities. Hence, 3D printing technology is ideal for manufacturing such prod-
ucts.20 Specifically, sports gloves fulfill both protective and performance-enhancing roles as
they must protect the hands while enhancing grip and dexterity.21 However, gloves made
from low-stretch fabrics can limit hand functionality, thereby diminishing the wearer’s
performance22,23 and potentially impacting sporting outcomes. Therefore, improvements
are needed in this regard. Although studies have analyzed hand dimensions and shapes to
provide foundational data for glove design,24 certain challenges remain, including the need
for age-specific measurements and the lack of product design considerations. Accordingly,
this study introduces cycling gloves made from TPE materials and explores the practical
applicability of leveraging the customization potential of 3D printing technology.

The primary focus was on designing palm cushions and back-of-hand mesh materials
using TPE in combination with 3D printing. The study sought to determine optimal
honeycomb sizes and cell thicknesses for palm cushions, as well as to optimize printing
parameters for comfortable, breathable back-of-hand materials that are suitable for
prolonged wear. The specific objectives were as follows:

(1) Determine the optimal honeycomb structure size for palm cushions by analyzing
variations in honeycomb size and cell thickness.

(2) Identify suitable output conditions for the back-of-hand material by adjusting the
3D-printed infill structure and density.

(3) Evaluate the fit and functionality of the gloves after fabrication using 3D printing
and sewing techniques, assessing their practicality.

Methodology

Design and development of cycling gloves

This study compared three pairs of gloves: one commercially available glove and two prototypes,
referred to as “StudyGlove 1” and “StudyGlove 2.” For the commercial glove, themost popular
brands among online cycling communities over the past year were explored, and brand “A”was
selected. Following this, the product with the highest ratings on the official website of brand “A”
was chosen (Figure 1). Subsequently, the palm pad and back-of-hand mesh of the study gloves
were 3D-printed to resemble the design of the selected commercial glove (Figure 2).

The size of the commercial glove was selected as size S based on the average hand
circumference of 18.9 cm for women aged 20‒69 years, as indicated by data from the 8th
Korean Anthropometric Survey.
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The palm pad was designed as a honeycomb structure to reduce impact. This structure
was aimed at minimizing vibrations during riding and protecting the palm during falls.25

The honeycomb design, known for its impact absorption, was modeled with cell sizes of
1 mm, 1.5 mm, 2 mm, and 3 mm. Meanwhile, the pad thickness was set to 3 mm and
5 mm, corresponding to those of the commercial glove.

Rhino 8 software was used for 3D modeling, and STL files were obtained. The slicing
software Cubicreator4 produced the G-code for printing, which was performed using a
CUBICON Single Plus - 320C 3D printer with a 1.75-mm-diameter TPE 85A filament.
Nozzle and bed temperatures were set to 230°C and 60°C, respectively, optimized for
printing using flexible TPE filaments. Initially, a printing speed of 30 mm/s was selected;
however, this speed was subsequently reduced to 15 mm/s to prevent filament tangling
and maintain print quality.

For the back-of-hand mesh, the zigzag infill pattern in Cubicreator was selected to reduce
weight and printing time.26 The infill density was set at 50% to balance flexibility, elasticity,
and stiffness. Meshes with three thicknesses (0.6 mm, 0.8 mm, and 1.0 mm) were printed and
tested for tensile strength, and the optimal thickness was applied to both Study Glove 1 and
Study Glove 2. The printing parameters for the back-of-hand material were identical to those

Figure 2. Flat sketch of the study gloves (Source: Authors’ own work).

Figure 1. Flat sketch of the commercially available glove (Source: Authors’ own work).
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used for the palm pad: a nozzle temperature of 230°C, a bed temperature of 65°C, an output
speed of 30 mm/s, and a fill density of 50%.

Material property testing

The impact resistance of the 3D-printed palm pad was evaluated using an Izod impact tester, a
device designed to assess a material’s capacity to withstand sudden impacts. Specimens were
prepared in accordance with the ASTM D256 standard, which outlines the impact-testing
procedures for plastic materials. Additionally, the tensile strength of the printed infill pattern was
measured using aUNITESTM1Series tensile tester, a device that measures the force required to
elongate materials. Specimens for this test were prepared in line with the ASTM D638 Type I
standard, which specifies the procedure for determining the tensile properties of plastics.

