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Sockets for Limb Prostheses: A Review of
Existing Technologies and Open Challenges
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Abstract—In the prosthetics field, one of the most im-
portant bottlenecks is still the human-machine interface,
namely the socket. Indeed, a large number of amputees still
rejects prostheses or points out a low satisfaction level,
due to a sub-optimal interaction between the socket and the
residual limb tissues. The aim of this paper is to describe
the main parameters (displacements, stress, volume fluc-
tuations and temperature) affecting the stump-socket inter-
face and reducing the comfort/stability of limb prostheses.
In this review, a classification of the different socket types
proposed in the literature is reported, together with an anal-
ysis of advantages and disadvantages of the different solu-
tions, from multiple viewpoints. The paper then describes
the technological solutions available to face an altered dis-
tribution of stresses on the residual limb tissues, volume
fluctuations affecting the stump overtime and temperature
variations affecting the residual tissues within the socket.
The open challenges in this research field are highlighted
and the possible future routes are discussed, towards the
ambitious objective of achieving an advanced socket able
to self-adapt in real-time to the complex interplay of factors
affecting the stump, during both static and dynamic tasks.

Index Terms—Amputee, biomechanics, liners, piston-
ing, pressure, prosthesis fitting, residual limb, shear
stress, sockets, suspension systems, temperature, volume
fluctuation.

|. INTRODUCTION

IMB amputations cause serious physical disabilities that
L compromise the quality of life of a large number of peo-
ple, globally. The World Health Organization estimates that
there are ~40 million amputees in the world [1]. This number
is expected to further grow, due to an increased life expectancy
and a corresponding higher incidence of diabetes and vascular
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Fig. 1. Schematic representation of the main factors affecting the
stump-socket interface and their interplay (suspension = system used to
guarantee the adhesion of the residual limb to the socket; P = pressure;
7 = shear stress; T = temperature; A V = volume fluctuations; displace-
ments = relative movements between the stump and the socket).

diseases. Indeed, such pathologies are the most common ampu-
tation causes, followed by traumatic events and cancer [2].

Limb prostheses have the main purpose to reduce the nega-
tive impact of such disabilities, attempting to restore a normal
functionality and amputee autonomy, as much as possible. In
order to achieve functional and comfortable prostheses, great
attention has to be paid to the socket design. In fact, the socket
represents a critical interface between the user (natural) stump
and the prosthetic (artificial) device. A suitable socket has to en-
sure efficient fitting, appropriate load transmission, stability and
control [3] and it often constitutes a key factor for the success
or failure of the prosthesis itself.

At present, despite some important recent advances in pros-
thetics, several amputees still reject their prostheses or show a
rather low satisfaction level. This is mainly due to socket-related
issues, such as poor comfort, reduced biomechanical function-
ality and hampered control [4]. In addition, skin lesions occur in
the 63-82% of lower limb amputees, thus causing a prosthesis
abandon rate that is around 25-57% [5].

In this framework, the factors playing a key role can be de-
picted as in Fig. 1. Obviously, the socket shape and its con-
stitutive materials are of paramount importance, as well as the
suspension system, which affects the stability of the residual
limb within the socket. The suspension can be applied by leav-
ing the stump in direct contact with the socket or by applying a
liner (a flexible soft cover) (see Fig. 2).
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Fig. 2. Representation of a socket provided with a liner between it and
the stump. The liner role is normally to increase the stability between the
stump and the socket.

A specific combination of socket shape and materials, to-
gether with a specific suspension system, determines the distri-
bution of pressures and shear stresses on the tissues, as well as
the temperature and volume fluctuations affecting the residual
limb. All these parameters are interconnected: volume fluctu-
ations may imply a reduced prosthesis fitting, but also an al-
tered distribution of pressures and shear stresses on the limb
residual tissues. This can lead to rubbing phenomena that, in
concert with the barrier constituted by socket and liner, alter the
thermoregulation system by producing sweating, irritation and
smell.

All these parameters typically play arole in enhancing the rel-
ative displacement between the stump and the socket. In lower
limb amputees, the so-called “pistoning effect” occurs. It con-
sists of a vertical relative movement of the stump respect to the
socket, sometimes associated with abrasive phenomena. Over-
all, all the mentioned parameters and effects may hamper the
prosthesis comfort and biomechanical stability. Optimizing the
interaction between the stump and the inner surface of the socket
is thus essential to guarantee the long-term acceptability, the
comfort and a good functionality of the prosthesis.

Despite the recent research efforts in this field, no fully sat-
isfactory technological solutions exist at present. A comparison
between the existing sockets, analyzing their merits and draw-
backs, has been made by Safari et al. [6], Al-Fakin et al. [7] and
Chatterjee et al. [8] concerning transtibial prostheses.

The purpose of this paper, which makes it different from the
existing reviews on this topic, is to make a complete overview of
the existing sockets for lower limb prostheses, with some links
to upper limb prostheses, when relevant (see the online supple-
ment — Annex 1). Indeed, for upper and lower limb amputees
the socket-related issues are often the same, although with a
different impact. As a consequence, the possible technological
solutions are similar, in many cases.

After a brief description of different existing socket designs,
the next sections analyze the key parameters that influence the
efficiency and acceptability of a socket. Displacements, inter-
facial stresses, volume fluctuations, and thermal discomforts
are presented, describing also the related health issues, as an-
ticipated in the review by Mak et al. [3], but also reporting
quantitative outcomes, and discussing the possible engineer-
ing approaches that may generate effective solutions. The open
challenges are then identified and discussed.
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Fig. 3. (a) Schematic representation of the different anatomical po-
sitions typically used to describe the interaction between socket and
tissues. (b) Prosthetic socket classification for lower limb (SSB = Spe-
cific Surface Bearing; TSB = Total Surface Bearing; ICS = Ischial
Containment Sockets; PTB = Patellar Tendon Bearing; SC = Supra-
Condylar; SCSP = SupraCondylar SupraPatellar; PTK = Patellar Ten-
don Kegel; KBM = Kondylen-Bein-Muenster; NSNA = Normal Shape-
Normal Alignment; narrow ML = narrow Medio-Lateral; CAT-CAM =
Contoured Adducted Trochanteric-Controlled Alignment Method; MAS
= Marlo Anatomical Socket; QUAD = quadrilateral; VAS = Vacuum
Assisted Socket).

