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Within Prosthetic Sockets
Ebrahim A. Al-Fakih, Noor Azuan Abu Osman, Faisal Rafiq Mahamd Adikan,
Arezoo Eshraghi, and Peyman Jahanshahi, Member, IEEE

Abstract— This paper presents an efficient fiber Bragg
grating (FBG)-based sensing pad that is capable of measuring
the interface pressure within prosthetic sockets, and exhibits
required sensitivity, enhanced durability, and the lowest possible
hysteresis error. Three key fabrication parameters were studied
to assess their effects on the performance of different sensing pad
designs. These parameters included the FBG embedding depth
(top, bottom, and neutral layers of the sensing pad), the sensing
pad thickness (1, 2, and 3 mm), and finally, different embedding
materials. Each sensing pad was studied while attached to
Pe-lite and silicone prosthetic liners. Afterward, the sensing pad
design that exhibited the best performance was employed to
fabricate an expandable array of FBGs for interface pressure
measurements within prosthetic sockets. One transtibial amputee
participated in this paper to further assess the in situ performance of the sensing pad. To validate the findings, the results
were also compared with the pressure measurements using the
F-socket sensors. The results revealed that the FBGs embedded
in the neutral layer of harder and thicker sensing pads exhibited
the highest sensitivity as well as excellent accuracy. In addition,
they could successfully measure the interface pressure inside the
prosthetic socket. Higher pressure values were logged by the FBG
sensors compared with the F-socket. Yet, the trend of pressure
changes was similar for both sensor types. This paper is hoped
to form a robust platform for the researchers intending to utilize
the FBG sensors in such applications.
Index Terms— Bragg grating sensors, interface pressure,
biomechanics, prosthetic socket.

I. I NTRODUCTION

T

HE NUMBER of lower limb amputees is growing
worldwide [1]. Trauma, particularly vehicle accidents,
and vascular-related diseases are the two major causes [2].
Lower limb amputees use prosthesis for mobility during
daily activities. The most common types of sockets for the
below-knee (transtibial) amputees are the Patellar Tendon
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Bearing (PTB) and the Total Surface Bearing (TSB) [3]. The
PTB sockets have an indentation at the PT region, which
bears the highest pressure from the total body weight [4].
The TSB sockets distribute the loads uniformly all over the
residual limb. However, almost all the transtibial amputees still
report discomfort within the sockets [5], because the sockets
develop edema, pressure ulcers and skin irritation [6]. Three
dimensional printed sockets that employ variable-impendence
materials have been recently introduced that are believed to
provide better function and socket fit [5].
Understanding the interface pressure between the residual
limb and prosthetic socket helps in developing prosthetic
devices that provide efficient function in a comfortable manner. Several studies have attempted to assess distribution of
interface pressures with the aim of achieving the quality
socket fit and preventing residual limb ulcers. The most
common measurement technologies include the strain gauge
(SG)-based transducers [7], in-socket sensor mats [8] and
finite element analysis methods [9]. These technologies have
exhibited numerous limitations [3], [10], [11]. For instance,
mounting the SG transducers on the socket wall requires a
modified test socket with openings, which is a time-consuming
process and alters the socket shape, leading to inaccurate
pressure measurements. In contrast, in-socket sensor mats,
such as the F-socket sensors, provide higher spatial resolution
and do not require a modified socket, because they are quite
thin and can be placed in situ between the residual limb and the
prosthetic socket. However, non-linearity, hysteresis and drift
are major concerns, casting doubt on the research findings.
Besides, the sensors might crinkle and fail.
The Fiber Bragg Grating (FBG) sensing technique could
be the potential alternative to the aforementioned conventional technologies for measuring interface pressures within
prosthetic sockets as it has superior advantages, such as
sensor’s light weight, small size, negligible drift, ease of
implementation, mutiplexability, higher accuracy and sensitivity to dynamic strains [12], [13]. Presently, the FBG sensors
are widely used in a variety of sensing applications in the
fields of aerospace, automotive and civil engineering, among
others [14]. They also have generated great interest in
the medical applications due to their biocompatibility and
immunity to electromagnetic interferences [15], [16], [17].
Recently, this technology was employed in the field of biomechanics and rehabilitation engineering for strain detection
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Fig. 1.
Mold design and Sensing pad fabrication. Two molds with
3 mm and 2 mm thickness are custom made.