Evaluation

Selecting study participants. The study received institutional review board approval to
conduct the fit and functionality evaluation of its prototype gloves. Subsequently, 12 active
female cyclists who had been cycling at least twice a month for a minimum of 1 year were
recruited. To ensure that the hand dimensions of the participants aligned with standard
commercial glove sizes, four key dimensions were selected based on details obtained from
an online cycling apparel store: straight hand length, palmar length, medial palmar length,
and hand circumference. The average hand dimensions of women in their 20s and 30s were
then compared with data from the 8th Korean Anthropometric Survey, establishing ranges
of 16.8 cm (±1.0) for straight hand length, 9.7 cm (±1.0) for palmar length, 7.9 cm (±1.0) for
medial palmar length, and 18.9 cm (±1.0) for hand circumference (Table 1).

Evaluation of fit and functionality. This study assessed the fit and functionality of the
selected commercial cycling glove and the two study gloves. Fit was evaluated on a five-
point scale (1 = completely unsuitable, 5 = completely suitable) across four criteria: fit,
comfort, appearance, and overall satisfaction. Participants who rated an item as “1” or “2”
were asked to provide reasons for their rating.

For the functional assessment, the participants were asked to ride a researcher-provided
bicycle approximately 5 km for 15‒20 min while wearing each glove type in a

Table 1. Hand size ranges for the participants.

Dimension
Average hand size (Korean
women, 20s–30s) (cm)

Commercial glove
size (cm)

Selected size
range

Straight hand length 16.8 — 16.8 cm (±1.0)
Palm length 9.7 10.0 9.7 cm (±1.0)
Palm width 7.9 8.5 7.9 cm (±1.0)
Hand circumference 18.9 19.0 18.9 cm (±1.0)
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randomized order, along with protective gear. After each ride, they completed a func-
tionality evaluation sheet (Table 2), wherein they rated grip, riding behavior, donning and
doffing ease, and overall satisfaction on the same five-point scale (1 = completely un-
suitable, 5 = completely suitable). Similar to the fit test, participants who rated an item as
“1” or “2” were asked to provide reasons for their rating.

The fit and functionality ratings of the participants were analyzed using descriptive
statistics, multiple response analysis, the nonparametric Friedman test, and the Wilcoxon
signed-rank test in IBM SPSS Statistics.

Comprehensive evaluation and interviews. Following the comfort and functionality evalu-
ations, participants completed a comprehensive assessment of the three glove pairs by ranking
them and explaining their choices. Interviews were then conducted to encourage participants to
discuss 3D printing technology and their experiences with the selected 3D-printed cycling
gloves. The goal was to gather insights into the practical potential of these gloves.

Results and discussion

Glove design

Development of honeycomb-structured palm cushion pads. Cycling glove palm cushion pads
featuring an in-plane honeycomb structure were designed to enhance comfort and
protection. To identify the optimal cell size, four honeycomb structures (1.0 mm, 1.5 mm,
2.0 mm, and 3.0 mm) were modeled with a thickness of 5 mm to match the design of
commercial glove palm cushion pads (Table 3).

Testing results (Table 4) revealed that the honeycomb structure with the 1.0 mm cell
size was too rigid to function effectively as a cushion owing to its small, densely packed
cells, while the structure with the 3.0 mm cell size was excessively large, preventing the

Table 2. Steps involved in the functionality evaluation.

Evaluation step Evaluation details
Time required
(min)

Cycling Ride approximately 5 km wearing either the commercial or
study gloves (study glove 1 or 2)

15‒20

Break and
evaluation

Rest on a bench and complete the functionality evaluation
sheet

10

Cycling Ride approximately 5 km wearing either the commercial or
study gloves (study glove 1 or 2)

15‒20

Break and
evaluation

Rest on a bench and complete the functionality evaluation
sheet

10

Cycling Ride approximately 5 km wearing either the commercial or
study gloves (study glove 1 or 2)

15‒20

Break and
evaluation

Rest on a bench and complete the functionality evaluation
sheet

10
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application of intact hexagonal cells within the palm pad. Based on these findings,
honeycomb structures with cell sizes of 1.5 mm and 2.0 mm were selected for further
development (Table 5). These structures were then incorporated into actual cycling
gloves, and subsequent wear and functionality evaluations confirmed their suitability for
palm cushioning during cycling (Table 6).

Impact testing results. Impact tests were conducted on the honeycomb structures used in
the palm cushions of cycling gloves, and the results were analyzed based on the di-
mensions of the structures. Based on ASTM D256 (Table 7), the tests were performed on
3D-printed specimens using an Izod impact tester, at a temperature of 23°C and humidity

Table 3. Modeled honeycomb structures with different cell sizes.

Source: Authors own work.

Table 4. Printed honeycomb structures with different cell sizes.

Source: Authors own work.
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Table 5. Modeled palm cushion pad.

Source: Authors own work.

Table 6. 3D-printed palm cushion pad.

Source: Authors own work.
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of 43%. Instead of fracturing upon impact, all the specimens rebounded from the hammer,
demonstrating high elasticity and impact resistance.

