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Abstract

Prosthetic socket materials must exhibit a good processing performance so that a variety of desirable shapes can easily be formed,
thereby enabling more controllable and adjustable socket production process and socket compatibility with the human anatomy and
movement mechanics. Additionally, they need to feature high strength and light weight, and must be comfortable for the patient to
use. In this study, the properties and application potential of current prosthetic socket materials, such as thermoplastic sheets, low-
temperature thermoplastic sheets, silicone-based materials, and resin-based composite materials, were compared. Additionally, the
matrix used in resin-based composite materials was investigated by infrared spectroscopy.
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1 Introduction

A prosthesis is an artificial limb that is produced and
assembled to restore body form and function, and to
compensate for the disability caused by limb amputation.
For the >200 million amputees in China, receiving a
prosthesis is an important step towards their rehabilitation
and reintegration into society. The prosthetic socket that
connects the stump to the prosthesis is a critical part of
the prosthesis and determines its performance. The
prosthetic socket enables transfer of force between the
stump and the prosthesis [1-5]. The basic requirements of
a prosthetic socket are its ability to bear loads, control the
prosthesis, and suspend the prosthesis. The prosthetic
socket material must exhibit a good processing
performance to allow the facile production of a variety of
desirable shapes, thus enabling more controllable and
adjustable socket production process and socket
compatibility with the human anatomy and movement
mechanics. Additionally, it must possess high strength
and light weight, and be comfortable for the patient to use
[6-17]. However, studies on prosthetic socket materials
are rare. In this paper, we compare the properties and
application potential of four types of existing prosthetic
socket materials.

2 Thermoplastic sheets

Thermoplastic sheets are widely applied in the fabrication
of prosthetic sockets including temporary sockets,
transparent sockets for experimental purposes, and long-
term prosthetic sockets. Among the polymers used as raw
materials for thermoplastic sheet production are
polyethylene (PE), polypropylene (PP), and modified
polyesters, e.g., polyethylene terephthalate glycolate
(PETG).

Table 1 presents the properties of various
thermoplastic sheet materials used for prosthesis socket
fabrication.  Low-density  polyethylene  (LDPE),
synthesized via a high-pressure polymerization process,
consists of long and branched chains, and has a low
crystallinity, density, and strength, but good toughness. It
can be used to manufacture flexible sockets. High-density
polyethylene (HDPE), synthesized via a low-pressure
method, exhibits less branching, a higher crystallinity and
strength, a good processing performance, and excellent
toughness. It is therefore used to produce temporary
prosthesis sockets.

TABLE 1 Properties and performance of different thermoplastic sheet materials used for prosthesis socket fabrication

Processing Melting temperature of the crystalline part (°C)
performance Melt index (g/10 min)
Elongation at break (%)
Mechanical Bending strength (breaking or yield strength) (psi)
properties Tensile modulus (x103 psi)

Shore D hardness
Linear expansion coefficient (10—6/°C)
Thermal conductivity
Relative density

Thermal properties
Physical properties

LDPE HDPE PP-H PP-C PETG
100-120 125-138 160-175 150-175 >150
0.25-27 0.4-100 0.6-100
100-650 350-525 100-600 200-500 110

6000-8000  5000-7000 10200

2541 130-150 165-225 130-180

44-50 61-63 76 70-73 78
100-220 130-200 81-100 68-95

8 11-12 2.8 354
0.917-0.932 0.94 0.9-0.91 0.89-0.905 1.27
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PP has also been used to fabricate prosthetic sockets
(Figure 1) because of its higher melting point, strength,
rigidity, and resistance to bending and fatigue when
compared with PE. However, PP is more brittle than PE,
especially at low temperatures. To reduce the brittleness
of PP, the latter can be copolymerized with ethylene to
obtain a polypropylene copolymer (PP-C). Despite the
lower resulting strength and rigidity of PP-C when
compared with those of the polypropylene homopolymer
(PP-H), the brittleness of the PP material is greatly
reduced. Thus, PP-C is usually selected for low-
temperature applications. However, because the viscosity
of the PP melt is sensitive to changes in temperature, the
processing temperature needs to be strictly controlled and
maintained at ~185°C during socket fabrication.
Furthermore, because of the lower thermal conductivity
of PP relative to that of PE, the heat generated during the
grinding process cannot be easily released, thereby
leading to the adhesion of debris to the polishing head.
Therefore, low revolution speeds during the grinding
process and a metallic grinding head for coarse grinding
are necessary to ensure efficient heat dissipation.

