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Background: There are many shortcomings in traditional prefabricated rehabilitation insoles for symptomatic flatfoot pa-
tients. This study investigated the effects of customized 3-dimensional (3D) printed insoles on pressure and
comfort of the plantar foot in symptomatic flatfoot patients.

Material/Methods: Eighty patients with bilateral flatfoot participated in this study. At week 0, patients were randomly assigned
into 1 of 2 groups. In the control group, the patients wore standardize shoes with prefabricated insoles; and
in the experimental group the patients wore standardize shoes and customized insoles. The Footscan® system
recorded peak pressure, peak force, and peak contact area in 10 areas of the sole at weeks 0 and at week 8.
Patients used visual analogue scale scores at week 0 and at week 8 to assess overall comfort of insoles.

Results: At week 0, compared with the control group, the peak pressure in the metatarsal was significantly lower in the
experimental group (P<0.05) while the peak pressure in the mid-foot was significantly higher than the control
group (P<0.05). At week 8, in the experimental group, the peak pressures in the mid-foot were significantly
higher than the control group (P<0.05). The comfort scores (measured by pain scale) reported by the experi-
mental group were significantly lower than those reported by the control group (P<0.05).

Conclusions: Customized 3D printed insoles reduced the pressure on the metatarsals by distributed it over the mid-foot
area, thus reduced the damage from symptomatic flatfoot. Customized 3D printed insoles were more effective
than prefabricated insoles and offered better comfort for patients with symptomatic flatfoot.
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Material and Methods

Show insoles play an important part in lower limb rehabilita-
tion [1,2]. According to biomechanical principles, insoles are
designed to reduce load and correct deformities. Insoles have
been used for the prevention and treatment of foot and lower
limb diseases [3]. Some studies have shown that rehabilitation
insoles have a positive effect on reducing lesions on the foot
and improving walking function [4,5]. The formation of symp-
tomatic flatfoot might be caused by a deformity of the position
between the scaphoid and the wedge bone [6]. Patients often
complain of fatigue and foot pain after walking, accompanied
by knee and ankle pain [7,8]; all of these symptoms greatly
reduce a person’s quality of life. The conservative treatment
method consists of traditional pre-made insoles. However,
there are some shortcomings in traditional rehabilitation in-
soles for treating flatfoot, including complicated production
processes and long production times. Meanwhile, some pa-
tients are prone to feelings of inferiority when wearing tra-
ditional rehabilitation insoles [9]. Compared to traditional in-
soles, customized insoles tend to improve the biomechanics
of the soles and even the lower extremities. By optimizing
the traditional support structure, it can be more suitable for
the patient’s plantar structure, thereby reducing damage and
improving comfort [10,11]. However, there are currently few
studies on customized insoles for patients with flatfoot symp-
toms, and the number of cases is small [12,13]. Researchers
have overlooked the negative effects of inappropriate tradi-
tional insoles on patients with flatfoot deformity. Therefore,
we decided to study the effect of customized insoles, espe-
cially 3-dimensional (3D) printed customized insoles for pa-
tients with flatfoot symptoms.

It has been suggested that 3D printing, because of its advan-
tage of fast construction, can meet the huge demand for in-
soles [14,15]. Some studies have confirmed that it is feasible
to make an insole using 3D printing technology [3,4,16], and
because each patient’s plantar pressure distribution and con-
tact area are different, the forces will vary. Some studies have
suggested that traditional pre-made insoles do not improve
motor function and comfort [5,17]. Although there are many
applications for 3D printed insoles, few research studies have
focused on the flatfoot deformity. Our research aimed to ex-
plore the effect of customized 3D printed insoles on the pres-
sure and comfort of the foot in symptomatic flatfoot patients
compared to traditional pre-made insoles. The authors hypoth-
esized that patients who use customized insoles will show bet-
ter plantar pressure distribution and comfort compared with
patients using prefabricated insoles.

General information

From April to October 2018, 90 patients with symptomatic flat-
foot participated in this research from the Norman Bethune
Second Hospital of Jilin University through outpatient random
sampling. Subsequently, 80 patients met the study inclusion
criteria. Each patient signed an agreement to participate in the
study. The sample number of 80 was chosen because it was
similar to related insole experiments [18-23]. Furthermore, our
criteria ensured that errors would be minimized for relatively
small sample sizes. The research was approved by the Ethics
Committee and all participants provided informed consent.