Il. SOCKET SHAPE AND BIOMECHANICS

To date, socket design and suspension system are chosen by
the prosthetist, based on the amputees’ residual limb features
(mainly stump dimensions and muscular trophism), on the pa-
tient age, lifestyle and activity level. This process is still often
based on the prosthetist’s personal experience, rather than on
objective data. Fig. 3(a) shows the terminology and the abbre-
viations typically used to describe a socket and its interaction
with the stump tissues.

Concerning lower limbs [see Fig. 3(b)], the first studies on
socket design were carried out in the early ‘50 s [9]. The so-
called Specific Surface Bearing (SSB) sockets and in particular
the Patellar Tendon Bearing (PTB) ones, became the first stan-
dards for transtibial amputees. They were featured by a medio-
lateral grip on femoral condyles and were developed in two ver-
sions: the supracondylar (PTB-SC) one and the supracondylar/
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suprapatellar (PTB-SCSP) one. The latter had a more extended
anterior wall that fully covered the patella [9]. Another design
type owning to the SSB family was the Patellar Tendon Kegel
(PTK), also called Kondylen-Bein-Muenster (KBM) socket,
featured by higher proximal medial-lateral walls compared with
the previously mentioned systems. The main aim of SSB sock-
ets is to apply loads on specific regions, which are typically
more tolerant to high pressure values. However, by reducing the
overall anatomical area loaded, such regions have inevitably to
support high pressure values, which can cause ulcers and other
skin problems. This was the main motivation for the introduc-
tion of Total Surface Bearing (TSB) sockets in the ‘80 s. These
systems aimed at distributing the load on the total stump area
[10], avoiding high local stresses and enhancing the comfort and
fitting, as well as the overall proprioception.

Concerning transfemoral amputees, the sub-ischial quadrilat-
eral socket (QUAD), a SSB socket featured by ischial weight
bearing and a quadrilateral shape in the transverse plane, was
the most adopted solution until the late ‘90 s. More recently,
the QUAD design was mostly replaced by Ischial Contain-
ment Sockets (ICS). They can be developed in different con-
figurations: the Normal Shape-Normal Alignment (NSNA) one
[11], the narrow Medio-Lateral (ML) one [12], the Contoured
Adducted Trochanteric-Controlled Alignment Method (CAT-
CAM) one, the Marlo Anatomical Socket (MAS) one and the
Northwestern ICS [13]. Most of them are TSB sockets and im-
prove the alignment of the femur and the prosthesis axes, thus
enhancing the medial-lateral stability. This is normally achieved
through extended medial-lateral brimlines, which contain the is-
chial tuberosity and ramus.

Recently, the sub-ischial design has been proposed again with
two recent solutions: the sub-ischial Northwestern [14] and the
High Fidelity (Hi-Fi) sockets [15]. They constitute new solu-
tions for medium-long stumps, aiming to enhance stability, gait
and comfort. The sub-ischial Northwestern socket exploits Vac-
uum Assisted Suspensions (VAS, described more in detail in
Section III) to guarantee stability. The Hi-Fi socket is based on
a frame of 3-4 struts that extend longitudinally and compress the
limb (see Fig. 4) [15]. The fenestrations allow tissues to slightly
stick out. The compression areas stabilize the bone, reduce the
motion with respect to the bone and lock the skin.

A. Biomechanical Parameters in Lower Limb Amputees

Quantitative biomechanical analyses allow to evaluate the
effectiveness of different socket designs and how they affect the
overall prosthesis biomechanics. The investigated parameters
include energy expenditure, range of motion (ROM), velocity,
cadence, stride length, stride width, percentage of swing, stance,
etc. Energy expenditure can be mainly measured by the VO,
(i.e., the maximum oxygen volume consumed per minute, per
kg of body weight at maximum performance) and the VCO,
(an analogous parameter for CO, emission). Motion capture
systems are the most used tools to get kinematic information.
However, they imply the need of a structured and standardized
environment. As a consequence, the evaluation of daily activities
are highly sub-investigated.

Fig. 4. HiFi sockets for the lower limbs (reproduced with permission of
the U.S. Department of Veterans Affair [15]).

In general, 52.4% of lower limb amputees report falling ac-
cidents (40.4% with injuries), and 49.2% of them report fear of
falling [16]. Falls and comorbidities can alter the energy con-
sumption of walking and the overall gait speed [17], [18].

In the review of Safari and Meyer [6] on transtibial amputees
it is shown that TSB sockets improve gait symmetry and further
symmetry can be achieved with VAS.

Concerning transfemoral sockets, Radcliffe ef al. [19] clar-
ified that the main biomechanical issue affecting the QUAD
systems is the proximal shifting in the medial-lateral direction.
This implies the femur hitting at the distal lateral wall, caused
by pelvis rotation towards the medial side. The abduction angle
of a QUAD socket was also confirmed by Long ef al. [11]. A
comparison between QUAD and ICS sockets in terms of energy
consumption was made by Flandry er al. [20], reporting a lower
energy expenditure (—56%) in the latter configuration. In addi-
tion, Gailey et al. [21] showed a 20% lower energy expenditure
when using the CAT-CAM socket, with respect to the QUAD
one.

Recent efforts focused on the effects of brim removal on the
Hi-Fi and the sub-ischial Northwestern systems. Results showed
gait parameters at least comparable or even more symmetrical
than standard ICS systems. Thus, brimless sockets were claimed
as preferable [6], [22]. Kahle et al. [23] compared ICS to Hi-
Fi sockets and found a greater mean distance walked for the
latter systems. The amputees also compiled a report, in which
they confirmed an increased balance confidence during daily
activities guaranteed by the Hi-Fi socket [22], [23]. Alley et al.
reported an improvement in cadence and step length for a trans-
femoral amputee using the Hi-Fi sockets, in comparison with a
traditional ICS system [24].

