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Abstract

Background: Mallet finger is commonly managed by immobilizing the distal interphalangeal (DIP) joint in
extension. Three-dimensional (3D) printing enables customized orthoses, but geometric features introduced
for access, ventilation, or comfort may alter device mechanics. This study used finite-element (FE) analysis
to quantify the mechanical effect of a longitudinal vent in a 3D-printed mallet finger orthosis.

Methods: Two orthosis geometries, one with a 26.2 mm x 7.6 mm longitudinal vent and one without the
vent, were evaluated under axial compression and anatomical DIP loading. Peak effective stress was
compared under axial compression, while maximum principal stress (MPS) and lateral displacement were
evaluated under DIP loading. Mesh sensitivity was assessed using MPS sampled at a consistent DIP joint
location across progressively refined meshes.

Results: Under axial compression, peak effective stress decreased from 4.409 MPa in the orthosis with the
vent to 3.409 MPa in the orthosis without the vent, representing a 22.7% reduction. Under anatomical DIP
loading, MPS decreased from 0.2554 to 0.1331 MPa, representing a 47.9% reduction, while the maximum
displayed lateral displacement decreased from 1.957 x 1073 to 6.518 x 10 mm, representing a 66.7%
reduction.

Conclusion: Under the evaluated conditions, the longitudinal vent increased stress concentration and
deformation in the 3D-printed mallet splint. However, the stresses remained well below the measured
material strength. Vent design should balance structural performance with the clinical benefits of
ventilation. Future clinical studies are needed before further design recommendations can be made.

Categories: Trauma, Physical Medicine & Rehabilitation, Orthopedics
Keywords: 3d printing, additive manufacturing, dip joint, finite-element analysis, mallet finger, orthosis, splint,
stress concentration

Introduction

Mallet finger results from disruption of the terminal extensor mechanism at the distal phalanx and results in
an inability to actively extend the distal interphalangeal (DIP) joint. There is no defined, universally
accepted treatment for mallet finger, though a general consensus agrees on orthotic treatment [1-3].
Nonoperative immobilization remains a primary treatment approach for most acute mallet injuries,

with continuous splinting of the DIP joint in extension as an effective treatment strategy [2,4].

Although many splint configurations are used clinically, orthosis fit, comfort, skin tolerance, and adherence
to the prescribed remain important considerations. A systematic review reported that custom-made finger
orthoses may reduce skin complications compared with prefabricated devices while producing similar
clinical outcomes [5,6]. More recent work has explored three-dimensional (3D)-printed mallet finger
orthoses as a means of producing personalized devices with reproducible geometry, low material use, and
rapid fabrication [7]. A national survey found that many healthcare professionals have not been fully aware
of the benefits of 3D printing, although, despite their limited knowledge, they developed a positive attitude
toward future implementation [1].

Previous work on 3D printing for mallet finger has included testing in patient care [8]. Other investigators
have developed patient-specific 3D-printed orthoses as alternatives to conventional prefabricated Stack and
aluminum-foam (Zimmer, Zimmer Biomet Holdings, Inc., Warsaw, IN) splints, which may be limited by
standardized sizing, fit, comfort, and skin-related complications [7-9]. Hou et al. tested their splint on
qualitative factors such as comfort, skin maceration, and splint fit, along with quantitative factors like angle
of finger extension. The most common difficulties with the splint were hand hygiene and activities, such as
gripping objects. While attention has been directed toward customization and adjustability of the orthoses,
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lower priority was placed on geometric modifications, such as vents, that influence the structural behavior
of the orthoses [10].

3D printing also creates the opportunity to incorporate vents, cutouts, or topology-optimized regions
intended to improve access, ventilation, weight, or comfort. However, material removal changes the
structural load path and may create local stress concentrations. Previous engineering work on patient-
specific 3D-printed mallet splints demonstrated that finite-element (FE) analysis can be used to quantify
orthosis stress and deflection and to guide geometry optimization [7,9]. A recent review concluded that
evidence on 3D-printed mallet orthoses remains limited and heterogeneous, with a need for stronger
mechanical and clinical evaluation [1,11].