Based on the results of the impact energy absorption test, the 1.5 mm honeycomb structure
outperformed the 2.0 mm structure. However, both structures exhibited excellent impact
absorption capability and elasticity, which highlights their suitability for palm cushioning in
cycling gloves. A follow-up study will be conducted to determine the optimal cell size by
assessing the fit and functional characteristics of the developed structures (Table 8).

Tensile strength and elongation testing results. Tensile strength tests were performed on the
3D-printed specimens using a UNITEST M1 Series tester, in accordance with ASTM
D638 Type I. Each specimen’s thickness was tested thrice, and the results were averaged. The
testing duration was 1 min 53 s for all specimens, none of which fractured during testing.

The 0.6-mm-thick specimen withstood a maximum load of 11 N, while the 0.8-mm-
and 1.0- mm-thick specimens withstood loads of 13.6 N and 16.9 N, respectively.
Notably, all three specimens exhibited 600% elongation, reflecting the flexibility of the
TPE material, which is comparable to that of polyurethane, as reported by Park et al.27

Overall, the TPE material, which was printed with a zigzag internal filling pattern at 50%
density, exhibited high tensile strength and elongation without restricting hand movement
(Figure 3).

Table 7. ASTM D256 standards.

Source: Authors’ own work.

Table 8. Results of the impact test.

Thickness (mm) Honeycomb cell size (mm) Impact energy (J)

3.0 mm 1.5 0.1123
2.0 0.0945

5.0 mm 1.5 0.2930
2.0 0.1585
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Given the design requirements for sports gloves, which prioritize hand movement
flexibility and sweat absorption, a cantilever method was employed to evaluate the drapability
and stiffness of each specimen. The results revealed that stiffness increased with thickness.
Consequently, the 0.6-mm-thick specimen was deemed the most bendable, soft, and flexible
material—making it ideal for the back of hand cycling gloves (Table 9; Figure 4).

Fabrication of the study gloves

Apart from the abovementioned 3D-printed components, the other materials for the Study
Gloveswere selected to closely resemble those used in commercially available cycling gloves.
Generally, commercial gloves typically comprise a blend of polyamide (80%), polyurethane
(10%), and polyester (10%), with mesh fabric, leatherette, and terry fabric forming the
primary structure. Similarly, the Study Gloves were fabricated from a blend of polyamide
(80%), polyurethane (20%), leatherette, and terry fabric (95% cotton, 5% polyurethane),
combined with 3D-printed components and assembled using sewing techniques (Table 10).

Evaluation results

Cycling patterns and glove preferences of the participants. An analysis of the cycling patterns
and glove preferences of the 12 study participants revealed that five had been cycling for

Figure 3. 3D-printed ASTM D638 type I sample (Source: Authors’ own work).

Table 9. Results of the tensile and elongation tests.

Thickness
(mm)

Maximum
load (N)

Tensile strength
(N/mm2)

Elongation
(%)

Time required
(H:M:S)

0.6 11 0.003 600 0:01:53
0.8 13.6 0.004
1.0 16.9 0.005
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Figure 4. 3D-printed back-of-hand mesh (Source: Authors’ own work).

Table 10. Images of sample gloves.

Source: Authors’ own work.
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over 4 years, four had been cycling for more than three but less than 4 years, two had been
cycling for more than two but less than 3 years, and one had been cycling for more than
one but less than 2 years. The primary purpose of cycling was personal leisure or hobby
for six participants, club activities for five participants, and exercise for health for one
participant. In terms of frequency, three participants cycled three to four times per week,
three participants cycled once or twice per week, two participants cycled three to four
times per month, and two participants cycled irregularly (Figure 5). Most participants
cycled consistently at least once a month, with the most common duration of cycling
sessions exceeding 3 h. This consistency suggests that the study participants were actively
involved in cycling, primarily through leisure and club activities.

All participants confirmed wearing size S gloves for cycling activities. An analysis of
the common reasons for using cycling gloves (Table 11) revealed injury prevention as the
primary purpose. Additional reasons included protection against sweat-induced damage
to the handlebar tape and shielding the back of the hands from ultraviolet rays. Half-
gloves were the most popular among the participants, often replaced annually or more
frequently due to wear and tear. Fingertips were the most commonly damaged areas,
followed by the palm, the areas between the middle and ring fingers, regions between the

Table 11. Glove usage and size patterns of the participants.

Items Frequency (N) Percentage (%)

Glove size in use: size S 12 100.0
Uses gloves for regular cycling activities 12 100.0

Figure 5. Cycling activity levels of participants.
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thumb and index finger, and the finger loops of the half-glove. These findings suggest that
the frequent contact with bicycle handlebars necessitates durable palm cushion pads.