A specific socket design can help to overcome biomechan-
ical issues caused by the amputation. However, they are also
affected by the suspension system and prosthesis components,
as well as by the alignment of the prosthesis itself [25]. Inad-
equate prosthesis components can increase the metabolic cost,
can wrongly activate muscles, and finally can decrease the gait
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symmetry. For this reason, many studies attempted to under-
stand the mechanical behavior of prosthetic ankle-foot devices
and their biomechanical implications [26]. Prosthetic feet must
guarantee stability, especially during the early stance phase, al-
lowing an adequate knee flexion moment, and during the late
stance phase, allowing propulsion during the forward locomo-
tion of the contralateral limb [27], [26]. This can be achieved
through variable stiffness components with an efficient energy
return, thus providing high torque, and paying attention to align-
ment issues. It has been found that dynamic feet (e.g., systems
able to store and release energy during the walk) lower the
user energy expenditure and improve gait, even if not signifi-
cantly [28]. More recent efforts have been directed to add active
components in prosthetic feet to mimic the ankle—foot natural
movement [29]. However, their use is still limited since they are
heavy and bulky, and require high mental efforts during use [30].
In this framework, the most relevant challenge is the set-up of
control algorithms able to guarantee a high reliability keeping
the mental effort low [31].

Traditional pylons (i.e., the connection elements between
prosthetic foot and knee, or foot and socket) were rigid ele-
ments. Nowadays, Vertical Shock Absorbing Pylons (VSAPs),
can absorb cyclic loads applied on tissues, thus decreasing the
shock transmitted to the socket [32]. Their mechanical behavior
has to be studied more in deep, but a certain reduction of user
energy expenditure has been demonstrated [33].

A transverse rotation adapter, adjustable by the prosthetist,
can be placed at the base of the socket or between the pylon and
the foot to rotate all the assembly [33]. This facilitates simple
tasks, such as wearing a shoe, and lowers the shear stresses
on the skin, by allowing micro-rotation of the components in
the transversal plane [34]. It has been found that these devices
can reduce the metabolic cost and improve the activity level
of the user [34]. Recently, a variable stiffness rotator has been
developed by Pew and Klute [34], demonstrating a reduction
of shear stresses applied on stump tissues by regulating the
stiffness in the transverse plane.

The knee is a key component to guarantee a good prosthesis
stability. In particular, it is important in the early stance phase to
absorb the vertical shocks, in the midstance to guarantee a low-
ered center of mass and in the late stance in order to guide the
initial swing phase of the artificial leg, thus avoiding the tip-toe
hitting on the ground [27]. Nowadays the more efficient solu-
tions are the MicroProcessors Knees (MPKs), which allow more
natural gait, improving the prosthesis efficiency and stability,
and reducing the oxygen consumption [25]. In these advanced
systems, the on-board microprocessor control unit detects the
different gait phases of the user by means of load and joint angle
sensors, accelerometers and gyroscopes and consequently ad-
justs the system resistance, to increase the user confidence [27].

When all prosthetic components are chosen, another cru-
cial aspect is their alignment, which determines gait stabil-
ity and fluency. This aspect has to be optimized considering
the rotation and translation of each component in the different
planes, according to the physiological lines. The state-of-the-art
about alignment variations in transtibial amputees has been re-
viewed by Neumann et al. [35] and Davenport et al. [36]. They
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Fig. 5. Classification of socket suspension systems. The figure depicts
such systems for transfemoral amputees, but they can be applied to all
socket types.

evidenced that a wrong alignment can affect several kine-
matic parameters, as well as the pressure distribution at the
stump/socket interface. Schmalz et al. [25] verified that an in-
creased energy expenditure is required in case of a wrong align-
ment and this effect results more significant for transfemoral am-
putees, than for transtibial ones. Furthermore, it has been found
that a wrong alignment in transfemoral amputees, causes an
increased hip extension moment during the early stance phase,
trunk flexion, a decreased step length and other undesired biome-
chanical effects [37].

IIl. SUSPENSION SYSTEMS AND PROSTHESIS FITTING
A. Suspension Systems for Lower Limbs

The prosthesis fitting is mainly determined by its design and
its suspension system. Thus, suspensions are one of the key
factors that influence user satisfaction, as they guarantee the
adhesion of the residual limb to the socket.

Several suspensions are available at present (see Fig. 5).

The simplest one, which has been used since the 20th century,
is a harness, made of rigid or elastic belts. Belt suspensions are
not a stable solution per se, and can act in synergy with other
suspension systems.

Another possible solution is the subatmospheric suspension,
based on the regulation of negative pressures values within the
socket. This is the most diffused for lower limb prostheses.
Negative pressures can be created by skin suction (e.g., skin-fit
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TABLE |
PISTONING VALUES IN LOWER LIMB AMPUTEES
Seal Transtibial
TSB + sleeve 7.5 £ 4.7 mm (unweighted bearing)
suspension [47]
12.4 4+ 5.6 mm (30 N distal loading)
Ai Isi TSB + pin-lock liner 5.4 + 0.6 mm (max value during gait)
(2 Arexpuision 4, © () (501, [48]
5.8 £ 0.8 mm (90 N distal loading)
Fig. 6. From left to right: Seal-In (a), Pin-lock (b), Magnetic-lock  L5B + Seal-In liner 2.5 £ 0.4 mm (max value during gaif)

(c), Lanyard strap (d) (reproduced with permission from MDPI [7]).

suction), through a unidirectional valve that allows the expul-
sion of the residual air. This system allows the maximum user
proprioception, but increases the risk of skin problems. Roll-
on liners are based on alternative mechanisms that maximize
stability: they can be fixed to the socket through a pin-lock, a
magnetic-lock or a lanyard strap (see Fig. 6).

