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Abstract

Prosthetic suspension system is an important component of lower limb prostheses. Suspension efficiency can be best
evaluated during one of the vital activities of daily living, i.e. walking. A new magnetic prosthetic suspension system has
been developed, but its effects on gait biomechanics have not been studied. This study aimed to explore the effect of
suspension type on kinetic and kinematic gait parameters during level walking with the new suspension system as well as
two other commonly used systems (the Seal-In and pin/lock). Thirteen persons with transtibial amputation participated in
this study. A Vicon motion system (six cameras, two force platforms) was utilized to obtain gait kinetic and kinematic
variables, as well as pistoning within the prosthetic socket. The gait deviation index was also calculated based on the
kinematic data. The findings indicated significant difference in the pistoning values among the three suspension systems.
The Seal-In system resulted in the least pistoning compared with the other two systems. Several kinetic and kinematic
variables were also affected by the suspension type. The ground reaction force data showed that lower load was applied to
the limb joints with the magnetic suspension system compared with the pin/lock suspension. The gait deviation index
showed significant deviation from the normal with all the systems, but the systems did not differ significantly. Main
significant effects of the suspension type were seen in the GRF (vertical and fore-aft), knee and ankle angles. The new
magnetic suspension system showed comparable effects in the remaining kinetic and kinematic gait parameters to the
other studied systems. This study may have implications on the selection of suspension systems for transtibial prostheses.
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Introduction

The primary goal of rehabilitation of lower limb amputees is to

resume normal gait as much as possible. Prosthetic devices should

allow normal gait function using the most appropriate compo-

nents. Gait asymmetry is one of the main concerns in unilateral

lower limb amputees to avoid exertion of excessive load on the

sound limb [1,2]. Previous research findings have been contro-

versial over the kinetic and kinematic differences between the

amputated and sound legs. Several studies indicated higher

reliance on the sound leg by increased loading and stance time,

which has been attributed to ankle loss in transtibial amputees

[3,4]. On the other hand, some literature supported the idea that

amputees may not need to rely on the intact leg owing to the

compensatory mechanisms adopted by the amputated leg [5].

Winter and Sienko (1988) explained that the amputee-related

literature increasingly refers to variables that measure gait

symmetry [6]. Therefore, a scientific justification is needed to

encourage more symmetrical walking pattern.

The influence of various prosthetic components on the gait of

lower limb amputees has been evaluated. Extensive research has

been conducted on the effects of prosthetic foot as transtibial

amputees lose normal ankle mechanics while retain the anatomical

knee joint [7–10]. Moreover, the improper fit of the prosthetic

socket and failure of the suspension system can result in pistoning,

which in turn will affect the walking pattern. Total surface bearing

(TSB) socket was introduced as new concept, and its total contact

was said to eliminate pistoning during walking [11–14]. Research-

ers have also studied the effects of prosthetic liner on the gait of

transtibial amputees and revealed that liner thickness can affect the

gait variables [15].

Current suspension systems for transtibial amputees are either

pin/lock or seal liners, which are both provided with TSB sockets.

Suspension systems have been investigated in terms of interface

pressure, interface dynamics (pistoning) and comfort. Pin/lock

systems are said to cause pain and discomfort inside the prosthetic

socket, leading to skin changes in the long term. Discomfort may

cause changes in gait parameters as the amputee would be
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reluctant to bear load over the prosthetic socket during walking.

The Seal-In suspension liner can relieve the distal end pressure by

applying more loads to the proximal tissues of the residual limb.

Both systems control pistoning, but the Seal-In liner is more

successful. These two suspension types have not been studied in

terms of gait parameters during level walking.

A new magnetic prosthetic suspension system (MPSS) has been

introduced, and compared with the pin/lock and Seal-In liners in

terms of pistoning through gait simulation, as well as interface

pressure [16,17]. This hypothesis-generating study aimed to

examine the changes in gait characteristics of transtibial amputees

with the MPSS, pin/lock and Seal-In suspension systems. We were

interested to find out what gait parameters show significant

changes. It was also intended to see how deviated was the gait

pattern with every suspension type from the gait of normal

individuals. The main hypothesis of this study was that the type of

suspension may significantly alter the kinetic and kinematic gait

parameters as well as pistoning. Furthermore, it was assumed that

the sound and prosthetic legs would exhibit significantly different

patterns.

