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ABSTRACT

BT Leg length discrepancy (LLD) is one of the most common musculoskeletal conditions, sig-
nificantly affecting gait. Orthotic interventions are used for mild structural LLDs up to 50 mm, such
as heel lifts and insoles, as minimally invasive interventions. This study aims to evaluate the effect
of CNC-milled ethylene-vinyl acetate (EVA) insoles on kinematic gait variables in individuals with
structural LLD <20 mm.

This quasi-experimental study was conducted on 15 individuals with a mean age of
23 years, who had mild congenital structural LLD. The insole was manufactured from EVA foam using a
CNC milling machine. It was covered with synthetic leather. Changes in pelvic, hip, knee, and ankle kine-
matic variables were recorded using a motion analysis system and pressure plate, with and without the
insole. The data were analyzed in SPSS software, version 23 using paired t-test or Wilcoxon signed-rank
test, considering a significance level of P<0.05.

[T Significant changes were observed in the knee range of motion (ROM) of the shorter leg on the
frontal plane (P=0.03), ankle ROM of the longer leg on the sagittal plane (P=0.02), and ankle ROM of the
shorter leg on the frontal plane (P<0.001) after using the insole during the stance phase of gait. During
the swing phase, significant changes were reported in the knee ROM of the shorter leg on the sagittal
plane (P=0.02) and the ankle ROM of the shorter leg on the frontal plane (P<0.001). The maximum ankle
inversion angle of both legs (P=0.04 for shorter leg, P=0.02 for longer leg), the maximum ankle ever-
sion angle of the longer leg (P=0.04), and the maximum ankle internal rotation angle of the longer leg
(P=0.04) also showed a significant increase after using the insole during the stance phase.

[@TEIERT The milled insole can improve some kinematic gait parameters in people with mild congenital
: structural LLD.
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Introduction

eg length discrepancy (LLD) or anisome-

lia refers to a significant difference in the

length of two legs. According to statistics,
27% of adults have a LLD of more than 10 mm [1, 2].
The LLD is classified into two structural (shortness in
bone length) and functional (asymmetry in lower limb
mechanisms) types. individuals with structural LLD are
classified into three groups based on the degree of short-
ness: Mild (<30 mm), moderate (30-60 mm), and severe
(>60 mm) [3]. According to Moseley, an LLD of less than
20 mm falls into the mild category [4].

LLD is one of the most common musculoskeletal is-
sues, significantly affecting gait. Some of the frequent
changes in kinematic gait parameters due to LLD include
increased supination, reduction or loss of the first rocker,
forefoot impact during initial contact, vaulting, reduced
ankle dorsiflexion, decreased knee flexion, reduced hip
flexion and abduction, increased pelvic deviation in the
shorter leg as well as increased pronation, enhanced
ankle dorsiflexion, increased knee flexion, greater hip
flexion and adduction in the longer leg [2, 5-9]. Gait
disorders, as a key factor in functional independence,
impose significant healthcare costs on the health system
of countries each year; in the United States, the annual
treatment expenses have exceeded one hundred billion
dollars [10].

Due to limited information on the long-term effects
of mild LLD, interventions are implemented cautiously
[11]. Medical interventions are applied based on two
factors: The degree of discrepancy and the severity of
symptoms, and are carried out in two forms: Orthotic
and surgical approaches [12]. Orthotic interventions are
typically used for structural LLDs up to 50 millimeters
[13-15]. These interventions include the use of insoles,
heel lifts, modification of sole height, and splint use [14,
16, 17]. Insoles and heel lifts are primarily recommend-
ed as minimally invasive interventions to compensate
for mild structural LLD [14]. Some studies have shown
that the use of insoles and heel lifts can improve kinetic
and kinematic gait variables [2, 18], while others have
linked the effects of insoles to an individual’s adapt-
ability and unconscious compensatory movements, and
reported no improvement in gait parameters [7, 18].
Menez et al. [2] investigated the immediate changes in
kinematic variables following the application of a ther-
moforming insole with 50% LLD correction. They di-
vided participants into two groups: One with LLD <1
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cm and the other with LLD >1 cm. Their results indicat-
ed a significant improvement in pelvic joint symmetry
in the frontal plane and ankle symmetry in the sagittal
plane. Tirtashi et al. [19] conducted a study to examine
the effects of polyvinyl acetate insoles with 100% LLD
correction on the maximum anterior and lateral pelvic
tilt angles for both sides, hip abduction on both sides,
knee abduction on both sides, and plantar flexion of the
shorter leg. Their findings indicated significant changes
in all variables except for the maximum anterior and lat-
eral pelvic tilt of the shorter leg when using corrective
insoles compared to regular shoes.