Liners are extensively used in the standard practice, due to
their ability to adhere to the skin, to form a protection against
abrasion and to distribute loads [38]. In the past, prosthetic lin-
ers were made of open and closed cell foams, such as Pelite.
Nowadays, silicone or other elastomers-based liners, rolled on
the residual limb, allow higher durability and a more effective
cushioning effect [9]. Bench tests suggest that elastomeric gel
liners allow reduced shear stress on the skin and higher cush-
ioning effect on bony prominences, since they are rather soft, in
compression, and similar to biological tissues. [38], [9]. How-
ever, they usually increase perspiration, reducing the hygiene
and causing dermatitis or other skin irritations. Urethane lin-
ers guarantee a better skin adhesion, thus avoiding skin break-
downs, thanks to their high friction coefficient, while silicone
elastomers provide a better suspension thanks to their higher
stiffness in tension and are thus preferable for softer stumps, in
order to minimize the relative displacement between the socket
and the residual limb tissues.

Roll-on liners can be also associated with an air evacuation
system based on a unidirectional valve or with a VAS system
(liner-fit suction), allowing a better fitting in comparison with
distal locking mechanisms. Finally, hypobaric seals can be used,
coupled with valves or VAS [Seal-In liner in Fig. 6(a)].

VAS systems apply a subatmospheric environment through a
mechanical or an electrical activation means [27], [14], [39].
They reduce the motion between the residual limb and the
socket, thus also reducing pistoning events, increasing the pros-
thesis control [22], [40]-[42] and allowing lower socket brims
[14]. They are also considered to improve wound healing and
reduce volume fluctuations [42], [43]. Hence vacuum suspen-
sions could be a valid solution. On the other hand, VAS increase
socket weight, need maintenance and can raise difficulties in
donning, as highlighted in some cases [40].

B. Displacements in Lower Limb Amputees

The efficacy of a suspension system is normally evaluated by
measuring the relative displacements between the stump and the
socket. In lower limbs the main displacement-related event is the

[50], [48]
TSB + VAS [82], [49]

2.8 £ 0.5 mm (90 N distal loading)
1 mm (liner) and 33 mm (tibia) (during
axial loading)
1 4 3mm (weighted/unweighted bearing)

PTB [46] 16 mm (stance/swing phase)
Other types

Transfemoral
QUAD [52] 40 = 0.5 mm
Brimless [41] 14 + 8 mm
ICS [41] 25 + 9 mm
Other types N.A.

“pistoning effect”. Pistoning, meant as the vertical movement
of the stump inside the socket, can be relative to the skin-socket,
bone-socket or liner-socket interface. It can be measured through
different systems, such as radiography, ultrasound, computer-
ized tomography, standardized photographies and motion anal-
ysis systems based on markers [39], [44]. It can be measured in
static conditions or in dynamic ones, by applying or not applying
a load on the amputee’s prosthetic leg (see Table I).

For transtibial amputees, Baars et al. [45] demonstrated that
liner-TSB sockets were less affected by pistoning respect to PTB
sockets. Yigiter et al. [46] quantified the pistoning effect for
PTB and TSB sockets, which was 16 &= 4mm and 4 + 5 mm,
respectively. Recently, pistoning differences between Dermo
pin-lock liners and Seal-In liners has been investigated in TSB
sockets, reporting a higher user satisfaction with the Seal-In lin-
ers [12]. Brunelli et al. confirmed that Seal-In liners guaranteed
areduced pistoning in comparison with traditional liners [47].

Magnetic-lock suspensions have been recently introduced in
the clinics. They seem to be easier to don/doff and show reduced
noise. However, they are affected by a larger pistoning effect, in
comparison with pin lock and suction systems [48]. Only a few
works reported an objective observations of VAS, in terms of
pistoning. Klute et al. [49] reported values for the limb-socket
displacement, showing that TSB sockets with a pin-lock liner
showed a significantly larger displacement in comparison with
sockets provided with VAS. However, this work only analyzed
static pistoning. As reviewed by Eshragi et al. [44], only 5 out
of 18 articles have reported pistoning in dynamic conditions, for
transtibial amputees.

It can be inferred that both Seal-In liners and vacuum suspen-
sions imply a reduced pistoning, thus avoiding ‘milking’ [12]
(e.g., an excessive elongation of distal tissues). However, Seal-In
liners still show drawbacks, mainly related to their difficult don-
ning/doffing [50], [51]. A survey on 90 transfemoral amputees
reported a higher satisfaction for Seal-In liners than common
suction suspensions during fitting, sitting, and donning/doffing.
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This was mainly due to a reduced sweating, less pain and ir-
ritation, less pistoning effect, reduced swelling and reduced
smell [39].

Only 2 papers evaluated static pistoning in transfemoral am-
putees: Convery and Murray [52] reported displacements on
QUAD sockets, while Kahle ef al. [41] analyzed sub-ischial and
ICS sockets. No papers are available on dynamic measurements
regarding transfemoral amputees.

In conclusion, more experimental evaluations are needed in
this domain, especially concerning transfemoral amputees, and
a special attention should be paid to dynamic conditions.

The friction coefficient between skin and socket/liner (or be-
tween liner and socket) is extremely important to reduce piston-
ing, but areliable and univocal clinical value still has to be found
[3]. If the friction coefficient is too low, slippage between skin
and socket/liner can occur. However, if the friction coefficient
is too high, high shear stresses can be generated, with pos-
sible tissue distortion during donning/doffing and ambulation,
and higher risks of skin breakdown. This motivates the scien-
tific efforts dedicated to analyze frictional properties of human
skin in relation with materials used into sockets, as reviewed by
Mak et al. [3].

IV. INTERFACIAL STRESSES

A. Pressure and Shear Stresses: General
Considerations

Stress distribution at the interface between the limb and the
prosthesis can generate many discomforts. High pressures ap-
plied on the skin for long periods and in a non-uniform way,
can cause pressure ulcers, sensitive skin, irritations and par-
tial or total vascular occlusions [5]. These phenomena alter the
blood perfusion and the metabolic demand, thus causing an in-
crease in temperature, sweat and tissue epidermis maceration
[3], [53]. Furthermore, the friction between limb and socket
produces shear stresses, which lead to tissue deformation and
increase the risk of injuries [3], [ 10]. Skin problems can evolve in
chronic infections requiring, in the worst cases, a re-amputation
[54]. Identifying pressure threshold values can be the first step
to reduce such discomfort [55]. This is crucial for lower limb
sockets, in which the stumps are cyclically subjected to high
stresses during gait.

