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Abstract: Hallux valgus (HV) is a foot deformity most commonly found in female and elderly
patients. Its symptoms include foot pain, impaired gait patterns, poor balance, and falls in older
adults. Recently, various HV orthoses have been introduced in the market; however, they have
many shortcomings, such as high costs, unclear therapeutic effects, and effects on push-off of the
foot during walking. The present study employs 3D printing technology to develop an HV orthosis
and uses motion analysis to investigate the effects of wearing it. This study recruited 12 individuals
with HV, who were asked to first perform a static HV measurement without orthosis, followed by a
dynamic HV measurement using a Vicon motion analysis system in three trials. The results indicated
that wearing the 3D-printed orthosis significantly corrected the HV angle by approximately 11°
during static standing and by approximately 9° during dynamic walking. However, no significant
difference was observed during use of the orthosis in terms of the ground reaction force. The obtained
results demonstrate that the 3D-printed HV orthosis is an effective device for correcting the HV angle
during static standing and dynamic walking, especially during the push-off phase of gait.
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1. Introduction

Hallux valgus (HV) is one of the most common forefoot disorders in musculoskeletal
practice and is characterised by progressive subluxation of the first metatarsophalangeal
joint. This deformity is more common in female and elderly populations. Approximately
half of these patients develop pain or disability with worsening valgus angulation [1]. Nu-
merous treatment options have been proposed for symptomatic patients as an alternative
to surgery, including shoe modification and the use of customised or prefabricated insoles
or orthotic devices. Moreover, some hallux orthoses can be used to restore alignment and
biomechanical function in patients with mild to moderate valgus deformity [2].

Orthotic management fixes the great toe in a corrected position [3]. Various orthoses
are currently available on the market. However, previous studies have reported incon-
sistent findings regarding their effects on hallux position and progression [4,5]. Certain
conservative treatments aim to prevent soft tissue contracture at rest. The use of such
devices has often been advocated for nocturnal use only. Customised approaches fit indi-
vidual patients” needs to ensure that the devices are used consistently. However, making
customised orthoses is expensive and time consuming, and thus might place considerable
financial burden on patients.

Recently, 3D printing has rapidly emerged as a computer-aided design and man-
ufacturing technology [6-8] and is regarded as a quick and cost-effective approach for
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developing a range of medical devices. This technology can be used to directly fabricate
various prosthetic and orthotic devices from 3D geometric data and offers the benefits of
customised manufacture and dimensional accuracy to meet the functional demands of indi-
vidual patients. However, it is unclear whether 3D-printed orthoses can adequately control
the hallux position during dynamic activities. Thus, further investigation is required to
support their use.

Many studies have assessed the outcome of orthotic treatment, mostly on the basis
of clinical evaluation [3-5]. However, relatively few studies have assessed gait deviation
in cases of HV deformity. The changes in certain kinematic parameters can be somewhat
restored after surgical correction. The motion analysis of a hallux segment can provide an
insight into the dynamic survey of orthosis-mediated intervention [9]. Thus, this study
designed a 3D-printed orthosis and evaluated the changes observed in the HV angle in
patients wearing the orthosis. In addition, the effect of dynamic correction was ascertained
through a kinematic analysis of the hallux range of movement during walking.

2. Material and Methods

This study included 12 patients (9 female; 3 male; mean age: 26.7 & 9.8 years old). The
inclusion criteria were following: (1) the participant was older than 20 years old; (2) the
HYV angle was greater than 20 degrees; (3) the participant did not previously receive any
forms of foot surgery. The HV angle of the participants in the study was 26.5 = 4.9°. The
exclusion criteria included prior lower limb surgery, active inflammation, foot deformity;,
and any lesser toe deformity.

Since a previous study [10] reported that the HV angle of a normal foot was within
10 degrees, the normal foot model with a HV angle of 10 degrees was used to create an
orthosis model. The primary contours of the great toe and first metatarsus were edited using
3D modelling software Meshmixer (Autodesk Inc., San Francisco, CA, USA) (Figure 1A).
In consideration of the gap between the foot and shoe, the thickness of the 3D-printed
orthosis was set at 2.5 mm. The size of the orthosis was according to the participant’s
foot length to scale it. The digital data were exported in stereolithography file format,
as required for subsequent 3D printing. The 3D printer Finder (FlashForge Corporation,
Hangzhou, ZheJiang, China) was used to fabricate the orthosis with Flash Print slicing
software (FlashForge Corporation, Hangzhou, ZheJiang, China) (Figure 1B). Thermoplastic
polyurethane was used as the printing material, and the printing parameters were set
as 0.18 mm thickness per layer, 100% filling density, 210 °C printing temperature, and
30 mm/s printing speed.

