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Background: Traditional ankle-foot orthoses (AFOs) are not effective in treating plantar fasciitis, while customized 3-dimen-
sional (3D) printed ankle-foot orthoses are effective in treating many ankle-foot diseases. This study investi-
gated the effects of customized 3D printed AFOs on biomechanics and comfort of the plantar foot in plantar
fasciitis.

Material/Methods: Sixty patients with bilateral plantar fasciitis aged 31-60 years participated in this study. At week 0, patients
were randomly assigned into 2 groups: the control group consisting of those wearing separate shoes with pre-
fabricated AFOs; and the experimental group consisting of those wearing a separate shoe and customized
3D-printed AFO. The Footscan® system recorded maximum pressure, maximum strength, and contact area of
patients’ hallux, toes 2-5, first to fifth metatarsal, midfoot, lateral heel, and midfoot heel at weeks 0 and 8.
Patients used visual analogue scale scores at weeks 0 and 8 to assess overall comfort of foot orthosis, to de-
termine the credibility and comfort of both orthopedic insole conditions.

Results: At week 0, in the experimental group, peak pressure in the hallux and first metatarsal area was significantly
higher than the control group (P<0.05), while mid-heel and lateral heel peak pressures were significantly lower
than the control group (P<0.05). After 8 weeks, all groups reported more comfort compared with the same
group in week 0 (P<0.05). The comfort scores reported by the experimental group were significantly lower than
those of the control group (P<0.05).

Conclusions: This study supports the efficiency of customized 3D printing AFO for reducing damage associated with plantar
lesions and improving comfort in patients with plantar fasciitis compared with prefabricated AFO. Customized
AFO is useful in the treatment of plantar fasciitis compared with prefabricated AFOs.
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Material and Methods

The ankle-foot orthosis (AFO) is an important component of
lower limb orthoses, providing cushioning and support [1-3].
AFOs are designed based on biomechanical principles to re-
duce stress, relieve pain, correct deformities, and enhance the
stability of the foot. They are used to prevent and treat dis-
eases of the feet and lower limbs [4,5]. Studies have shown
that orthopedic insoles help prevent and correct knee arthritis
as well as lumbar pain and foot deformities, improving gait in
patients with lower extremity arthritis and improving walking
function [6,7]. Plantar fasciitis (PF) is also called jogger’s heel,
tennis foot, and police foot. It is a common foot musculoskel-
etal disease; PF is caused by aseptic inflammation of the ten-
don or fascia of the foot [8]. PF leads to reduced daily activities,
and patients’ feet often feel hot and painful. Initial treatment
of PF includes filling, foot straps, orthopedic insoles, and top-
ical corticosteroid injections [9-11]. If the symptoms persist
after 1 year of first-line treatment, surgery is required [12,13].
AFOs are the most common method of rehabilitation for the
initial treatment of PF [8,14]. Compared with personalized
AFOs, traditional methods of AFO have many deficiencies, in-
cluding complicated manufacturing processes, long production
time, and problems related to patients wearing AFOs. They are
prone to causing discomfort, making it difficult for patients
to integrate them into use [3,6]. 3D printing technology is es-
sentially a computer-aided design and computer-aided manu-
facturing process (CAD-CAM). 3D printing technology has the
advantages of fast construction and on-demand production
that meets the needs of individualized medical treatment [1,7].
3D printed AFOs have been in the research and experimen-
tal stage in recent years, and actual use is primarily based on
commercial customization without clinical verification [15].
Based on these preconditions, the aim of the study was to test
whether customized 3D printed AFOs might have a better ef-
fect on improving comfort and changing foot biomechanics in
people with plantar fasciitis compared with conventional pre-
fabricated insoles.

Table 1. Demographics of participants (N=60).

Experimental group

Characteristics

General information

Seventy-five patients with PF were recruited from the Bethune
Second Hospital of Jilin University from January 2018 to October
2018 by random sampling. Informed consent was obtained from
all participants. The Ethics Committee of the Second Hospital
of Jilin University approved the study. Subsequently, 60 pa-
tients (30 females and 30 males) met the inclusion criteria and
agreed to participate in the study. Participants were between
the ages of 31 and 60 years. The course of disease was 5-10
months (mean + standard deviation, 20.5+6.4 months). The
sample size of 60 participants was chosen because it proved
to be large enough to allow parameter statistics during data
analysis [4,16-19]. A power calculation was not performed be-
cause of the uncertainty surrounding the minimal important
difference for plantar pressure changes. Table 1 lists the de-
mographics of the participants. Patients were divided into an
experimental group and a control group according to the ran-
dom number table method. There were no significant differ-
ences with respect to age and weight, body mass index (BMI),
and AFO wearing time (P>0.05).