Materials and Methods

The protocol for this trial is available as supporting information;

see Protocol S1.

Ethics Statement
The ethics committee of the University of Malaya Medical

Center approved the study. The subjects signed consent forms

prior to participation.

Methods
In a clinical trial, fifteen individuals with transtibial amputation

were selected to participate in the study as sample of convenience.

Amputees were eligible for the study if they were unilateral

transtibial, could ambulate independently, had a stump free of

ulcer and pain, had undergone amputation at least one year prior

to the study, and had healthy upper limbs to don and doff the

prosthesis without help. The subject recruitment was performed

from March 2012 to March 2013.

Inconsistency of the prosthetic fabrication techniques, align-

ment, and fitting can significantly influence the outcome.

Therefore, one of the authors (a registered prosthetist) fabricated

three prosthetic systems for each participant. The only difference

between the prostheses was the suspension system. The suspension

systems were: a) pin/lock suspension (Dermo liner with shuttle

lock), b) new magnetic lock (MPSS), and c) Seal-In system (Seal-In

X5 liner) (Figure 1). The third system required a separate negative

cast; whereas the first two systems were fabricated from a single

negative cast. The prosthetist ensured the fit of each prosthetic

socket through a transparent check socket (Northplex, North Sea

Plastic Ltd) while standing in the alignment frame and during

walking. The sockets were required to be TSB; therefore, the

transparent material allowed close inspection of fit.

The characteristics of the new prosthetic suspension system have

been described elsewhere [17]. In brief, the new system was

designed to be used with silicone liners as they are commonly used.

To this end, a cap was designed that matched both the main body

of the new coupling device, and the liner’s distal end. The

dimensions were purposely designed to match the liner propor-

tions. A central screw enabled coupling to the liner. The body of

the coupling device was source of magnetic power. As such, the

cap was made of mild steel to produce high gripping force. A

permanent magnet was utilized that was capable of generating a

strong magnetic power. The housing intensified the magnetic field

by flanges. In order to control the magnetic power, a mechanical

switch was affixed to the housing and the magnet. When the rotary

switch was in the ‘‘On’’ position, the cap was attracted to the

housing, whereas it was released from the lower body of the

coupling device when the switch was in the ‘‘Off’’ position.

Pyramid adapters connected the TSB sockets to the aluminum

alloy pylon and prosthetic foot (Flex-foot Talux, Ossur). The

subjects were also provided with three definitive sockets for the

acclimation period of four weeks. The aligning procedure was

performed using a laser liner to ensure accuracy. The subjects

were trained for walking with the new prosthetic legs as follows.

After ensuring the fit of prosthetic sockets, the training prostheses

were fabricated. Every participant was required to attend the

Brace & Limb Laboratory, University of Malaya for the gait

training during one week. The gait training was performed in the

parallel bars to check the dynamic alignment during level walking.

Next, the amputees participated in training out of the parallel bars,

climbing the stairs and ramp in real environment. Necessary

adjustments were applied so that the participants were fully

confident to ambulate without pain or discomfort. The subjects

used identical shoes in all the experiments.

A Vicon motion analysis system (612 Oxford Metrics; Oxford,

UK) with six cameras (MXF20) was utilized to evaluate the gait

kinematics and pistoning between the prosthetic socket and liners.

Kinetic data was recorded using two Kistler force platforms (type

28112A2-3S, Kistler Holding AG, Switzerland). The synchronized

frequency was set at 200 Hz. For the pistoning measurement, the

authors introduced a new measurement technique using the Vicon

motion system [18]; the same method was adopted in this study.

The location of the ankle reflective marker on the prosthetic foot

approximated the axis of rotation for the sound ankle. The

subjects walked with each prosthesis type adopting self-selected

speed on a 10-meter level walkway. Five successful trials were

selected for the kinetic and kinematic analyses. A trial was

considered as appropriate if both feet landed properly on the force

plates (whole foot was on the force plate). The participants could

rest between the trials. All data was collected at the motion

laboratory of Center for Applied Biomechanics, University of

Malaya. Butterworth filter with a cutoff frequency of 10 Hz was

used to filter the data.

