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W N e

Abstract: Rheumatoid arthritis has become one of the most common inflammatory diseases and plays
a major role in the disability of the population affected by it. The prevalence of finger deformities
in the upper extremity caused by rheumatoid arthritis is increasing day by day, especially in low
and middle-income countries such as India. For the management of these finger deformities, the
splinting options are either customized or prefabricated. The performance and success of finger
splinting depend on several factors, including precision, aesthetics, patient acceptance, comfort,
the convenience of usage, effects, price, and side effects. However, to date, customized splints
are high-cost and usually fabricated by conventional production techniques, which dominantly
work on approximation. This study focused on the development of a novel finger splint through
computational optimization and 3D printing for the management of boutonniere and swan neck
deformity caused by rheumatoid arthritis. Twenty subjects with finger deformities were recruited,
and the performance of the 3D-printed splint was characterized. The results were assessed using the
nine-hole peg test and QUEST 2.0, which showed positive effects of the splint, including achievement
of corrected joint positions, finger dexterity, and comfort. Such a low-cost and effective splint, with
further acceptability testing, is anticipated to be a better line of conservative management for patients
affected by rheumatoid arthritis.
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1. Introduction

Rheumatoid arthritis (RA) is distinguished by continual synovitis, the presence of au-
toantibodies, and systemic inflammation [1]. It is characterized as an autoimmune disease
that affects 0.5% to 1% of the entire population. In the Indian scenario, the prevalence of
rheumatoid arthritis is estimated to be approximately 2.8 to 7 per 1000 [2]. Patients with
rheumatoid arthritis frequently face the impairment of hand function due to the complica-
tions that occur in their joints [3]. Rheumatoid arthritis-related finger malformation often
leads to swan neck and boutonniere deformities in the affected population (Figure 1). These
deformities are defined by different movements at different joints present in the finger itself.
In swan neck deformity, there is a movement of reciprocal flexion at the metacarpopha-
langeal joint, hyperextension at the proximal inter-phalangeal joint, and flexion at the distal
interphalangeal joint [4,5]. Whereas in the boutonniere deformity, these movements are
in the reverse order, i.e., extension at the metacarpal-phalangeal joint, hyperflexion of the
proximal inter-phalangeal joint (PIP]), and extension of the distal inter-phalangeal joint
(DIPJ) [6]. These exaggerated movements occur due to an extensor or flexor apparatus
dominance that is not counteracted by the opposite movement forces. This can lead to
a loss of capacity to actively flex and extend the PIPJ] and DIP], resulting in diminished
dexterity [7].
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Figure 1. Swan neck and boutonniere deformities in Rheumatoid Arthritis.

RA-based finger deformities can be treated by using several management options,
including surgical and non-surgical options. There is a variety of non-surgical manage-
ment options, such as orthotic management combined with passive stretching, movement-
blocking splints, progressive splinting, and splinting combined with surgery [4]. Conserva-
tive management can also be used post-operatively and during the rehabilitation period of
the patient. During the initial period of the rehabilitation, the patients are immobilized in
plaster splints and then prescribed active flexion and extension exercises. Later, the patients
are advised for static splinting options. Amongst the various conservative management
options available, finger splinting is one of the most popular options. As per the literature,
several studies have shown that finger splints can improve hand function in people with
RA and swan neck or boutonniere abnormalities [7-9].

The finger splints can be broadly categorized as prefabricated or customized [10].
Evidence of better performance of the customized splints, when compared with prefabri-
cated ones, is found in the literature [11,12]. Both these types of splints can be fabricated
using different types of materials available such as plaster, fiberglass, metal, foam, ther-
moplastics, carbon fiber, and other materials [13,14]. Also, there are different types of
fabrication techniques that are used to produce these splints [14]. Customized splints
can be fabricated using casting or scanning methods for measurements. The current de-
velopments in fabrication techniques allow the use of additive manufacturing for finger
splints [15-17]. It was found in the literature that the application of 3D printing widens the
scope of minor measurements and adjustments, allowing for better acceptance of finger
splints. Also, the choice of designs and quick prototyping exceeds in 3D printing compared
to the conventional customization options [18].