Inclusion and exclusion criteria

The following inclusion/exclusion criteria were used to deter-
mine eligibility for enrollment in this clinical trial. Inclusion cri-
teria were: 1) males or females with a diagnosis of PF, 2) aged
31-60 years, and 3) the diagnosis was made upon the finding
of tenderness to pressure at the origin of the plantar fascia
on the medial tubercle of the calcaneus, as well as complaint
of heel pain greater than or equal to 3 on a 1-10 visual an-
alogue scale (VAS). Exclusion criteria were: 1) previous frac-
ture or surgery of the foot, and 2) specific metabolic and con-
nective tissue disorders associated with or contributing to the
diagnosis of PF (e.g., rheumatoid arthritis, gout, and lupus).

Control group

Age (years) 4031 (5.21) 31-58 42.52 (6.18) 33-60
Csex 15 males, 15 females 15 males, 15 females
Cweight kg 6217 1059 49.42-8894 6528 972 50928642
CeMikgm) 2656 (1242 15932074 2571 (104 17442833
 Wearing time (hours/day) 641 (30 332972 s @sy 431872

SD - standard deviation.
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Study design

This study had a single-blind, randomized, controlled design.
Randomization was performed by one independent thera-
pist (TM). The patients were subsequently randomized to ei-
ther the experimental group (customized AFO-wearing group)
or the control group (prefabricated-AFO wearing group). We
used a computer-generated table of random numbers which
were encrypted and not readable until allocation. One inde-
pendent research assistant (RX) performed all assessments
and data entry. Except for the interview, the assistant worked
at another location and did not participate in the treatment,
allowing the single-blind treatment allocation to be main-
tained. Before each measurement, the assistant was asked
to confirm a lack of knowledge regarding the treatment allo-
cations. Assessments were performed at baseline and at the
end of the 8-week treatment.

Experimental and control groups

All participants wore standardized thin cotton socks and their
commonly-used shoes during the test, as well as flat shoes and
socks that are uniformly purchased by the hospital 1 month be-
fore the experiment. The sole was flat and did not significantly
change the original pressure and contact area of the patient’s
sole. The control group wore commonly used shoes + tradi-
tional pre-made sponge orthopedic insoles (control group). The
experimental group wore commonly used shoes + customized
vinyl acetate (EVA) orthopedic insoles (experimental group).

Customized foot orthoses were manufactured by the commer-
cial orthosis manufacturer (Bodyarch), using computer-aided
design and computer-aided manufacturing (CAD-CAM). The
patient’s foot model was first obtained using a 0.5 m? plan-
tar pressure plate-pressure collection device. The Footscan®
3D gait analysis system (RSscan International, Olen, Belgium)
was used to obtain patient gait, the Bodyarch cloud data ac-
quisition system was used to summarize these data, and we
used the Bodyarch function insole cloud design system. The
3D AFO was made using the Bodyarch X1 printer, where each
orthosis was cast on the front side and the material was poly-
ethylene acetate (EVA). In order to eliminate psychological
factors, the control group patients also underwent this pro-
cedure; however, we did not make a customized orthosis for
them, and the printed orthoses and pre-made orthoses were
inserted into the corresponding participants’ shoes, with the
participants not knowing the insert status. They were only in-
formed that the purpose of the study was to evaluate the ef-
fects of 2 different types of shoe inserts [20] that were con-
sidered to have different therapeutic mechanisms. After each
test was completed under each insertion condition, partici-
pants assessed the overall comfort of their foot orthosis during
the test (O=completely uncomfortable, 10=most comfortable).
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Figure 1. (A) Experimental group: customized ankle orthosis.
(B) Control group: pre-made ankle orthosis.

We also evaluated the ease of use and stability of each insole.
Participants did not know the measurement results and ratings.
After completing each insertion condition, the participants rated
the shoes separately. The interval between the shoe insertion
conditions was approximately 10 minutes, during which time
the participants walked barefoot around the laboratory at a
slow pace of their choice. Figure 1 shows a customized ankle
orthosis and pre-made ankle orthosis.