Additionally, 3D printing offers several advantages for orthopedic immobilization, including patient-specific
customization, rapid digital fabrication, improved ventilation and washability, and the ability to modify
device geometry based on anatomical and mechanical requirements. Previous studies demonstrated that
3D-printed polymers can provide mechanical properties suitable for orthoses while enabling customized and
remotely fabricated splints that may reduce the need for conventional in-person casting and fitting
workflows [12-14]. Previously published work by our group has shown that 3D-printed upper extremity casts
can provide clinically appropriate immobilization and wear comfort compared with conventional
alternatives, while prior clinical and mechanical studies have demonstrated the feasibility of 3D printing for
customized orthoses, including improved comfort and comparable mechanical properties [13,15,16].
Collectively, these studies support the use of 3D printing as a platform for developing lightweight,
reproducible, and anatomically customized orthoses while also enabling systematic modification of features
such as vents, thickness variation, and structural geometry to improve device performance. However, 3D-
printed orthoses also have limitations, including cost, the need for specialized equipment and expertise,
fabrication time compared with conventional splints, and limited clinical evidence comparing outcomes [1].

The purpose of the present study was to determine how a vent affects stress and displacement in a 3D-
printed mallet finger orthosis. We hypothesized that a vent would increase local stress concentration and
deformation compared with the no-vent design.

Materials And Methods

Orthosis geometries

Two mallet finger orthosis geometries were evaluated: (1) a baseline device without a vent and (2) an
otherwise comparable device containing a vent measuring 26.2 mm in length and 7.6 mm in width (see the
Appendix). The remaining overall geometry was maintained for the comparison. A 26.2 mm x 7.6 mm
longitudinal vent was included as a design feature potentially relevant to access and ventilation. These
dimensions were specific to the investigated geometry and were not mechanically optimized. The two
models were imported as surface geometry and prepared for FE meshing and 3D printing (Figure I). The
longitudinal vent had rounded edges. The orthosis edges were smoothed using a 0.25 mm fillet radius to
reduce sharp geometric transitions and improve mesh quality. The vent was located on the volar surface and
extended from 13.1 mm above the middle phalanx to 13.1 mm below relative to the DIP joint. The orthosis
had a nominal wall thickness of 1.5 mm, which was maintained consistently between the vented and
unvented configurations.
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a) b)
Distal Distal
Proximal Proximal
Volar Dorsal Volar Dorsal

FIGURE 1: Mallet finger orthosis geometries used in the finite-element
analysis. (a) Orthosis without the longitudinal vent. (b) Orthosis with the
longitudinal vent. Proximal/distal and dorsal/volar orientation labels are
provided to clarify the anatomical orientation of the orthoses, with the
vent located on the volar side

Flexural material characterization

Flexural properties of the printed materials were characterized using three-point bending in accordance with
ASTM D790-25, Procedure A. A support span-to-thickness ratio of 16:1 was used. The support span was 1.97
in. (50.0 mm), and the crosshead rate was 0.053 in./minute (1.35 mm/minute).

Before testing, specimens were conditioned for at least 40 hours at 23°C * 2°C and 50% * 10% relative
humidity in accordance with ASTM D618-21. Mechanical testing was performed at an ambient temperature
of 24.0°C and 56.0% relative humidity. Flexural strength and flexural modulus were calculated from the
three-point bending tests according to ASTM D790-25.

