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| Abstract |
Purpose: The aim of this research was to verify the relationship between three-dimensional (3D) ground reaction force
(GRF) and severity of leg length discrepancy (LLD) while walking at a normal speed. It used a 3D motion analysis
system with force platforms in standing workers with LLD.
Methods: Subjects comprising 45 standing workers with LLD were selected. Two force platforms were used to acquire
3D GRF data based on a motion analysis system during gait. Vicon Nexus and Visual3D v6 Professional software were
used to analyze kinetic GRF data. The subjects were asked to walk on a walkway with 40 infrared reflective markers
attached to their lower extremities to collect 3D GRF data.
Results: The results indicated the maximal force in the posterior and lateral direction of the long limb occurring in
the early stance phase during gait had significant positive correlation with LLD severity (r = 0.664∼0.738, p <0.01).
In addition, the maximal force medial direction of the long limb occurring in the late stance phase showed a highly
positive correlation with the LLD measurement (r = 0.527, p <0.01).
Conclusion: Our results indicate that greater measured LLD severity results in more plantar pressure occurring in the
foot area during heel contact to loading response of the stance phase and the stance push-off period during gait.
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Ⅰ. Introduction

biomechanical characteristics of LLD during gait in
standing workers can be a significant finding for the

Leg length discrepancy (LLD) is characterized as the
differences in lower limb length and is divided into

management and the prevention of various musculoskeletal
disorders such as low back pain caused by LLD.

functional LLD and structural LLD based on the cause

Therefore, the purpose of this research was to verify

(Azizan et al., 2018; Khamis et al., 2017; White et al.,

the relationship between the kinetic GRF and LLD

2004). Structural LLD is caused by the abnormality of

severity using a force platform based on 3D motion

the bone structures such as genu valgus or varus deformity,

analysis among standing workers with LLD during gait.

and function LLD occurs due to alteration of the posture

The hypothesis was set to have a significant relationship

of the lower limbs (Azizan et al., 2018; Gurney, 2002).

between the severity of LLD and GRF in stance during

Although LLD occurs in up to 70% of the general

gait.

population (Ali et al., 2014), some previous researches
suggested that the discrepancy of 20 mm or less did not
affect kinetic and kinematic variables of lower extremities

Ⅱ. Methods

during gait (Kaufman et al., 1996; Knutson, 2005). On
the other hand, individuals with an LLD of 20mm or

1. Study subjects

less had been shown to have various types of
musculoskeletal problems such as plantar fasciitis

Forty-five adults (15 males, 30 females) with LLD

(Mahmood et al.,2010), low back pain (Defrin et al.,

participated in this study. All participants selected for this

2005), and scoliosis (Raczkowski et al., 2010). In addition,

study were cashiers and customer service workers who

previous researches insisted that LLD was related with

had to stand for long periods at work. They had been

severity of low back pain and an increase in the past

working at their jobs for more than 36 months and worked

self-reported history of back pain during the past year

on approximately more than 8 hours a day, 5 days a week.

among individuals who must stand while working

All participants did not show any difficulty to perform

(Rannisto et al., 2015).

for a gait analysis. The inclusion criteria were an LLD

So far, many treatment options have been applied for

of 5 mm or more; approximately 50% of standing workers

LLD. Various types of foot insole lift are always the first

meet this criterium (Rannisto et al., 2019). Potential

therapeutic intervention for individuals with LLD

subjects were excluded if they had musculoskeletal or

deformity (Kim, 2019; Rannisto et al., 2019). In particular,

neurological disorders of the lower extremities,

many previous studies were performed to verify the effects

rheumatoid arthritis, or, or if they were having any drugs

of different types of insole lift to correct LLD deformity

that can affect their balance and walk. All subjects were

(Azizan et al., 2018; Defrin et al., 2005; Kim, 2021).

asked to provide a written informed consent before the

Few studies, however, have executed the relationship of

start of experimentation and only those who have

LLD on the kinetic characteristics such as ground reaction

confirmed their consents were included in this study. This

force (GRF) using a three-dimensional (3D) walking

study was approved by the IRB of Jeonju University

analysis in stance phase during gait (Khamis et al., 2017).

(jjIRB-170615-HR-2017-0609).