Data Analysis
Kinematic and kinetic gait parameters were processed using the

Vicon Nexus (Oxford Metrics, Ltd.) software. Data was analyzed

based on the percentage of gait cycle. The average values of the

five trials were used for the analysis. Statistical analyses were

performed using SPSS 18.0. The normality of variables was

verified by the Kolmogorov-Smirnov test. The one-way Repeated

Measures Analysis of Variance (ANOVA) with the Bonferroni test

was used to compare the three suspension systems. The paired

samples t test was adopted to compare between the sound and

prosthetic legs. In comparisons among the suspension systems,

only the prosthetic limb was considered. The level of significance

was set at 0.05. The Cohen’s d of 0.2 to 0.3 might show a ‘‘small’’

effect, around 0.5 is a ‘‘medium’’ effect and 0.8 to infinity may be

considered a ‘‘large’’n effect. The pistoning was measured during

the stance and swing phases of gait. The parameter values were

averaged over 5 trials, not over the suspension systems. That is,

every individual was tested separately with each of the suspension

systems, which is considered as repeated measure. Additionally,

each testing procedure with each suspension system was repeated

for 5 times. Then, the average score of 5 trials with each system

was separately used in the repeated measures ANOVA.

Gait Biomechanics of Transtibial Amputees
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The following kinetic and kinematic gait parameters were

evaluated: step length, walking speed, stance and swing time

(percentage), vertical ground reaction force (GRF), fore-and-aft

GRF hip, knee and ankle angles. The step cycle for both legs

started with the heel strike. Data for each time frame were

normalized to the whole stride time due to the variability in

walking speed [19]. Furthermore, the fore-aft and vertical GRF

were normalized to the body weight.

The gait deviation index (GDI) was also calculated for each

system. The electronic template of the developers was used to

calculate the GDI [21]. This template compares the input data

with a database of 166 normal subjects. The measures were

calculated for the prosthetic limbs of every subject and for each

suspension system. The sound limb may exhibit higher kinematic

deviations than the prosthetic limb because of the compensatory

mechanisms. Thus, the average data for every gait summary

measure was used to generate a one-dimensional gait deviation

measure.

GDI calculation necessitated a matrix of healthy control data.

In brief, the data comprised rows of kinematic data at 2%

increments of the gait cycle (459 datum = 9 angles 51 points), as

well as columns of data from different subjects [21]. Kinematic

data included ankle dorsi/plantarflexion, knee flex/extension, hip

and pelvic angles in all three planes, and foot progression.

The GDI for amputee subject a based on the distance between

the normal control (TD) and the amputee subject was calculated

from the following equation [21]:

GDIa~100{ 10|
GDIa

raw{Mean GDITD
raw

� �
S:D: GDITD

raw

� �
" #

ð1Þ

As GDI determines the distance from the mean normal gait, GDI

of 100 or greater shows that gait pathology is absent. With every

deviation of 10 points from 100, the gait is one standard deviation

away from the normal. For instance, if GDIa = 55, the gait of

subject a is 4.5 standard deviation away from the normal.

Results

From the 15 participants, only the data for thirteen individuals

were included in the statistical analysis. The protocol required the

subjects to participate in several casting, fitting and training

sessions for 3 different prosthesis types in addition to the

experiment sessions. Two subjects did not manage to complete

the sessions due to their job limitations and were excluded from

the study. The individual characteristics ants are shown in Table 1.

Figure 1. The suspension systems used in this study. A) MPSS; B) Pin/lock and C) Seal-In suspension systems.
doi:10.1371/journal.pone.0096988.g001
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Pistoning
The repeated measures ANOVA indicated significant differ-

ences among the three studied suspension systems during gait

(F(2,24) = 27.81, P = 0.000 and gp
2 = 0.70). In the swing phase,

F(2,24) = 46.49, P = 0.000 and gp
2 = 0.79, while it was

F(2,24) = 27.13, P = 0.000 and gp
2 = 0.69 during stance. Overall,

the magnitude of pistoning with the Seal-In suspension was

considerably lower compared with the pin/lock and MPSS during

swing (P = 0.000 and P = 0.001, respectively).

Comparisons between the MPSS and Seal-In systems revealed

higher vertical displacements (piston motion) when the prosthetic

limb was suspended using the MPSS (P = 0.001). This significantly

higher pistoning was evident during the swing phase; yet, the

magnitudes of pistoning were higher for the Seal-In liner during

the stance (P = 0.000).