Although the relationship between stresses and discomfort
varies for each subject depending on weight, residual muscle
tonicity and life style [56], there are stump areas that are more
tolerant to high pressure values, such as the midpatellar tendon
and the medial tibial ones in transtibial amputees, while other
areas are more critical, such as the distal end of the stump, which
is indeed left unloaded in the socket design [55].

In the state of the art, pain-raising pressure thresholds for the
popliteal fossa and for the patellar tendon have been quantified
as ~50 kPa and ~120 kPa, respectively [57]. A value of 40 kPa
has been considered acceptable during sitting in healthy subjects
[41]. However standard threshold values for the stress interface
distribution within a socket are not available yet, also because
they depend dramatically on the status of the patient residual
tissues and on the prosthesis features. A step forward could be
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Fig. 7. Possible positioning strategies for sensors dedicated to stress

measurements within sockets (piston sensor in contact with the skin
(a), or with the liner (b), flexible sensor inserted within the liner in contact
with the skin (c), or embedded within the socket wall in contact with
the liner (d)); the F-socket sensor (e) (reproduced with permission from
MDPI [7]).

achieved through the use of multi-indenting devices, able to
characterize the hyperviscoelastic properties of residual limb
tissues and to investigate pain thresholds and tolerances for
different anatomical areas [58].

Several studies have been dedicated to quantify the stress
distribution in different prosthetic sockets for transtibial am-
putees, typically subjected to relatively high pressures. On the
other hand, really few data are available on transfemoral pa-
tients. These efforts aimed at comparing different designs and
suspension systems (see the online supplement — Annex 2). In
general, all these studies are based on a rather small number
of subjects and do not often rely on standardized procedures.
It must be mentioned that interfacial stresses can change over-
time, together with changes in the residual limb shape and tissue
properties. This obviously depends also on the socket general
features and its material properties.

Finite Element Analysis (FEA) simulations are a useful tool
that partly circumvents the issue of performing extensive mea-
surements. An efficient model could be even able to predict and
optimize the effects of different socket designs, suspensions and
materials, as reviewed by Dickinson et al. [59].

B. Sensing Technologies for Measuring Stress
Distribution in Amputees

Asreviewed by Al-Fakih et al. [7], pressure sensors dedicated
to stress distribution measurements within sockets can be piezo-
resistive, strain gauges, capacitive or optical ones. They can be
positioned by using dedicated holes or pistons through the socket
wall, in direct contact with the skin [see Fig. 7(a)] or the liner
[see Fig. 7(b)]. Alternatively, they can be inserted [see Fig. 7(c)]
or embedded [see Fig. 7(d)] into the socket.

To date, the piezo-resistive F-Socket System (Tekscan Inc.,
Boston, MA, USA) [see Fig. 7(e)] is the most used commer-
cial solution for performing pressure measurements in clinical
settings. Piezo-resistive sensors can be designed in thin and
flexible configurations, able to map the stress distribution on
large areas of the stump. Nevertheless, these sensors can quan-
tify only pressure values. In order to evaluate both normal and
shear stresses, strain gauges can be adopted. They allow mea-
surements with high sensitivity, but such measurement can be
achieved only in few isolated points. The stiffness of these sys-
tems causes crosstalk and boundary problems due to stress con-
centrations, especially in the curved areas. Capacitive sensors
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Fig. 8. Opto-electronic sensors integrated into the liner (a) and
sesorized pads with fiber bragg gratings integrated into the socket
(b). Images reproduced with permission from IEEE [62], [63].

may overcome these limitations. They can measure both shear
and normal stresses through flexible systems, featured by better
performances than piezo-resistive ones, especially in terms of
drift and hysteresis [60], [61]. The only commercial capacitive
sensor, currently used in the prosthetics field, is the Novel Sys-
tem (Novel Electronics Inc., Saint Paul, MN, USA). However,
it only measures pressure. The main problems of capacitive
transducers are their need for a rather complex electronics, a
non-negligible crosstalk noise within matrix array configura-
tions and a high cost.

Opto-electronic systems [see Fig. 8(a)] or fiber bragg gratings
[FBGs, Fig. 8(b)] may allow the evaluation of normal and shear
stresses with high sensitivity. They have been recently embedded
in a liner or in a socket [62]-[65]. The main disadvantage of
these systems is the relatively high risk of damaging the fibers
or the electronic components. Therefore, their application in
prosthetic sockets is limited yet and more studies are required
to confirm the opportunity to exploit them in this field.

An alternative solution to overcome the issues related to sens-
ing technologies for prosthetic sockets is an approach based on
artificial intelligence. To this purpose, an artificial neural net-
work (ANN) was applied, combining experimental and numer-
ical data [67]-[69]. In this way, it was possible to predict the
pressure distribution inside a socket, starting from the data ob-
tained through strain gauges located on the outer surface. During
the training phase, a large amount of data were collected, by ap-
plying pressures on the internal socket surface (ANN input data)
and collecting the related strain at the outer surface (ANN output
data). Then, through a non-linear transfer function, surface strain
data allowed to predict the interfacial pressure values without
socket modifications and without interfering with the interfacial
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Fig. 9. Variable-stiffness prosthetic socket based on a magnetorheo-
logical fluid (reproduced with permission from IEEE [57]).

conditions, differently from the sensing technologies described
above. This promising solution might permit an easy and rapid
method to quantify the stress distribution in clinical settings.
However, only one experimental test has been performed so far
[69]: further research efforts are thus required in this field.

C. Solutions to Optimize Interfacial Stresses

Some specific solutions aiming at reducing stress-related skin
problems have been proposed in the state of the art. For exam-
ple, the use of liners allows a cushioned protection for bony
prominences [45], as already discussed. It has been also shown
that the pressure is better distributed and tolerated when sub-
atmospheric suspensions are used [42]. These systems (liners
and subatmospheric suspensions) also guarantee an increase of
friction and thus better adhesion to the skin [3].

