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Background: This biomechanics study of the lower limbs aimed to compare the use of the International Society of Biomechanics
Six-Degrees-of-Freedom (ISB-6DOF) model and the conventional gait model (CGM), formerly known as the Helen
Hayes model, in 20 male sprinters who habitually used the forefoot (FF) or rearfoot (RF) strike modes.
Material/Methods: We used a motion capture system to compare the difference in lower-extremity joint mechanics between sprint-
ers’ forefoot or rearfoot strike mode during unplanned sidestepping (UPSS). Twenty elite sprinters participat-
ed in a motion capture test under 2 models. Each of the 10 participants were classified as having a habitual
forefoot strike mode or rearfoot strike mode during unplanned sidestepping. Joint mechanics and gait param-
eters were calculated according to the designed movement.

Results: Comparison of the 2 models showed that the knee joint angles were inconsistent (P<0.05), highlighting the dif-
ficulty of the Helen Hayes model in anatomical recognition. The results of the 2 models show that during the
unplanned sidestepping, the sprinter using the habitual rearfoot strike mode had a greater load through the
knee joint (P<0.05). Sprinters who used the habitual forefoot strike mode experienced greater load through
their ankle joints (P<0.05).

Conclusions: The findings from this biomechanics study showed that when compared with the ISB-6DoF model, the findings
from the CGM were more reproducible for the evaluation of FF and RF strike during unplanned sidestepping.
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Background

The Standardization and Terminology Committee (STC) of the
International Society for Biomechanics (ISB) proposed a joint ki-
nematics report standard based on the Joint Coordinate System
(JCS), which was first proposed by Grood and Suntay in 1983
for the knee joint [1]. Three-dimensional kinematics measure-
ment of gait is often used in clinical gait analysis, and provides
key outcome measurements for gait research and clinical prac-
tice. This systematic review identified and evaluated current
evidence to demonstrate the inter-session and inter-rater re-
liability of three-dimensional kinematic gait analysis (3DGA)
data [2]. Gait analysis is usually based on markers placed at
standard locations, and various arrangements have been pro-
posed so far, but clinical use is mostly based on changes in
the Helen Hayes (HH) model [3]. Because this model was de-
veloped for low-resolution imaging systems, it must be used
as little as possible [4]. As a result, joint motion is only con-
strained by 3 rotational degrees of freedom (3DOF); for exam-
ple, the definition of the thigh segment depends on the hip
joint center estimated from the pelvic marker, the definition
of the calf segment depends on the knee joint marker shared
with the thigh and foot, and the segment definition relies on
the center of the ankle joint marked from the calf. These con-
straints can cause errors in joint angle calculations [5].

A lot of work has been done to develop a collection that
tracks each part independently [6,7]. In clinical gait analysis,
as long as the relationship with the anatomical landmarks al-
lows segmental reconstruction, more accurate tracking can
be achieved by marker clusters on rigid plates [8]. To evalu-
ate the actual application of clinical gait laboratories, we de-
signed a 6DOF model based on the existing literature [9]. Six-
degrees-of-freedom (DOF) are defined as: 3 translations (T)
(Tz: axial compression, Tx: lateral shear, Ty: forward and back-
ward shear) and 3 rotations (R) (Rz: torsional, Rx: Flexion and
extension, Ry: lateral bending) [10]. This study compared the
6DOF model with the clinically used HH model in the Sprinter
Unplanned Sidestepping (UPSS) campaign.

UPSS is the leading cause of non-contact anterior cruciate lig-
ament (ACL) injury in most dynamic exercises [11,12]. An ath-
lete’s foot strike mode is closely related to the occurrence of
ACL [13,14]. The general mechanical cause of ACL injury is the
application of external forces that cause increased knee load
and reduced muscle support [15]. Dempsey et al [16] showed
that peak valgus knee joint torque can predict the incidence
of ACL injury during exercise. As the existing experiment did
not involve the use an effective foot contact model during
the simulation [17], conclusions related to the athlete’s joint
kinematics and ACL injury risk were not obtained during the
UPSS. In this experiment, we attempt to study the relationship
between the joint dynamics and ACL injury risk of sprinters.
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This biomechanics study of the lower limbs aimed to com-
pare the use of the International Society of Biomechanics Six-
Degrees-of-Freedom (ISB-6DoF)- model and the conventional
gait model (CGM), formerly known as the Helen Hayes model,
in 20 male sprinters who habitually used the forefoot (FF) and
rearfoot (RF) strike modes. We compared the lower-extremity
joint mechanics between sprinters using forefoot or rearfoot
strike mode during the UPSS based on the 6DOF model and
the HH model. Because different foot strike modes will lead
to different parameters, such as the contact angle and con-
tact area between the foot and the ground at different stages,
we hypothesized that there are differences in knee and ankle
mechanical parameters between sprinters who use habitual
rearfoot (UPSS-RF) and forefoot (UPSS-FF) strike modes dur-
ing the weight-bearing (WB) phase. Further, we hypothesized
that sprinters using the habitual UPSS-RF strike mode would
show elevated peak knee abduction torque and ACL injury risk
compared with sprinters with a habitual UPSS-FF strike mode.