Experimental process

Footscan® 7-gait 2" generation system (2096x472x18 mm,
16 384 resistance sensors arranged in a 256x64 matrix with
a resolution of 2 sensors/cm?) captured the dynamic pressure
of the foot data. The system has been shown to accurately
test plantar pressure [21,22]. The acquisition frequency was
125 Hz and the pressure range was 0-200 N/cm?; the system
was connected to the computer using the supplied cable. The
platform was located in the center of the floor to provide a
“full platform” of 4 meters [23]. Following the manufacturer’s
manual, the Footscan® system was calibrated prior to each
measurement. According to a study by Xu et al. [21], in or-
der to obtain more accurate parameters, no walking mat was
placed above the flat plate. During calibration, the patient’s
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Figure 2. The Footscan® system divides the sole into 10 coverage areas: the hallux (T1), toes 2-5 (T2-T5), the first to fifth metatarsal
(M1, M2, M3, M4, and M5), midfoot (MF), medial heel (H1, MH), and lateral heel (H2, LH).

weight was entered into the computer and the patient was
asked to pass across the plate at a normal rate while barefoot;
the software automatically calibrated all parameters. Because
the Footscan® system can measure the distribution of foot
pressure, the pressure change of the lesion area can be de-
tected, which means that the system can be used as an aux-
iliary means to measure comfort when wearing AFOs [24-26].

After correction conditions, the plantar pressure data were re-
corded (i.e., week 0). The participant was told that they were un-
dergoing a foot orthosis test and were not provided additional
information. The experimental group and the control group
were analyzed in random order to minimize potential errors.
Participants were unaware of the conditions tested in the ini-
tial data collection. Because it was difficult to conceal the con-
dition of each orthosis, the researchers did not use the blinded
method. They inserted the orthopedic insole into the shoe un-
der each test condition, and zeroed the system according to
the manufacturer’s instructions before the first walk test. After
2 minutes of acclimatization of standing and walking, the par-
ticipants completed 3 walks along each 10-m walkway under
each condition, and each test involved a stopwatch to control
walking speed. If the trial was not within 5% of the original
walking time, the trial was repeated to minimize the effect of
walking speed on plantar pressure [27]. The average walking
speed of all trials was 3.5 km/hour (+3.0 km/hour). Once the

initial plantar pressure was collected, orthoses were then pro-
vided to the participants so that they could begin to wear them
within the next 8 weeks. During the subsequent 8 weeks, par-
ticipants were instructed to wear each orthosis at the same
time. No rehabilitation treatment was carried out between the
8 weeks. After 8 weeks, participants returned for a second data
collection of plantar pressure based on the identical data col-
lection protocol used initially. Similar to the initial data collec-
tion, participants were unaware of the 8t week of data collec-
tion testing specific grouping information.

Visual analogue scale (VAS)

A VAS was used to measure comfort when wearing AFOs [28-30].
VAS is a numerical scale with marked points at 0 and 10, in which
0 indicates no discomfort and 10 indicates the highest level of dis-
comfort. The scale was 10-cm long and was on a single piece of
white paper. Patients were requested to rate their comfort based
on their initial steps at week 0 and week 8 by putting a vertical
mark on the scale representing the level of comfort. The patient
was only shown a single scale on each visit to avoid prejudice.

Data analysis

Using the Footscan® system to analyze plantar pressure data, the
software automatically divided the foot into 10 coverage areas:
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Table 2. Comparison of the experimental group and the control group at week 0.

Peak pressure (kPa)

Maximum force (N)

Contact area (cm?)

0.012*

LH 128.2429.3  207.1+47.2

0.021*

220.9+162.8

220.2+73.2 0.942 12.7+4.8 10.1+1.4

* P<0.05 is considered a significant difference; values are expressed as means + standard deviation; CAFO — customized AFO;
PCAFO — pre-customized AFO; T1 — hallux; T2-T5 — toes 2-5; M1 — first metatarsal; M2 — second metatarsal; M3 — third metatarsal;
M4 — fourth metatarsal; M5 — fifth metatarsal; MF — midfoot; MH — medial heel; LH — lateral heel.

the big toe (T1), toes 2-5 (T2-T5), the first to fifth metatarsal
(M1, M2, M3, M4, and M5), midfoot (MF), medial heel (H1), and
lateral heel (H2) (Figure 2). The primary data collected were
peak pressure, contact area, and maximum force at T1, T2-T5,
M1, M2, M3, M4, M5, and MF at zero and 8 weeks. Statistical
analysis was performed using Social Science Statistics Program
(SPSS) 20t Edition (SPSS Inc., Chicago, IL, USA). One-way anal-
ysis of variance (ANOVA) was used to compare the mean and
significance between test conditions. In order to maintain data
independence, only the left foot of each participant was se-
lected for evaluation [31].