Statistical analyses indicated lower pistoning values with the

MPSS compared with the pin/lock system during the swing phase

(P = 0.035). During one gait cycle, 4.06 mm and 2.88 mm of

pistoning was observed with the pin/lock and MPSS (P = 0.019).

Kinetics and Kinematics
The suspension type did not alter the walking speed, stance and

swing time significantly (P.0.05). The swing time of the prosthetic

side were significantly longer than the sound limb with the three

suspension systems (P,0.05) (Table 2). However, the stance time

was significantly lower on the prosthetic limb than the sound limb.

Significant differences were found between the suspension systems

in the first peak of vertical GRF (loading response)

(F(2,24) = 13.01, P = 0.000, gp
2 = 0.52). The comparison between

the MPSS and pin/lock as well as the Seal-In and pin/lock

revealed significant differences (P = 0.042 & P = 0.006, respective-

ly). With all three systems, weight transfer during the transition

from double- to single-limb support occurred in a shorter period

for the sound leg compared with the prosthetic leg (Table 2).

The vertical GRF during the loading response (2nd peak) was

significantly different among the three systems (F(2,24) = 18.80,

P = 0.000, gp
2 = 0.79). None of the systems showed significant

difference between the sound and prosthetic leg. From the double-

to single-limb support (swing time), the weight shift occurred at a

considerably shorter period for the sound limb compared with the

prosthetic limb for all the systems (all P = 0.000).

The suspension systems not only changed the first peak of the

fore-aft GRF significantly (F(2,24) = 14.57, P = 0.003, gp
2 = 0.65),

but also there was significant difference between the sound and

prosthetic legs within every suspension type (all Cohen’s d.0.8).

The magnitudes of 1st peak fore-aft GRF were significantly lower

on the prosthetic leg compared with the sound leg for all the

systems (all P = 0.000, d.0.8) (Table 2). The lowest mean

difference was seen with the Seal-In system (2.40).

The average knee range of motion (ROM) was significantly

different among the three studied systems (F(2,24) = 46.48,

P = 0.000, gp
2 = 0.79). The highest knee ROM with the prosthetic

leg was seen with the Seal-In (70.7u). There was no significant

difference between the pin/lock and MPSS (P = 0.075). The knee

ROM was significantly different between the legs for the Seal-In,

pin/lock and MPSS (P = 0.000; d = 4.4, d = 2.7, d = 2.1, respec-

tively). A significant difference was observed among the three

systems in the maximum knee flexion (F(2,48) = 18.40, P = 0.000,

gp
2 = 0.60). The highest knee flexion was seen with the Seal-In,

followed by the MPSS and pin/lock (P = 0.006 & 0.001,

respectively).

Tables 2 and 3 show the mean values, confidence intervals and

effect sizes of kinetic and kinematic gait parameters based on the

suspension type. Figure 2 illustrates the comparison of kinematic

values among the suspension systems for the prosthetic limb.

GDI
The mean GDI for 13 subjects were 43.33, 40.57, and 39.87

with the Seal-In, pin/lock, and MPSS, respectively. Suspension

type did not result in significant difference of the GDI values

(F(2,24) = 2.11, P = 0.143, gp
2 = 0.15). Figure 3 presents the

comparison of mean GDI index values among the suspension

systems.

Discussion

The gait of lower limb amputees has long been studied to

understand the kinematic and kinetic deviations resulting from the

loss of ankle-foot (transtibial amputees) or knee-ankle-foot complex

(transfemoral amputees). The effects of various prosthesis compo-

nents on the gait of individuals with amputation have been

investigated. Primarily, this study attempted to examine the effect

Table 1. Characteristics of the participants.

Subject no. Age Height (cm) Mass (Kg) Amputated side Cause of amputation

1 42 173 75 Left Diabetes

2 37 168 90 Left Trauma

3 30 182 60 Left Trauma

4 72 166 75 Left Diabetes

5 46 167 64 Left Trauma

6 35 170 99 Left Diabetes

7 49 164 57 Right Diabetes

8 53 177 60 Right Diabetes

9 41 167 66 Right Trauma

10 33 162 94 Left Trauma

11 26 170 79 Left Trauma

12 60 176 83 Right Diabetes

13 59 169 75 Right Diabetes

doi:10.1371/journal.pone.0096988.t001
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of suspension type on walking kinetics and kinematics, pistoning

and gait deviation with three different suspension systems. The

previous research showed that the interface pressure with the

suspension systems used in the current study were considerably

different [16]. Thus, we hypothesized that gait characteristics

would also be notably different among the MPSS, Seal-In, and

pin/lock systems.

