Archives of

Rehabilitation

Research Paper ‘ i‘
Biomechanical Analysis of the Effect of Solid Ankle Cushion Heel And Dynamic
Feet During Running of Individuals With Unilateral Transtibial Amputations

*Mohammad-Hasan Modares Sabzevari® , Mehrdad Anbarian! , Mohammad-Reza Safari? , Seyyed-Farhad Tabatabai® |,
Mohammad-Javad Razi*

1. Department of Sports Biomechanics, Faculty of Sport Sciences, Bu-Ali Sina University, Hamadan, Iran.

2. Department of Orthotics and Prosthetics, Faculty of Rehabilitation, University of Social Welfare and Rehabilitation Sciences, Tehran, Iran.
3. Department of Ergonomics, Faculty of Rehabilitation, University of Social Welfare and Rehabilitation Sciences, Tehran, Iran.

4. Department of Biomechanics and Sport Injuries, Faculty of Physical Education and Sport Sciences, Kharazmi University, Tehran, Iran.

skl [STETILTI] Modares Sabzevari M H, Anbarian M, Safari M R, Tabatabai S F, Razi M J. [Biomechanical Analysis of the Effect of
: Solid Ankle Cushion Heel And Dynamic Feet During Running of Individuals With Unilateral Transtibial Amputations (Persian)].
Archives of Rehabilitation. 2022; 23(1):126-139. https://doi.org/10.32598/RJ.23.1.3317.1

d - | https:/doi.org/10.32598/RJ.23.1.3317.1

ABSTRACT

9T Amputation of the lower limb due to the loss of a part of musculoskeletal structure reduces
performance and increases injury during locomotion. The effect of various types of prosthetic feet dur-
ing running has been analyzed in several studies. This study aims to conduct a biomechanical analysis
of the effects of Although the Solid Ankle Cushion Heel (SACH) and dynamic-response feet on several
kinetic variables during running in individuals with unilateral transtibial amputation.

In this quasi-experimental study, participants were 8 left-leg transtibial amputees
who were selected using a convenience sampling method who were able to run and referred to Kosar
Rehabilitation Center in Tehran, Iran from 2008 to 2012. To adapt to the feet, each foot was worn by the
subjects for at least one week before the experiment. All subjects participated in three running sessions
for evaluation; one session included the use of own foot (familiarization session), one session included
the use of SACH foot, and one session included the use of dynamic-response foot. Only data from the
two last sessions were used to compare the feet. Each subject ran in a 12-meter walkway three times at
a speed of 2.5 m/s. The same running speed was used for the comparability of kinetic variables. Sport
shoes were used to create an actual running condition. In each session, three successful trials were
performed so that the foot was in full and perfect contact with the force plate. Kistler force plate and
a three-dimensional motion capture system (Vicon) were used to collect kinetic and kinematic data,
respectively. The camera and force plate data were sampled simultaneously at 200 and 1000 Hz, respec-
tively. The trajectories of markers and analog data were filtered using the predicted mean square error
filter in Vicon v. 1.7 software. The Kinetic variables were generated using the dynamic model of Vicon’s
gait Plugin. The vertical ground reaction force was normalized for body weight. Five variables were se-
lected for biomechanical analysis of feet. The maximum vertical ground reaction force, power, spring
efficiency, plantar flexion in the amputated leg, and the symmetry ratio (percentage) of the maximum
vertical ground reaction force between the amputated and intact legs were calculated. All values in each
trial were averaged for each subject with each foot. Paired t-test and Wilcoxon test were used to analyze
the data based on normality od distribution, considering a significance level of P<0.05.

(5T The results of paired t-test and Wilcoxon test showed that spring efficiency and maximum plantar
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ground reaction force, maximum power absorption and generation in ankle, knee, and hip, maximum
dorsiflexion moment, and the symmetry ratio of the maximum vertical ground reaction force between

the amputated and intact legs.

[@TEIERT During running, the spring efficiency with dynamic-response foot is greater than with SACH
foot and is closer to the spring efficiency of a normal foot. Therefore, the dynamic-response foot has
more natural performance than the SACH foot.