Regarding glove materials, 29.2% of the respondents were unsure of the material of
their gloves, while the remaining participants most commonly used gloves made from
synthetic leather, nylon, and spandex. In terms of brand preferences, 33.3% of the
participants selected “Other,” including brands such as Loffi Quick-Mit, Bontrager,
Santic, Giyo, CU-TINE, Shimano, Nike, and ASOS. Among specified brands, NSR
(26.7%) had the highest response rate, followed by ULVINE (13.3%), an unidentified
brand (13.3%), Aden Bike (6.7%), and SILENCE (6.7%) (Figure 6).

These findings underscore that female cyclists primarily use gloves for injury pre-
vention and hand protection. The frequent friction-induced damage caused to fingertips
and palms highlights the need for durable glove materials. Additionally, fabricating
gloves with a variety of materials and designs is essential.

When rating their satisfaction with their cycling gloves on a five-point Likert scale, the
participants rated most items as “fair.”However, durability received a lower average score
of 2.92, likely because damage was the primary reason for replacing gloves. Overall, the
participants were generally satisfied with the quality of their gloves, except for durability.

When asked to identify factors influencing their purchase decisions, the respondents
ranked color (4.67) and design (4.58) as the most important considerations. Satisfaction
with the variety of available designs, however, was moderate, at 3.00, suggesting potential
for improvement by offering customized designs through 3D printing technology.

In addition to color and design, participants identified size, the presence of palm pads,
comfort, and price as key purchase factors. Satisfaction with glove size was also
moderate, at 3.08, likely owing to limited size options and inadequate comfort based on

Figure 6. Cycling glove usage among the participants.
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hand shape and movement. Customization using 3D printing technology is anticipated to
improve satisfaction with glove fit and size (Table 12).

Overall, our results revealed that cycling glove purchasers prioritize both aesthetic and
functional factors, with durability as a significant concern. Customization through 3D
printing technology may effectively address these issues.

Fit evaluation results. This study evaluated the fit of one commercial and two study gloves
(Study Glove 1 and Study Glove 2) using a 30-item five-point Likert scale. The results
revealed no significant differences between the three gloves (Table 13), with each glove
receiving an average rating of “moderate” (score of three). In the fit assessment sub-
categories, the commercial glove was rated as loose around the hand and wrist, while all
three gloves were noted to be loose around the palm, likely owing to variations in the
participants’ hand shapes.

In terms of overall fit satisfaction, however, a significant difference (p < .05) was
observed. Study Glove 2 received the highest satisfaction score of 4.08, followed by the
commercial glove at 3.83 and Study Glove 1 at 3.58. The Wilcoxon signed-rank test
confirmed a statistically significant difference between Study Glove 1 and Study Glove 2,
which was attributed to variations in the cell dimensions of honeycomb structures within
the palm pad. In terms of specific subcategories, Study Glove 1 scored lower for stretch,
the commercial glove was rated lower for weight and fit, and Study Glove 1 was deemed
unsuitable owing to the stiffness of its palm pad.

Appearance ratings revealed no statistically significant differences among the three
gloves, each receiving similar average scores in the three-point range. The aesthetics of
the back-of-hand and palm pads were rated as moderate for all gloves, though some
feedback suggested improvements to the 3D-printed sections.

Table 12. Cycle glove satisfaction and purchase considerations survey results.

Satisfaction evaluation items Mean (S.D.) Consideration items Mean (S.D.)

Size 3.08 (0.79) Size 4.50 (0.67)
Elasticity 3.33 (0.65) Colors 4.67 (0.49)
Easy to put on and take off 3.00 (0.60) Comfort 4.25 (0.75)
Weight 3.75 (0.87) Brand 3.17 (0.94)
Laundry and care 3.33 (0.99) Laundry and care 3.58 (0.90)
Durability 2.92 (0.67) Durability 3.33 (1.07)
Extended wear 3.33 (0.89) Price 4.00 (1.28)
Materials 3.50 (0.67) Materials 3.33 (1.07)
Design diversity 3.00 (0.85) Design 4.58 (0.67)
Hand vibration during cycling 3.08 (0.67) Cushioned padding 3.92 (0.90)
Gripping force when grasping the handle 3.08 (0.90) With or without pads 4.42 (0.67)
Sweat absorption 3.17 (0.39) Usability 3.50 (1.09)
Overall satisfaction with current cycling gloves 3.42 (0.52)
N 12 N 12
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Table 13. Evaluation results for the Commercial Glove and Study Gloves 1 and 2.

Evaluation
items Detail Items

Commercial
Glove
Mean (S.D.)

Study Glove 1
Mean (S.D.)

Study Glove 2
Mean (S.D.)