Material model and manufacturing information

The proprietary nanocopper orthosis material was modeled as a homogeneous elastic material. The orthoses
were manufactured using a commercially available polylactic acid (PLA)-based filament containing nano-
copper additives, supplied by Copper3D (Santiago, Chile). The composition and antimicrobial characteristics
of Copper3D's PLA-based nano-copper materials have been previously investigated [17]. The material was
modeled as homogeneous and linearly elastic, with an experimentally determined mean flexural modulus of
2.03 £0.03 GPa from ASTM D790-25 three-point bending tests. The orthoses were fabricated using fused
deposition modeling (FDM) technology with a Delta-configuration 3D printer and PLA-based nanocopper
filament supplied by Copper3D. A layer height of 0.2 mm and a nozzle diameter of 4 mm were used. The
orthoses were printed without internal infill (0%), with structural integrity provided by the continuous
printed walls.

A Poisson’s ratio of 0.36 was assigned. The available three-specimen flexural test set yielded a mean flexural
modulus of 295 * 3.82 ksi (2.03 + 0.03 GPa). A Poisson's ratio of 0.36 was adopted from previously published
FE studies of 3D-printed PLA [18]. This value was assumed based on the PLA base polymer and was not
independently measured for the nano-copper-containing filament. The flexural test specimens were
fabricated using the same FDM printing parameters and build orientation as the orthoses to ensure
consistent manufacturing conditions.

FE model

FE simulations were performed using FEBioStudio (version 3.2.0; FEBio Software Suite, Salt Lake City,
UT) [19]. The orthosis was discretized using 10-node quadratic tetrahedral solid elements, along with
approximately three to four elements through the 1.5 mm wall thickness to resolve stress gradients,
particularly near the DIP loading region and vent margins.

Two loading conditions were evaluated: axial compression and anatomical DIP loading. The axial
compression condition was designed to simulate mechanical compression testing using a universal testing
machine. A uniformly distributed pressure of 0.146 MPa, calculated by dividing the applied compressive
force by the loaded surface area, was applied to the tip of the orthosis along its longitudinal axis, while the
opposing end was fully constrained in three directions (Figure 2a). The second represented an anatomical
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loading condition associated with DIP extension. Identical loading and boundary conditions were applied to
both orthosis geometries within each load case so that differences could be attributed to device

geometry. For the axial compression loading condition, a compressive load of 2N was distributed over the
terminal surface of the orthosis along its longitudinal axis [20], while the distal end was constrained [7].
Figure 2 summarizes the boundary conditions used for axial compression and anatomical DIP loading.

|

b)

Y
<

a)

Proximal Distal Proximal Distal

FIGURE 2: Finite-element boundary conditions for (a) axial compression
and (b) anatomical DIP loading. Identical loading and boundary
conditions were applied to the two orthosis geometries within each
loading case. Proximal/distal and dorsal/volar orientation labels are
included to clarify the anatomical orientation and boundary conditions

DIP: distal interphalangeal

Mesh sensitivity analysis

A mesh sensitivity analysis was performed using the vented orthosis under the same DIP loading condition.
Three progressively refined meshes were evaluated: the current study mesh (20,891 elements; 6,680 nodes),
a higher density mesh (167,128 elements; 40,295 nodes), and the highest density mesh (1,337,024 elements;
271,891 nodes). To avoid using global peak values that can be dominated by geometric discontinuities,
maximum principal stress (MPS) was sampled at the same anatomically relevant location at the DIP joint for
all three meshes.

Outcome measures and comparison

For axial compression, the primary FE outcome was peak effective stress within the orthosis. For anatomical
DIP loading, MPS and lateral displacement were evaluated. Lateral displacement was reported to capture
out-of-plane deformation introduced by the asymmetric vent. For each loading condition, the percentage
reduction associated with removing the vent was calculated as follows:

Reduction (%) = |:
Ovent

Ovent — Uno—vont:| <100

Stress contour maps were compared qualitatively to identify regions of stress concentration. Under DIP
loading, the maximum displayed lateral displacement was also recorded from the FE results. Contact
pressure was not calculated because the present device-level model did not include an anatomically accurate
finger-orthosis contact representation.