Material and Methods

This experiment was approved by the Ethics Committee of the
Second Hospital of Jilin University. Twenty elite male sprinters
participated in the study (age 21.24+1.42 years, height 1.78+0.13
meters, weight 61.94+3.12 kg). All participants provided their
written informed consent before data collection. The partici-
pants were diagnosed as healthy by the team’s medical staff
before testing. All subjects had no history of trauma within 1
year. Each of the 10 participants were classified as having a nat-
ural habitual rearfoot (RF) or habitual forefoot (FF) strike mode
(Figure 1) before the experiment. Participants with natural ha-
bitual rearfoot (RF) and habitual forefoot (FF) strike modes were
categorized into the UPSS-RF and UPSS-FF groups, respectively.

All participants performed the 2 motion capture tests of the
HH model and the 6DOF model. Table 1 shows marker posi-
tions of the 6DOF and HH models. During the test, the ath-
lete was asked to wear only training shorts and remain bare-
foot. All participants completed the experimental design of the
exercise program, which included pre-planning in a random
order and unplanned straight-running, crossover, and direc-
tion-changing (avoidance movement). Participants completed
5 successful tests in each exercise mission.

Kinetic evaluation was performed in a gait laboratory, using a
three-dimensional gait analysis system (including a 6-camera
motion analysis system and a force plate), in a blinded manner
by the same assessor [18]. A 10-meter-long runway served as
the patient’s walking route. The digital video camera records
their movements from the front, rear, left, and right sides, and
the 2 sets apply the marker position and segment definitions
described in Figure 1. The 3D motion capture system is used
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Figure 1. (A) Habitual forefoot (FF) strike mode, (B) habitual rear foot (RF) strike mode.

to capture the motion trajectory of the marker point, and the
coordinates of the marker point are generated for later data
processing [19]. The computer obtains the data captured by
the system and performs biological model analysis. We used
QT661S and Motion Analysis processing software [20].

The independent sample t test was used to compare the speeds
of the participants of UPSS-RF (4.1+0.2 ms™!) and UPSS-FF
(4.240.3 ms™). The results showed no significant difference
(P>0.05). The average hip, knee, and ankle angle moments were
calculated in the weight-bearing phase of the 5 repeated UPSS
trials. Kinematic parameters included initial foot contact (0%
posture) and range of motion (ROM) of the joint angle. Joint
mechanics parameters include peak knee flexion moment and
peak knee abduction torque. The differences between the 2
models and between the 2 strike modes were compared with
the paired t test using SPSS 24.0 software.
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Results

Comparison of the 6DOF and HH models

In the hip, knee, and ankle joints, the 6DOF model showed a
large SD error, indicating a lower 6DOF repeatability. In terms
of joint angle, range of motion, and moment, the 6DOF and
HH models have the same trend (P>0.05).

Common Result Under the 2 Models

Many significant differences in lower extremity movements
were observed between sprinters using the habitual UPSS-RF
and UPSS-FF strike modes.

In terms of joint angle at 0% contact (Figure 2A), the flexion/
extension angle of sprinters who are used to the UPSS-RF strike
mode is significantly increased compared to that of sprinters
who are used to the UPSS-FF strike mode (P<0.05). The abso-
lute value of ab/adduction of UPSS-FF strike mode sprinters’
joints was significantly lower (P<0.05)
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Table 1. Marker positions of the 6DOF and HH models.

6DOF

Anatomical sets

L/RPS

L/RLK

L/RMK

L/RMA

L/RMT1

L/RMT5

L/R HIC

L/RKIC

L/R AIC

PELVIS

THIGH

SHANK
FOOT
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Description

Rigid cluster of three markers, placed on superior lateral face with double sided tape

In terms of the range of joint activity during weight-bearing
phase (Figure 2B), the plantar/dorsiflexion range of sprinters
who are used to the UPSS-RF strike mode is significantly de-
creased compared to that of sprinters who are used to the UPSS-
FF strike mode (P<0.05). The range of femoral activity of UPSS-
RF strike mode sprinters was significantly increased (P<0.05).