in bones and pressure mapping in joints and human-machine
interfaces [12], [18]–[20].
In our previous work [21], we reported the first investigation into the potential use of the FBG sensors for pressure
measurements in prosthesis sockets at the patellar tendon
region. Promising results were obtained for accurate pressure
measurements, leading to better socket fit and satisfaction of
prosthesis users. In this study, we further improved the sensor
design and fully implemented this technique for pressure measurements at all the socket regions and some sub regions. The
design, characteristics and use of the FBG sensors at the residual limb/socket interface are presented for a transtibial socket.
Firstly, the effect of three key fabrication parameters was
investigated on the performance of the FBG sensors. These
key parameters included the FBG configurations (embedded
in top, neutral and bottom layers of FBG sensing pads), the
thickness of sensing pads and the type/hardness of sensing pad
materials. The most suitable sensing pad design that provided
the highest sensitivity, excellent repeatability and the lowest
hysteresis error was then employed for the second phase of
this study. Clinical evaluation of an expandable array of FBG
sensors embedded in polymeric silicone elastomers was done
in a transtibial socket. Finally, to validate our sensors, the
pressure mapping was also done using the commonly used
F-socket sensors.
II. FABRICATION AND E XPERIMENTAL S ETUP
Two aluminum plates were utilized to fabricate two custom
molds that allowed developing sensing pads with different
thicknesses and different FBG fiber embedding depths as
shown in Fig. 1. The FBG fibers were placed at intended
positions and firmly fixed at the mold edges in specially-etched
grooves to keep them in place during the fabrication procedures. The silicone polymeric materials used for fabrication
were prepared by mixing the copolymer with its catalyst at
certain ratio that could be adjusted based on the material type
(10:1 by weight for the PDMS). The mixture was then poured
into the mold and left for 24 hours to cure completely. It should
be noted that air bubbles usually appear in large quantities of
mixtures, which necessitate vacuum during the curing process.
However, the air bubbles seldom appear in small quantities,
which was the case for this study.
It was hypothesized that key fabrication parameters, such as
the embedding depth of the FBG fiber as well as the type and

Fig. 2. (a) Three different FBG configurations (top, neutral and bottom).
(b) Each FBG configuration was loaded under three different measurement
conditions: no liner, attached to the Pe-lite and silicone liners (left to right).
(c) Real images of the three different conditions.

thickness of host materials, have remarkable influence on the
overall performance of the sensing pads. Therefore, a number
of uniform FBG (15-mm long) sensors were embedded in a
series of silicone pads with different configurations in order to
study the effect of each fabrication parameter independently.
To assess the effect of FBG embedding depth in the host
materials, two FBG sensors were embedded in two PDMS silicone elastomers using the 3-mm thick mold; one positioned at
the top layer of the first sensing pad and the other at the neutral
layer of the second one to form two 3 × 4.5 cm2 sensing pads
as shown in Fig. 2a. The top position configuration could be
turned upside down to act as if the FBG was placed at the
bottom layer of the sensing pad as illustrated in Fig. 2a (right).
Each of the three FBG configurations (top, neutral and bottom)
was loaded under three different measurement conditions:
bare-sensing pad (no prosthetic liner), attached to the Pe-lite
and to the silicone liners, respectively as shown in Fig. 2b.
This enabled comparing the sensitivity of all the three configurations under each measurement condition independently
to find out the configuration that provides the most sensitive
pad for each specific measurement condition. Fig. 2c shows
real images of the “top position” sensing pads under the three
different measurement conditions.
The FBG fiber pigtail of each sensing pad was coupled into
a broadband light source and the reflected Bragg wavelength
was determined using the Fiber Bragg Grating Analyzer
(FBGA, Bayspec, USA). All the fabricated sensing pads were
subjected to ascending and descending vertical compressive
loads in five experimental trials with a dynamic range starting
from 0, progressing to 30 N and descending back in steps to 0
using the Instron materials testing machine (Model no. 3369).
A steel ball was attached to the upper jaw of the machine
to apply loads similar to those occurring in the actual
situation at the residual limb-socket interface of transtibial
prosthetic sockets. The resultant shifts in the Bragg wavelength
were recorded accordingly. Fig. 3 illustrates the experimental
setup.
It was also assumed that the thickness of the sensing
pad would influence the sensor performance. Therefore, the
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TABLE I
S UBJECT PARTICULARS

