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Abstract

Background: The suction sockets that are commonly prescribed for transtibial amputees are believed to provide a better
suspension than the pin/lock systems. Nevertheless, their effect on amputees’ gait performance has not yet been fully
investigated. The main intention of this study was to understand the potential effects of the Seal-in (suction) and the Dermo
(pin/lock) suspension systems on amputees’ gait performance.

Methodology/Principal Findings: Ten unilateral transtibial amputees participated in this prospective study, and two
prostheses were fabricated for each of them. A three-dimensional motion analysis system was used to evaluate the
temporal-spatial, kinematics and kinetics variables during normal walking. We also asked the participants to complete some
part of Prosthesis Evaluation Questionnaire (PEQ) regarding their satisfaction and problems with both systems. The results
revealed that there was more symmetry in temporal-spatial parameters between the prosthetic and sound limbs using the
suction system. However, the difference between two systems was not significant (p<<0.05). Evaluation of kinetic data and
the subjects’ feedback showed that the participants had more confidence using the suction socket and the sockets were
more fit for walking. Nevertheless, the participants had more complaints with this system due to the difficulty in donning
and doffing.

Conclusion: 1t can be concluded that even though the suction socket could create better suspension, fit, and gait
performance, overall satisfaction was higher with the pin/lock system due to easy donning and doffing of the prosthesis.
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Introduction

Suspension systems are necessary components of lower limb
prostheses as they help to ensure secure coupling between the
residual and prosthetic limbs [1]. Proper fit of the stump inside the
prosthetic socket and appropriate selection of prosthetic suspen-
sion have positive effects on amputees’ gait, and can decrease
energy consumption during ambulation [1-4]. Symmetry between
the limbs represents a healthy gait and is one of the primary
objectives of rehabilitation for lower limb amputees [5]. The gait
pattern of a person with lower limb amputation is not as
symmetrical as that of healthy individuals in terms of ground
reaction force (GRF), time, distance of walking and joint angles
[4,6]. Among these parameters, the GRF is defined as the
percentage of body weight applied to the limb during the stance
phase of gait and the force that is generated for forward propulsion
[7]. Batenti et al. (2002) reported that there was a higher range of
motion in the hip and knee on the prosthetic side than the sound
limb in transtibial amputees during walking. Moreover, the step
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length was longer than the sound limb due to the shorter stance
time on the prosthetic side [4]. In the rehabilitation of lower limb
amputees, one of the main goals is to improve the amputees’ gait
pattern so that it appears as similar to gait of healthy individuals as
possible. As such, many researchers have used three-dimensional
motion analysis to investigate the gait parameters of transtibial
amputees during different activities using various prosthetics
components [4,8,9]. Therefore, gait analysis system might be
used as a diagnostic tool to make decisions for the rehabilitation
protocols.

Suspension systems play fundamental roles in prosthetic
function and patient’s satisfaction [10]. Silicone liners (with total
surface bearing socket (I'SB)) are the most favorable form of
suspension system as they provide better suspension, fit, and
function during ambulation when compared with the more
traditional systems, such as patellar tendon bearing (PTB) socket
with Pelite liners [10-14].

Prosthetic suspension using the Seal-in liner and valve can
improve socket fit and decrease pistoning movement (vertical
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movement) within the socket more successfully than the pin/lock
system with Dermo liner (Figure 1) [15-17]. Recently, Bruneli et
al. (2013) reported that the Seal-in liner caused a reduction in the
energy cost of walking compared with the suction socket and
sleeve, especially when walking on the slope. Furthermore, the
amputees could walk faster with the Seal-in suspension system,
although no statistical significance was observed [14].

Amputees are generally more satisfied with the pin/Lock system
due to the ease with which the liner can be donned and doffed
compared with the Seal-in liner. Based on the literature, only a few
studies evaluated the effects of different transtibial suspension
systems on gait performance [18-20]. To the authors’ knowledge,
no study has previously compared the effects of these two
suspension systems on amputees’ gait performance.