Transtibial amputees have different gait patterns from healthy

individuals. As a result, the intact limb is said to undergo higher

loading. To compensate, amputees adopt mechanisms, such as

decreased walking speed, increased knee and hip moments and

higher ankle ROM on the sound limb [2]. Based on the literature,

the asymmetry in amputee gait reduces the time of stance [22–24]

and the ground reaction forces [22,25,26] of the prosthetic limb

compared with the sound limb.

Healthy individuals have a gait velocity of 1.2 m/s–1.5 m/s

[27,28]. No significant difference was observed in gait speed

among the three suspension systems (P = 0.075). Also, previous

studies revealed higher walking speed for transtibial amputees than

our findings [15,29,30].

Pistoning
Pistoning is used as a measure of suspension efficiency [31]. The

findings in this study revealed that pistoning values were

significantly different among the suspension systems during level

walking both in the stance and swing phase with medium and

large effect sizes of 0.69 and 0.79, respectively. The magnitudes of

pistoning with the MPSS and pin/lock systems were compatible.

The Seal-In system exhibited significantly lower pistoning during

the swing phase compared with the pin/lock (2.0 vs. 4.9 mm,

P = 0.002, gp
2 = 0.57) and MPSS (2.0 vs. 3.3 mm, P = 0.002,

gp
2 = 0.57). The values were well-matched to those obtained

during gait simulation in our previous study [17]; the gait

simulation showed a pistoning range of 0 to 5.8 mm and the

pistoning in the current study ranged between 0 to 5.1 mm.

Ground Reaction Force
The external forces exerted on the lower limbs during walking

are defined as GRFs [32,33]. The magnitude of peak GRF can

determine level of shock absorption. All the suspension systems

exhibited significant differences in the first peak of vertical GRF

between the sound and prosthetic limbs. The sound limb exhibited

significantly higher first peak vertical GRF compared with the

prosthetic leg in the previous literature [30,34,35]. Our findings

were consistent with those findings as the participants showed

higher first peak value for the sound limb with all the systems

(Table 2). Also, the suspension systems showed significantly

different 1st peak GRF values (F(2,24) = 13.01, P = 0.000,

gp
2 = 0.52). High magnitude of first peak GRF indicates higher

loading transferred to the limb joints. The MPSS showed lower

values than the pin/lock (mean difference = 7.8; P = 0.006), which

may indicate that lower external loading was applied to the joints

(Figure 4).

Generally, there was significant difference between the suspen-

sion systems in the 2nd peak of vertical GRF (F(2,24) = 18.80,

P = 0.000, gp
2 = 0.61). None of the suspension systems showed

significant differences between the prosthetic and sound legs.

Thus, it can be deduced that the dynamic foot used in this study

(Talux) generated an added force during push off by storing energy

and simulating the anatomical ankle plantar flexion. However, the

magnitude of the second peak of vertical GRF was lower with the

MPSS than the pin/lock (mean difference = 7.67). This result may

be associated with the lower interface pressure within the

prosthetic socket observed in the previous study [16].
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Table 3. Comparison of kinetics and kinematic variables with regards to the suspension system type in the prosthetic limb.

Parameter Suspension type P value Effect size

Mean (95% CI)

Seal-In Pin/lock MPSS

Step length (m) 0.61 0.62 0.60 0.817 0.03

(0.55–0.66) (0.54–0.69) (0.51–0.67)

Cadence (step/min) 95.2 95.70 95.06 0.844 0.14

(94.02–96.41) (94.13–97.25) (93.37–96.75)

Velocity (m/s) 0.94 0.91 0.98 0.075 0.23

(0.91–0.98) (0.86–0.96) (0.95–1.01)

Stride length (m) 1.21 1.12 1.08 0.118 0.16

(1.14–1.29) (1.03–1.20) (0.95–1.22)