FIGURE 1 PP prosthesis socket

Polyethylene terephthalate (PET) can crystallize into a
configuration that reduces the transparency of the
resulting product. To circumvent this issue, the resin can
be modified accordingly to inhibit PET crystallization,
thus generating products with good transparency. For
example, modification of PET with cyclohexanediol
affords non-crystalline PETG with good transparency.
The resulting PETG can then be used for the fabrication
of transparent prosthesis sockets for experimental
purposes (Figure 2). As shown in Figure 3, the elastic
modulus of PETG is higher than that of other
thermoplastic sheets.

FIGURE 2 Transparent PETG prosthesis socket
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FIGURE 3 Elastic modulus of different thermoplastic sheet materials
used for prosthesis socket fabrication

3 Low-temperature thermoplastic sheets

Plastic sheets have been widely used in the field of
prosthetic products. However, socket production from
ordinary plastic sheets is a complex process that includes
the production and filling of the plaster female mold,
modification of the plaster male mold, thermoplastic
molding, and trimming of the products. In contrast, low-
temperature thermoplastic materials can be shaped
directly on the patients’ bodies, and the product can be
used directly after trimming, which greatly reduces the
working and processing time. Low-temperature
thermoplastic materials have a relatively low softening
temperature and can be shaped in the temperature range
from 55 to 75°C that human skin can withstand.
Currently, the most frequently used low-temperature
thermoplastic materials are polycaprolactone (PCL) and
transpolyisoprene (TPI).
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FIGURE 4 Melting temperature of different thermoplastic sheet
materials used for prosthesis socket fabrication

PCL is a semi-crystalline polymer that can be
synthesized via ring-opening polymerization of E-
caprolactone in the presence of a catalyst. PCL has a
crystalline melting temperature of ~60°C and a glass
transition temperature of ~60°C. Its mechanical
properties are similar to those of polyolefin, with a tensile
strength of 13-30MPa and an elongation at break
between 300 and 600%. TPI has a similar chemical
composition, but a different configuration from that of
natural rubber. Additionally, the good regularity of the
molecular chains of TPI affords arrangement of the
molecular chains with a high degree of ordering, resulting
in a crystalline state. As a result, TPI loses its elasticity in
the temperature region around room temperature, and can
be used as a plastic. TPI has a low melting point of ~64
°C; hence, above this temperature, TPI has a soft, viscous
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flow appearance. Tables 1 and 2 compare the properties
and performance of different low-temperature
thermoplastic materials and ordinary plastic materials.
Based on the melting temperatures given in Tables 1 and
2, the low-temperature thermoplastic sheets melt and
deform more easily than ordinary plastic sheets at high

TABLE 2 Properties of low-temperature thermoplastic sheet materials
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temperatures. Hence, their application potential in the
production of prosthetic sockets is limited. To better
satisfy the requirements for successful application in the
production of prosthetic sockets, some modifications are
necessary to improve the mechanical properties of low-
temperature thermoplastic sheets.

PCL TPI LDPE HDPE PP-H PP-C PETG

Melting temperature (°C) 58-61 64 100-120 125-138 160-175 150-175 >150

Shore D hardness 50-55 50 44-50 61-63 76 70-73 78-80
Density (g/cm3) 1.145 0.96 0.917-0.932 0.94 0.9-0.91 0.89-0.905 1.27

4 Silicone rubber and silicone gel

Silicone rubbers and silicone gels have been widely used
for the production of prosthetic socket inner liners
because of their excellent biocompatibility, high
temperature tolerance and chemical resistance, and lack
of colour and odor, additionally, they do not promote
bacterial growth or induce tarnish and corrosion of other
materials [18, 19]. Their three main functions are as
follows. First, they exert a skin-protecting effect,
especially under poor skin conditions involving scars that
are prone to damage owing to compression and friction.
These types of wounds are difficult to heal and may even
form ulcers. To prevent scar damage, an oily lubricant or
softening scar drugs can be smeared on the skin surface
of the stump to reduce friction between the scar and

socket. Compression pressure can also be applied to the
scar to soften the scar and prevent scar damage. Second,
silicone rubbers and silicone gels exert a suspension
effect. The silicone rubber stump sleeve can be rolled
over and sleeved on the stump without the need for
application of a lubricant on the skin. Additionally,
silicone rubber sleeves generally show good adhesion to
the skin, which can reduce both skin friction and shear
force between the skin and internal wall of the socket,
thus increasing the stump capability for prosthetic
suspension. Third, silicone rubbers and silicone gels can
improve the load-bearing capacity of the stump. Owing to
the soft texture of silicone rubbers, they can adjust
accordingly to protuberances of the stump bone and
improve the load-bearing ability of the stump.