The statistical significance of the test was set to the conven-
tional level of P<0.05. To reduce the effects of body accelera-
tion and deceleration at the beginning and end of the walking
test, 5 intermediate steps were selected by the step analysis
software of the Footscan® system. VAS scores of the experi-
mental and control groups were collected at weeks 0 and 8
and were compared between groups.

Results

Comfort score

After wearing the AFO at week 0, the VAS of the experimental
group was 7.34+ 3.43 and the VAS of the control group was
8.72+3.93. There was no significant difference between the
experimental group and the control group (P>0.05). After 8
weeks, all participants reported comfort increase. The comfort

score reported by the experimental group (3.12+ 0.51) was
significantly lower than that of the control group (5.25+1.22,
P<0.05) (0=most comfortable, 10 = completely uncomfortable).

Biomechanical analysis

The comparison of the experimental group and the control
group at week 0 is shown in Table 2. The overall differences
were small for peak pressure, peak strength, and contact area
of the 10 regions of the experimental group and the control
group at week 0. Walking with a customized AFO, the peak pres-
sure of the hallux, and first metatarsal area was much higher
than the peak pressure generated when using the prefabri-
cated AFO (P<0.05). In the mid-heel and lateral foot, the peak
pressure was much lower in the experimental group than in
the control group (P<0.05). In other areas, there were no sig-
nificant differences between the experimental group and the
control group. There were no significant differences between
the experimental group and the control group with respect to
peak strength or contact area.

The comparison of the experimental group and the control
group in the 8" week is shown in Table 3.

The 3 parameters of the experimental and control groups
showed no significant differences in all regions.

The comparison between week 0 and week 8 of the control
group is shown in Table 4.

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)




XuR. etal.:

Effect of 3D printing individualized ankle-foot orthosis on plantar biomechanics... C LI N I CA L R E S EA RC H

© Med Sci Monit, 2019; 25: 1392-1400

Table 3. Comparison of the experimental and the control groups at week 8.

Peak pressure (kPa) Maximum force (N) Contact area (cm?)

CAFO PCAFO
T1 129.7£24.3  165.5£151.4 0.611 157.0+48.9 126.8448.9 0.312 11.5+1.3 13.2+9.3 0.712
BEPE 502184 6251661 0725  662£348  438:387 0723 121352 107470 0521
T 1400108 176582297 0754 1345509 9794197 0322 93137 126475 0523
M2 2042204 2825:2859 0623 189.2:697 17781623 0841  88+22 107462 0622
o 4080:4549 28721298 0632 11113657 233741339 0223  73:07 9554 0421
Coma 1742187 16074772 0742 1380252 1382:1118 0912  76:14 93153 0623
Coms 10954303 7224395 0232 14008607  829+841 0332 118:29 11871 0921
ComE 1067199  627:412 0114 3345:1314 1468:1625 0123  299:108 2754175 0834
ComH 2924385 191.0£1004 0554 3035:710 218441238 0412 124431 143185 0723
W 215436 227541404 0832 25821966 2324+1553 0825 113:27  131:7.7 0742

* P<0.05 is considered a significant difference; values are expressed as means + standard deviation; CAFO — customized AFO;
PCAFO — pre-customized AFO; T1 — hallux; T2-T5 — toes 2-5; M1 — first metatarsal; M2 — second metatarsal; M3 — third metatarsal;
M4 — fourth metatarsal; M5 — fifth metatarsal; MF — midfoot; MH — medial heel; LH — lateral heel.

Table 4. Comparison of week 0 and week 8 in the control group.

Peak pressure (kPa) Maximum force (N) Contact area (cm?)

OPCAFO 8PCAFO P OPCAFO 8PCAFO OPCAFO 8PCAFO

T1 59.5+26.2  165.5+151.4 0.312 95.9+44.0 126.8+48.9 0.323 16.4+4.8 13.249.3 0.612

LH 128.0£29.7  227.5+140.4 0.223 220.9+162.8 232.4+155.3 0.923 12.7+4.8 13.147.7 0.934

* P<0.05 is considered a significant difference; values are expressed as means + standard deviation; OPCAFO — week O pre-customized
AFO; 8PCAFO — week 8 pre-customized AFO; T1 — hallux; T2-T5 — toes 2-5; M1 — first metatarsal; M2 — second metatarsal; M3 — third
metatarsal; M4 — fourth metatarsal; M5 — fifth metatarsal; MF — midfoot; MH — medial heel; LH — lateral heel.