It seems that insole use is the most commonly used or-
thotic intervention for correcting mild structural LLDs.
There is no available study on the effects of computer
numerical control (CNC)-milled insoles on various gait
parameters in individuals with structural LLD of <20
mm [2, 18, 20]. Therefore, this study aimed to investi-
gate the effects of insoles milled by a CNC machine on
the kinematic gait parameters of individuals with struc-
tural LLD <20 mm.

Materials and Methods

This is a quasi-experimental study, conducted in 2024.
The study population consisted of 15 individuals with a
mean age of 23+2.9 years with mild congenital structural
LLD. Considering a 95% confidence interval (CI), a test
power of 80%, a variance of 3.25, and an accuracy of
3.7 in pelvic movements in the frontal plane during the
stance phase [20], the sample size was determined as 15.
Participants were selected using a non-probability con-
venience sampling method from individuals aged 18-35
years who visited hospitals and rehabilitation clinics af-
filiated with the University of Social Welfare and Reha-
bilitation Sciences, based on the inclusion criteria. Eli-
gible individuals were examined by a therapist and, after
signing an informed consent form, they entered into the
study. The inclusion criteria were a mild structural LLD
(<2 cm) [2], and the ability to walk more than 30 meters
without using a cane [21]. The exclusion criteria were
the use of insoles or heel lifts in the past three months
[21], systemic diseases such as rheumatoid arthritis [21],
musculoskeletal and neurological disorders in the lower
limbs [1], and a history of musculoskeletal injury or sur-
gery in the lower limbs [22].

To create the insole, the LLD degree was first deter-
mined using radiography [23]. After scanning the indi-
vidual’s foot with a scanner (Model 4452F40, Payatek
Fanavaran Co., Iran; Figure 1), the insole was designed
in Rhino software with a 30% lift to compensate for
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Figure 1. Foot scanner

Figure 2. Insole design in Rhino and ArtCAM applications

the discrepancy. The design was then transferred to
ArtCAM software for G-code generation (Figure 2).
Next, the insole was manufactured from ethylene-vinyl
acetate (EVA) foam with a Shore A hardness of 30 us-
ing a CNC milling machine (Model PT-MILL, Payatek
Fanavaran Co., Iran; Figure 3). To enhance durability
and breathability, the insole was covered with synthetic
leather. It has a standard amount of internal and external
arch support, a metatarsal pad, and a heel cup (Figure 4).

After participants wore tight-fitting sportswear and
standard shoes, marker were placed different points of

lower limbs according to the Plug-in protocol. The land-
marks included the anterior and posterior iliac spines,

Figure 3. CNC milling machine
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external prominence of the greater trochanter, lateral
epicondyle of the femur, mid-femur, proximal apex of
the fibular head, anterior prominence of the tibia, mid-
tibia, medial and lateral malleoli, Achilles tendon at-
tachment to the calcaneus, and the borders of the first
and fifth metatarsal heads [2], as shown in Figure 5.
Participants were then asked to stand on a pressure plate
to record the necessary static data. Then, to familiarize
them with the laboratory environment, they were in-
structed to walk for ten minutes on a six-meter path at
a self-selected speed. In the middle of this path, a Kis-
tler pressure plate had been placed, surrounded by four
MX T40-S infrared cameras and six Vicon Vero (v2.2)
infrared cameras. Five gait cycles without insoles were
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Figure 4. Manufactured insole with leather coverage Rehabilitation

first recorded. Then, participants were asked to repeat all After data collection, the relevant charts were gen-
previous steps while using the milled insoles. The test erated using Microsoft Excel (2016) and MATLAB
would be repeated if the individual’s leg was not cor- (R2024a) applications, and the SPSS software, version
rectly placed on the pressure plates. 23 was used for data description and analysis. After as-

sessing the normality of data distribution, the paired t-
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Figure 5. Marker placement locations and standing position on the pressure plate for static data recording Rehabilitation
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Table 1. Characteristics of participants
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Variables Minimum Maximum MeantSD
Age (y) 19 27 23429
Height (cm) 159 183 173.2+7.15
Weight (kg) 45 88 67.2+10.96
BMI (kg/m?) 17.79 27.16 22.29+2.68
LLD (cm) 0.9 2 1.29+0.34

test (for data with normal distribution) or the Wilcoxon
signed-rank test (for data with abnormal distribution)
was used to compare gait parameters with and without
wearing insoles. The significance level was set at 0.05.