Fig. 3. The experimental setup for the mechanical testing of the FBGs
different configurations.

thickness was changed to better understand the extent to which
the sensitivity would be altered. The thickness of the sensing
pads was reduced to 2mm and 1mm. The1-mm pad performed
well under lower loads, but it could not endure higher loads
because of the severe bending induced at the FBG region and
the resultant power reduction and/or loss of the light propagating in the optical fibers. Thus, the performance comparison
was conducted only between the sensing pads with 2mm
and 3mm thicknesses. The same aforementioned experimental
procedures were repeated to compare the sensitivity of the
two 3-mm and 2-mm thick sensing pads under the same three
different conditions: no prosthetic liner, attached to the Pe-lite
and silicone liners, respectively.
The type of the sensing pad materials was also assumed
as one of the main fabrication parameters affecting the FBG
sensitivity and durability. Therefore, two types of materials
with different hardness properties (40 and 13 Shore A) were
deployed for comparison purposes. One FBG was embedded
into the PDMS (harder), while the second one was embedded
in the silicone rubber (softer). The fabrication procedures for
the silicone rubber sensing pads were similar to the PDMS,
except for the mixing ratio between the liquid base and curing
agent that was 20:1 by weight. The same aforementioned
experimental procedures were also conducted for comparing
the performance of the two FBGs embedded in these two
different hardness host materials. Fig. 4 shows a schematic
diagram summarizing the procedures conducted to find the
effect of these three key fabrication parameters on FBG
sensing pads performance.
III. S UBJECT AND E XPERIMENTAL P ROCEDURE
Following the aforementioned mechanical testing of different sensing pad designs, the design that provided the highest
sensitivity and good durability was employed for this phase of
study in order to measure pressures at the residual limb-socket
interface of transtibial prosthesis. One transtibial amputee
participated in this study. He was a traumatic amputee using a
TSB socket with 6-mm silicone liner. The subject signed the
informed consent and was trained for the experiments procedures. The ethical approval (No. 907.26) was obtained from