At weeks 0 and 8, there were no significant differences in all 8 was significantly higher than the peak pressure in the corre-

areas except for the difference in the contact area of the first sponding region at week 0 (T1: P=0.02). There were no signif-

fifth metatarsal area. icant differences between the experimental groups at weeks
0 and 8 in terms of peak strength or contact area.

Table 5 displays the experimental group comparison between

weeks 0 and 8 in terms of peak pressure. The peak pressure in

the big toe area of patients wearing a customized AFO at week
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Table 5. Comparison of week 0 and week 8 in the experimental group.

Peak pressure (kPa)

OPCAFO 8PCAFO P

Maximum force (N)

OPCAFO

Contact area (cm?)

8PCAFO

T1 105.7427.8  141.1+34.9 0.022*

131.0+62.6

171.4+57.0

LH 196.2+36.7

212.4+32.4 0.121

234.7+76.6

269.1+96.8 0.082 11.5+3.1 12.1+£2.9

* P<0.05 is considered a significant difference; values are expressed as means + standard deviation; 0CAFO — week 0 customized AFO;
8CAFO — week 8 customized AFO; T1 — hallux; T2-T5 — toes 2-5; M1 — first metatarsal; M2 — second metatarsal; M3 — third metatarsal;
M4 — fourth metatarsal; M5 — fifth metatarsal; MF — midfoot; MH — medial heel; LH — lateral heel.

Discussion

The concept of making an AFO

The purpose of the AFO is to support the arch and increase
the contact area. In addition to compensating for the drop of
the arch, the AFO can also reduce the recoil force when the
heel strikes, improving the pressure distribution of the plan-
tar region, and helping to reconstruct external rotation to ob-
tain proper thrust [32]. It has a positive effect on improving
comfort and assisting rehabilitation in patients with plantar
fasciitis. This study was designed to compare the effects of
customized 3D printed AFOs with those of conventional pre-
fabricated insoles on biomechanics and comfort in the plan-
tar foot in patients with plantar fasciitis.

Comparison of biomechanical effects of 2 orthoses on
plantar fasciitis in patients with plantar fasciitis

In the midfoot area, there were no significant within-group
differences between the experimental group and the control
group. This indicates that, for patients with plantar fasciitis, a
rehabilitation effect in the mid-foot area occurred regardless
of the type of AFO used.

In the heel area, because patients with plantar fasciitis primar-
ily develop heel pain and the heel is the lesion area, the distri-
bution of the heel load has a positive effect on alleviating the
pressure and improving the condition of the patient. Compared
with the foot orthosis, the customized AFO significantly reduced

the heel pressure at time zero; however, the long-term effect
was not significantly different from that of the control group,
suggesting that the customized AFO can have orthotic effect
in a shorter time. However, it requires long-term wear to pro-
duce a stable healing effect.

In the metatarsal region, the peak pressure of the first meta-
tarsal was much higher in the experimental group at week 0
than in the control group, suggesting that the customized AFO
transfers the load from the forefoot region to the hind foot to
improving comfort, while the prefabricated AFO has a slower
effect on the transfer load. It has been experimentally dem-
onstrated that foot orthoses can decompress the metatarsal
region [33]. Guldemond et al. [34] found that the reason for
the reduction of the first metatarsal pressure was the use of a
metatarsal pad and the improved height of the arch support;
these results indicate that the printed insole is more suitable
for actual foot conditions. In this experiment, the lesion of the
plantar fasciitis was primarily in the hind foot. By reducing
forefoot pressure, the hind foot load can be relieved [9]; in the
study of Farzadi et al. [35], the direct effect of the foot ortho-
sis was not significant; however, after using the foot orthosis
for 1 month, the pressure and strength were significantly re-
duced in these areas. We believe that, because the custom-
ized AFO is more in line with the actual foot condition of the
patient, the correction effect is produced in a short time, and
the correction effect is enhanced as time passes.

In the toe area, similar to the metatarsal area, only at week 0
was the peak pressure of the toe area of the experimental group
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much higher than that of the control group, possibly because
of the increased pressure of the toe area caused by the plantar
lesion. Simply distributing the load to the toe area through the
orthosis does not provide an effective therapeutic effect [36]
and needs to be combined with other rehabilitation methods.

Comfort is also a factor affecting the use of the foot orthosis.
Uncomfortable orthoses can have a negative impact on lower
limb balance control and patient mood [1,31], especially for
the elderly [37]. This experiment shows that the comfort of
the customized AFO is much higher than the prefabricated
AFO, and has a long-term effect, potentially improving the
treatment effect.

The results of this study have some limitations. First, this
study only covered the comparison of 2 types of foot orthoses,
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