Criteria

The inclusion criteria were as follows: age 2655 years, history
of symptomatic flexible flatfoot (pain over the foot or calf,
fatigue after prolonged walking within 5 years, no lower limb
treatment, foot posture index (FPI) ranging from 6 to 12, and
free movement of the toes). The final 2 factors were evalu-
ated by a physician. The FPI is a clinical diagnostic tool used
to classify the foot as supination or normal. The FPI score is
an integer between -12 and +12. A foot with an index higher
than +6 is called a foot varus and such patients were eligible
to participate in this study [24]. Participants were also required
to have no history of lower limb injuries or surgeries within
the previous 10 months, because lower extremity surgery and
injury can affect gait [25-27]. The exclusion criteria were as
follows: patients who had undergone arthroplasty and those
who had used a foot orthosis in the past year.

Table 1 shows the demographic characteristics of the in-
clude patients. The experimental group and the control group
had no significant differences in terms of age, body weight,
body mass index, wearing time, and FPI (P>0.05). The Visual
Analogue Scale (VAS) was used to compare comfort differ-
ences between different insoles within groups and between
groups at different times.

Study design

This was a single-blind randomized controlled study; an in-
dependent therapist (TM) carried out the randomization pro-
cess. He used a computer-generated table of random numbers
(Excel) to finish the groupings. The patients were randomly
distributed to either the 3D printed customized insole-wear-
ing group (experimental group) or the prefabricated-insole
wearing group (control group). An independent assistant (RX)
dealt with the data processing. Assessments were made at
week 0 and week 8.
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Table 1. Demographic characteristics of the participants (N=80).

Experimental group

Control group
Characteristics

Age (years) 38.61 (7.41) 26-55 4152 (4.28) 29-60
CSex  20males 20females  20males 20 females
 Weightk) 6337 (125 888 6718 (10720 5086
CBMIGgm) 2656 (1242 159-207 2571 (1041) 174283
R wm @) w68 47 (@61) 649
 Wearingtime (hours/day) 67 @31 4397 71 @3) 5311072

791

(3.11) 8.12 (1.21)

Figure 1. (A) Customized 3D printed insole; (B) prefabricated insole.

Experimental and control groups

Before the test, there was no significant difference in pain
score (VAS) between the experimental group and the control
group when walking barefoot (P=0.001). Flat shoes and socks
were uniformly purchased by the hospital 1 month before
the experiment. All participants wore standardized flat base
shoes and standardized cotton socks during the test. The ex-
perimental group A wore the following: standardized shoes +
customized ethylene vinyl acetate (EVA) insoles. The control
group B wore the following: standardized shoes + traditional
pre-made rehabilitation insoles.

Customized foot insoles are manufactured by the insole
manufacturer (Bodyarch, China). A 0.5 m? plantar pressure

plate-pressure collection device was used to obtain the pa-
tient’s foot model. Then we used the Bodyarch Cloud® data
analyze system to analyze the data. The Bodyarch X1 Printer®
made the 3D printed insoles. Using the EVA material, each in-
sole was cast on the front side. The printed insole and pre-made
insole were respectively inserted into the corresponding par-
ticipant’s shoes at week 0, and the participants were blinded
to the insert status. Similar to a previous research study, the
study participants were only told that the study aimed to an-
alyze the effects of 2 types of insoles [28], which were consid-
ered to have different therapeutic mechanisms. Figure 1 shows
the customized insole and the pre-made insole.
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Figure 2. The Footscan® system can record the peak value of pressure, force, and contact area in full cycle of gait.

Experimental procedures

The Footscan® 7 gait 2" generation system (RSscan
International, Olen, Belgium, 2096x472x18 mm) collected
the dynamic parameters of the foot data. The Footscan system
has been proven to be a good test for plantar pressure [29,30].
To provide a “full platform” of 4 meters, the platform is located
in the center of the floor [31]. Before each measurement, the
Footscan® system is calibrated. As described by Xu et al. [30],
no walking mat is placed above the flat plate in order to ob-
tain more accurate parameters. In our study, participants were
asked to walk through the plate at a normal pace while bare-
foot so the software could automatically calibrate all parame-
ters. After the correction condition was measured, the plantar
pressure data was collected initially (week 0). The experimen-
tal and control groups were analyzed at random, in order to
minimize potential errors.