the University of Malaya Medical Centre (UMMC) Ethics
Committee. Table I summarizes the subject’s characteristics.
Pressure measurements at the residual limb-socket interface
of transtibial prostheses are normally taken during up to 10
gait cycles [22], meaning that the employed sensing pads need
to exhibit a consistent, repeatable pattern when subjected to
10 cyclic loads. Therefore, 10 vertical cyclic loads were first
applied to the PDMS and silicone rubber sensing pads to
evaluate sensor durability and reliability prior to the actual
use of the expandable array of FBG sensing pads for interface
pressure measurements within the prosthetic sockets.
Four new expandable sensing pads with at least two sensing
sites for each were fabricated to cover the proximal and distal
sub regions of each socket wall (anterior, posterior, medial
and lateral) and characterized with a sensitivity of 60 pm/kPa.
Fig. 5 shows schematic of the installation of expandable
sensing pads that enabled the measurement of pressure profile
at 8 locations of the residual limb-socket interface. Each
sensing pad was individually interrogated to the FBGA.
The sensing pads were then mounted on the amputee
residual limb and he walked on a treadmill for 30 seconds
at the speed of 1.5 km/hr. The real-time interface pressures
were recorded accordingly at a sampling frequency of 50 Hz.
A LabVIEW program was developed that is able to pick up
only the coordinates of the peak wavelengths of the reflected
spectra at 50 times/second for each FBG. The pressure profile
was determined as a function of the recorded wavelength
shifts. For comparison purposes, the commercially available
F-socket transducers (Tekscan, USA) as resistive sensors were
then used for pressure measurements at the same sensing
points in order to compare the results obtained using the
two sensor types. Fig. 6 shows the installation of the sensing
pads, the F-socket transducers, and the subject while walking
on the treadmill. The sensor mats were trimmed according
to the residuum counters and were located on the anterior,
posterior, medial and lateral surfaces of the residuum. The liner
was then rolled on the transducers. Prior to the experiments,
the transducers were calibrated to eliminate variation between
each load cell. Following the manufacturer’s instructions, two
processes of equilibration and calibration were performed. The
sensors were inserted individually into a pressure bladder connected to an air compressor and a constant pressure of 100 kPa
(20 psi) was applied for equilibration. Next, the calibration was
accomplished according to the subject’s body weight.
IV. R ESULTS AND D ISCUSSION
The findings are presented in two sections. First, the
results obtained from the investigation of each FBG sensor’s
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Fig. 4. Schematic diagram of the experimental procedures conducted to find the effect of the three main fabrication parameters on the performance of FBG
sensing pads.

Fig. 5. Typical scheme of the experimental setup for pressure measurement
in 8 sub-regions of the residual limb.

performance with three main fabrication parameters: the FBG
embedment depth, the sensing pad thickness and the type of
host material. Moreover, repeatability patterns of the sensing
pads are reported. In the next section, pressure profiles of the
residual limb-socket interface for one transtibial amputee are
presented and discussed.

A. The Effect of Key Fabrication Parameters
1) FBG’s Embedding Depth: Fig. 7 presents the sensitivity
comparison between the FBGs embedded in the top, neutral
and bottom layers of 3-mm PDMS sensing pads under three
different conditions; no liner, attached to the Pe-lite liner
and to the silicone liner, respectively. All the FBG sensors
showed good linearity and measurement accuracy, which is
in line with the optical and mechanical properties of the
FBG sensors [21].
It is obvious in Fig. 7a that the FBGs embedded in the
top and neutral layers of the bare sensing pad (no liner)
exhibited 44.23% and 33.17% higher sensitivity than the
one embedded in the bottom layer, respectively. The FBG
positioned at the top experienced the highest bending loads,
because it was closer to the surface of the pad, producing the
highest sensitivity. In contrast, the sensing pads with the FBGs
embedded in the neutral layer and attached to the Pe-lite liner
(Fig. 7b) showed 20% increased sensitivity when compared to
those embedded in the top and bottom layers. Similarly, the
FBGs embedded in the neutral layer and attached to silicone
liner (Fig. 7c) exhibited 38.5% higher sensitivity than those
placed at the top and bottom layers. This can be due to the
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Fig. 6. The installation of the pressure sensors in the prosthetic socket and the subject while walking on the treadmill. (a) and (b) Shows the placement of
the FBG sensing pads and the F-socket transducers, respectively.

Fig. 7. Sensitivity comparison of three different FBG configurations loaded under three different conditions. (a) Bare pad (no prosthetic liner), (b) with the
Pe-lite liner and (c) with the silicone liner.