Results

Participants included 6 females and 9 males, with
a mean age of 23 years and a mean body mass index
(BMI) of 22.29 kg/m* Based on radiographic imaging,
their mean structural LLD was 1.29 cm (Table 1).

According to the results in Table 2, in the stance phase
of gait, the mean range of motion (ROM) of the knee
joint in the shorter leg significantly increased on the
frontal plane after using the insole (P=0.03). The mean
ROM of the ankle joint in the longer leg significantly
decreased after using the insole on the sagittal plane
(P=0.02), while the mean ROM of the ankle joint in the
shorter leg significantly increased on the frontal plane
(P<0.001). In the swing phase, the mean ROM of the
knee joint in the shorter leg significantly decreased on
the sagittal plane (P=0.02), and the mean ROM of the
ankle joint in the shorter leg significantly increased on
the frontal plane (P<0.001).

Regarding changes in the maximum angle in the stance
phase of gait (Table 3), the maximum angle of inversion
in the ankle joints of both legs significantly increased
(P=0.04 for shorter leg, P=0.02 for longer leg). The
maximum eversion angle of the ankle joint in the longer
leg (P=0.04), and the maximum internal rotation angle
of the ankle joint in the longer leg (P=0.04) also showed
a significant increase.

Discussion
The purpose of this study was to examine the effects of

CNC-milled insoles on various kinematic gait variables
in individuals with mild structural LLD. The findings
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revealed significant changes in certain kinematic vari-
ables, including the knee ROM of the shorter leg on the
frontal plane, the ankle ROM of the shorter leg on the
frontal plane, and the ankle ROM of the longer leg on
the sagittal plane during the stance phase of gait. In the
swing phase, significant changes were observed in the
knee ROM of the shorter leg on the sagittal plane and in
the ankle ROM of the shorter limb on the frontal plane.
Additionally, in the stance phase, the maximum ankle
inversion angle in both legs, the maximum ankle ever-
sion angle of the longer leg, and the maximum ankle
internal rotation of the longer leg increased significantly
after wearing the milled insole.

The results of this study support the results of previous
studies indicating that mild structural LLD affects gait
deviations [2, 5]. Additionally, these findings comple-
ment the work of Bangerter et al., who suggested that
structural LLDs between 20 and 60 mm can lead to gait
deviations [24]. Our findings are also in agreement with
Resende et al.’s findings, which showed that the com-
pensatory movements during walking in individuals
with LLD were reduced after wearing corrective insoles
[5]. Tirtashi et al. indicated significant changes in the
maximum anterior and lateral pelvic tilt of the longer
leg, hip abduction in both legs, knee abduction in both
legs, and plantar flexion of the shorter leg when using
a corrective insole compared to standard shoes [19].
Menez et al. also showed significant improvement in
pelvic joint symmetry on the frontal plane and ankle
alignment on the sagittal plane following a 50% LLD
correction. The differences between the results of our
study and those of Menez et al. and Tirtashi et al. may
be due to variations in the degree of discrepancy correc-
tion. The non-significant changes in some gait param-
eters after wearing the milled insole in our study can be
attributed to the specific amount of correction applied,
warranting further studies using different correction
rates. Another possible reason can be the short duration
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Table 2. ROM in the pelvic, hip, knee, and ankle joints at the stance and swing phases of gait with and without insole