The main purpose of this study was to compare effects of the
two suspension systems on various gait parameters in unilateral
transtibial amputees during level walking. The main hypothesis of
the study was that the suction socket has positive influence on
amputee’s gait performance, especially at the first peak GREF.
Furthermore, amputees can walk more natural and symmetrical
with less knee and hip flexion when using the Seal-in liner.

Method

Subjects

Ten unilateral transtibial amputees were found eligible to
participate in this study as a sample of convenience. The subjects’
characteristics are shown in Table 1 [17]. Ethical approval was
obtained from the University of Malaya Medical Centre (UMMC)

Figure 1. Prostheses used in this study; (A): pin/lock system
(using Dermo liner) with shuttle lock, (B): suction system (using
Seal-In X5 liner) with valve.
doi:10.1371/journal.pone.0094520.g001
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Table 1. Characteristics of the participants.

Mobility grade?

Stump length (cm)’

Amputated side

Cause of amputation

Mass (Kg)

Height (cm)

Age

Subject no.

14

Left

75 Diabetic

168

45
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'Stump Length: Inferior edge of patella to distal end of the stump.
2Based on the American Academy of Orthotists & Prosthetists [21].

doi:10.1371/journal.pone.0094520.t001
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Ethics Committee. All the subjects were required to sign a written
consent form.

The inclusion criteria for the study consisted of unilateral
transtibial amputation, walking without walking aids [21], steady
limb volume during the previous year, pain- and ulcer-free stump,
and stump length of more than 11 cm. The latter was considered
optimal for use of the Seal-in transtibial liner, as stated by the
manufacturer [22].

We registered our trials retrospectively (IRCT20140128
16395N1) with Iranian Registry of Clinical Trials (http://www.
irct.ir/searchresult.php?id = 16395&number = 1) as when we start-
ed this project, these two systems (seal-in and dermo liner) were
already in the market and were being used by many amputees
around the world. Also these two systems got CE and were
produced based on ISO 9001 and ISO 13485 quality system
standards. Furthermore, ethic Committee at university of Malaya
did not considered the study as clinical trial. We will prospectively
register other clinical trials in future.

The protocol for this trial is available as supporting information;
see Protocol S1.”

Procedures

As the participants were using different suspension systems (such
as PTB or TSB) prior to the study, a single registered prosthetist
designed and aligned two transtibial prostheses for each subject to
prevent any bias in the results. Only the suspension systems were
different while all other components including feet were similar for
both prostheses. One prosthesis used the Iceross Dermo Liner with
shuttle lock (pin/lock system) while the other used the Iceross Seal-
in liner with valve (suction system) [15,17]. The subjects used Flex-
Foot and the two suspension systems (Seal-in and Dermo liner) for
the first time in this study. This study was not blinded as our
subjects easily could distinguish between the suspension systems.

Prior to the experiment, the subjects participated in gait training
for the new prostheses. This took place in the Brace and Limb
laboratory (Department of Biomedical Engineering, University of
Malaya, Malaysia) [15,17]. The prosthetist ensured similar lower
limb height and toe-out angle, and that there was no gait
deviation. Bench alignment and dynamic alignment during
standing and walking was carried out. A four-week acclimation
period was allocated for each prosthetic leg. The subjects used
identical shoes during training and experiments.

Kinematic and kinetic gait evaluations were completed using
the Vicon 612 system (7 MXF20 motion capture cameras; Plug-in-
Gait, Oxford Metrics; Oxford, UK). The data collection frequency
was set at 50 Hz for the synchronized cameras and two force
plates (Kistler). Sixteen reflective markers were attached to the
subjects’ prosthetic and sound lower limbs (according to the Helen
Hayes marker set). The knee and tibia markers for the prosthetic
limb were affixed to the lateral proximal and lateral distal socket
walls, respectively. Following this, each subject completed five gait
trials at a self-selected pace for each suspension system. A trial was
considered to be appropriate provided that both feet landed
properly on the force plates (whole foot was on the force plate). In
order to determine proper landing on the force plate, a video
recorder was used and an assistant stood one meter away from the
force plate to check the foot position. All the subjects were asked to
walk at their most comfortable speed in the motion laboratory on
10-meter walkway [18].