Poisson expansion phenomenon that mostly affects the FBG
positioned in the neutral layer of the sensing pads. Since the
silicone liner is made of softer cushioning material than the
pe-lite liner, the pads attached to the silicone (softer) liners
generally exhibited the highest sensitivity. Overall, from the
findings it can be implied that embedding the FBG fiber in
the neutral layer is the most preferable for the sensing pads
attached to the liners. However, for the interface pressure
measurements without wearing the liner, when the sensing pad
is inserted directly between the skin and the socket, it would
be much more suitable to position the FBGs at the top layer
of the sensing pad.

2) The Sensing Pad Thickness: Fig. 8 shows the changes
in the sensitivity of the FBG sensors after the thickness of
the sensing pads was reduced from 3mm to 2mm. In fact,
the sensitivity decreased 40%, 29% and 33% with the
2-mm PDMS sensing pads in the bare condition (Fig. 8a),
when attached to the Pe-lite (Fig. 8b) and to the silicone
liner (Fig. 8c), respectively. Similar to the 3-mm pad, the
2-mm pad showed the highest sensitivity with the silicone
liner. It is evident that the thickness of the sensing pad has
considerable effect on the sensor performance as the FBGs
placed at the neutral layer of ’thicker’ pads exhibited the
highest sensitivity when attached to both the Pe-lite and
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Fig. 8. The sensitivity comparison between 3mm and 2mm PDMS sensing pads with the FBGs embedded at the neutral layer. (a) Bare sensing pad,
(b) attached to the Pe-lite liner and (c) attached to the silicone liners.

Fig. 9. FBGs response when embedded in the neutral layer of PDMS (harder) and silicone rubber (softer) sensing pads. (a) Bare sensing pad, (b) attached
to the Pe-lite liner and (c) attached to the silicone liner.

silicone liners. For the bare condition, still the top-located
FBG embedded in the thicker pads revealed higher sensitivity
and better performance than the one embedded in the neural
layer.
3) Type/Hardness of Sensing Pad Materials: The aforementioned results were obtained from investigating the PDMS
sensing pads. In this subsection, the silicone rubber material with lower hardness of 13 “Shore A” was deployed.
Fig. 9 shows the comparison between the effects of FBG
embedment in the PDMS (harder) and the silicone rubber
(softer) host materials on the performance of the sensing
pads under three conditions: bare sensing pad, attached to
the Pe-lite and to silicone liners. For the bare sensing pads,
Fig. 9a shows that the silicone rubber obviously caused 70%
reduction in the FBG sensitivity compared to the PDMS host
material. Similarly, Fig. 9b and 9c show that the silicone
rubber-embedded FBGs also exhibited 50% and 52% reduction
in the sensitivity when attached to the Pe-lite and silicone
liners, respectively. Despite the reduction of sensitivity, the
silicone rubber sensing pad attached to the silicone liners
exhibited better sensitivity than when attached to the Pe-lite
liners. Generally speaking, the type and/or hardness of the
host material have major roles in altering the mechanical and
optical properties of the FBG sensors. The softer materials
extremely reduce the sensitivity and the dynamic range due
to the weak bonding to the FBG fiber, which might result

in fiber slippage/detachment inside the material when high
loads are applied. As such, the FBGs embedded in the neutral
layer of ’thicker’ and ’harder’ polymeric materials exhibited the most enhanced sensitivity and better measurement
accuracy.
The results also suggest that harder host material (PDMS)
produces lower hysteresis error than the softer silicone rubber when attached to both types of socket liners as shown
in Fig. 10. This may make harder materials much more suitable
for applications that require enhanced sensitivity and higher
accuracy measurements, such as measurement of the residual
limb-socket pressure.
It was also found that both the PDMS and silicone rubber
host materials exhibited excellent consistency when subjected
to cyclic loads as shown in Fig. 11. The softer (silicone rubber)
host material exhibited higher hysteresis error than the harder
host materials during the repeatability test, implying that the
FBG embedded in harder host materials would produce much
better repeatable and accurate results.
B. Interface Pressure Profile in Prosthetic Socket
The previous mechanical tests demonstrated that the PDMS
host material provided the highest sensitivity, accuracy, better
repeatability and acceptable hysteresis error when attached
to the silicone liner. Thus, the 3-mm expandable sensing
pad with an array of two FBGs, embedded in the neutral
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Fig. 12.

