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Background: 3D-printed insoles are widely used. This study was conducted to test a customized three-dimensional (3D)-
printed heel support insole based on arch lift and to investigate whether the pressure distribution on the sole
was improved while maintaining foot function.

Material/Methods: The design was based on a 3D plantar contour scanning modeling technique. Thirty healthy male participants
walked along a 10-m track under 3 self-controlled interventions. A customized 3D-printed heel support insole
based on arch lift was inserted into the socks for the experimental condition A. For condition B, a customized
3D-printed heel-supporting insole was inserted into the socks, and a standardized pre-made heel-supporting
insole was inserted into the socks as a control (condition C). We used the Footscan® pressure plate to measure
the plantar parameters in the forefoot contact and foot flange phases in each condition.

Results: Compared with condition B and the control condition, the peak pressure under the heel was significantly lower
in condition A (P<0.05), and the peak pressure in the midfoot region was not significantly increased (P>0.05).

Conclusions: The biomechanical properties of the customized 3D-printed heel support are better than those of the tradi-
tional heel support insole, especially when there is a need for an additional increase in heel height. Patients do
not decrease midfoot motion function while using this customized insole.
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Material and Methods

Heel support is used as a recovery method for patients with
some lower-extremity diseases, such as Achilles tendinitis [1]
and leg length difference [2]. The increased heel height from
the lift reduces the distance between the calcaneus and the
tibia, as well as wear on the plantar aponeurosis [3]. However,
most heel supports do not provide arch lift, resulting in insuf-
ficient support for the midfoot area.

Each area of the sole has a corresponding biomechanical
function, and the heel is primarily involved in absorbing
shock [4]. Many studies have focused on the motor control of
the heel [5,6] and forefoot load mitigation [7,8]. The midfoot,
which connects the forefoot and the rearfoot, has received lit-
tle attention compared to the heel and forefoot.

The midfoot includes the lateral and medial arches, and the
midfoot arch acts as a spring during exercise, which allows the
storage of energy and rebound to benefit gait efficiency [9].
Additionally, midfoot behavior is very important before the load
is shifted to the forefoot. During normal foot movements, the
side longitudinal arch is always touching the ground, which is
important for stabilizing the movement from heel to toe [10].
Therefore, we hypothesized that decreased stability caused by
lift of the heel is associated with reduced contact of the mid-
foot lateral arch with the ground.

The midfoot support has good biomechanical advantage in
many aspects [11-14], and it can maintain the stability of mo-
tion and increase the contact area between the midfoot and
the ground. To improve midfoot function when using the heel
support, we designed and tested a custom three-dimension-
al (3D)-printed arch lift design. Arched supports have been
widely used for midfoot improvement, with good biomechan-
ical effects such as redistributing plantar pressure and reduc-
ing knee joint retraction torque [15]. Low-pressure areas can
transfer the burden of high-pressure areas [16]. Therefore, to
more effectively distribute the plantar pressure of patients
with lower-limb diseases, we designed a heel support device
based on an increase in the midfoot contact area.

We hypothesized that a customized 3D-printed heel support in-
sole based on arch lift has the function of maintaining the mid-
foot. For example, it can reduce the peak pressure of the forefoot
and midfoot, the reach and velocity of the medial-lateral center
of pressure (COP) [17], and the negative impact of simply raising
the heel. Considering the special nature of the 3D-printed insole,
we also set up a set of 3D-printed heel support insoles without
arch lift. The aim of this research was to study the effect of a
customized 3D-printed heel support insole based on arch lift on
foot pressure distribution and motion stability control. Our re-
sults may have implications for relevant orthopedic insole design.

Subjects and ethics

Thirty healthy men, with a mean age of 20.52 years (standard
deviation [SD]=1.50), participated in this study. Their aver-
age mass was 62.74 kg (SD=1.90), with an average height of
170.42 cm (SD=1.80). The subjects had no history of lower-limb
injury within 1 year and all subjects’ arches were in the normal
range, with arch index (Al) ranging from 0.23 to 0.29. The Al is
based on the foot model data generated by Footscan® (RSscan
International, Belgium) pressure plates. All participants provid-
ed written informed consent before the beginning of the study
and the study was approved by the local ethics committee.

Evaluation equipment

We used the Footscan® system (RSscan International, Belgium,
1x1 m Footscan® pressure plate with 8192 resistance sensors,
250 Hz frequency) to measure COP position changes, COP mov-
ing speed, peak pressure, and peak contact area. Figure 1A-1C
show the area of the plantar, foot contact phases, and the range
of the COP. The displacement of the center of pressure in the
medial-lateral is relatively vertical to the x-axis of the longitu-
dinal foot axis, which is set as the base line from the middle
of the heel to the forefoot, between the 2" and 3 metatar-
sal heads. The Bodyarch® The Foot Scanning System (China)
was used to measure the size of the foot.