Results
Flexural material characterization

For the three-specimen test set provided for material characterization, all specimens had a reported cross-
sectional area of 0.058 in?. Maximum load ranged from 14.4 to 18.4 Ibf, with a mean of 16.0 # 2.11 Ibf (71.2 *
9.4 N). Flexural strength ranged from 5,870 to 7,500 psi, with a mean of 6,520 *+ 868 psi (45.0 + 6.0 MPa).
Flexural modulus ranged from 291 to 298 ksi, with a mean of 295 + 3.82 ksi (2.03 * 0.03 GPa). Individual
specimen results are summarized in Table 1.
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Specimen
A

B

Cc

Mean

Standard deviation

Area (mm?) Flexural strength (MPa) Flexural modulus (GPa)
37.42 40.47 2.048
37.42 42.68 2.006
37.42 51.71 2.055
37.42 44.95 2.034
0.00 5.98 0.026

TABLE 1: Flexural properties obtained from three-point bending according to ASTM D790-25,

procedure A

Mesh sensitivity

DIP-joint MPS increased from 0.131 to 0.172 to 0.183 MPa as the mesh increased from 20,891 to 167,128 to
1,337,024 elements. Although the raw change between the two finest meshes remained 6.4%, the element-
count-normalized sensitivity decreased to 0.91% per 100% increase in element count, compared with 4.47%
during the preceding refinement. The raw change in MPS between the current study and higher density
meshes was 6.4% and between the higher and highest density meshes was 4.4%. The marked reduction in
both raw and normalized sensitivity indicates that the DIP-joint stress response was approaching mesh
stability at the highest density.

Device comparison under the first loading condition

Under axial compression, the vented orthosis reached a peak effective stress of 4.409 MPa, whereas the
unvented orthosis reached 3.409 MPa. Removing the vent therefore reduced peak effective stress by 1.000
MPa, corresponding to a 22.7% reduction relative to the vented configuration.

The effective-stress contours demonstrated elevated local stress adjacent to the opening in the vented
design. In the unvented configuration, stress was distributed across a continuous wall without the same local
geometric discontinuity. Under axial compression, the maximum effective stress occurred at the constrained
proximal rim in the unvented orthosis (3.409 MPa), whereas the vented orthosis exhibited a higher peak
stress (4.409 MPa) around the vent margins (Figure 53).

a)

X 100 X 106

4.409 4.409

4.0 4.0

3.0 3.0

2.0 2.0

1.0 1.0

0 0

FIGURE 3: Effective-stress contours under axial compression for (a) the
orthosis without the vent and (b) the orthosis with the vent. The
displayed peak effective stresses were 3.409 and 4.409 MPa,
respectively
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Anatomical DIP loading

The difference between designs was larger under anatomical DIP loading. MPS was 0.2554 MPa for the
orthosis with the vent and 0.1331 MPa for the orthosis without the vent. This represents an absolute
reduction of 0.1223 MPa and a relative reduction of 47.9%. The maximum displayed lateral displacement
decreased from 1.957 x 107 mm in the vented design to 6.518 x 10™ mm in the unvented design,
corresponding to a 66.7% reduction.

Under anatomical DIP loading, the peak MPS occurred in the DIP-joint region for both configurations. The
vented orthosis exhibited a higher peak MPS of 0.2554 MPa compared with 0.1331 MPa in the unvented
orthosis, indicating that the longitudinal vent altered the local load distribution and increased stress
concentration near the DIP joint. The vented model exhibited higher MPS and greater lateral displacement
under the same DIP loading condition. Figures 4, 5 show the maximum principal stress and lateral-
displacement distributions for the two configurations, respectively.

a) b)

1.0

—0.4037

FIGURE 4: Finite element stress and displacement distributions in the
unvented mallet finger orthosis under anatomical DIP joint loading. (a)
Maximum principal stress (Pa), shown in multiple views. (b) Signed
lateral displacement (mm), shown from two lateral perspectives

DIP: distal interphalangeal
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1.0