TABLE 3 Physical, mechanical, and chemical properties of silicone-based prosthesis products

Properties and performance Index
Tensile strength (MPa) >7.00
Rupture strength (kN/m) >14.00
Elongation at break (%) >250

Permanent deformation at break (%) <8

Shore A hardness 45-80
Thermal aging 70°Cfor 72h

Change of tensile strength (%) >-15

Change of elongation at break (%) >-25

Properties and performance Index
Change in pH <15

Heavy metal content (g/mL) <1.0
Residual content after evaporation (mg/mL) <0.05
Consumption of KMnO4/mL <6.5

UV absorbance at 220 nm <0.3

Table 3 lists the physical, mechanical, and chemical
properties of silicone-based prosthesis products. Because
silicone-based prostheses cannot transfer force between
the stump and prosthesis owing to the low material
strength, a silicone rubber or a silicone gel prosthetic
inner liner must always be used in combination with
prosthetic socket materials.

5 Resin-based composite materials

Resin-based composites used for prosthesis socket
fabrication are typically fibre-reinforced plastic materials.
Among the most frequently used reinforcing fibres are
glass, carbon, and aramid fibres. Commonly used base
materials are, for instance, epoxy resin, unsaturated
polyester resin, and poly (methyl methacrylate) (PMMA).
The main features of resin-based composite materials are
their high strength and light weight. Table 4 compares the
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performance of different resin-based composite materials
and metallic materials.

The most commonly used prosthetic socket material is
the modified PMMA-based fibre composite material. It is
non-toxic and therefore does not induce strong skin
irritation effects that are common for additives used in
epoxy resin and unsaturated polyester. Additionally, the
cured fibre-PMMA composite material is a thermoplastic
and the shape of the products can be modified by
annealing and subsequent processing. The composite
material is typically prepared via a two-step process. The
first step involves the formation of a prepolymer via bulk
polymerization of methyl methacrylate monomers; the
prepolymer is further modified to form the matrix of the
prosthetic socket material. The second step involves the
manufacture of the prosthetic socket using the base
material and the fibre material via a composite processing
technology.
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TABLE 4 Performance of different resin-based composite materials and metallic materials

Aluminium alloy  Titanium alloy

Steel

Glass fibre-reinforced Carbon fibre-

composites reinforced composites
Elastic modulus (MPa) 75 110 210 30 88
Tensile strength (MPa) 350 800 1100 720 900
Specific strength 125 178 141 343 600
Specific stiffness 27 24 27 14 59
Density (g/cm3) 1.145 0.96 0.917-0.932 0.94 0.9-0.91

FIGURE 6 Shaping and molding process of prosthetic sockets based on
carbon fibre-reinforced plastic materials.

Figures 5 and 6 show an example of a carbon fibre-
reinforced socket and its molding process, respectively.
Prosthetic sockets and orthoses produced via this process
have a thin texture, light weight, and high mechanical

strength. When resin-based composite materials are used
to produce prosthetics and orthoses, the packing of the
fibre material must not be too loose because only a tight
fibre packing can ensure material capability to effectively
withstand the desired load. Besides, the fibres should be
oriented parallel to the direction of maximum loading so
that the fibre material can withstand maximum loading.
Furthermore, the high-strength fibre materials, e.g.
carbon fibres, should have sufficient length and need to
be laid on the weakest part of the composites to ensure
effective material reinforcement. Processing and socket
production technologies using resin-based composite
materials are widely applied; however, studies on such
materials have been rarely reported to date. In this paper,
the base material of resin-based prosthetic sockets was
investigated by infrared spectroscopy, and the results are
shown in Figure 7. The peaks observed at 1730cm-1
corresponding to C=0 stretching vibration and at 1150,
1190, 1240, and 1268cm-1 corresponding to C-C-O-C
stretching vibrations are in good agreement with the
characteristic bands of methyl methacrylate. Two
characteristic peaks corresponding to amines and ether
groups appeared at 1450 and 1600cm-1, respectively, and
can be attributed to the modification of the PMMA
prosthetic socket [20-29]. Figure 8 shows the molecular
weight distributions of the base materials used for resin-
based prosthetic socket fabrication. The preparation of
the most stable base material will be reported in due
course in the following study.
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FIGURE 7 Infrared spectrum of the base material used for resin-based prosthetic socket fabrication
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FIGURE 8. Molecular weight distribution of the base materials used for resin-based prosthetic socket fabrication

6 Conclusion

Currently, there are several gaps in the research of
prosthetic socket materials and their modification for
application. More specifically, several fundamental
aspects relating to resin-based composite materials need
to be studied including the reinforcement of the resin
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