Stance time (% of gait cycle) 62.28 61.73 62.50 0.062 0.39

(60.89–63.70) (59.74–61.73) (61.19–63.42)

Swing time (% of gait cycle) 37.70 38.30 37.56 0.435 0.06

(65.60–67.80) (36.95–39.65) (36.39–38.73)

Vertical GRF, 1st peak (%BW) 99.68 104.22a,c 96.42b ,0.001* 0.52

(97.15–102.22) (101.58–106.87) (91.84–101.02)

Vertical GRF, 2nd peak (%BW) 102.63 99.09 91.69a,b ,0.001* 0.61

(100.19–105.06) (96.34–101.85) (88.51–94.87)

Fore-aft GRF, 1st peak (%BW) 5.45 4.66a 4.11a,b 0.003* 0.65

(4.79–6.12) (3.98–5.35) (3.43–4.80)

Fore-aft GRF, 2nd peak (%BW) 28.02 28.11 27.41 0.095 0.34

(28.76–27.43) (28.91–27.31) (28.13–26.69)

Hip position-initial contact 32.8 33.11 33.04 0.931 0.006

(30.95–34.65) (31.04–35.17) (31.08–35)

Max Hip Ext 3.06 2.62 2.5 0.210 0.12

(2.71–3.42) (2.18–3.05) (1.97–3.04)

Hip ROM 37.31 36.13 36.7 0.278 0.10

(35.83–38.79) (34.92–37.33) (35.25–38.16)

Knee position-initial contact 5.4 5.73 5.53 0.876 0.01

(4.55–6.25) (4.9–6.57) (4.34–6.71)

Max Knee Flex -stance 13.72 12.47 12.8 0.291 0.09

(12.59–14.86) (11.08–13.85) (11.5–14.19)

Max Knee Flex-swing 75.40 66.92a 70.81a,b ,0.001* 0.60

(73.21–77.57) (64.77–69.08) (68.7–72.93)

Knee ROM 70.68 61.42a 58.25a ,0.001* 0.79

(68.34–73.04) (58.99–63.81) (56.55–59.94)

Ankle position-initial contact 20.81 0.27a 20.6b 0.001* 0.71

(21.21–20.41) (0.07–0.46) (20.93–20.28)

Max ankle PF-stance 27.19 25.89 23.02a,b ,0.001* 0.80

(28.3–26.07) (26.98–24.81) (23.73–22.31)

Max ankle DF-stance 14.49 15.11 14.67 0.556 0.04

(13.34–15.63) (14.24–15.98) (13.93–15.41)

Max ankle PF-swing 0.33 1.37a 1.13a ,0.001* 0.76

(0.12–0.55) (1.13–1.67) (0.93–1.33)

Ankle ROM 21.73 20.8 20.69 0.417 0.07

(20.35–23.1) (19.32–22.43) (19.55–21.83)

CI = Confidence interval; PF = plantar flexion; DF = dorsiflexion; Flex = flexion; Ext = extension; ROM = range of motion.
aMean difference is significant at the 0.05 level compared with the Seal-In suspension.
bMean difference is significant at the 0.05 level compared with the pin/lock suspension.
*shows significant differences among the three suspension systems.
doi:10.1371/journal.pone.0096988.t003
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Figure 2. Kinematic values based on the suspension type. Comparison of kinematic values for prosthetic limbs among the different
suspension systems (n = 13).
doi:10.1371/journal.pone.0096988.g002
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The pattern of resultant fore-aft GRF revealed comparable

acceleration forces for all the suspension systems (F(2,24) = 2.45,

P = 0.107), and for both limbs. A larger deceleration force (braking

force) was observed with the sound limb (P = 0.000 for all the

systems), which conforms to the previous finding by Zmitrewicz et

al. (2006) [36]. However, several minor differences in magnitudes

are evident between the two studies, possibly due to the variations

in prosthetic components, particularly the foot and walking

velocity. The highest actual mean difference between the legs

was seen with the MPSS (5.75). Braking peaks of prosthetic limb

were lower with the MPSS than the pin/lock (P = 0.016, d = 0.78).