—0.4037

FIGURE 5: Finite element stress and displacement distributions in the
vented mallet finger orthosis under anatomical DIP joint loading. (a)
Maximum principal stress (Pa), shown in multiple views. (b) Signed
lateral displacement (mm), shown from two lateral perspectives

DIP: distal interphalangeal

Comparison across loading conditions

Both loading conditions produced the same directional result: removing the vent reduced the principal
mechanical response of the orthosis. Under axial compression, peak effective stress decreased by 22.7%.
Under anatomical DIP loading, MPS decreased by 47.9%, and the maximum displayed lateral displacement
decreased by 66.7%. These consistent directional differences support the interpretation that the vent is a
meaningful geometric contributor to local stress concentration and device deformation rather than an
isolated numerical effect (Table 2). Relative to the measured flexural strength of 45.0 MPa, safety factors
under axial compression were 10.2 for the vented design and 13.2 for the unvented design, and under DIP
loading were 176 and 338, respectively.

. . Absolute Relative reduction  No-vent/vent
Loading condition/outcome Vented Unvented . )
reduction (%) ratio

Axial compression, peak effective stress (MPa) 4.409 3.409 1.000 MPa 22.7 0.773
Anatomical DIP loading, MPS (MPa) 0.2554 0.1331 0.1223 MPa 47.9 0.521
Anatomical DIP loading, max. lateral 1.957 x 6.518 x

; 1.305 x 10° mm 66.7 0.333
displacement (mm) 1072 10

TABLE 2: Comparison of finite-element outcomes between orthosis designs

MPS: maximum principal stress; DIP: distal interphalangeal

Discussion

The principal finding of this study is that the longitudinal vent substantially altered the mechanical response
of the mallet finger orthosis. Under axial compression, the unvented configuration reduced peak effective
stress by 22.7%. Under anatomical DIP loading, removal of the vent reduced MPS by 47.9% and the maximum
displayed lateral displacement by 66.7%. The consistency of these findings across different loading
conditions and outcome measures indicates that even a localized geometric feature can meaningfully change
the stress distribution and deformation of a thin-walled finger orthosis.

Experimental flexural characterization provides a material-property basis for the computational model. The
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available three-specimen test set produced a mean flexural modulus of 2.03 GPa with low between-
specimen variability (standard deviation = 0.03 GPa). This reduces reliance on nominal manufacturer values.

The mesh-sensitivity analysis supports the stability of the anatomically relevant DIP-joint stress trend with
progressive refinement. DIP-joint MPS increased from 0.131 to 0.172 to 0.183 MPa as the mesh increased
from 20,891 to 167,128 to 1,337,024 elements. Although the raw change between the two finest meshes
remained 6.4%, the element-count-normalized sensitivity decreased to 0.91% per 100% increase in element
count, compared with 4.47% during the preceding refinement. This diminishing sensitivity suggests that the
local DIP-joint response was approaching mesh stability while avoiding reliance on global peaks near
geometric discontinuities. Mechanically, the observed design effect is consistent with classical stress-
concentration behavior: a vent interrupts the continuous load path and creates edges at which stress can
localize. Under DIP loading, the vent reduces the available cross-sectional area and redirects load around its
perimeter, whereas removing the vent restores a more continuous structural path and reduces both stress
and deformation.

The present findings should be considered in the context of previous 3D-printed mallet orthosis research. A
prior study used FE analysis and topology optimization to study patient-specific mallet splints and showed
that material distribution directly affects stress and deflection [7]. Their work illustrates that material
removal can be beneficial when it is distributed through a controlled optimization strategy. In contrast, the
present results suggest that a discrete vent placed in a mechanically active region can act as a local stress
concentrator. Therefore, the mechanical effect of material removal depends not only on the amount of
material removed but also on the location, shape, and load path surrounding the feature.