The pressure recorded at the patellar tendon during gait cycle.

TABLE II
M EAN P EAK P RESSURES R ECORDED AT 8 S ENSING P OINTS
U SING FBG S ENSORS AND F-S OCKET T RANSDUCERS

Fig. 10. The hysteresis error of the FBGs embedded in the neutral layer of
harder (PDMS) and softer (silicone rubber) host materials. The error when
attached to (a) Pe-lite and to (b) silicone liners.

Fig. 11.
The repeatability test. The repeatability of FBG sensors when
embedded in (a) PDMS and (b) silicone rubber host materials.

layer of the PDMS, was used for testing inside the prosthesis
Fig. 12 shows the pressure data recorded at the patellar tendon
during gait. It can be seen that the peak pressure values

remained almost the same during the gait cycle, implying that
the FBG sensors yielded accurate and consistent signals with
no drift. It can possibly make them superior to the previous
techniques.
Pressure measurements were then taken at 8 sub regions
of the amputees’ residual limb using the FBG sensors and
F-socket transducers for comparison purposes. The mean peak
pressure values obtained by these two techniques are presented
in Table II. The peak pressure patterns at all the sub regions
are depicted in Fig. 13. The highest pressure (152 kPa) was
recorded at the anterior proximal surface of the residual
limb. This was consistent with the pressure values during
normal walking in our previous study [23]. On average, the
peak pressure was below 200 kPa, which is in accordance
with other research [8], [24]. Higher pressure values were
logged by the FBG sensors compared to the F-socket. This
difference might be attributed to the thickness of the FBG
sensors (3 mm) than the F-socket sensing mats (0.2 mm).
As the socket size was the same, the thicker sensor may
have increased the overall pressure at the sensing sites. Yet,
the trend of pressure changes has been similar for both
sensors.
At the 1st peak of gait cycle (initial stance), the peak
pressures at the posterior distal (65.77kPa) and anterior
proximal (132.7kPa) areas were higher than the posterior
proximal (63.32kPa) and the anterior distal (63.38kPa). This
was repeated at the 2nd peak (late stance), which is similar
to the patterns reported by Sanders et al. (1992) and
Dumbleton et al. (2009) [8], [25].
An ideal pressure sensing system should monitor shear
and pressure in real-time, without substantial interference
with the original conditions of the interface. The F-socket
sensors (Tekscan) have advantages, such as flexibility and
lower thickness with acceptable resolution, sensitivity and
frequency response [26]. However, signal drift, hysteresis,
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Fig. 13.

The peak pressures at 8 selected sub regions of the amputee socket using FBG sensing pads and F-socket transducers.

sensitivity to temperature and shear coupling effects are
some of the reported disadvantages that shed doubt on their
results [11], [27], [28]. On the other hand, the FBG sensors

have prominent advantages, such as small size, light weight,
higher accuracy and sensitivity to dynamic strains, negligible
drift and finally ease of use.
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V. C ONCLUSION
Homogenous pressure distribution in a socket is of great
importance for better function and mobility of prosthesis
users during activities of daily living. Therefore, new methods
are needed that offer valid and reliable pressure mapping
for enhanced ambulation and comfort with prosthesis. This
study demonstrated that the customized FBG sensors could
successfully be used to measure interface pressures inside the
prosthetic socket. The excellent accuracy and repeatability of
the FBGs are the major advantages of this technique. In this
study, the sensor design was further improved. The best host
material for the FBG sensors was shown to be the PDMS,
because it provided better consistency in pressure mapping
when subjected to cyclic loads. This study revealed the merits
of the new sensor design, yet it should be tested on larger
sample size to further validate the findings.
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