We zeroed the system before the first walk test and inserted
the insole into the shoe under each test condition. After 3 min-
utes of acclimatization of standing and walking, the participants
completed 3 walks along each 10 m walkway. A stopwatch was
used in each test to control walking speed. If the trial was not
within 5% of the first walking time, the trial was repeated to
minimize the effect of walking speed on plantar pressure [24].
The mean walking speed of all trials was 3.12 (+1.95) km/hour.

Once the first plantar pressure was obtained, the insoles and
shoes were then provided to the participants and they were
asked to wear the insoles during the next 8 weeks.

During the 8 weeks of wearing the insoles, participants were
instructed to wear the insoles for a same time period each
day (6 to 8 hours per day). Patients didn’t receive other re-
habilitation treatment during the 8 weeks of the experiment.
Participants returned for a second data collection after 8 weeks.
Following the same procedure as in the first data collection,
participants were unaware of the specific group information
of the week 8 data collection testing.

The VAS was used to assess comfort when wearing in-
soles [32-34]. 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 discomfort. At week 0 and week 8, by put-
ting a vertical mark on the scale representing the level of com-
fort, patients were requested to score their comfort based on
their initial steps (see Table 1.)

Data analysis
Using the Footscan system (Figure 2) to analyze foot param-

eters, the foot was divided into 10 areas by the software: the
big toe (T1), toes 2-5 (T2-T5), the 1% to 5" metatarsal (M1,
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M2, M3, M4, and M5), medial heel (H1), lateral heel (H2), and

mid-foot (MF) (Figure 3). The primary data collected points
Toe 1 -

were the 3 parameters, peak pressure, peak contact area, and
peak force, measured in the 10 areas, at week 0 and at week
Toe 2-5 - 8 were. We used the Social Science Statistics Program (SPSS)
Meta 1 - 20 Edition to perform statistical analysis. Paired t-test of vari-
ance was used to compare the statistical significance between
Meta 2 the experiment group and the control group. We used the in-
dependent t-test to compare intergroup difference. In order to
Meta 3 reduce the error caused by individual lower limb differences,
only the left foot of each participant was selected for evalua-
Meta 4 tion [35]. The statistical significance of the test was set to the

conventional level of 0.05.

Meta 5
Midfoot 1 - Results
Heel 1 - Trial profile

Heel 2 - Figure 4 summarizes the trial profile. Ninety patients were
clinically prescreened and asked to participate; 10 individuals
Figure 3. The Footscan® system divides the sole into 10 areas: were ineligible on the basis of the inclusion criteria. All 80 in-
the big toe (T1), toes 2-5 (T2-T5), the 1% to 5" dividuals were randomly assigned to 1 of 2 groups and com-

metatarsal (M1, M2, M3, M4, and M5), midfoot (MF),

pleted the study. The experiment group had 40 participants
medial heel (H1, MH), and lateral heel (H2, LH).

Figure 4. Flow chart of study participants,

| Assessed for eligibility (1=90) | following the Consolidated Standards

of Reporting Trials guidelines.

Excluded (n=10)

- Not meeting inclusion criteria (n=10)
« Declined to participate (n=0)

- Other reasons (n=0)

Randomized (n=80)

Allocation

Allocated to intervention (n=40) Allocated to intervention (n=40)

« Received allocated intervention (n=40) « Received allocated intervention (n=40)

« Did not receive allocated intervention (n=0) - Did not receive allocated intervention (n=0)
Follow-up

Lost to follow-up (n=0) Lost to follow-up (n=0)

Discontinued intervention (n=0) Discontinued intervention (n=0)

Analysed (n=40) Analysed (n=40)
« Excluded from analysis (n=0) « Excluded from analysis (n=0)
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Table 2. Comparison of the experimental group and control group at week 0.

Peak pressure (kPa)

178.71+
61.92

167.63+
88.71

221.10+
130.80

Peak force (N)

Peak contact area (cm?)

201.11+
148.90 ’ 4.1 5.6

* p<0.05, indicating a significant difference; values are expressed as means * standard deviations. Cl — customized insole;
Pl — prefabricated insole; T1 — hallux; T2-5 — toes 2-5; M1 — 1t metatarsal; M2 — 2" metatarsal; M3 — 3 metatarsal;
M4 — 4th metatarsal; M5 — 5% metatarsal; MF — midfoot; MH — medial heel; LH — lateral heel.

who wore the customized insoles, and the control group had
40 participants who wore the prefabricated-insoles.