The performance and success of finger splinting depend on several factors, including
aesthetics, patient acceptance, comfort, the convenience of usage, effects, and side effects.
Therefore, the splints should be fabricated very precisely and as per the patient’s require-
ments. Consequently, this study investigates the use of 3D-printed finger splints in patients
with rheumatoid arthritis with swan neck and boutonniere deformities. The aim of the
study was to customize the finger splints according to the patient’s requirements using 3D
printing and to make them more aesthetic, therefore limiting the chances of non-acceptance
of the finger splints.

2. Materials and Methods
2.1. Demographics

The study was conducted at the Indian Spinal Injuries Centre (ISIC) in New Delhi,
India. Twenty patients diagnosed with rheumatoid arthritis were recruited from the
Out-patient Rheumatology Department of the hospital. It should be mentioned that the
number of subjects was limited for this pilot trial, in line with a similar work conducted by
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Gupta et al. [14], where a 3D finger splint was fabricated for mallet fingers and tested on
20 volunteers.

2.2. Geometrical Analysis of Splints

The geometric model of the finger was built according to the dimensions taken from
the fingers of the patients. The measurements taken for the fabrication of the digital model
in SolidWorks software (Dassault Systemes, Vélizy-Villacoublay, France) included some
circumferential, oblique, and linear dimensions (M1, M2, M3, and ©) as shown in Figure 2.
These measurements were taken using a Vernier Calliper and measuring tape.

(A)

Figure 2. Dimensions recorded in the fingers (A) Lateral view showing circumferential and oblique
measurements, (B) Palmar view showing linear measurements.

In Figure 3, the five splint designs that were tested computationally for optimal rigidity
are shown. These models of the splints shown were designed using the 3D modeling
CAD software Solidworks. Each design consisted of a different structure and number of
bars, generating different degrees of rigidity. The angulations between the two elliptical
designs were based on the measurements of the subjects. The splints consisted of elliptical
shapes, which were generated as per the measurements. These splints were designed
keeping in mind the aim of realigning the finger joints to correct the deformities. The
design extended from mid proximal phalange to mid distal phalange. Depending upon
the bending restriction and for enhancing the overall structural strength, five designs
were drafted by adding different types of bars. The angulation between the ellipses was
calculated with the measurements, and the ellipses were assembled accordingly. These
designs were then further tested using finite element methods (FEM).

Figure 3. Different types of splint designs used for structural analysis.

A structural analysis module was used to evaluate the various designs of splints in
ANSYS Workbench (ANSYS Inc. Southpointe, 275 Technology Drive, Canonsburg, PA,
USA). Standard parameters were used to determine the mechanical properties of PLA using
Type I ASTM D638 test standards, such as Young’s modulus, the thickness of the layer,
Poisson’s ratio, and the width of the raster [19,20]. The material properties of all splints
were defined in terms of Poisson’s ratio of 0.25 and Young’s modulus of 2850 MPa [10].
A maximum pressure of 0.64 MPa was applied on one of the boundaries, keeping the
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other boundary fixed (Figure 4). Figure 4 illustrates the load and boundary conditions
applied to perform the computational finite element modeling. A pressure of 0.64 MPa was
applied by keeping one end of the splint fixed. These pressure conditions depict the actual
loading conditions observed due to the bending of the fingers while wearing such types of
splints [10]. These boundary conditions depict the actual loading conditions observed due
to the bending of the fingers while wearing such types of splints.

Figure 4. Boundary conditions of the splint.

Figure 5 illustrates a gold standard mesh convergence study which is used to de-
termine an optimal mesh with high accuracy for computational simulations. For the
accuracy and precision of the computational model, five different types of meshes with ele-
ments in regular intervals, namely very coarse (865 elements), coarse (4288 elements), fine
(14,769 elements), and superfine (64,147 elements) models, were used (Figure 5), similar to
previous studies [21-23]. The mesh which produced stress values within the 5% error, as
compared to adjacent meshes, will be considered the optimal mesh.