In terms of peak moment of the lower limbs (Figure 2C), knee flex-
ion and knee abduction are significantly higher (P<0.05) in sprint-
ers who are used to the UPSS-RF strike mode than in sprinters who
are used to the UPSS-FF strike mode. However, the ankle flexion
of the sprinters is obviously reduced in UPSS-FF group (P<0.05).

Discussion

All clinically useful evaluation tools must be repeatable. The
6DOF anatomically-based protocol enabled full 3D kinemat-
ic description of joints according to the current standard,
with clinically acceptable intertrial repeatability and minimal
equipment requirements, which is the same as reported by

Zuk et al [21] and Collins et al [22]. In terms of repeatability,
as the SD value of the HH model is generally lower than that
of the 6DOF model, the HH model has better repeatability.
Because of the lack of a criterion standard, the validity of the
standard is difficult to assess [23]. In the absence of a criteri-
on standard, the original ‘Helen Hayes’ study is widely quot-
ed in the literature [24,25]. Unrealistic or fluctuating motion
capture results may be caused by factors such as landmarks
and marker misalignment or soft-tissue artifacts, but there is
not enough evidence to draw conclusions. For the 6DOF mod-
el, the range of joint motion fluctuations is large; the reason
for this may be the inconsistencies between subjects because
of crosstalk effects [26].

For the ankle joint, the HH results have been reported to de-
fine and track the foot using only 2 markers, so the model is
not strictly adapted to the foot flip/valgus [27,28]. Given this
limitation, the design of the 6DOF model can make up for this
shortcoming. The 6DOF model independently tracks the move-
ment of the foot and has 3 markers [29,30], so it seems to be
better than the HH model.
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Lower-limb peak moments (Nm kg~")
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Figure 2. Habitual UPSS-RF and UPSS-FF at the initial foot strike lower limb joint angle (A), the weight-bearing lower limb joint motion
range (ROM) (B), and the peak moment of lower limb joints (C) in the 6DOF and HH models. * Significant difference (P<0.05).

The relationship between the foot strike mode, the lower-limb
mechanics, and the risk of injury has been extensively stud-
ied [31-33]. Significant differences exist between athletes using
habitual UPSS-FF and UPSS-RF foot strike patterns [34]. Runners
with a habitual RF strike pattern have increased strength re-
quirements for knee flexion/stretching, and runners with a ha-
bitual FF strike mode have greater need for the degree of free-
dom of dorsiflexion/buckling of the ankle [35,36]. Along with
significantly reduced peak abduction knee torque and signif-
icantly increased peak ankle moments, sprinters who habitu-
ally use the UPSS-FF strike mode rely on more ankle support.
Athletes with habitual UPSS-RF strike experience more load
through their knee joints, which echoes a significant drop in
the peak ankle moment and a significant increase in the peak
abduction knee torque, which increases the decrease in the
knee joint torque. In this strike mode, an increase in knee
torque increases the risk of ACL injury, proving the hypothe-
sis of the relationship between the UPS strike mode and ACL
damage, and it also shows that sprinters using the habitual
UPSS-RF strike mode show an increased peak knee abduction
moment and ACL injury risk compared with sprinters using the
habitual UPSS-FF strike mode.

Considered in the context of sports rehabilitation, the results
of this experiment serve as technical recommendations for

According to the mechanical needs of the sprinters for the ankle
and knee joints, such as the knee joint dependence caused by
knee joint injury, in this case, it is recommended that switching
the foot strike mode may be an effective suggestion to reduce
the sprinters’ recovery process. There are many limitations to
this experiment. The type and number of athletes determined
our limitations on the research of UPSS strike mode in sports
medicine. Our grouping should consider individual differenc-
es. We will increase the types and numbers of athletes in fu-
ture research and improve the HH model to achieve more ac-
curate experimental results.

Conclusions

The findings from this biomechanics study showed that, com-
pared with the ISB-6DoF model, the findings from the CGM
were more reproducible for the evaluation of FF and RF strike
during unplanned sidestepping. Sprinters using the habitu-
al UPSS-RF strike mode have increased peak knee abduction
moment and ACL injury risk compared with sprinters with a
habitual UPSS-FF strike mode. Changing the foot strike mode
of sprinters during the UPS, depending on the knee or ankle
injury of the sprinter, may be a viable protection measure.
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