This result possibly indicates better shock absorption with the

MPSS. The duration of deceleration force was also dissimilar

between the limbs, as the prosthetic side showed a larger value

than the sound limb, which is compatible with the findings of

Zmitrewicz et al. (2006) [36]. Propulsive force contributes to

symmetrical gait pattern, balanced loading and steady walking

speed. All the systems demonstrated similar magnitudes of

propulsion force (for-aft GRF, 2nd peak) for both limbs. This

observation may reveal symmetry between the lower limbs.

Spatiotemporal Parameters
Compared with the normal individuals, the amputee gait is

characterized by lower velocity, greater swing time, longer step

length, and increased cadence [28]. These characteristics are

compensatory means of reducing instability and imbalance. In this

study, cadence (number of steps per time unit) did not differ

considerably between the sound and prosthetic legs for all

suspension systems. However, the Seal-In system exhibited more

homogenous cadence values between the legs (Table 2). The

magnitudes were similar to the cadence values of other studies

[27,28].

Inconsistent step length is generally the result of uneven weight

bearing through the lower limbs. Longer step length helps in

relieving the load off the residual limb. There was no significant

difference among the three systems (F(2,24 = 0.13, P = 0.817) and

between the limbs. This was not consistent with the previous

studies that showed significant difference in step length between

the legs [29].

Prosthesis users tend to shift weight to the sound leg;

consequently, the timing of prosthesis stance phase is lower [34].

Similarly, the stance phase was shorter with the prosthetic leg than

the sound limb for all the suspension systems in our study (d = 1.3,

3.4 and 1.7 for the Seal-In, pin/lock and MPSS, respectively). The

highest actual difference was seen with the pin/lock (66.7 vs. 61.7),

while the lowest with the Seal-In (65.6 vs. 62.3) (Table 2). These

results indicate that possibly the participants were more comfort-

able to walk with the Seal-In system, while probably the milking

phenomenon resulted in pain and discomfort with the pin/lock

suspension. Although statistically different, the actual differences

might not be clinically relevant. The longer swing phase may be

Figure 3. The comparison of GDI values among the suspension systems. Error bars show the standard error values.
doi:10.1371/journal.pone.0096988.g003
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the result of the lighter prosthetic foot (carbon Talux) than the

anatomical one [29].

Kinematics
The previous literature on amputee’s gait biomechanics

demonstrated slight deviations from the able-bodied gait pattern

[28,34]. Also, there are differences between the sound and

amputated legs in unilateral amputees. In our study, the

magnitudes of hip ROM were slightly higher with the sound leg

than the prosthetic leg; however, the statistical analysis did not

show any significance. Similarly, Bateni and Olney (2002) showed

relative smaller ranges of hip angle for the amputated side [34].

There was no significant difference among the three systems on

the prosthetic side (P = 0.240).

In the previous studies, less knee flexion was observed on the

amputated side in comparison with the normal values in stance

phase. Similarly, less knee flexion was seen in our study. This

finding can be attributed to the inability of the prosthetic foot to

produce the controlled plantar flexion as dorsiflexor eccentric

contraction is missing [37]. Knee and foot motions are often

synchronized. In most prosthetic feet, the ankle does not allow

plantar flexion when weight is transferred to the toe section. If the

knee at the amputated side is flexed to the mean normal value,

excessive trunk lowering would produce an abnormal, inept gait

[34]. However, the dynamic Talux foot allowed certain degrees of

plantar flexion in this study.

Significant differences were seen in the maximum knee flexion

on the prosthetic leg during the swing phase among the three

suspension systems (F(2,24) = 18.40, P = 0.000, gp
2 = 0.60). Signif-

icantly higher flexion was observed with the Seal-In system than

the MPSS (P = 0.006). Also, the maximum knee flexion with the

MPSS was higher than the pin/lock suspension (P = 0.041). The

actual mean difference was higher between the Seal-In and pin/

lock systems (8.48). The knee ROM was significantly higher on the

prosthetic limb than the sound limb with all the systems and effect

sizes were large (Table 2). The highest actual mean difference was

seen with the Seal-In system (14.54), which may be clinically

relevant as the knee ROM is important for foot clearance and

demanding activities such as running. This finding is consistent

with Colborne et al. (1992) [38]. The amputees often flex the

amputated knee more than the sound knee to ensure foot

clearance during the swing.