865 Elements 4288 Elements 14769 Elements 64147 Elements

Figure 5. Different meshes, from very coarse to superfine, with the number of elements.

2.3. Fabrication of Splint

As per the computational analysis, splints 2 and 5 showed better results in comparison
with other splints. The splint 5 was chosen for fabrication as per its performance on both the
stress and deformation analysis [22,24,25]. The designs of the 3D printed splints were based
on the three-point pressure system used to straighten the joints, which is a major design
principle followed in the fabrication of various orthoses. The measurements of each patient
were applied to the digital splint design obtained with the help of SolidWorks and Mesh
mixer (Autodesk, San Rafael, CA, USA). The splint was fabricated using Polylactic Acid
(PLA) material with the help of Creality Ender 3 (Shenzhen, China) 3D printer [19,26]. The
splints were rapidly smoothed by placing them in the vicinity of ethyl acetate vapors, and
the supports were manually removed. The splints were padded for cushioning between
the subject’s skin and PLA material using pelite material of 2 mm thickness [26]. They were
fitted in a slight flexion position, which corrected the hyperextension in other joints. All the
correctable joints in all the fingers were fitted with the splints. The splints were fitted after
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several trials and after optimal fit was achieved using properly fitted splints. The subjects
were prescribed the splints for more than four hours daily.

2.4. Testing of Splints

The study used two measures to estimate the performance of the 3D-printed finger
splint. The first assessment was through a questionnaire QUEST 2.0 (Quebec User Evalua-
tion of Satisfaction with Assistive Technology) [27]. It is a 12-item instrumentation that is
used to evaluate the performance of any assistive technology by asking several questions
to the user to assess the characteristics of the assistive device used and the service provided
for the follow-up. The second assessment was an objective assessment using the Nine Hole
Peg Test (NHPT) that aims to measure the finger dexterity of the affected patients [28]. The
score in this test is administered depending upon the time taken by the patient to place the
pegs into the holes present on the board (Figure 6). The time starts as soon as the subject
touches the first peg and ends at the placement of the last peg. The measurements were
taken with and without the splints. Both quantitative measurements were used to analyze
the data obtained from the patient’s response.

Figure 6. Subject performing the Nine-hole peg test.

2.5. Statistical Analysis

The data were analyzed using the SPSS 26.0 software (SPSS inc., Chicago, IL, USA).
Mean and standard deviation was computed for each study variable. The outcome variables
used for analysis were scores obtained from QUEST 2.0 and time values obtained from
NHPT. A t-test was used to analyze the difference in the NHPT time values of each subject.
An Independent t-test was used to analyze the pre-test and post-data within the subjects.
The hypothesis was tested at a significant level of p < 0.05.

3. Results and Discussion

The subjects recruited for the study had a mean age of 45.70 & 10.57 years. The mean
height and weight of the subjects were 157.05 4= 9.24 cm and 66.05 + 16.03 kg, respectively.
All the subjects meeting the inclusion criteria were asked to take part in the study after
signing a consent form. Most of the patients had finger deformities in both the dominant
and non-dominant hands. Out of twenty patients, seventeen patients had deformities in all
the fingers of both hands.

3.1. Computational Analysis of Splints

To conduct the mesh convergence at different loads, pressure values of 0.5 MPa,
0.64 MPa, and 1 MPa were applied on the splint surface, as mentioned in the boundary
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conditions section. A maximum pressure of 1 MPa was applied to all the meshes for the
analysis. The applied pressure simulated a realistic loading scenario. Figure 7 shows
the mesh convergence results where the mesh with 14,769 elements showed less than 5%
variations in the outcome parameters [29]. Hence, this mesh was considered the optimal
mesh and was used throughout the computational analysis across all the splint designs.
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Figure 7. Mesh convergence study.

The total deformation analysis of designed splints is shown in Figure 8. The maximum
and minimum deformation was observed in splint 1 (4.05 mm) and splint 2 (0.10 mm). The
deformation values of other splints lay between splint 1 and splint 2, respectively. The
deformation values of splint 2 and splint 5 showed similar values, i.e., 0.10 mm =+ 5%.
Overall, amongst all splints, splint 2 and splint 5 showed the minimum deformation, thus,
indicating that these splints could perform well under a standard deformation value.