From a design perspective, the results do not imply that vents should be eliminated. Vents may provide
clinical benefits such as access, ventilation, weight reduction, cleaning, or patient comfort. Previous work on
customized mallet orthoses has emphasized comfort, individualized fit, and skin tolerance as important
advantages of custom devices. The design decision is therefore a tradeoff between structural performance
and user-related benefits. The present FE analysis provides a quantitative basis for that tradeoff by
identifying the mechanical penalty associated with the current vent geometry. Rather than eliminating
ventilation, future designs may optimize vent location and geometry or reinforce regions of high stress.

The vent may also carry clinical risks not captured by this analysis. The finger pulp is highly compliant, and
post-traumatic swelling is common, so a sizeable opening in a rigid shell may allow soft tissue to bulge into
the vent, while its margins may concentrate pressure on the skin over several weeks of continuous wear.
Although two volunteers wore the orthoses for a preliminary assessment of fit and comfort, no formal skin-
response evaluation was performed, and the model did not include soft tissues or finger-orthosis contact.
Multiple smaller perforations may provide ventilation with a lower risk of soft-tissue herniation and should
be evaluated in future work.

The study also highlights an important distinction between device stress and finger contact pressure. The FE
outputs evaluated here were effective stress within the orthosis under axial compression and MPS and
displacement under anatomical DIP loading. Lower device stress or displacement does not, by itself,
demonstrate lower pressure on the skin or distal phalanx. Direct assessment of contact pressure would
require an anatomically representative finger model, appropriate soft-tissue material properties, and
explicit contact interactions between the finger and orthosis.

The present study has several limitations. First, the analysis compared a limited number of orthosis
geometries and therefore does not establish an optimal vent size or location. Second, the current model
evaluates stress and displacement within the orthosis and does not directly quantify finger-orthosis contact
pressure. The anatomical representation of the finger was simplified or absent in this device-level analysis;
therefore, the findings primarily characterize orthosis mechanics rather than tissue-level biomechanics. In
addition, the DIP load was based on extension strength, whereas loads on a mallet orthosis in clinical use
may arise primarily from flexion forces, and the distal constraint differs from the three-point support used
clinically. Although material properties were experimentally characterized using ASTM D790-25 three-point
bending strength, the FE constitutive model remains an idealization of the printed polymer. Additionally,
flexural properties were characterized from three specimens, fewer than the five specified by ASTM D790.
Three-dimensional printed materials may exhibit anisotropy and may be influenced by print orientation,
layer height, raster pattern, specimen thickness, and manufacturing conditions [21-23], while flexural
modulus reflects the global bending response of the printed specimen and may not fully represent tensile,
compressive, or direction-dependent behavior within the orthosis [24]. Finally, patient-related outcomes
such as skin condition, comfort, and adherence were not assessed. Clinical studies are needed before
recommending changes to ventilation design. Fatigue, cyclic loading, moisture, and temperature were also
not modeled, and the model has not been experimentally validated. The future direction of this study is to
include experimental mechanical validation or patient outcomes. Moreover, future studies should
incorporate patient-specific anatomical models, soft-tissue mechanical properties, and explicit contact
interactions to investigate tissue-level responses and potential clinical implications of vent geometry.

Conclusions
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FE analysis demonstrated that a longitudinal vent increased stress concentration and deformation in a 3D-
printed mallet finger orthosis under the evaluated conditions. However, stresses remained well below the
measured strength of the material. These findings suggest that orthosis vent design involves a balance
between structural performance and the benefits of ventilation and skin health. Rather than eliminating
ventilation, future designs may benefit from optimizing vent location and geometry. Future work should
include experimental validation, anatomically accurate finger-orthosis contact modeling, and clinical
evaluation before conclusions are drawn regarding tissue pressure or patient outcomes.

Appendices

INTERACTIVE MODEL 1: Mallet finger orthosis model (unvented)

View Interactive Model here: https://youtu.be/nkzzy-GfW88

INTERACTIVE MODEL 2: Vented Mallet finger orthosis design

View Interactive Model here: https://youtu.be/yQdCaDi4wXc
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