Quantitative

and

objective

verification

of

the
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2. Instrumentation and procedure

Subjects were asked to walk freely along a 6 m walkway
wearing a standard pair of shoes (Cubio, JKGOLD, Korea)

1) Instrumentation

while biomechanical data of the lower limbs using the
Calibrated Anatomical System Technique were acquired

Kinetic 3D GRF data were collected using two force

after static calibration capture. The Subjects performed

platforms (BP400600, AMTI, USA), which were

a total of 8 walking trials. Between each walking trial

embedded in the center of the 6-m walkway and sampled

of data acquisition, the subjects were allowed to rest for

data at 500 Hz. A Vicon Motion Analysis System (Oqus-7,

3 min to prevent fatigue during the measurements.

Vicon Inc., UK) with six cameras was used to obtain

The Visual3D analysis software program (Visual3D,

the exact gait cycles while the subject walked along a

C-Motion Inc., USA) was used to obtain the final kinetic

walkway in the experimental room. The captured kinetic

GRF results and graphical reports following data

GRF data were processed using the Nexus program

acquisition and processing using the Vicon system and

(Version 1.8.5, Vicon Inc., UK). The camera system was

Nexus program. Visual3D program created a virtual bone

synchronized with the force platforms and a calibration

segments model in space based on a set of anatomical

T-wand (7.5 cm) was used to calibrate the motion analysis

reflective markers, which helped the calculation of the

system and to identify the lab origin.

related joint angles of each subject (Fig. 2). Kinetic GRF
data were low-pass filtered with a 4th order Butterworth

2) Measurement procedure

filter and a cutoff frequency of 15 Hz.

Leg length was measured with a tape measure between
the anterior superior iliac spine and the medial malleolus
with the participant in a supine position (Beattie et al.,
1990). The mean value of LLD of all subjects was 14.6
mm, while 21% of the subjects had a limb length
inequality of at least 1.5 cm or higher. There was no
significant difference in leg length between genders (p >
0.05).
For the dynamic walking condition, participants wore
40 retroreflective markers (14 mm), which were attached
bilaterally to the participants’ forefeet, midfeet, rearfeet,
malleoli, femur epicondyles, greater trochanters, and
posterior and anterior superior iliac spines (Fig. 1). Cluster
markers were attached to the thigh and shank segments
bilaterally based on the six-degrees-of-freedom model
(Collins et al., 2009). First, static calibration data were
obtained from each subject to create the dynamic model
for later analysis of the 3D kinetic GRF during gait trials.

Fig. 1. Forty reflective markers settings on lower
limbs during static calibration and walking trials.
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respectively. In addition, the mean gait speed, step length,
and step width were 1.3 ± 0.2 m/s, 131.5 ± 10.4 cm,
and 12.1 ± 3.4 cm, respectively.
Table 1. General Characteristics of Subjects (N=45)

Fig. 2. Visual3D representation of a virtual skeleton
based on 40 reflective markers and three-dimensional
ground reaction force butterflies in laboratory space
during walking trials.

3. Data analysis

Characteristics

Mean ± SD

Gender

Male: 15, Female: 30

Age (years)

38.57 ± 8.20

Weight (kg)

61.94 ± 12.75

Height (cm)

161.22 ± 7.43

Gait speed (m/s)

1.28 ± 0.16

Step length (cm)

131.51 ± 10.36

Step width (cm)

12.13± 3.44

2. Correlation between 3D GRF variables and
LLD severity
The results of the relationship between the LLD

The Shapiro-Wilk test was used to investigate that the
kinetic GRF and LLD severity data were distributed
normally. The Pearson product-moment correlation
analysis was used to determine the correlation between
the LLD severity and various kinetic 3D GRF variables.
Paired t-test was used to compare the kinetic GRF data
between both long and short limb. All analyses were
executed using SPSS (Version 26.0, IBM Corp., USA).
The level of significance was set at p < 0.05.

severity and some kinetic GRF values showed significant
differences (Table 2). The maximal force posterior (r =
0.664, p < 0.01) and lateral direction (r = 0.738, p <
0.01) occurred in the initial contact of stance phase during
gait showed significantly positive correlations with the
LLD severity. In addition, the maximal force medial
direction occurred in the late stance phase showed a highly
positive correlation with the LLD severity (r = 0.527,
p < 0.01). In contrast, there was no significant correlation
between the LLD severity and the other 3D GRF variables
during gait (p > 0.05) (Table 2). The result showed a