Design of the heel support

The traditional hand-drawn arched support structure based
on the barefoot model may not conform to the ideal biome-
chanical structure when used for heel support [18]. By cap-
turing the size of the foot with a 3D scanner, the heel sup-
port and arch lift structure can be more accurately designed.
Based on previous research [5,18-21], a customized 3D-printed
heel support insole was designed with the following parame-
ters: (1) a height of 24 mm; (2) material with moderate hard-
ness (using EVA with A30 hardness); and (3) an arched arch
lift and a raised heel structure. The subject stood in the cen-
ter of the scanning plate and raised the heel 24 mm to capture
the contour of the foot through the Bodyarch® Foot Scanning
System. The insole design for experimental conditions A and
B was based on the Bodyarch Designer® software. The arch lift
of experimental condition A was designed to achieve full sup-
port by adjusting the lateral longitudinal portion of the arch to
make the insole fully contact the ground. Experimental con-
dition B did not utilize the arch lift structure, and the control
condition used a standardized pre-made heel support insole.
The model was designed utilizing the Bodyarch X1 printer®.
Figure 1D shows the customized 3D printed heel support in-
sole based on arch lift.
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Figure 1. (A) The Footscan® plantar pressure system divides the sole into 10 areas: the big toe (T1), toes 2-5 (T2-T5), from the 1°t to
the 5% metatarsal (M1, M2, M3, M4, and M5), midfoot (MF), medial heel (H1), and lateral heel (H2). For the convenience of
analysis, in addition to the toes, the sole was divided into 3 areas: the forefoot area (FF), the midfoot area (MF), and the rear
foot (RF) area. (B) The plantar movement has 4 phases: initial contact phase (ICP), forefoot contact phase (FFCP), foot flange
phase (FFP) and forefoot push-out phase (FFPOP). (C) The center of pressure (COP) varies and this range is shown on the
x-axis. (D) Customized 3D printed heel support and midfoot lift insole for experimental condition A.
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Process

Subjects were asked to wear standardized socks to walk along
a 10-m walkway, and self-control was performed according to
the following 3 conditions: (1) insert customized 3D-printed
heel supports and midfoot support insoles in the socks of ex-
perimental condition A subjects; (2) insert custom 3D-printed
heel support insoles into the socks of subjects in experimen-
tal condition B; (3) standardized pre-made heel support in-
soles were inserted into the socks of the control condition.
After walking for 10 min along the track, participants passed
the Footscan® plantar pressure scan plate at a normal walk-
ing speed. The pressure was recorded by the Footscan® sys-
tem and 4 successful walks under each condition were record-
ed for each participant.

Data analyses

To reduce error, all data analysis only considered the left foot.
The foot data — force-time (s), peak pressure (Kpa), and maxi-
mum contact area (cm?) — were recorded by the Footscan® pres-
sure test system, which included 10 areas of the sole: the big
toe (T1), toes 2-5 (T2-T5), from the 1° to the 5" metatarsal
(M1, M2, M3, M4, and M5), midfoot (MF), medial heel (H1),
and the lateral heel (H2). To facilitate analysis, in addition to
the toes, the sole was divided into 3 regions: the forefoot re-
gion (FF), the midfoot region (MF), and the heel (RF) region.
Plantar motion has 4 phases: initial contact phase (ICP), fore-
foot contact phase (FFCP), foot flange phase (FFP), and fore-
foot push-out phase (FFPOP). We analyzed the COP data during
the FFCP and the FFP because maintaining a dynamic stability
is most critical at these stages [21-23]. The FFCP period starts
with the first metatarsal contact with the floor and ends when
all of the humeral head regions are in contact with the floor.
The calculation range of the COP is the absolute value of the
difference between the maximum and minimum x-coordinate
values of the COP during the phases.

Statistical analyses

Data analyses were done using the Social Science Statistics
Program (SPSS) 24.0t Edition (SPSS, Inc., Chicago, IL, USA).
One-way analysis of variance (ANOVA) was used to analyze
the difference in maximum plantar pressure and COP vari-
ables in condition A and B and the control condition. P<0.05
was considered statistically significant for the variables un-
der each condition. In Figures 2-6, error bars: +SD; * P<0.05.

Results

In Figures 2 and 3, comparisons of the peak pressure (PP)
and contact area (CA) of the forefoot, midfoot, and heel of
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experimental conditions A and B and the control condition are
shown. The CA under the middle foot of experimental condi-
tion A was significantly increased compared with the control
condition (P<0.05). Compared with the control condition, there
was not a significant increase in the peak pressure of the fore-
foot and midfoot regions (P>0.05) in experimental conditions
A and B. Conversely, in the heel region, the peak pressures in
experimental conditions A and B were significantly lower than
in the control condition (P<0.05).

Figure 4 shows the percentage of force-time integrals (FTI)
for the 3 plantar regions of experimental condition A, experi-
mental condition B, and the control condition. The FTIs of the
forefoot areas of experimental condition A and experimental
condition B were significantly smaller than those of the con-
trol condition (P<0.05). No significant differences were found
in the percentage of FTls between the 3 conditions (P>0.05).