Variable stiffness sockets have been recently proposed in or-
der to actively modulate stress distribution on the tissues. This
approach aims to reduce the stress in specific sensitive areas and
to guarantee the structural integrity of the socket, thus avoiding
to overcome the material mechanical resistance limit [70]. A
variable-impedance socket, featured by higher stiffness values
in correspondence to softer limb areas and vice versa, was pro-
posed by Sengeh et al. [71]. The authors used a CAD-CAM
process based on laser scanning and MRI data of tissue distribu-
tion to design a heterogeneous socket, which decreased contact
pressures on bony prominences by 7-21%, depending on the
anatomic area, respect to a bare carbon fiber socket with the
same design. Nehme et al. [72] proposed another socket solu-
tion based on heterogeneous materials and openings. However,
it was validated only with FEA and no tests on amputees have
been carried out, yet.

A smart solution to control both stiffness and volume was
based on magnetorheological fluids (see Fig. 9) [57]. In this
case, the volume of a MR bag iwas adjusted through a cylinder.
Then, by playing with magnet configurations (magnets were
manually positioned in the outside socket wall), it was possible
to regulate the overall stiffness. Using a 0.38 T magnet at the
patella area, the pressures decreased from 170 kPa to 70 kPa,
in comparison with a TSB socket. However, the mechanical
control circuit and the power supply required for the regulation
mechanism were rather bulky.

A reliable and continuous measurement of stresses during
daily activities would allow to drive a socket adaptation mech-
anism, thus to keep stresses in a certain “safety range” and thus
to reduce skin problems [73]. Recently, stress sensors have been
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integrated into the socket wall (as done by [74] and [75]) or in the
liner (as done by [62], [60], [61] and proposed by [76]). At the
moment, only few closed-loop adaptable systems are available
in the literature. A transtibial one was proposed by Pirouzi et al.
(see Fig. 10) [73], based on an air cuff, regulated by a microcon-
troller thanks to the data derived from a semiconductor pressure
Sensor.

The pressure threshold was set a priori by the user and the
volume of the air cuff increased until the set value was reached.
In this case, tests with five patients showed smaller mean peak
pressure values, in comparison with other studies focusing on
sockets coupled with Dermo and Seal-In liners.

In some cases, such as the Hi-Fi socket described above (see
Fig. 4), high pressure values can be voluntarily applied to fully
compress the residual limb, stabilize the bone and reduce the
mobility of soft tissues [15], [77]. Alley et al. [15] considered a
typical soft tissue stress-strain curve and supposed that a pres-
sure between 2 and 6 MPa could be constantly applied during
the day without any discomfort, in order to achieve a good sta-
bilization. A proper study of tissue perfusion in compressed and
relaxed areas is still necessary, to avoid a possible ischemic risk
associated with such an approach.

D. Open Challenges and Future Routes

As already discussed, interfacial stresses are the main cause
of skin problems and pain, greatly influencing the overall patient
comfort. One of the main challenges is to identify stress thresh-
old values, which should be not overcame, during the prosthesis
daily use. To this purpose, further efforts must be devoted to
evaluate the stress distribution for different amputation levels
and different socket types. This would bring important benefits

to research efforts on FEA models, which could compare their
predictions with reliable and statistically significant data. FEA
simulations are designed based on the stump tissue distribution
and aim at identifying possible critical points in which stress
may accumulate during dynamic tasks. Reliable data derived
from these analysis would allow the design of heterogeneous
multi-material sockets whose mechanical properties are opti-
mized, taking into account such critical conditions.

Limitations also concern a possible hardware to be used to
measure both normal and shear stresses, without interfering with
the socket biomechanics and comfort. Indeed, the few sensors
commercially available at present, only measure pressures. An
efficient sensor measuring both pressures and shear stresses with
low damage risks and without hampering patient comfort still
has to be devised. On the other hand, ANN methods might be
the most promising solution to overcome these issues, if the
predicted results will be successfully validated in a significant
number of patients.

To reduce or to better distribute the stresses at the stump-
socket interface, several approaches could be adopted. Among
them, the use of heterogeneous materials, featured by different
mechanical properties and stiffness gradients with a mm-scale or
even greater resolution, seems a promising solution. To this aim,
modern additive manufacturing technologies [78], [79] could
be evolved and combined with novel materials formulation, in
order to achieve this objective.

Closed-loop systems adapting their internal shape and fea-
tures in order to achieve a better stress distribution are also
promising. At present, only few papers followed this route and
the resulting systems appeared quite bulky and not much user-
friendly. An alternative technology, able to solve both the issue
of high interfacial stresses and volume fluctuations (see next
section), could be based on granular jamming. This approach
relies on elastic chambers filled with granular structures [80].
When vacuum is applied into the chambers, the system stiff-
ness increases. This may guarantee higher stiffness in case of
limb volume increase, as usually occurs at the softer tissue re-
gions. No studies following this approach have been pursued in
literature, so far.

The development of complex sockets, provided with ac-
tive stiffness-regulating mechanisms and a closed-loop control
based on embedded sensors, looks promising, also because they
may address further issues (temperature, volume, etc.) by using
the same technologies used to optimize interfacial stresses, or
slightly adapting them.

V. VOLUME FLUCTUATIONS
A. Volume Fluctuations: General Considerations

One of the main goals of prosthetic sockets is to achieve an
optimal fit. However, this requires to develop a system able to
compensate changes in volume and shape [81]. Indeed, stump
volume losses cause displacements and enhance the piston-
ing effect. On the other hand, if the stump volume increases,
high pressures and shear stresses arise at the skin [82]. These
changes are critical, especially in the post-amputation phase,
featured by edema and muscle atrophy, and continue to be visible



2004

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 65, NO. 9, SEPTEMBER 2018

also in mature stumps (after 12—18 months), worsened by vas-
cular diseases or other co-morbidities [10], [43]. Different mea-
surement techniques exist to evaluate volume changes: water
displacement techniques, directly applied on the stump or on a
cast, simple anthropometric measurements made through tapes
or calipers, optical scanning, contact probes, ultrasound, spi-
ral X-ray computer tomography, laser scanning, MRI, and bio-
impedance [43].