The 10-meter walkway is a common practice in research studies
[18]. Prior to the test, the participants were asked to practice
walking in the experiment setting in order to accustom to the
environment. Proper landing of the foot on the force plate proved
to be challenging (due to masking of the force plates’ location);
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therefore, sometimes the participants were required to repeat the
trials. Nevertheless, we did not inform them which trial is proper
or why they were asked to repeat a trial. To minimize the effect of
fatigue, the participants were allowed to take rest whenever
necessary. During the pilot study, it became apparent that when
the patients became tired, the speed of gait was not consistent
between the trials. The pin/lock system was tested first followed by
the suction socket for all the amputees to ensure consistency.

Finally, to evaluate the effect of these two suspension systems on
patients’ satisfaction, parts of the PEQ questionnaire were utilized.
The PEQ questionnaire consists of 82 items grouped into nine
subscales. Based on Legro et al., each question in the scales could
be used separately [12]. We decided to use some questions that
were more relevant to the suspension system. To compare the two
systems, we assessed the subjects’ satisfaction with donning and
doffing the prosthesis, walking (level surface, unlevel ground), stairs
(ascending and descending), sitting, fit, cosmetic and one question
to ask overall satisfaction with each system. Regarding the
problems with suspension systems, the participants responded to
the following questions: unwanted sounds, swelling [edema], pain,
skin Irritation, pistoning or movement inside the socket, smell,
wound and sweat inside the socket [17].

Data Analysis

As the walking speed was inconsistent, the data for each time
frame was normalized to the whole stride time [23]. The vertical
and fore-Aft GRF were also normalized to the body mass.

As symmetry is indicative of normal gait, the symmetry index
(SI) was used to compare non-amputated and amputated limbs
[6,24] with the pin/lock and the suction socket [25,26]. To
calculate SI, a modified equation from the work of Herzog et al.
(1989) was used:

SI— Vnon—amputated leg— Vamputated leg

* 100%
(¥Vnon—amputated leg+ Vamputated leg)

N —

In this formula, Vmpucated 1eg Tepresents data for the amputated
leg during gait (for different gait parameters such as step length,
swing time, etc) and Vj,on-amputated 1eg 18 the data for the sound limb.
The value of SI indicates how much the variables (amputated leg
and non-amputated leg) are similar. The value of 0 shows that the
two variables are completely similar, or the symmetry is perfect.
Based on Astrom and Stenstrom, up to 10% was considered good
symmetry [18]. The following variables were calculated (Table 2):
step length, walking speed, stance and swing time (percentage),
ground reaction force (GRF), fore-aft GRF, hip, knee and ankle
range of motion during stance and swing [27].

Statistical data was analyzed using SPSS 17.0 and p-values of
0.05 or less reflected statistical significance. Paired-samples t-test
was employed to compare the effect of two systems on gait
variables. The statistical tests were applied to all gait variables
independently for both suspension systems as well as amputees’
sound limb. Moreover, the average of obtained data for each gait
parameter through five successful trials was calculated for both
suspension systems. Lastly, the overall average of gait parameters
was calculated for all the participants to compare the suspension
systems.
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Results

The mean age, height, and weight of the participants were 45.8
(SD, 14.4) years, 170 (SD, 6) cm, and 73.8 (SD, 14.2) kg,
respectively. The mean stump length was 14.5 (SD, 1.3) cm and
the causes for amputation were trauma and diabetes (Table 1).

The study results showed that step length and swing time on the
prosthetic side were longer than that of the sound limb with both
suspension systems, and that the prosthetic and sound limbs
behaved significantly different (p<<0.03) (Table 2). In addition,
stance time was shorter for the prosthetic limb than the sound
limb.

Maximum knee flexion during the swing phase was 75.4° and
66.9° for the suction and pin/lock systems, respectively. Also, there
was a significant difference between the two systems (p<<0.04).
There was asymmetry in ankle dorsiflexion and plantar flexion at
stance and swing phase between the sound and prosthetic limbs.