Fried
man χ2

Fit Hand circumference 3.50 (1.09) 3.83 (0.58) 4.33 (0.49) 4.667
Wrist circumference 3.42 (1.24) 3.67 (0.78) 3.75 (1.06) 1.103
Palm length 3.33 (1.07) 3.67 (0.89) 3.83 (1.03) 2.000
Side fit 3.92 (0.67) 4.00 (0.60) 3.92 (0.79) 0.320
Satisfaction with overall
fit

3.83 (0.84) 3.75 (0.87) 3.92 (0.79) 0.514

Average overall 3.60 (0.89) 3.78 (0.51) 3.95 (0.76) 0.545

Comfort Elasticity 4.17 (0.72) 3.58 (1.16) 4.08 (0.67) 2.741
Wearability 4.00 (0.60) 3.58 (0.79) 4.08 (0.67) 5.840
Wearing cycling gloves 3.92 (0.67) 4.08 (0.67) 4.25 (0.45) 2.214
Removing cycling gloves 4.00 (0.60) 3.75 (0.75) 4.08 (0.67) 2.600
Weight 3.83 (0.94) 3.83 (0.39) 4.25 (0.45) 3.310
Fit of cycling gloves 3.58 (0.79) 3.75 (0.62) 4.00 (0.60) 6.348
3D-printed back-of-hand
component fit

4.00( 0.60) 4.17 (0.39) 4.33 (0.65) 2.483

3D-printed back-of-hand
component flexibility

3.75 (0.97) 4.08 (0.51) 4.25 (0.75) 2.516

3D-printed back-of-hand
component material

3.75 (0.62) 4.17 (0.39) 4.17 (0.94) 3.200

Wrist movements 3.92 (1.00) 4.00 (0.60) 4.25 (0.75) 1.182
3D-printed palm pad
cushioning

4.08 (0.79) 3.25 (0.87) 3.75 (0.45) 5.556

3D-printed partial seams
inside the glove

3.58 (1.31) 4.08 (0.67) 3.92 (0.79) 0.839

Overall wearability
satisfaction

3.83 (0.72) 3.58 (0.67) 4.08 (0.51) 6.320*

Average overall 3.88 (0.56) 3.84 (0.41) 4.11 (0.34) 5.660

(continued)
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The overall evaluation revealed no significant differences among the three gloves. In
terms of portability and durability, all gloves received ratings in the four-point range.

In conclusion, all three gloves received ratings in the three to four range, with no
significant differences overall. Although the study gloves were not rated as superior, their
comparable performance to the commercial glove suggests that our 3D-printed TPE palm
pad and back-of-hand mesh could be effectively used in cycling gloves.

Functionality evaluation results. The functionality of the commercial glove, Study Glove 1,
and Study Glove 2 was assessed based on a 30-question survey with a five-point Likert
scale. Each question evaluated aspects such as gripping behavior, riding behavior,
donning and doffing ease, and overall satisfaction (Table 14).

Table 13. (continued)

Evaluation
items Detail Items

Commercial
Glove

Mean (S.D.)
Study Glove 1

Mean (S.D.)
Study Glove 2

Mean (S.D.)
Fried
man χ2

Appearance 3D-printed back-of-hand
pattern appearance

3.42 (0.52) 3.50 (0.90) 3.42 (0.90) 0.222

Aesthetic effect of the
3D-printed back-of-
hand design

3.33 (0.65) 3.50 (0.90) 3.33 (0.89) 0.600

3D-printed back-of-hand
material thickness

3.67 (0.65) 3.92 (0.51) 4.00 (0.60) 1.182

3D-printed palm pad
position

3.50 (0.91) 3.42 (1.00) 3.42 (0.79) 0.333

3D-printed palm pad
pattern
appearance

3.58 (0.67 3.17 (0.94) 3.17 (0.83) 1.118

Aesthetic effect of 3D-
printed
palm pad

3.67 (0.65) 3.00 (0.95) 2.92 (1.00) 4.200

3D-printed palm pad
thickness

4.00 (0.60) 3.50 (0.67) 3.50 (0.67) 4.083

Overall appearance
satisfaction

3.75 (0.75) 3.25 (0.87) 3.58 (0.79) 3.364

Average overall 3.61 (0.52) 3.40 (0.66) 3.41 (0.34) 0.419

Overall
Satisfaction

Portability 4.08 (0.67) 4.00 (0.85) 4.08 (0.79) 0.400
Durability 4.08 (0.29) 4.08 (0.67) 4.08 (0.67) 0.000
Usability 4.08 (0.52) 3.67 (0.89) 4.00 (0.74) 2.250
Overall satisfaction with
cycling gloves

3.83 (0.58) 3.50 (0.80) 4.00 (0.60) 5.840

Average overall 4.02 (0.38) 3.81 (0.59) 4.04 (0.60) 2.909

Shading indicates the glove with the highest value among the three gloves.
Scale: 1 = Completely unsuitable, 2 =Mostly unsuitable, 3 =Neutral, 4 =Mostly suitable, 5 = Completely suitable.
*p < 0.05.
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Table 14. Functionality evaluation results for the Commercial Glove and Study Gloves 1 and 2.