(A)

Figure 1. Cont.
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Figure 1. Manufacture of the 3D-printed orthosis: (A) Design of the 3D-printed orthosis model.
The toe is divided into three parts. The toe part forms a loop shape. The arrows indicate strap and
corrective forces. (B) 3D-printed orthosis. (C) Correction of hallux valgus.

The orthosis was applied to maintain the great toe in a corrected position and allowed
a prolonged stretch to the surrounding soft tissue, and a loop was created around the
orthosis. Strap force was applied for the hallux to be adducted by the loop (Figure 1C). The
bottom of the first metatarsal joint was kept hollow to provide adequate push-off phase
of gait.

To realise the kinematic effect of wearing a 3D-printed orthosis in terms of both static
and dynamic motion, a Vicon motion capture system (Oxford Metrics, Oxford, UK) with
eight cameras operating at 120 Hz was used along with 13 passive reflective markers placed
on each foot for the kinematic analysis, as shown in Figure 2. The hallux movement was
measured using the model according to a previously described procedure [11]. The partici-
pants walked at a self-selected speed along a 6-m walkway with force plates embedded in
the floor. Three-dimensional motion data were captured from at least three walking trials.
The relative motion occurring at the intersegment angle was calculated for the following
gait events of the stance phase: loading response (0-16%), mid-stance (16-50%), terminal
stance (50-83%), and preswing (83-100%).

The ground reaction force (GRF) was estimated to quantify the kinetic changes ob-
served in the foot of patients wearing the orthosis. The GRF was recorded using a force
plate for each walking trial. Throughout the stance phase, two components of the GRF
vectors, in vertical and anterior-posterior directions, were analysed. The magnitude of the
GRF component was normalised according to the body weight of each individual. The
same participants were respectively tested without orthosis (Barefoot) and with orthosis
(3DP_orthosis). SPSS Statistics 20.0 (IBM Corporation, Armank, NY, USA) was used for sta-
tistical analysis. A paired sample t test was performed to compare the difference between
the Barefoot and 3DP_orthosis; the significance level was set as 0.05.

To figure out the participant’s feelings, the study also conducted a comfort score to
inquire about the participant’s response. The comfort score ranged from 0 to 10 points. The
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5 points score meant that the participant felt normal and did not experience any notable
feelings. The points 0 and 10 respectively represented very painful and comfortable.

Figure 2. Gait analysis of a patient wearing the 3D-printed orthosis.

3. Results
3.1. Abduction Angle of Metatarsophalangeal Joint

The mean abduction angle was 26.5° & 4.9° among patients in the barefoot group
under static standing. The mean valgus angle among patients in the 3DP_orthosis group
was 15.6 &+ 4.8°, which was significantly decreased after orthosis-mediated correction
under static standing. During dynamic walking, the highest abduction angle was noted at
90-100% of the stance phase (Figure 3). The peak valgus motion was significantly decreased
by approximately 9.3° (barefoot: 24.5 + 1.02°; 3DP_orthosis: 15.2 &+ 8.8°) for participants
wearing the 3D-printed orthosis in the preswing phase (p < 0.05).
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Figure 3. Variation in the abduction angles during the stance phase of gait. Note: “*”: significant difference; “+”: adduction;

“ o,

: abduction.
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3.2. Dorsiflexion Angle of Metatarsophalangeal Joint

The hallux segment of the orthosis users was in a relatively dorsiflexed position during
20-80% of the stance phase, as shown in Figure 4. The slope of the temporal curve was
observed to increase in the late stance phase. The mean dorsiflexion angle was highest
during 90-100% of the stance phase. The range of dorsiflexion motion decreased for
participants wearing the orthosis, but the difference did not reach a significant level during
100% of the stance phase (barefoot: 47.1° + 7.8°; 3DP_orthosis: 37.5° & 12.9°).
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Figure 4. Variation in dorsiflexion angles during the stance phase of gait.

3.3. GRF

In a normal gait pattern, the GRF contains two peak forces. In the stance phase of the
gait cycle, the first peak GRF (Fz1) and second peak GRF (Fz2) were compared between
the barefoot and 3DP_orthosis groups, as shown in Table 1; no significant difference was
observed between the two groups. Under the application of the antro-posterior force, both
groups exhibited the same GRF, which indicated that the 3DP_orthosis group was not
affected by the propulsion force during walking.

Table 1. Comparison of the maximum ground reaction force (GRF) between the barefoot group and
the 3DP_orthosis group.