Significant differences ($<<0.03) were identified in the vertical
ground reaction force between the two systems only at the first
peak (loading response). Asymmetry in timings of the first peak was
observed with the pin/lock system. Weight transfer during the
transition from double to single limb support occurred in a shorter
period for the sound limb in comparison to the prosthetic limb.

PLOS ONE | www.plosone.org

Table 2. Average and standard deviation (in bracket) of gait parameters in ten transtibial amputees during level walking at a self-

selected speed.

Parameters Suction (Seal-In) Symmetry (%) Pin/Lock (Dermo) Symmetry (%)
Prosthetic Limb Sound Limb Prosthetic Limb Sound Limb

Step length (m) 0.61 (0.06) 0.57 (0.05) —6.8 0.62 (0.05) 0.54 (0.04) —13.8

Stride length (m) 1.2 (0.09) 0 1.1 (0.08) 0

Walking speed (m/s) 0.94 (0.05) 0 0.93 (0.06) 0

Stance time (% of gait cycle) 62.3 (2.4) 65.6 (2.5) 5.2 61.7 (1.6) 66.7 (1.6) 7.8

Swing time (% of gait cycle) 37.7 (23) 344 (2.5) —9.2 38.3(1.7) 33.3(1.5) —14.0

Hip position at initial foot 32.8 (2.1) 35.9 (3.6) 9.0 33.2 (3.4) 32.6 (1.9) —-1.8

contact (%)

Maximum hip extension (°) 3.0 (1.8) —2.1(1.0) —200 2.6 (1.5) —2.4 (2.1) —200.0

Hip range (°) 37.3 (2.8) 384 (3.4) 2.9 36.1 (2.8) 37.2 (3.0 3.0

Knee position at initial foot 5.4 (4.6) 1.4 (1.0) —-117.6 5.7 (3.6) 4.1 (2.5) —32.7

contact (°)

Maximum knee flexion at 13.7 (2.9) 15.1 (1.7) 9.7 125 (3.4) 134 (4.1) 6.9

stance (°)

Maximum knee flexion during 754 (2.4) 55.1 (3.1) —31.1 66.9 (3.9) 52.5 (3.7) —24.1

swing (°)

Knee range of motion (°) 70.7 (3.5) 56.1 (2.2) —23.0 61.5 (3.2) 526 (3.1) —15.7

Ankle position at initial foot —0.8 (1.5) 2.1 (1.0 200.0 0.2 (1.1) —4.2(1.3) —200.0

contact (%)

Maximum ankle plantar flexion at —7.2(24) —6.6 (3.1) —87 —5.9 (3.4) —5.9 (2.7) 0.0

stance (°)

Maximum ankle dorsiflexion at 14.5 (2.3) 7.3 (1.9) —66.1 15.1 (1.3) 8.1 (24) —60.3

stance (°)

Maximum ankle plantar flexion at 0.3 (0.6) —13.2 (2.9) 200.0 1.4 (1.8) —12.1 (0.9)  200.0

swing (°)

Ankle range of motion (°) 21.7 (2.2) 20.7 (3.6) —4.7 209 (3.2) 20.1 (1.9) -39

Vertical GRF, 1° peak (N) 99.7 (3.8) 121.1(2.4) 194 104.2 (4.2) 121.7 (2.7) 15.5

Vertical GRF, 2" peak (N) 102.6 (4.9) 101.9 (3.1) —-0.7 101.1 (3.9) 99.0 (2.4) —20

Fore-aft GRF, 1° peak (N) 5.4 (1.0) 7.8 (1.8) 36.4 4.6 (2.8) 9.3 (2.1) 67.6

Fore-aft GRF, 2" peak (N) —8.0 (1.7) —7.5(1.5) —6.5 -8.1(1.1) -7.1(1.4) —-13.2

doi:10.1371/journal.pone.0094520.t002

Furthermore, data analysis showed significantly higher magnitude
of the first peak vertical GRF between the sound limb and
prosthetic side with both suspension systems (p<<0.000).