So far, volume change due to muscle contraction has been
investigated only on transtibial amputees. It was quantified in
+5.8% in absence of a liner and in +3.5% when a liner was used
[83]. Volume changes due to liquid movements can occur in the
short term (hours, days) or in the long term (weeks, months,
years). In general, the stump is subjected to daily volume fluc-
tuations which range from —11% to +7% or even more [82],
[84].

Other studies suggested that a volume increase of 3—5% is suf-
ficient to cause discomfort and difficulties in donning [82]. In
lower limb amputees the speed of volume changes can be around
0.10-0.12 mL/min during standing and 0.20-0.30 mL/min after
motion [85]. The variation rate also depends on the suspension
type and on the socket size. Board er al. observed that vacuum-
assisted suction (—78 kPa) induced a volume gain of 3.7%
against a loss of 6.5% without vacuum suspension [82]. This
study was carried out on TSB sockets and after 30 min of tread-
mill walking. In general, most studies showed a gain in volume
when negative pressures were applied within the socket. Con-
versely, non-VAS suspensions mainly cause volume losses [42],
[82]. Comparing undersized (—15%), natural sized (—7%), and
oversized (+3%) transtibial sockets, a loss of 2%, a gain of 5%
and a gain of 11% in volume have been registered, respectively,
after 18 min of walking [6], [86]. All the mentioned values have
been measured mainly on transtibial amputees. Thus, studies
focusing on the other amputation levels are still needed.

B. Technologies to Compensate Volume Fluctuations

Different methods have been suggested for facing daily vol-
ume fluctuations. The use of flexible socket systems has been
proposed to this purpose. They can consist of a polyethylene or
silicone elastomer inner socket with an outer harder structure,
provided with fenestrations. Some solutions for lower limbs are
the IPOS, the ISNY (Icelandic Swedish New York) and the SFS
(Scandinavian Flexible Socket), which differ in terms of frame
fabrication techniques and inner socket materials [87].

Other solutions include socks, pads or inflatable bladders,
which can be added or integrated into the socket [see Fig. 11(a)].
Sanders et al. reviewed the mechanical features of commercially
available air-filled bladders [88]. The main issues affecting them
are a high compressibility, which causes losses [43], and the
need of high pressures to reduce the volume variability [89].
Furthermore, they are more difficult to control in comparison
with liquid actuation systems [90].

Another solution proposed for lower limb was based on an
array of sensorized inflatable pressure actuators, inserted in spe-
cial pockets within the socket wall [91] [see Fig. 11(b)]. In this
first prototype an external pump, connected with an air pressure

— Bladders mounted
inside socket

Reservoir w/control
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(©) (d)

Fig. 11. Some examples of inflatable inserts for prosthetic socket
(a) and of sockets with integrated bladders (b)—(d) (a reproduced with
permission from U.S. Department of Veterans Affair [88], b reproduced
with permission from IEEE [91], ¢ reproduced with permission from
American Academy of Orthotists and Prosthetists [89], d adapted
from [92]).

regulator, was used to actuate the inflatable array, while an F-
Socket sensor read the pressures at the interface. Future evolu-
tions of this system will likely aim at miniaturizing the setup,
thus to efficiently integrate all the components within a socket.
A similar solution was based on an all-covering bladder with a
controller (see Fig. 10) [73].

However, as previously discussed, liquid-filled solutions
would be preferable. The only commercial hydraulic circuit in-
tegrated inside a socket is described in [89] [see Fig. 11(c)] is the
authors described a passive system in which the fluid was drawn
from a reservoir into some bladders by exploiting leg motion
and by gravity, whereas unidirectional valves avoided a reflux.
Another fluidic solution is the one based on magnetorheologi-
cal fluids described in the previous section and shown in Fig. 9
[57]. Magnetorheological fluids have the advantage of allowing
a double control on volume and stiffness. However this solution
is limited by its bulkiness, as already discussed. A fluidic so-
lution can be also obtained by localizing rolled fluidic artificial
muscles in sensitive areas within the socket. In these actuators,
inextensible braided fibers transform a balloon isotropic strain
into a contraction or an extension, allowing a uniform strain and
supporting high loads in comparison to simple bladders [85].

A patent analysis in this domain revealed other interesting
solutions. Some of them are related to insertable bladders, man-
ually inflated with air by the prosthetist [93] or through an ex-
ternal needle [94]. Another solution consists of an insert made
of several bladders, integrated within the inner socket wall and
actively controlled by a central processing unit (CPU), closing
the loop with pressure sensors [see Fig. 11(d)] [92]. A similar
concept has been applied to the liner [95]. The system proposed
in this patent is composed of two layers made of a porous matrix
and an incompressible fluid, which can flow from the outer to
the inner layer, under the control of a CPU, by using the output
of pressure sensors. In order to compensate volume fluctuations,
the liner could be also made of an auxetic foam, which expands
or reducesas the limb volume decreases or increases [96].
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Fig. 12.  Examples of variable-volume sockets (a) reproduced with per-
mission from American Academy of Orthotists and Prosthetists [99],
(b) adapted from [101], and (c) adapted from [102]).

(a) (b)

Fig. 13.  The Infinite Socket (a) photo courtesy George Burnard/LIM
Innovations, www.liminnovations.com) and the Socket-less Socket
(b) photo courtesy Jay Martin/Martin Bionics, www.martinbionics.com).

Other approaches exist, based on sockets made of movable
panels (see Fig. 12). These can be adjusted manually through
straps [97], [98], clamps [see Fig. 12(a)] [99], [100] or lac-
ing system (e.g., the commercial RevoFit socket with the Boa
system). In other configurations, the socket can be divided in
struts, connected through encircling bands [see Fig. 12(b)] [101]
or through a lacing system with a tensioning mechanism [see
Fig. 12(c)] [102], [103], which is manually adjustable.