Mean+SD Mean+SD
Variables Leg s " P s s P
tance Phase winging winging
Sta_n DI without Phase with Phase with-
with Insole
Insole Insole out Insole
. Shorter Leg 3.33+14 3.3441.09 0.06™ 2.47+0.89 2.73t1.21 0.33"
Pelvic ROM on the
sagittal plane . N
Longer Leg 412.02 4.4443.5 0.08 2.67+1.13 2.96+2.4 0.66
. Shorter Leg 8.35+4.32 7.61+2.72 0.9" 5.22+1.74 5.55+1.53 0.81"
Pelvic ROM on the
frontal plane . .
Longer Leg 8.35+4.32 7.51+2.89 0.19 5.29+1.85 5.63+3.45 0.92
Shorter Leg 6.69+3.52 7.09+2.79 0.5" 5.53+2.65 7.62+2.08 0.82"
Pelvic ROM on the
transverse plane ” .
Longer Leg 7.98+5.83 7.71+3.53 0.18 5.52+2.69 7.2614.27 0.49
. Shorter Leg  36.9645.54 37.38+3.16 0.85° 30.79+3.99 31.61+2.53 0.53"
Hip ROM on the
sagittal plane . .
Longer Leg 39.46+3.62 39.2645.18 0.74 34.4745.14 34.86+5.37 0.91
i Shorter Leg 9.52+3.51 10.7+£5.07 0.16" 7.05£1.75 7.5+2.15 0.2
Hip ROM on the
frontal plane . .
Longer Leg 10.3+2.93 10.79+4.49 0.65 8.17+2.1 8.6316.63 0.79
. Shorter Leg  16.41+12.43 13.756.69 0.28" 21.44+13.34 17.82+7.39 0.61"
Hip ROM on the
transverse plane . .
Longer Leg 17.93+12.5 19.67+15.02 0.49 21.53+18.45 20.69+4.53 0.18
Shorter Leg  31.9747.82 31.84+7.91 0.82" 55.25+12.34  56.65+11.51 0.02
Knee ROM on the
sagittal plane . .
Longer Leg 31.59+6.76 32.62+6.4 03 54.66+13.68  55.62+13.71 0.35
Shorter Leg 17.4317.62 13.1346.15 0.03" 28.67+11.15 24.87+13.47 0.05™
Knee ROM on the
frontal plane . "
Longer Leg 12.93+6.85 14.78+8.19 0.82 24.16+12.13 23.61+11.71 0.3
Shorter Leg ~ 13.2445.05 13.024.2 0.53" 20.29+7.72 19.3817.72 0.44"
Knee ROM on the
transverse plane ” .
Longer Leg 13.29+4.26 14.67+4.73 0.14 22.5+7.8 22.41+7.32 0.96
Shorter Leg ~ 21.48+4.97 21.06+3.92 0.76™ 14.94+4.03 15.21+4.05 1
Ankle ROM on the
sagittal plane . .
Longer Leg 21.53+4.35 23.01+4.23 0.02 16.4215.7 16.8315.69 0.73
Shorter Leg 5.4+3.23 3.2¢1.39 0.00" 6.8843.18 4.4611.67 0.00"
Ankle ROM on the
frontal plane - .
Longer Leg 4.35+2.41 3.91+2.1 0.22 6.1+3.5 5.5+3.45 0.14
Shorter Leg ~ 17.1146.48 15.11+4.82 0.16" 22.45+8.34 21.11+6.65 0.31°
Ankle ROM on the
transverse plane . "
Longer Leg 15.546.76 16.9617.88 0.37 20.84+9.27 22.97+9.64 0.22
Archives of . .
ROM: Range of motion. Rehabilitation

"Paired t-test, “Wilcoxon signed-rank test.
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Table 3. Maximum angle of motions in the pelvic, hip, knee, and ankle joints in the stance phase with and without insole