Antero-Posterior force Barefoot 0.12 £ 0.03
(BW) 3DP_orthosis 0.12 4+ 0.03

Vertical force Fz1 Barefoot 1.03 £+ 0.05
(BW) 3DP_orthosis 1.03 + 0.04

Vertical force Fz2 Barefoot 1.08 4+ 0.04
(BW) 3DP_orthosis 1.06 4 0.04

3.4. Comfort Score

The comfort score of the participant was 4.5 & 0.5 points. There was no participant
that felt very uncomfortable while wearing the 3D printed orthosis.
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4. Discussion

An orthosis, which is an insole with toe separators, and night splints are commonly
used for painful foot disorders. Previous evaluations of different conservative treatments
have focused on the HV angle and symptom improvement, and the effects of using orthoses
or insoles on pain reduction have been reported [3]. In addition, a few studies have
assessed the effectiveness of orthotic management in controlling valgus deformity [2,4].
Tehraninasr et al. [5] used toe separators incorporating an insole or night splint but reported
unfavourable outcomes for deformity correction. In addition, a Cochrane review conducted
on conservative interventions indicated that neither a foot orthosis nor a night splint is
more beneficial than no treatment [12]. These results indicate that the effectiveness of foot
orthoses in preventing or reducing the HV angle varies.

In the development of a 3D-printed orthosis, the hallux is maintained in a relatively
dorsiflexed position by using the orthosis from the middle to terminal stance. This hallux
position is attributable to the orthosis with inherent thickness. In 3D printing, the orthosis
thickness was controlled to 2.5 mm. The sagittal motion pattern observed in this study
agrees with that observed previously [13]. An increased dorsiflexion movement is probably
related to the first-ray hypermobility in the pre-swing phase. The dorsiflexion range is
restricted by the loop design of the HV orthosis; however, the degree of limitation did not
significantly interfere with push-off.

The kinetic study showed consistent temporal patterns of horizontal and vertical com-
ponents, which correspond to those obtained in a previous study conducted on GRF [14].
The participants in this study did not find any change in the peak reaction force after
wearing the orthosis. According to sagittal motion analysis, use of the orthosis does not
interfere with the initial loading response or subsequent push-off throughout the stance
phase of gait.

This study investigated the application of a hallux orthosis to control valgus deformity.
An immediate reduction in the abduction angle was noted during static standing. The 3D-
printed orthosis applied the bending moment using a strap to ensure static angle correction
and could instantly prevent excessive valgus motion. In addition, regular night splints are
commonly used in a static manner with no dynamic correction. However, the wearers of
such night splints often experience discomfort due to the rigidity of the material. Thus,
this study applied a soft material to print an HV orthosis, which allows the user to walk
normally while retaining HV correction. However, changing the 3D printing material can
yield different HV correction effects for users: a stiffer material offers better correction
effects but at the expense of user comfort. Therefore, identification of an appropriate 3D
printing material is necessary in the future.

The 3D-printed orthosis developed in this study has some advantages over existing
orthotic devices. Regarding the cost, the hallux orthosis weighs approximately 2340 g, and
the material costs less than US$3. If the patient wants to fabricate the 3D printed orthosis,
the manufacturing cost is about US$6. However, the price of prefabricated orthoses ranged
from US$10 to US$40 in the Taiwanese market. Therefore, the 3D printed orthosis is
inexpensive. Regarding its function, the patients always complain that prefabricated
orthosis is too soft to correct the HV angle or too hard to use for walking. As a result, the
semi-rigid material to fabricate HV orthosis is very important. In the experiment, this 3D
printed orthosis reached a goal of correcting the HV angle and enabling walking smoothly.
The use of a soft and resilient material can make the device durable for continuous use and
is potentially inexpensive compared with currently available custom-made orthoses.

Regarding the study, there were some limitations that need to be noted:

(1) The aim of this research was to verify the immediate effects of using 3D-printed
hallux orthoses. We only recruited 12 feet to undergo gait analysis. The number of
participants should be increased in future studies.

(2) The additive manufacturing method is not the same as the traditional manufacturing
method. Its weakness exists in between layers and layers. Therefore, the longevity of
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the 3D printed orthosis should be verified by a fatigue test. Additionally, its stiffness
should be further measured for understanding its mechanical behavior.

(3) We did not analyse whether long-term usage could correct the HV angle permanently.
The long-term outcome of deformity correction must be radiologically assessed after
continual orthosis treatment.

(4) This study fabricated the orthosis with a thickness of 2.5 mm. The reason for choosing
this value is that it simplified the printing process; a lower thickness could lead to a
failure in 3D printing. Therefore, the development of 3D printing materials is crucial
for printing orthoses in the future.

5. Conclusions

This study applied 3D printing technology to develop a new soft hallux orthosis,
which could correct the HV angle by approximately 10.9° during static standing and by
approximately 9.3° during walking. However, the 3D-printed orthosis did not affect the
GREF of gait. Therefore, it is feasible for use among individuals with HV.
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