[[ETTTIEE Biomechanics, SACH Foot, Dynamic-Response Foot, Running, Transtibial Amputee

Extended Abstract

Introduction

ower-limb amputation reduces function

and increases injury during body move-

ment due to the loss of part of the musculo-

skeletal structure [1-3]. According to pre-

vious studies, individuals with lower-limb
amputation have shown a significant difference in ground
reaction forces between the amputated and healthy leg dur-
ing running [ 1, 4, 5]. It is assumed that asymmetric loadings
on the healthy and amputated leg increase secondary prob-
lems, such as osteoarthritis in healthy joints, osteoporosis
in the amputated leg, and low back pain in individuals with
amputated legs [6]. Different prosthetic feet have differ-
ent effects on the function of and injury to the amputated
lower limb during movement [1, 3, 7, 8]. The efficiency of
the spring and the production of power to propel the body
vary among feet [1, 3]. In addition, it is possible to further
prevent injury during running by applying a suitable pros-
thetic foot and adjusting the peak of the vertical force of
the ground reaction at the amputated and healthy leg [3, 7,
8] and consequently increase the symmetry between the
limbs. Several studies have analyzed the effect of different
feet during running [1, 4, 8-15].

Although the Solid Ankle Cushion Heel (SACH) foot is
a prototype, its versatility has already been confirmed [16].
SACH feet have always been the most commonly pre-
scribed foot due to their simplicity, low price, and longer
durability. This foot has no mechanical joint and relies on
its structural flexibility to simulate joint movements [17]. In
contrast, a dynamic foot stores the potential energy under
the load applied at the beginning of the stance by its spring-
like centerpiece and releases it at the end of the stance to
push the body. The dynamic foot was designed to solve
the problem of amputated individuals who believed that
the hard centerpiece of the SACH foot prevents running or
similar recreational activities [16]. However, limited stud-
ies have analyzed the biomechanical properties of SACH
and dynamic feet relative to each other during running [1,
8, 14, 18].

No study has investigated the spring efficiency and the
ratio (percentage) of the maximum vertical force symme-
try of the ground reaction between the amputated leg and
the healthy leg between the SACH and the dynamic foot
of the Ottobock during running. Therefore, this study was
conducted to analyze the effect of SACH and dynamic feet
of Ottobock company on the variables of the maximum
vertical force of ground reaction, power, spring efficiency,
and wrist torque at amputation leg and ratio (percentage) of
symmetry of maximum vertical force of ground reaction
between the amputated leg and healthy leg during running
of individuals with unilateral transtibial amputations bio-
mechanically.

Materials and Methods

This study was quasi-experimental. Eight individuals
with left transtibial amputation participated in the study us-
ing the convenience sampling method.

Following the principles of research ethics, all subjects
were informed of the details of conducting the research and
signed the consent form. Also, the subjects were reminded
that they could leave the study at any time. The subjects’
information was kept confidential by the researchers.

All subjects participated in three running assessment ses-
sions, including one session using the subject’s previous
foot (introduction session), one session using the SACH
foot, and one session using the dynamic foot. A three-di-
mensional analysis system with five high-speed cameras
(Oxford Matrix 640, Waikan Company, UK) was applied
to record lower limb movement during running [19]. The
signal of the ground reaction forces was recorded by two
Kistler dynamometer plates (A9286, Kistler, Switzerland,
35x400x600 mm). Camera and dynamometer screen data
were sampled simultaneously at 200 and 1000 Hz, respec-
tively. In each session, 3 successful experiments were per-
formed in which the sole of each foot was in full and perfect
touch with the force plate [13]. The test foot was then ran-
domly placed on the prosthesis.
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Data were analyzed using Oxford Matrices Workstation
software v. 4.6 (manufactured by Waikan) [2022] The max-
imum vertical force of the ground reaction, power, spring
efficiency, wrist torque at the amputated leg, and the sym-
metry (the ratio or percentage) of the maximum vertical
force of the ground reaction between the amputated leg and
the healthy leg was calculated.

The following values were calculated by Excel: maxi-
mum vertical force of the ground reaction using the maxi-
mum value by Excel software in the vertical force of the
ground reaction data, maximum power output for each joint
on the parabolic plate using the maximum value by Excel
software in the power data of the same joint on the para-
bolic plate, the maximum absorption power for each joint
in the parabolic plate using the minimum value by Excel
software in the power data of the same joint in the para-
bolic plate, spring efficiency by dividing positive (produc-
tive) labor by negative (absorbent) labor multiplied by 100
by Excel software, maximum plantarflexion torque in the
pre-swing phase using the maximum value by Excel soft-
ware in the wrist joint torque data on the parabolic plate, the
maximum dorsiflexion torque in the load response phase
using the minimum value by Excel software in the wrist
joint torque data on the parabolic plate, and the symmetry
(%) of maximum vertical force of ground reaction between
the amputated foot and healthy foot using formula

April 2022. Vol 23. Num 1

Max vertical force of the ground reaction of the
right foot- max vertical force of the ground reac-
tion of the lefi foot

Max vertical force of the ground reaction of right
foot+ max vertical force of the ground reaction

of left foot

*100.