Evaluation
items Detail items

Commercial
Glove
Mean (S.D.)

Study Glove
1
Mean (S.D.)

Study Glove
2
Mean (S.D.)

Fried
man χ2

Handle holding
action

Hand circumference 3.67 (0.78) 3.92 (0.76) 4.00 (0.85) 1.615
Wrist circumference 3.42 (1.24) 3.77 (0.93) 4.00 (0.85) 3.000
Palm length 3.17 (1.11) 3.62 (0.96) 3.92 (0.79) 6.333*
3D-printed back-of-hand

component wearability
3.92 (0.51) 4.23 (0.44) 4.33 (0.49) 6.000

3D-printed back-of-hand
component thickness

3.75 (0.75) 4.15 (0.55) 4.42 (0.51) 6.343*

3D-printed back-of-hand
component fit

3.83 (0.83) 4.23 (0.44) 4.33 (0.89) 3.941

3D-printed palm pad
wearability

3.75 (0.87) 3.31 (0.95) 3.75 (0.97) 1.588

3D-printed palm pad
thickness

3.67 (0.98) 3.54 (0.52) 3.58 (0.79) 0.065

Holding force when
grasping the handle

3.75 (0.75) 3.92 (0.64) 3.75 (0.45) 0.500

Overall grip satisfaction 3.92 (1.00) 3.54 (0.88) 3.83 (0.72) 0.788
Average overall 3.68 (0.67) 3.82 (0.43) 3.99 (0.51) 3.511

Riding
behavior

Hand vibration while riding 3.42 (0.67) 3.62 (0.65) 3.92 (0.51) 3.879
3D-printed palm pad

cushioning effect while
riding

3.67 (0.65) 3.15 (0.90) 3.75 (0.87) 3.353

Proper positioning of the
3D-printed palm cushion
while riding

3.42 (1.00) 3.38 (1.19) 3.75 (1.06) 0.929

Feeling of foreign object on
back of hand while riding

3.75 (0.75) 4.08 (0.64) 4.08 (0.79) 5.545

Feeling of foreign object in
the palm while riding

3.50 (1.00) 3.85 (0.80) 3.92 (0.67) 1.800

Handle grip while riding 3.92 (0.67) 3.46 (0.88) 3.67 (0.89) 1.515
Flexibility of 3D-printed

material while riding
4.00 (0.74) 3.77 (0.93) 4.00 (0.95) 0.686

Hand movements while
riding

3.83 (0.94) 3.77 (0.60) 3.92 (0.90) 0.609

Ventilation of 3D-printed
material while riding

2.92 (0.79) 4.15 (0.69) 4.25 (0.97) 12.150*

Sweat-wicking of 3D-
printed material while
riding

3.08 (0.51) 3.46 (0.66) 3.42 (0.79) 3.800

Overall satisfaction with
cycle gloves when riding

3.42 (0.67) 3.46 (0.66) 4.00 (0.60) 3.920

Average overall 3.54 (0.51) 3.65 (0.53) 3.88 (0.63) 6.261*

(continued)
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The gripping behavior evaluation revealed significant differences (p < .05) among the
gloves in terms of their palm length and the thickness of the 3D-printed back-of-hand
component. Specifically, for palm length, the commercial glove was rated significantly lower
than Study Glove 2, primarily owing to perceptions of a looser fit. This finding aligns with the
observations of Yu et al., who reported that excessive space between the glove and the hand
can compromise grip performance and overall hand function. This reinforces the importance
of designing gloves with an optimal fit to maximize grip efficiency.28

Based on the overall average scores, the proposed glove received slightly higher
ratings than the commercial glove; however, the difference was not statistically

Table 14. (continued)

Evaluation
items Detail items

Commercial
Glove

Mean (S.D.)

Study Glove
1

Mean (S.D.)