4.0504 Max 0.10763 Max 1.9164 Max
3.6004 0095668 1.7034
31503 0083709 14905
— 27003 0071751 12776
22502 0059792 1.0647
1.8002 0047834 085172
1.3501 0035875 063879
0.90009 0023917 042586
045005 0011958 021293
0 Min 0 Min 0 Min
Splint4
0.49461 Max 0.12078 Max
043965 010736
03847 0093343
032974 0080522
Ll 027478 0067102
021983 0053682
0.16487 0040261
0.10991 0026841
0054957 001242
0 Min 0 Min

Figure 8. Deformation results of different splint models at 0.64 MPa pressure.
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Since there were fewer differences seen in the deformation values, the stress analysis
was also performed. The total von-Mises stress of designed splints is illustrated in Figure 9.
The maximum and minimum stress were induced in splint 1 (118.97 MPa) and splint 5
(12.57 MPa), respectively.
118.97 Max
H 10575
70315

‘ 92534
66.096

18.782 Max 89.583 Max
16.7 ! 79.629
14619
12537
10455
83737
39658 6.2921
42105
21289
0.00034708 Min 0.047251 Min

69676
52877
2439
Figure 9. von-Mises stress distribution of different splint models at 0.64MPa pressure.

49.769
39.816
29.863
19.909
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0.0025253 Min

59.723
13219

Splints

28.425 Max 12.57 Max
25.269 ! 11.182
E 2112 9.7933
18955 84049
15.799 70166
12642 5.6283
94854 42399
63287 2.8516
3172 1.4633
0.015322 Min 0.07495 Min|

The stress values of other splints ranged between splint 1 and splint 5. After defor-
mation and stress analysis, two splints were found to exhibit better performance than the
others. Further, a finite element modeling study was performed to assess the reliability of
the splints. They were analyzed under high stress and pressure to ensure their rigidity in
real-time when the splints were worn by the subjects. The splint 5 that performed the best
in the stress and pressure analysis was chosen for the pilot study (Figure 10). The designs
varied depending upon the addition of bars for better reliability and rigidity against the
pressure created in the affected finger joints.

Figure 10. 3D printed splint.

A total of 185 splints were prescribed to the subjects for an intervention period of four
weeks. The most common joint involved was the proximal interphalangeal joints in most
of the patients. A brief description of the subject demographics and splints is described
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in Table 1. The post-splinting period constantly had followed-up services through phone
calls and emails, and modifications were done if needed. The subjects were constantly
monitored for splint use and its effects on their deformities. The measures used to evaluate
the performance of these splints were performed after four weeks. The results estimated
are discussed below in the further subsections.

Table 1. Subject demographics and splint details.

_ Age Hands Modifications
Subject (in Years) Left Hand Right Hand and Follow-Up
R M I T T I M R L
1 45 PD PD PD PD PD PD P Modified the
dimensions
2 41 PD P PD D P P PD PD
3 38 P P Uncomfmjtable in
cooking
4 60 PD P P P P P
5 45 P PD P PD PD D P
6 56 PD P P D P PD PD D
7 45 PD PD D PD D D PD P
8 22 P D P D
9 45 P PD PD PD PD Poor fit despite
adjustments
10 46 P P P P P PD P D
11 42 P PD P D D P
12 65 P PD P P D D P PD PD Unsatisfactory
13 56 PD PD PD P PD P
14 40 PD PD D P D D
Splints reduced
15 55 P P P D D P P P P after 2 weeks due
to discomfort
16 57 P P PD P P P
17 26 PD PD P PD PD PD P
18 34 P P P
19 50 P D P P P Splints added
afterward
20 46 PD D P PD D PD D D Arthritis
increased

Fingers; L-Little, R-Ring, M-Middle, I-Index, T-Thumb Joints; D-Distal Interphalangeal Joint, P-Proximal Interpha-
langeal Joint.