SPSS v. 18 was used for statistical analysis, and the Shap-
iro-Wilk test was used for examining the normality of data
distribution [23, 24]. Comparisons between feet were per-
formed using the correlated t-test (the paired t-test) in nor-
mally distributed data and the nonparametric Wilcoxon test
in abnormally distributed data. P equal to or less than 0.05
were considered statistically significant.

Results

The mean age, height, and weight of the participants were
48.12 £2.16 years (P=0.250), 177.38 £5.01 cm (P=0.600)
and 80.68+11.22 kg (P= 0.790). In examining the normal-
ity of data distribution, the results indicated that the data of
maximum vertical force of the ground reaction, maximum
power output in the wrist, maximum absorption power in
the wrist with the dynamic foot, maximum power output,
and absorption in the knee, maximum power output in the
thigh, maximum absorption power in the thigh with SACH
foot, spring performance, maximum plantarflexion and
dorsiflexion torque of the wrist, and the ratio (percentage)

Table 1. Mean and Standard Deviation and Level of Significance of the Dependent Variables Between SACH and Dynamic Foot

Independent Variable Dependent Variable Mean:SD sig.
SACH Foot Dynamic Foot
Maximum vertical reaction force (percentage of body weight) 232.28+27.12  222.94+12.21 0.24
Maximum wrist output power (kg/W) 1.62+1.14 2.0611.04 0.46
Maximum wrist absorption power (kg/W) 6.8112.66 5.21+1.87 0.06
Maximum knee power output (kg/W) 7.6914.93 5.9843.87 0.16
Maximum knee absorption power (kg/W) 5.9314.29 6.6013.98 0.68
Maximum thigh output power (kg/W) 5.49+1.38 5.7412.26 0.74
Maximum thigh absorption power (kg/W) 3.75%1.88 2.92+1.64 0.40
Spring efficiency 0.12+0.07 0.2410.12 0.05*
Maximum plantarflexion torque of the wrist (Nm) 280.73+42.89  226.03+36.72 0.05*
Maximum torque of dorsiflexion of the wrist (Nm) 20.52+12.13 22.34+8.21 0.72
Ratio (percentage) of symmetry of the maximum vertical force of the ground reaction 6.241.3 5.3+15 0.19

* P<0.05.
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of maximum vertical force symmetry of the reaction be-
tween the amputated leg and the healthy leg had a normal
distribution. In contrast, the data of maximum wrist absorp-
tion power with SACH foot and maximum thigh absorption
power with dynamic foot had no normal distribution.

The results of the correlated t-test and Wilcoxon showed
no significant difference between the maximum vertical
force of the ground reaction, maximum production and
absorption power in the wrist, maximum production and
absorption power in the knee, maximum production and
absorption power in the thigh, maximum dorsiflexion
torque of the wrist and ratio (percentage) of maximum
vertical force symmetry of the reaction between the ampu-
tated leg and the healthy leg. In comparison, a significant
difference was identified in the spring efficiency (T=-2.28,
df=7, P=0.05) and the maximum plantar-flexion torque of
the wrist (T=-2.24, df =7, P=0.05) between the SACH and
dynamic foot (Table 1).

Discussion

This study aimed to analyze the SACH and dynamic foot
biomechanically during the running of individuals with
unilateral transtibial amputations. According to the results,
there was no significant difference between the amputated
leg and healthy leg and SACH and dynamic foot regard-
ing the maximum vertical force of the ground reaction, the
maximum productive power, and the maximum absorption
powers in the hip, knee and wrist joints, the maximum dor-
siflexion torque of the wrist and the ratio (percentage) of
maximum symmetry of vertical force of the reaction. The
spring efficiency of the dynamic foot was higher than the
SACH foot; however, the maximum plantarflexion torque
with the SACH foot was higher than the dynamic foot.