Comfort score

At week 0, there were no significant difference in VAS scores
(Table 1) between the experimental group (7.91+3.11) and the
control group (8.12+1.21) at week 0 (P>0.05). At week 8, all
participants reported that comfort had increased, and the ex-
perimental group reported significant improvement (P<0.05).
The comfort score (VAS pain score) reported by the experimen-
tal group (2.42+0.13) was significantly lower than that of the
control group at week 8 (5.92+1.19, P<0.05).

Biomechanical analysis

Table 2 compares the 3 parameters of the 10 regions between the
experimental group and the control group at week 0; the overall
difference was small. In the experimental group, the peak pres-
sure in the 3" metatarsal region was significantly lower than in
the control group (P=0.04), and the mid-foot pressure was higher
in the experiment group (P=0.04). In the control group, the peak
force in the 1t metatarsal region was significantly higher than

the experimental group (P=0.01). There was no significant dif-
ference of peak pressure and peak force between the experi-
mental group and the control group in other areas. There was
no significant difference in the peak contact area between the
experimental group and the control group in all areas.

Table 3 compares the 3 parameters of the 10 areas between
the experimental group and the control group at week 8, the
peak pressure in mid-foot of the experimental group was sig-
nificantly higher than that of the same area of the control
group (P=0.04). The peak force in mid-foot of the experimen-
tal group was also significantly higher than that of the same
area of the control group (P=0.01). There was no significant
difference in peak pressure and peak force in other areas. In
the experimental group, the contact areas of the 3 and 4t
metatarsal areas were smaller than the contact area produced
by the control group (M3: P=0.04, M4: P=0.04).

Table 4 compares the 3 parameters of the 10 areas in the con-
trol group between week 0 and week 8. In week 8, the peak
pressures of the 4% and 5% metatarsal areas of the control
group were significantly lower than the peak pressure of the
same areas at week 0 (M4: P=0.04, M5: P=0.03). In week 8,
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Table 3. Comparison of the experimental and control groups at week 8.

Peak pressure (kPa)

19) 331l2x
58.61

77312k

104.21 139.10

Peak force (N)

240.30+

Peak contact area (cm?)

209.40+
112.20 ’ 4.20 4.90

* p<0.05, indicating a significant difference; values are expressed as means * standard deviations. Cl — customized insole;
Pl — prefabricated insole; T1 — hallux; T2-5 — toes 2-5; M1 — 1t metatarsal; M2 — 2" metatarsal; M3 — 3 metatarsal;
M4 — 4th metatarsal; M5 — 5% metatarsal; MF — midfoot; MH — medial heel; LH — lateral heel.

the peak force of the 1t metatarsal area of the control group
was significantly higher than the peak force of the same areas
at week 0 (P=0.02). The peak force of the 5" metatarsal area of
the control group at week 8 were significantly lower than the
peak force of the same areas at week 0 (P=0.03). At week 8, the
contact area of the mid-foot in the control group was higher
than the same area at week 0 (P=0.03).

Table 5 compares the 3 parameters of the 10 areas of the ex-
perimental group between week 0 and week 8. At week 8, the
peak pressure of the 2" to 5% toe and the lateral heel area
of the big toe of the experimental group was significantly
higher than the peak pressure of the same area at week 0
(T1: P=0.01, T2-5: P=0.03, LH: P=0.03). The contact area of
the mid-foot area in experimental group at week 8 was sig-
nificantly higher than the contact area of the corresponding
area at week 0 (MF: P=0.03).

Discussion

The purpose of designing 3D printed insoles

The aim of this study was to compare the effects of custom-
ized insoles and prefabricated insoles on the biomechanical
parameters of the plantar foot in patients with symptomatic
flatfoot. The purpose of insole is to increase the contact area
and support the arch which can help to distribute load in the
mid-foot position [24].

Comparison of biomechanical effects between customized
and prefabricated insoles on patients with flatfoot

In the mid-foot area, compared with the control group, the peak
pressure in the experimental group was significantly higher
at week 0 and week 8, showing that the customized insole
had better effect on appending the foot load and improving
the joint deformity in patients with symptomatic flatfoot, and
the customized insole was better than the prefabricated in-
sole. In the intra-group comparison, the contact areas of the
experimental and the control groups at week 8 were higher
than at week 0. One of the main mechanisms for the effect of
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Table 4. Comparison of study parameters in the control group at week 0 and week 8.