Satisfaction surveys revealed that transtibial amputees are more
satisfied with the pin/lock system. Donning and doffing the
prosthesis with the pin/lock system was also easier compared with
the Seal-in or suction system. Nevertheless, the prosthesis with the
Seal-in liner was more fit with less movement inside the socket
(between the liner and socket) (Table 3, Table 4).

Subjective feedback showed that the participants spent more
time and effort to don and doft the prosthesis with the suction
socket but they did not feel any traction at the end of the residual
limb, and the prosthesis acted like a natural part of their body.

Table 2, Figures 2 and 3 show the average values of gait
parameters and symmetry for both the suction (Seal-in) and pin/
lock (Dermo) suspension systems for the ten participants.

Discussion

In this study, two different suspension systems, the pin/lock and
suction, were compared in terms of their effect on kinetic and
kinematic gait parameters. The systems had been previously
studied both statically and dynamically to investigate socket fit and
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Joint Angle

Information on the angular and linear motions of the body
segments is gained from the kinetic data. Both prosthetic (pin/lock
and suction) and sound limbs were found to have similar angular
motion at the hip and knee. The most remarkable difference was
observed at the ankle joint. This finding is in line with previous
studies on different prosthetic ankle types, which also determined
that the ankle affected the degree of control over the prosthesis
[38-40]. Gait progression is altered when the anatomical ankle
joint is missing, as the ankle plantar flexion generates over 80% of
the mechanical power during normal walking. Not all prosthetic
foot designs can compensate this action; therefore, various
prosthetic feet result in different ankle joint angles.

The knee range of motion with the pin/lock system was more
consistent between the prosthetic and sound limbs than with the
suction socket (61.5, 52.5 vs. 70.7, and 56.1, respectively), and
there was significant difference between the two systems.

There was asymmetry between ankle angles for right and left
legs using both systems, especially at the end of the stance and
preswing phases. Maximum dosiflexion at the stance phase
reached 14.5 and 15.1 degrees in the suction and pin/lock
systems, respectively. This was possibly due to more flexibility in
the prosthetic foot.

During training in the prosthetic laboratory, all the subjects
stated that the Talux foot was more comfortable than the foot they
usually used, especially during heel strike and push off. They
claimed that the foot acted like a spring, and that it helped them to
walk faster [17].

PEQ

Satisfaction with prosthestic device could be influenced by
several factors. A research study by Legro et al. on 92 amputees
over 27 months revealed that prosthetic fitting influenced
amputees’ satisfaction with their device [12]. Moreover, easy
donning and doffing might have a positive effect on subjects’
satisfaction with prosthetic device [12,17]. The suction system
could increase socket fit and resolve the so-called problem of
“milking” (distal tissue stretch caused by the pin and lock). This
milking phenomenon can also result in pain, particularly at the
distal end of the residual limb. Other factors such as easy donning
and doffing could also influence amputees’ satisfaction [17]. The
findings of the current study showed that despite the higher
observed fitting, the participants preferred to use the pin/lock
system in long term as it was easier to don and doff than the
suction system.
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Study Limitations

Many factors can affect amputees’ gait and satisfaction. This
study was conducted on a small sample size and this may have
impact on the statistical relevance of the results. Additionally,
more suspension alternatives should be studied in future to deepen
insights into the effectiveness and comfort of suspension systems. It
is also worth investigating effects of the available suspension
systems on proprioception.

Conclusions

From the outcome of this study, it can be concluded that
amputee’s gait performance was positively influenced by the Seal-
in liner due to better suspension and fit within the socket.
Nevertheless, overall satisfaction with prosthesis was higher with
the pin/lock system due to easy donning and doffing. Good
prosthetic suspension system must secure the residual limb inside
the prosthetic socket and make donning and doffing procedures
easier. Further research is needed to evaluate more amputees, and
to offer a guideline for proper selection of suspension system.
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