Figures 5 and 6 show the extent and speed of the medial-lat-
eral’s center of pressure in the forefoot contact phase (FFCP)
and foot flange phase (FFP) in experimental conditions A and B
and control condition, respectively. In the FFCP, the medial-lat-
eral COP velocity and range of experimental condition A were
significantly lower than those of experimental condition B and
the control condition (P<0.05). In FFP, although the COP veloc-
ity of experimental condition A did not change significantly,
the range of COP was significantly lower in experimental con-
dition B and control condition than in condition A (P<0.05).

Discussion

Patients with foot disease need to wear a special insole to re-
cover. Going barefoot only aggravates the disease, so the main
purpose of this experiment was to compare the effects of dif-
ferent insoles on plantar pressure. The experimental results of
healthy individuals are instructive for patients. In healthy peo-
ple, the pressure distribution on the plantar area is balanced
and no additional intervention is needed to change the pres-
sure distribution. However, for the patient, the patient’s own
plantar pressure distribution has changed and additional in-
tervention is needed to improve the plantar pressure distri-
bution. The result of wearing insoles for normal subjects can
be used to indicate the change in pressure on the sole of the
insole. Relevant experiments have been conducted to select
normal people to participate and have produced many instruc-
tive results [5,11,21], so normal subjects can be used to con-
duct experiments to provide guidance for patients.

Heel elevation significantly increases midfoot contact area [5].
This is partly because the heel supports the foot—floor contact
area to the metatarsophalangeal joint, leaving the midfoot and
rearfoot off the ground, so the heel support insole does not
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Figure 4. Percentage of force-time integral (FTI) in the 3 plantar
areas in experimental conditions A and B and the
control condition.
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Figure 6. The velocity of the medial-lateral center of pressure
(ML-COP) during forefoot contact phase (FFCP) and
foot flange phase (FFP) in experimental conditions A
and B and the control condition.

support the midfoot well. The customized 3D-printed insole,
which simply lifts the heel, also insufficiently stabilizes the
midfoot when the heel is raised. In this study, compared with
the control condition and experimental condition B, the COP
velocity in experimental condition A was significantly lower.
Conversely, experimental condition B and the control condition
exhibited no significant difference in these 2 aspects, indicat-
ing that the designed arch lift structure was maintained and
effective in terms of exercise stability. The customized insole
based on the arch lift may be used to compensate for the ad-
verse effects of reduced stability of the midfoot while raising
the heel. Since the contact area of experimental condition A
was significantly higher than that of the control condition,
the hypothesis that the decreased stability is related to the
decrease in contact between the midfoot lateral arch and the
ground is supported.
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Studies have shown that due to the high peak pressure un-
der the forefoot, heel elevation may negatively affect the
forefoot [5,24]. However, in this study, the peak pressure of
the forefoot remained almost unchanged in the experimen-
tal condition A compared with experimental condition B and
the control condition. This can be explained by the foot arch
lift sharing a portion of the load. The 3D-printed heel section
also helps protect the soft tissue of the heel and absorbs the
impact on the heel [4,25,26].

The midfoot links the forefoot and the rearfoot, so in the
load transfer phase, the midfoot keeps the balance of the
sole [27,28]. Increasing the range of the COP in the medial-
lateral direction shows a greater need for controlling stability
in the lower limbs [29-31]. A larger range of changes in COP
and faster speeds indicate that the stability of motion is lower.
The results show that, compared with experimental condition B
in the stability control phase [21,22,32] (i.e., the FFCP and the
FFP), the range of the inner and outer COP of the experimen-
tal condition A was significantly lower than that of the exper-
imental condition B and the control condition. The COP rate
of experimental condition A was significantly lower than the
control condition, indicating that the customized 3D-printed
heel support insole based on arch lift improved control of bal-
ance in the contact and flange phases.

Although we demonstrated that a customized 3D-printed heel
support insole based on arch lift improves foot pressure distri-
bution and improves stability, there are some inevitable limi-
tations in this study. First, we simply measured foot pressure
data and COP variation range and speed to assess foot func-
tion without recording 3D motion data. As a result, we were
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unable to study the effects of the new insole on the biome-
chanics of lower-limb joints. Second, although the main pur-
pose of our study was to compare the differences between
wearing different insoles, it is still important to compare these
with barefoot conditions, as manual intervention insoles may
have some adverse effects. Since our sample size was small,
the error was large when we made a comprehensive compar-
ison. We will expand the sample in future experiments. In fu-
ture research, we will further analyze the effects of customized
3D-printed heel support insoles based on arch lift on the wear-
er’s joint angle and torque, especially for patients with related
lower-extremity diseases requiring rehabilitation.

Conclusions

Use of customized 3D-printed heel support insoles based on
arch lift improves biomechanical performance in plantar pres-
sure distribution and the stability of movement, while reduc-
ing peak pressure of the heel and midfoot and forefoot load.
This new type of arch lift design method may have a positive
impact on the related orthopedic insole design.
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