Gait progression is affected by the absence of anatomical ankle

as more than 80% of mechanical power is generated by the

plantar flexion in healthy individuals. The maximum ankle plantar

flexion during the swing phase was significantly different among

the systems (F(3,53) = 38.57, P = 0.000, gp
2 = 0.76), and higher

with the sound limb compared with the prosthetic limb with all the

suspension systems (large effect sizes). The actual mean differences

may be clinically relevant as the differences were high (more than

10u). Significant differences also existed in the ankle dorsiflexion in

the stance phase between the sound and prosthetic limbs; the

values were higher with the prosthetic leg (the actual mean

differences were less than 8u). This can be attributed to the stiffness

of prosthetic foot. The Talux foot has been reported to produce

similar gait characteristics to the human foot [29]. Our

participants also indicated that the Talux foot was more

Figure 4. Vertical GRF for each suspension type. The vertical ground reaction force (GRF) pattern of the prosthetic limb for the three
suspension systems.
doi:10.1371/journal.pone.0096988.g004
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comfortable than their previous foot, particularly at heel strike and

push off.

GDI
Gait summary measures have been recently adopted as an index

of gait deviations for various pathologies, such as cerebral palsy,

Parkinson’s, and lower limb loss [20,21,39]. We adopted the GDI

to investigate the possible gait deviation from the normal pattern

with every suspension system. Kark et al. (2010) reported that the

GDI is an appropriate measure for those with lower limb

amputation [20]. They reported an average GDI of 84.2 (SD

9.4) for transtibial amputees. Nevertheless, our subjects showed

GDI values from 39.87 to 43.33. The difference in findings may be

attributed to the fact that Kark et al. (2010) did not consider hip

rotation in their calculations. In our study, the Seal-In, MPSS and

pin/lock were 5.54, 5.89, and 5.94 standard deviations away from

the normal kinematics. There was no significant difference among

the three suspension systems; only slight mean differences were

seen. The previous studies showed high interface pressure and

discomfort during walking with the Seal-In [16,40]. In the current

study, it showed the least deviation from the normal gait

kinematics, which can be attributed to lower pistoning during

gait reported in the former literature [17].

A previous study on the MPSS revealed higher satisfaction rates

compared with the Seal-In and pin/lock suspension systems [17].

Lower peak pressure than the pin/lock suspension, particularly

during the swing phase, has been also demonstrated [16]. Not

surprisingly, the GDI scores revealed inferior gait kinematics than

the normal individuals; yet, the three suspension systems exhibited

similar clinical outcomes that enabled the amputees to ambulate.

These findings need to be further investigated on amputees with

different activity levels, and with various prosthetic feet. Moreover,

the effect of parameters such as the residual limb length, volume,

cause of amputation, skin conditions can be further studied on the

gait pattern with various suspension systems. Although, the main

differences among the suspension types had high effect sizes, larger

sample size may provide stronger evidence for the current findings.

It is likely that those parameters that showed no difference exhibit

significance if tested on higher number of amputees.

While it is common to observe significant differences between

the sound and prosthetic limbs in amputees, non-significance may

be considered as positive effect of prosthetic components. On the

other hand, several kinetic and kinematic parameters did not show

high actual mean differences among the suspension systems in this

study. The main differences with high effect sizes were seen for the

2nd peak of vertical GRF and the knee range of motion between

the Seal-In and MPSS (10.94 and 12.43, respectively). In

summary, it may be concluded from the overall findings that the

new prosthetic suspension system (MPSS) can be used clinically as

an alternative suspension system for lower limb amputees.

Conclusions

Gait biomechanics was significantly influenced by the suspen-

sion type. Main differences between the suspension systems were

evident in the GRF (vertical and fore-aft), knee and ankle angles;

yet, not all of them are considered clinically relevant. Most

specifically, the ankle angles are mainly influenced by the type of

prosthetic foot, not the suspension system. The MPSS may reduce

the loading over the proximal limb joints compared with the pin/

lock system. Pistoning was also significantly altered by the types of

suspension system. The Seal-In liner was the most effective

suspension system in reducing the vertical movement during level

walking. We should emphasize that prosthetic foot characteristics

and alignment will also influence the gait pattern in addition to the

suspension system. This study is hoped to enhance the knowledge

of clinicians on gait biomechanics with various available suspen-

sion systems.
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