Study Glove
2

Mean (S.D.)
Fried
man χ2

Putting on and
taking off
behavior

Flexibility of 3D-printed
back-of-hand material
during wear

3.83 (0.72) 4.23 (0.73) 4.33 (0.65) 4.880

Flexibility of 3D-printed
back-of-hand material
during removal

3.83 (0.72) 4.31 (0.75) 4.33 (0.65) 4.846

3D-printed palm
protection pads for
wearing

4.00 (0.60) 3.77 (0.83) 4.25 (0.62) 3.562

3D-printed palm protection
pads for changing

3.92 (0.67) 3.77 (0.83) 4.08 (0.90) 2.000

3D-printed mesh than can
be wrapped around the
back of the hand for a
comfortable fit

3.75 (0.87) 4.23 (0.44) 4.08 (0.29) 3.800

Overall satisfaction with
wearing and taking off
cycling gloves

3.67 (0.49) 3.62 (0.77) 4.00 (0.74) 2.741

Average overall 3.83 (0.58) 3.99 (0.52) 4.18 (0.46) 5.000

Overall
satisfaction

Suitability as a 3D-printed
partial cycling glove

3.83 (0.72) 3.54 (0.66) 4.08 (0.67) 2.167

Impact of 3D-printed
gloves on overall riding
experience

3.67 (0.49) 3.54 (0.66) 3.92 (0.79) 1.273

Overall satisfaction with
3D-printed cycling glove
functionality

3.83 (0.72) 3.62 (0.51) 4.08 (0.79) 2.529

Average overall 3.78 (0.56) 3.56 (0.55) 4.03 (0.70) 3.744

Shading indicates the glove with the highest value among the three gloves.
Scale: 1 = Completely unsuitable, 2 =Mostly unsuitable, 3 =Neutral, 4 =Mostly suitable, 5 = Completely suitable.
*p < 0.05.
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significant. This suggests that while the proposed glove was rated better on certain
evaluation metrics, it did not offer a distinct advantage in terms of overall user
satisfaction.

Collectively, the findings demonstrate that the proposed glove was positively evaluated
in terms of palm length and the thickness of the 3D-printed back-of-hand, achieving
higher ratings on these specific metrics. This highlights the potential of our design
approach and materials to offer functional benefits over conventional gloves, particularly
in enhancing fit and structural support.

In the riding behavior evaluation, a significant difference (p < .05) was observed
among the gloves in terms of their ventilation. Study Glove 1 and Study Glove 2 were
rated 4.00 and 4.20, respectively, while the commercial glove received a lower rating of
2.80. This suggests that the ventilation quality of the study gloves was superior. Therefore,
compared with the commercial gloves, the proposed gloves are likely to maintain better
comfort during prolonged wearing.

Regarding hand vibration, palm pad cushioning effectiveness, and palm pad posi-
tioning, all three gloves performed similarly, with scores in the three-point range, ex-
hibiting no significant differences. However, some comments indicated that the palm pads
in the commercial glove were too thin, while those in Study Gloves 1 and 2 were thick and
stiff, leading to discomfort. This feedback may be attributed to personal preferences
regarding palm cushioning.

In terms of handle retention, all three gloves yielded comparable results, with no
discernible differences. The commercial glove received the highest rating for overall
satisfaction with gripping behavior, while Study Glove 1 was deemed to provide an
inadequate grip.

Evaluation of donning and doffing ease revealed no significant differences among the
gloves. In particular, Study Glove 1 received a lower score of 3.50 for its palm protection
pad, while Study Glove 2 and the commercial glove scored 4.00 and 3.80, respectively.
This discrepancy is likely attributed to the inflexibility of the honeycomb structure with
the 1.5 mm cell size. Additionally, the palm material of the study gloves was rated as
comfortable during donning and doffing, suggesting that the internal filling structure used
in the study gloves could be viable for cycling gloves.

In terms of overall satisfaction, all three gloves received similar ratings. Study
Glove 2 scored the highest at 4.00, followed by the commercial glove and Study Glove
1 at 3.70, suggesting that the study gloves can positively impact cycling activities.
Specifically, in terms of suitability as a cycling glove, Study Glove 2 received a score
of 4.00, while Study Glove 1 and the commercial glove both scored 3.50. These results
confirm the feasibility of using 3D-printed TPE materials in cycling gloves. Thus, by
adjusting the dimensions of the honeycomb structure and thickness of the palm pad,
3D-printed TPE materials can be optimized for cycling gloves and other sports
equipment.

In conclusion, Study Glove 2 received high scores across various categories, including
comfort, ventilation, and flexibility, indicating that 3D printing technology has the po-
tential to enhance cycling glove functionality. Further research is needed to optimize the
size and thickness of the honeycomb structure to improve fit and performance.
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Comprehensive evaluation and interview results. Following the fit and functionality eval-
uation of the gloves, a comprehensive assessment was conducted. This assessment in-
cluded ranking the gloves based on questionnaire responses and providing rationale for
each selection (Table 15).