Peak pressure (kPa)

167.60+
88.70

77312k
104.21

201.10+
148.90

Peak force (N)

Peak contact area (cm?)

209.40+
112.20 ’ 5.61 491

* p<0.05, indicating a significant difference; values are expressed as means + standard deviations. OPI — 0 week prefabricated insole;
8PI — 8" week prefabricated insole; T1 — hallux; T2-5 — toes 2-5; M1 — 1%t metatarsal; M2 — 2" metatarsal; M3 — 3 metatarsal;
M4 — 4th metatarsal; M5 — 5% metatarsal; MF — midfoot; MH — medial heel; LH — lateral heel.

foot insoles is changing mid-foot pressure [36,37]. Our study
findings were consistent with previous studies that found that
customized insoles were better than pre-customized insoles.

In the heel area, the results in our study indicated that the
customized insoles did not differ significantly from the prefab-
ricated insoles in terms of pressure, force, and contact area.
According to previous studies, the heel area is subject to the
greatest pressure on the foot [38,39]. Redmond et al. found
that custom insoles resulted in less pressure in the heel area,
possibly related to the shape and height of the custom heel
cup; although it is unclear what effect the device has on heel
pressure lower peak pressure under the heel is considered to
be potentially beneficial [24].

In the metatarsal area, compared with the control group, the
peak pressure of the 3 metatarsal area in the experimental
group was lower than that of week 0. This might indicate that
the customized insole can more effectively reduce the load on
the plantar metatarsal region in comparison to the prefabri-
cated insole. The metatarsal region has a lower load onset.
Guldemond et al. found that the use of a metatarsal pad could
reduce the pressure in the 15 metatarsal and increased arch

support height. Although both insoles in their study had a meta-
tarsal pad, none of them significantly affected the 1%t meta-
tarsal and other metatarsal pressures [40], which was similar
to the current experiment, suggesting the need for additional
time for the pressure effects of the foot insole to alter the
weight line and reduce stress.

In the toe area, there was no significant difference between
the 2 insoles in our study. Only in the experimental group
comparison, did the customized insole showed a higher peak
pressure of the 2" to 5% toes at week 8 than week 0, possi-
bly because of patients’ plantar lesions leading to increased
pressure in the toe area. It is not possible to reduce the toe
area load simply through the use of an insole, and it is thus
necessary to also perform rehabilitation. Although the thick-
ness of the customized insole in the toe region in our study
was higher than the prefabricated insole, it did not achieve
the intended effect in the toe region.

Level of comfort is also a factor that affects user’s feeling to-
ward a foot insole. Uncomfortable insoles can decrease the
balance of the lower limb and affect a patient’s mood [36,41],
especially for the elderly. This experiment showed that
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Table 5. Comparison of the study parameters in the experimental group at week 0 and week 8.

Peak pressure (kPa)

178.72+
61.91

1L 33lax
58.61

Peak force (N)

221.00+
130.82

Peak contact area (cm?)

240.31+
139.13 ’ 4.11 4.22

* p<0.05, indicating a significant difference; values are expressed as means + standard deviations. OPI — 0 week prefabricated insole;
8PI — 8" week prefabricated insole; T1 — hallux; T2-5 — toes 2-5; M1 — 1%t metatarsal; M2 — 2" metatarsal; M3 — 3 metatarsal;
M4 — 4th metatarsal; M5 — 5% metatarsal; MF — midfoot; MH — medial heel; LH — lateral heel.

customized insoles have a better comfort level than prefabri-
cated insoles, thus, customized insoles have the potential to
improve the therapeutic effect.

This study had some limitations. First, the investigated cov-
ered only the short-term effects of 2 types of foot insoles and
did not assess their long-term effects. Second, although the
Footscan system has been proven to be an accurate plantar
pressure evaluation system [29,42], for in-shoe pressure, there
remain errors in the measurement techniques, including as-
sessment of the full underside of the foot surface when mea-
suring the contact area.

Conclusions

Customized 3D printed insoles reduced the load of the meta-
tarsals and distributed the load to the mid-foot area to re-
duce lesions of the foot in patients with symptomatic flat-
foot. Customized 3D printed insoles performed better than
the prefabricated insole and showed better comfort improve-
ment. Our findings suggested that the 3D printed custom-
ized insoles used in this study can be effective in rehabilita-
tion treatment for flatfoot patients. Further research needs to
be conducted including the long-term effect from wearing in-
soles and changes in joint mechanics.
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