3.2. Nine Hole Peg Test

The nine-hole peg test was performed after an intervention time of four weeks. This
test was used to assess finger dexterity in rheumatoid arthritis subjects. The test was
performed in two phases, first without the splint and the second after the application of the
splint. The NHPT values before the application of the splint, which can also be referred to
as pre-test NHPT scores, were 28 £ 6.94. The post-test scores that are after the application
of the device were 23.50 & 5.32. The values were tested at a 95% confidence interval and a
p-value > 0.05, i.e., 0.001, as per the calculations by SPSS 26.0 software (Figure 11).



Rheumato 2023, 3

59
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Figure 11. The pre and post-test scores of the Nine Hole Peg Test without and with splinting.

The improvements in the NHPT scores were approximately the same, with a maximum
difference of 22 s to a minimum improvement of two seconds. There were two subjects
whose NHPT scores were higher with splints rather than without. However, the differences
in the scores were small.

3.3. QUEST

The scores assessed through this questionnaire were calculated using paired sample
test in SPSS software. The scores obtained were under two categories, i.e., devices and ser-
vices scores. The quantified value for the devices section was 4.76 £ 0.04 (Figure 12a), and
for the services section was 4.74 &+ 0.06 (Figure 12b); both the values were at p-value > 0.005.
The total scores obtained were 4.75 & 0.04 (Figure 13) at a confidence interval of 95% and
p-value > 0.005. The questionnaire also had a subsection of 12 categories, out of which the
subjects had to decide the three most satisfactory categories. The top three selections in
aggregate were weight, ease to use, and effectiveness.

QUEST Devices Scores QUEST Services Scores
5.1 52
5.1
2 49
48 48
4.7
4.6
45
44
4.3
43 42

(a) Subject (b) Subject

4.7

4.6

Devices Score
Services Score

4.5

4.4

Figure 12. QUEST (a) devices and (b) services scores.

The QUEST scores were used to assess satisfaction with the performance of the splint
and the services provided for follow-up. The scoring was based on scoring from one to
five, where one stated not satisfied at all to very satisfied at five. The results obtained in
this study were more than four, which implies the quite satisfactory performance of the
splint and follow-up.
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QUEST Scores

h

4.9 41
4.8 1
4.7 1
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4.6 |
45
44
43 -

4.2 r r r T r T T T T d
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Subject

Figure 13. QUEST total scores.

4. Conclusions

As per the literature, there are different varieties of finger splints available for patients
with rheumatoid arthritis, including silver ring splints (SRS), prefabricated thermoplastic
splints (PTS), and custom-made thermoplastic splints (CTS) [3,30-32], but there is a lack of
customized and comfortable splints for prolonged uses. In our work, a novel customized
finger splint design was optimized using computational analysis, fabricated using 3D
printing, and tested on 20 patients to compare its effectiveness with respect to other costly
splints. The splints were assessed using FEM for their rigidity and strength. The option of
3D printing provided more options for customizability. As compared to the commercially
available splints, the cost of 3D-printed splints was less. The subjects recruited for this
study were diagnosed with rheumatoid arthritis and prescribed custom-made 3D-printed
splints fabricated with PLA material for correction of finger deformities such as swan neck
and boutonniere. Overall, the splint was successful in providing better finger alignment
and achieving corrected joint positions throughout the fingers, could be applied both ways,
and was effective in the correction of both swan neck and boutonniere deformities. In
conclusion, 3D printed PLA finger splint was found to be a cost-effective and good option
for improving finger dexterity after the application of the splint. The performance of the
splint was also found to be satisfactory, be it with respect to the ease of use, the weight,
or the effectiveness of the splint, thus allowing prolonged wearing. In the future, a few
limitations of this study will be addressed, including the use of more precise measurements
to accommodate different joint sizes and its testing on a greater sample size for better
patient assessment. In addition, future studies will also focus on the level of activities of
every subject and set a criterion for the selection of the same. Also, the developed splint
will be compared with the existing designs for a better assessment of their performance.
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