Ⅲ. Results
1. General characteristics of subjects
Table 1 shows mean and standard deviation of general
characteristics and gait parameters of the subjects. The
mean age, weight, and height of all subjects were 38.6
± 8.2 years, 61.9 ± 12.8 kg, and 161.2 ± 7.4 cm,

significant correlation among various GRF variables. The
posterior maximal force showed significantly moderate
or high correlation with all GRF variables except the
midstance vertical minimal force (r = 0.339∼0.814, p
<0.05). In addition, the maximal force lateral direction
showed a significant correlation with the first maximal
vertical force (r = 0.511, p < 0.05) and the second maximal
vertical force (r = 0.443, p < 0.05) (Table 2).
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Table 2. Relationship between each ground reaction force variable of long limb and leg length discrepancy (N=45)
LLDg
a

MFPD

**

MFLD

1st MFV

MMF

2nd MFV

MFPD

0.74

1

MFLDb

0.66**

0.81**

-0.15

*

0.47

0.51*

1

0.10

-0.09

-0.16

-0.51*

0.22

*

*

**

-0.64**

1

*

0.11

0.61**

-0.09

*

st

c

1 MFV
d

MMF
nd

2

MFV
e

-0.06

f

*

MFAD

MFMD

0.53

MFMD

1

0.34

0.44

**

0.67

0.01

*

0.52

a

MFAD

0.17

b

1

0.80

0.47

0.28

1
0.76**

0.39

c

1

d

Maximal force posterior direction, Maximal force lateral direction, Maximal force vertical, Midstance minimal force,
e
Maximal force anterior direction, fMaximal force medial direction, *p<.05, **p<.01

3. Comparison of 3D GRF variables occurred

Ⅳ. Discussion

between long limb and short limb
The study plan was to investigate the relationship
The results of the comparison of each 3D GRF variable

between the various kinetic 3D GRF variables and the

occurred in stance phase during gait in both long and

LLD measures using a force platform and motion analysis

short limb were shown in Table 3. There were significant

system during freely walking in workers with LLD who

differences in the maximal force posterior direction, the

must stand while working. Although LLD is a general

maximal force lateral direction developed in initial contact

musculoskeletal problem, LLD of less than 2 cm does

period of stance phase, and the maximal force medial

not affect activities of daily living and does not negatively

direction occurred late stance phase between long and

impact the biomechanical values of gait, walking speed,

short limb during gait (p<0.05) (Table 3). Larger numbers

or running (Hellsing, 1988; Resende et al., 2016; Seeley

shown in Table 3 indicate stronger GFR values.

et al., 2010). However, there were other research findings
with contrasting results where an LLD of less than 2cm
can still cause various musculoskeletal dysfunctions such
as unspecific chronic low back pain, idiopathic scoliosis,

Table 3. Comparison of each variable of ground reaction force between both limbs
Gait phase
Initial stance

Variables (N/kg)

Long limb

Short limb

p

MFPDa

1.95±0.52

1.68±0.44

0.01*

MFLDb

0.77±0.02

0.63±0.01

0.02*

1st MFVc

12.70±1.34

12.61±1.09

0.83

MMFd

7.16±1.03

7.55±1.24

0.60

Mid stance

nd

12.58±1.47

11.99±0.93

0.67

MFADe

MFV

2.57±0.19

2.17±0.22

0.49

f

0.74±0.09

0.58±0.08

0.03*

2
Late stance

MFMD
a

(N=45)

b

c

d

Maximal force posterior direction, Maximal force lateral direction, Maximal force vertical, Midstance minimal force,
Maximal force anterior direction, fMaximal force medial direction, *p<0.05

e
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knee and ankle osteoarthritis, and stress fractures (Defrin

A normal free walking has been reported to have an equal

et al., 2005; Mahmood et al., 2010; Raczkowski et al.,

GRF for both limbs (Winiarski & Rutkowska-Kucharska,

2010; Rannisto et al., 2015). Most subjects in this study

2009). Some previous studies reported that the higher LLD

had an LLD of greater than 1 cm and a previous study

severity it elicits, the larger GRF on the longer limb comes

verified that 244 of 1309 participants with low back pain

off, with an asymmetry developed more in GRF (Bhave

had an LLD of more than 10 mm (Giles & Taylor, 1981).

et al., 1999; Kaufman et al., 1996; Singh et al., 2020).