In this study, the spring efficiency was obtained at 12%
in the SACH foot and 24% in the dynamic foot. This find-
ing indicates that the dynamic foot returned a quarter of the
energy absorbed in the initial stage of the stance to the end
stage of the stance; however, the SACH foot returned ap-
proximately one-tenth of the energy in the final stage of the
stance. The dynamic foot has a spring-like central piece that
bends at the beginning of the stance under the influence of
load and stores the energy of the elastic potential; then, it
releases stored energy at the end of the stance. SACH piece
without such a piece cannot have this mechanism. The re-
sults of this study were consistent with the study of Cherni-
sky et al. (1991) [1], but it was inconsistent with the study
of Prince et al. (1998) [3]. Chernisky et al. reported that the
spring efficiency of the Seattle dynamic foot was higher
than the SACH foot [1]. In this study, the spring efficiency
of the Seattle foot was reported at 52%, and the spring effi-
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ciency of the SACH foot at 30%. The higher spring efficien-
cy in the study by Chernisky et al. may be due to the higher
running speed in the mentioned study. In running at higher
speeds, the acceleration of the center of gravity increases,
the amount of force and torque increases, and as a result,
the power increases. Increasing the power according to the
formula increases the efficiency of the spring. Although, in
a study by Prince et al. (1998), the spring efficiency of the
Seattle foot and SACH foot in walking motion with self-
selecting movement rate (0.9 to 1.4 m/s) was equal and cal-
culated at 37% (0.9 to 1.4 m/s). According to Prince et al.
(1998) study, the difference from the previous study can be
due to the different methods of calculating spring efficiency.
In this study, to calculate the power (to calculate the spring
efficiency of the foot), the force power and the force-torque
power have been used, while in another study, the product
of the force-torque in angular velocity (force-torque power)
has been used. Since the spring efficiency of a healthy foot
is more than a prosthetic foot with SACH and dynamic foot
[1] and more return energy at the end of the stance (due to
higher spring efficiency) helps the propel of the body [3],
the dynamic foot provides a more natural and better perfor-
mance for running compared to SACH foot.

In the present study, the maximum plantarflexion torque
was obtained at 280 Nm with a SACH foot and 226 Nm
with a dynamic foot. These results were inconsistent with
the Chernisky et al. (1991) study. In this $tudy, the maxi-
mum plantarflexion torque was reported as 193 Nm with
SACH foot and 203 Nm with Seattle foot (although no
statistical significance was reported). This difference in the
amount of torque calculated can be due to the difference
between the mean mass of the subjects in this study and the
study by Chernisky et al. The mean mass of the subjects in
this study was 80.6 kg; however, the mean mass of the sub-
jects in studies conducted by Cherniski et al. was 62.9 kg.
Since torque is the product of force by the torque arm, and
force is the product of mass by the acceleration of the center
of mass, the higher amount of torque in this study is under-
standable compared to Chernisky’s study. If the maximum
plantarflexion torque of the present study is normalized to
the mean mass, the maximum plantar-flection torque will
be obtained at 3.47 Nm/kg with SACH foot, and it will be
obtained at 2.80 Nm/kg with a dynamic foot. In the study
conducted by Chernisky et al.,, the max plantarflexion
torque is calculated at 3.06 Nm/kg with the SACH foot,
and it is calculated at 3.22 Nm/kg with the Seattle foot. The
difference between the results of the present study and the
study by Chernisky et al. in the superiority of the maxi-
mum plantarflexion torque can be due to different running
speeds; as a result, the load applied to the feet. Since the dy-
namic foot deforms more under more load [8], in the study
by Chernisky et al., the running speed was 2.8 m/s, which
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applies more load on the dynamic foot and, consequently,
more deformation compared to the running speed of 2.3
m/s. The higher deformation causes more elastic potential
energy to be stored in the dynamic foot, consequently, the
release of more energy at the end of the stance (propulsion)
and the max plantarflexion torque. According to the pres-
ent study, the maximum dynamic foot capability cannot be
used at jogging speeds.

In the current study, the percentage of symmetry of the
maximum vertical force of the ground reaction between the
amputated leg and the healthy leg with the SACH foot was
obtained at 1.3% and -1.5% with the dynamic foot, which
did not differ significantly. Increasing asymmetric loads be-
tween the legs can be associated with knee osteoarthritis
in a healthy foot [6]. Therefore, in this study, we observed
no difference between the two SACH feet and the dynamic
in reducing the potential of osteoarthritis of the knee in a
healthy leg via increasing the asymmetric loads. The study
results can provide helpful information in prescribing
SACH and dynamic feet and designing running exercises
for individuals with amputation.

Conclusion

This study showed that the efficiency of the dynamic foot
spring is higher than the SACH foot and is closer to the ef-
ficiency of the healthy foot spring during running; hence,
the dynamic foot has a more natural performance. Also, the
max plantarflexion torque of the SACH foot is higher than
the dynamic foot during running.
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