Study Glove 1 was rated the least ergonomic for gripping the steering wheel, while
Study Glove 2 ranked the highest in most other evaluated categories. These high ratings
for Study Glove 2 were attributed to its flexibility, as well as the ventilation performance
of its back-of-hand mesh material, which proved advantageous during cycling. However,
concerns were raised regarding the insufficient ultraviolet protection of the back-of-hand
mesh material. Furthermore, the palm pad of Study Glove 1 was criticized for being hard
and excessively thick, causing discomfort when gripping. Conversely, Study Glove 2 was
commended for its cushioned comfort, though it received negative feedback for its
aesthetic appeal. To address this, participants suggested adding a fabric layer over the 3D-
printed component.

These findings align with results from the Cycle Glove Satisfaction and Purchase
Considerations study, which emphasized the importance of both appearance and func-
tionality. Thus, while the palm pad design of Study Glove 2 demonstrates promise for
adaptation in cycling gloves, further refinements are warranted.

Conclusion

This study examined the performance of 3D-printed cycling gloves made from TPEs. The
cushions of the palm pads were designed with an in-plane oriented honeycomb structure,
a design commonly used for impact mitigation. Glove palm cushion pads with hexagonal
structures featuring cell sizes of 1.5 mm and 2.0 mm were 3D-printed and subjected to
impact testing. Additionally, the back-of-hand mesh material was 3D-printed with a
zigzag internal filling pattern at 50% density and subjected to tensile testing.

To evaluate the viability of Study Glove 1 and Study Glove 2 as cycling gloves, both
prototypes were compared with a commercial glove from the perspectives of comfort and
functionality. 12 women in their 20s and 30s participated in the evaluation. Although, the
overall comfort and functionality ratings did not significantly differ among the three
gloves, all gloves scored within an average three-point range. Participant feedback
suggested that aesthetic enhancements would be beneficial for the 3D-printed components
of the gloves.

Table 15. Comprehensive evaluation questions.

Comprehensive evaluation questions

Which glove provides the least natural grip?
Overall, which glove is functionally satisfactory for cycling?
Which glove would you be willing to use as a cycling glove?
Which glove are you most satisfied with overall?
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The functionality ratings of the gloves were moderate overall. The participants noted
that the back-of-hand mesh material of Study Glove 2 offered enhanced flexibility and
ventilation, contributing to comfort during use; however, they mentioned the lack of
ultraviolet protection as a drawback. In contrast, the palm pad of Study Glove 1 was
deemed hard and excessively thick, causing discomfort when gripping the steering wheel.
Overall, while Glove 2 received positive feedback for its cushioning and comfort, its
aesthetic appeal was critiqued, with recommendations for adding a fabric covering over
the 3D-printed components.

Glove 2 received positive ratings for both comfort and functionality, while Glove 1 was
deemed less adequate, primarily owing to differences in the honeycomb structure di-
mensions. The honeycomb structure with a 1.5 mm cell size, though effective in shock
absorption, was too stiff and lacked the resilience and cushioning needed for cycling
gloves. Conversely, the honeycomb structure with a cell size of 2.0 mm provided greater
flexibility and cushioning, indicating its suitability with potential adjustments to thick-
ness. Furthermore, the flexible and breathable nature of the back-of-hand mesh material
suggests its viability as an alternative to traditional mesh materials.

Our findings confirm the feasibility of 3D-printing cycling gloves using TPE materials
and highlight the potential of such materials for broader application in protective
equipment and sports gear. As noted by Dasgupta and Dutta (2024), 3D printing using
elastomers represents a cost-effective and material usage efficient alternative to traditional
manufacturing. Furthermore, the ability to customize designs in 3D printing allows for
tailoring the fit and performance characteristics of the product to the requirements of
different users while minimizing material waste, in addition to enabling the creation of
complex geometries that conventional methods struggle to achieve.29

In this study, a cushioning pad structure was developed using 3D printing technology.
Future research could employ fit-improvement strategies suggested in previous studies to
develop gloves optimized for individual hand sizes and shapes. This approach requires
experimental verification of the effectiveness of fit enhancement and systematic eval-
uation of the feasibility of customized glove design.

While this study confirms the feasibility of 3D-printing cycling gloves using TPE
materials, certain limitations must be addressed. The sample size (12 participants) was
small and was restricted to women in their 20s and 30s, which limits the generalizability of
the findings. Future research should incorporate a larger, more diverse participant pool to
ensure more robust results. Additionally, our analysis of glove performance focused
primarily on subjective user evaluation, lacking an objective comparison with commercial
gloves. Hence, future research should include comparative durability testing of the
proposed gloves against commercial alternatives. To this end, we will conduct long-term
simulated usage tests to assess performance variations over time and compare the results
with those from this study. We anticipate that such comparisons will enhance the ob-
jectivity and validity of our findings.
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