In particular, LLD was associated with severity of low

The strength of this study lies in verifying the

back pain among participants engaged in standing work

relationship between kinetic GRF values occurred 3D

(Rannisto et al., 2015).

space in stance phase and LLD severity through objective

The results showed that the LLD measurement had

and reliable instruments in workers with LLD who stand

a significant positive correlation with the 3D GRF

for long periods at work. In addition, the 3D GRF values

variables that occurred at the initial and late stance phase

of both lower extremities generated in the stance phase

during gait. Particularly, a significant relationship between

during gait were analyzed by dividing them into an initial

the LLD measurement and the maximal force posterior

stance (0-25% stance phase), an intermediate stance

and lateral direction occurring at 0% to 25% of the stance

(25-75% stance phase), and a late stance (75-100% stance

phase during gait was very high (r = 0.66∼0.74). This

phase). However, the study has some limitations that

result indicates that as the LLD severity increases, the

should be noted. Although this study was conducted on

heel contact 3D GRFs generated from the ground

workers who must stand at work, the participants belonged

contacting the foot in the initial stance phase during gait

to only one specific occupational environment, and the

increases. In addition, the established hypothesis of this

study results may not be applied to workers with LLD

study was partially supported through some significant

in different industries. Additionally, we could not control

relationships between the LLD measure and kinetic GRF

for exogenous variables such as the dominant leg

values in early stance phase during walking. Although

information and the difference in muscle strength between

no previous studies were able to compare our results

the lower limbs that affected the study results. Also, there

directly because of the differences of participants’

is a limitation in not presenting the results for the

characteristics, measurement instrumentation, and study

kinematic data collection. Therefore, the study results

methods, a previous study reported that 7 of 8 patients

cannot be generalized to the whole population of workers

(87.5%) had heel pain in the left foot while their left

with LLD who stand for long time at work. Particularly,

limb was longer than the right limb. Fourteen patients

this study did not investigate the relationship between

(93.3%) who had a longer right limb presented with heel

LLD severity and clinical symptoms such as low back

pain in the right extremity (Mahmood et al., 2010).

pain which elicited common in standing workers. Thus,

Therefore, LLD severity may cause plantar fasciitis and

further studies are needed to investigate the relationship

many other musculoskeletal dysfunctions such as

between low back pain and LLD severity in standing

osteoarthritis of the ankle and rear foot joints (Kim et

workers who must stand at work under various

al., 2018; Mahmood et al., 2010). The results showed

occupational environments.

that some kinetic GRF values had significant differences
between long and short limb in stance phase during gait.
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Ⅴ. Conclusions

repeatability and comparison with a modified Helen
Hayes set. Gait & Posture. 2009;30(2):173-180.

This study verified the correlation between the 3D

Defrin R, Ben Benyamin S, Aldubi RD, et al. Conservative

kinetic GRF values and LLD measurement during gait

correction of leg-length discrepancies of 10mm or

in 45 standing workers with LLD. The study results

less for the relief of chronic low back pain. Archives

revealed significant correlations between the LLD

of Physical Medicine and Rehabilitation. 2005;86(11):

measurement and maximal GRFs occurred in the early

2075-2080.

stance phase. In particular, the LLD measurement had

Giles LG, Taylor JR. Low-back pain associated with leg length

a high correlation with the maximal force medial direction

inequality. Spine (Phila Pa 1976). 1981; 6(5): 510-521.

occurred in the terminal stance phase. Our results indicate

Gurney B. Leg length discrepancy. Gait & Posture.

that the more severity of LLD deformity, the more plantar

2002;15(2):195-206.

pressure occurs on the foot area in heel contact and

Hellsing AL. Leg length inequality. A prospective study of

push-off period during gait. Therefore, receiving earlier

young men during their military service. Upsala

examinations and finding effective interventions will be

Journal of Medical Sciences. 1988;93(3):245-253.

needed to prevent and correct LLD deformity in standing

Kaufman KR, Miller LS, Sutherland DH. Gait asymmetry
in patients with limb-length inequality. Journal of

workers.

Pediatric Orthopedics. 1996;16(2):144-150.
Khamis S, Carmeli E. Relationship and significance of gait
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