MeantSD Mean+SD
Condition Leg P Swingi Swingi P’
Stance Phase  Stance Phase th:;:g\:‘ifh Pha::r\‘filt;gout
with Insole without Insole
Insole Insole
Shorter Leg 15.07+7.58 16.2+8.22 0.14% 11.74+7.42 11.767.15 0.88*
Maximum pelvic tilt angle
Longer Leg 15.1147.49 15.757.55 0.214 11.7617.5 11.7547.12 0.86*
. L Shorter Leg 4.5243.21 6.08+4.85 0.078 2.83+2.28 5.39+3.43 0.22"
Maximum lateral pelvic tilt
angle
= Longer Leg 2.84+2.23 2.12+2.18 0.11# 4.7612.79 2.27+2.09 0.434
. . . Shorter Leg 2.98+2.85 3.38+2.41 0.344 3.7+3.19 4.5916.17 0.39"
Maximum pelvic rotation
angle
& Longer Leg 3.4+2.49 4.48+3.96 0.278 3.69+2.17 3.22+2.02 0.39*
. . . Shorter Leg 32.14+8.84 31.33+9.68 0.144 4.82+11.36 6.05+8.92 0.15M
Maximum hip motion angle
in the sagittal plane
Longer Leg 32.96+10.2 32.58+9.85 0.46* 6.51£8.96 6.6818.82 0.83*
. . . Shorter Leg 6.65+3.81 8.65+6.3 0.06" 2.87+3.07 2.05+3.12 0.16M
Maximum hip motion angle
in the frontal plane
Longer Leg 5.2+4.17 4.58+3.93 0.05* 5.1+5.07 6.21+6.95 0.36"
- i rotati Shorter Leg  29.85+18.45 26.55+18.9 0.114 13.44+21.17 12.79+18.9 0.76"
aximum hip rotation
angle
= LongerLeg  23.01%+15.18 22.5+17.21 0.69* 5.07+13.95 2.82+12.86 0.27%
Maxd K i Shorter Leg  26.22+10.48 26.72+10.75 0.6" 5.7445.39 5.1145.97 0.12%
aximum knee motion
angle in the sagittal plane
Longer Leg 31.7+8.86 31.91+8.39 14 0.11+6.06 0.71+6.23 0.13*
- K . Shorter Leg 12.748.45 10.84+8.55 0.06" 4.73+4.27 3.94+3.34 0.34N
aximum knee motion
angle in the frontal plane
Longer Leg 9.94+7.99 9.4617.78 0.63* 2.99+3.47 3.67+4.32 0.18*
Maxi K tati Shorter Leg 9.13+12.1 8.14+12.18 0.52V 22.38+14.54 21.17+£14.79 0.55"
aximum knee rotation
angle
& Longer Leg 0.47+13.47 0.09+12.18 0.714 13.76115.22 14.77+13.9 0.444
et " - Shorter Leg 12.74+4.98 12.16+4.44 0.214 8.73+4.97 8.89+3.55 0.85N
aximum ankle motion
angle in the sagittal plane
Longer Leg 13.87+5.25 14.28+5.71 0.86* 7.65+4.93 8.7315.94 0.08*
Maxi K " Shorter Leg 5.28+4.83 3.24+2.52 0.04A 0.12+4.97 0.03+2.37 0.83"
aximum ankle motion
angle in the frontal plane - -
Longer Leg 4.7613.66 3.61+3.44 0.02"4 0.444.24 0.29+3.97 0.04

X X Shorter Leg 0.94+16.84 0.68+£16.84 0.95* 18.05+£13.13 15.79+10.27 0.14*
Maximum ankle rotation

angle
5 Longer Leg 1.87415.91 1.34417.56 0.04™* 17.38+13.32 15.62+15.92 0.23*
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Note: "The probability value for normal cases (N) was obtained using the paired t-test, while for non-normal cases (A), it was calcu-
lated using the Wilcoxon signed-rank test. “"P<0.05 indicates statistical significance.
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of assessing gait changes. Considering that individuals
develop complex compensatory movements over the
years, instant corrections may not be feasible, and long-
term evaluations of insole effects on these mechanisms
are necessary.

The limitations of this study included a small sample
size and the absence of a control group, due to time and
financial constraints. Another limitation was the short
duration of insole impact evaluation due to financial
problems and difficulties in long-term follow-up. This
prevented a definitive conclusion regarding the dura-
bility and persistence of the results. In this regard, fu-
ture studies should consider conducting research with
a larger sample size and a longer duration, incorporat-
ing both control and experimental groups. This would
allow for a more comprehensive evaluation of the ef-
fectiveness of insole use over time. Additionally, future
research should examine the impact of different rates of
LLD correction to gain a deeper understanding of the
relationship between the degree of correction and the
biomechanical responses. Furthermore, future studies
are recommended to examine kinetic variables such as
ground reaction forces, joint torques, and movement
patterns. These variables can provide more precise and
comprehensive insights into how insoles affect biome-
chanical performance, offering a deeper understanding
of the study findings.

Conclusion

The use of CNC-milled insoles can help improve some
compensatory movements resulting from LLD. The in-
sole milled in this study can improve some kinematic
gait parameters, such as the knee ROM of the shorter
leg on the frontal plane, ankle ROM of the shorter leg
on the frontal plane, and the ankle ROM of the longer
limb on the sagittal plane during the stance phase of gait
in people with mild structural LLD. Additionally, in the
swing phase, significant improvements were observed
in the knee ROM of the shorter leg on the sagittal plane
and the ankle ROM of the shorter leg on the frontal
plane. These findings suggest that the milled insole can
help reduce the effects of LLD and enhance individuals’
movement performance. Therefore, CNC-milled insoles
are recommended as an effective non-invasive interven-
tion for managing mild structural LLDs.
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