The most recently launched commercial solutions are based
on this endeavor. The Infinite Socket (LIM Innovations, San
Francisco, CA, USA) is an innovative commercial custom
socket based on four struts, which can be adapted to the stump
volume thanks to pivoting and sliding joints, lacing system and
clamps, thus improving the user performances, as demonstrated
in [104] (see Fig. 13). Another efficient solution is the Socket-
less Socket (Martin Bionics, Oklahoma City, USA), able to
perform macro and micro-adjustments on volume fluctuations,
but no studies on this design have been found in the literature.
Both systems are manually adjustabe by the patient. However,
to avoid an excessive tightening, which may have severe con-
sequences in the long term (stump deformation and mass loss),
these devices should evolve towards sockets able to automati-
cally adjust their volume.

C. Open Challenges and Future Routes

Regarding volume adjustments, several solutions have been
proposed but a generally accepted solution is not available, yet.

The use of bladders, pads or other inserts does not allow a uni-
form deformation across the socket thickness and, consequently,
does not guarantee a uniform stress distribution [43], [85]. In
addition, the use of inserts within the socket has to be more
carefully investigated. In fact, Sanders ef al. claimed that such
elements may induce an additional volume loss, due to non-
physiological stump tissue compression [81]. If the Sanders’
assumption will be not confirmed, a smart design based on flu-
idic chambers could be an efficient solution to be pursued, in
order to better distribute the stresses and properly adjust the
volumes, when the stump volume tends to decrease. In addition,
through magnetorheological fluids, also the socket wall stiffness
could be regulated. Contrarily, if the stump volume tends to in-
crease, the granular jamming technology, previously described,
could be adopted. Since volume gains occur especially with VAS
suspension and considering that the granular jamming concept
is based on the application of vacuum inside elastic chambers, a
single vacuum pump could be used for both purposes: VAS and
jamming.

Current commercial solutions are based on lacing or clamp
systems manually adjustable by the users: none of them adjust
the volume automatically. This may bring patients to exceed in
tightening their socket, driven by the desire of maximizing the
fitting and stability of their prosthesis. An excessive tightening,
however, is likely to cause dramatic volume changes in the
residual tissues and dermatological problems, thus increasing
the risk of prosthesis abandon, in the long-term. In general,
a dynamic system able to monitor the stress distribution and
consequently adjust the volume and the shape of the socket
would be much more efficient. Future efforts may be focused in
this direction.

VI. TEMPERATURE
A. Thermoregulation and Comfort: A Close Relationship

Thermal homeostasis within the socket is another key factor
for the long-term success of prostheses. Previous studies have
found that more than 53% of prosthetic users feel discomfort
due to excessive heat or sweating, and an increment of 1-2 °C
is sufficient to trigger this kind of problems [105].

After amputation, the thermoregulatory system tends to in-
crease the patient’s sweating rate since full-contact sockets with
liners, which represent a good solution in terms of fitting, create
a barrier to thermal transfer mechanisms [106], [107].

Materials that are nowadays widespread in prosthetic sock-
ets and liners (i.e., silicone, thermoplastic elastomers, mineral
oil gel, closed cell foam, etc.) are featured by poor heat con-
duction capabilities (thermal conductivity lower than 1 W/m-K)
and low moisture permeability [108], [109]. Consequently, skin
maceration and bacterial invasion may occur [110]. The typical
amputee clinical picture worsens this situation: such patients are
often affected by diabetes or vascular diseases, with sweating
abnormalities and a reduced convective mechanism by the cir-
culatory system [10]. Thus, proper materials have to be devised
for sockets, taking into account their thermal conductivity and
breathability in addition to their friction coefficient and overall
elasticity.
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Individual aspects, such as age, sex and activity level are also
significant in the thermoregulatory process [111]. This makes
it difficult to obtain a temperature absolute value which has to
be maintained at the skin level of prosthetic users. However,
average values of skin temperature are around 31°, which can
be used as a typical reference value for achieving thermal com-
fort [112], [113]. In general, the skin temperature is lower in
areas featured by low perfusion, such as the anterior proximal
locations, and higher in areas with high perfusion, e.g., across
the posterior section. Close to large muscle masses, metabolism
and perfusion are greater than close to bony regions. This is
reflected by corresponding higher and lower skin temperatures,
respectively [114], [115].

Quantifying temperature fluctuations at the stump-socket in-
terface is an important starting point in order to identify suitable
technological solutions. Perry et al. analyzed skin temperature
within the socket of 5 transtibial amputees during different ac-
tivities, by using ad hoc thermistors [114]. The temperature,
which had a mean initial value of 31.4°, increased by 0.8° when
the patient remained in a seated position for 15 min, and by
1.7° when the patient walked for 10 min. After improving the
experimental set up [115], a new analysis on a transtibial am-
putee was performed. The skin temperature decreased by 0.4°,
reaching 29.5°, when the patient rested for one hour, whereas it
increased by 3.1° after walking for one hour.

B. Existing Solutions to Avoid Stump Overheating

Several solutions to avoid the discomfort caused by heat and
perspiration have been proposed, although only few of them
are already available. Some possible solutions focused on the
properties of certain materials, e.g., breathable fabrics [105].
The Silcare Breathe Liner by Endolite (Basingstoke, Hampshire,
UK) is a commercial solution in which air and sweat, normally
trapped between the liner and the skin, are expelled thanks
to laser-drilled perforations on the liner, thus guaranteeing a
healthier environment for the stump [116].

Textile spacer fabrics with bacteriostatic fibers and silver ions
can be also added to liners to prevent bacterial invasion and to
reduce unpleasant odors; in addition, they allow good capil-
lary effects eliminating perspiration [108]. In this framework,
available commercial solutions are socks based on the X-Static
technology (based on pure silver-coated fibers), which have to
be worn below the liner, allowing antimicrobial and anti-odor
benefits.

Nanocomposite materials may constitute an added value in
this field. Nanotechnology-based solutions can be exploited to
increase hygiene, by fabricating super-hydrophobic surfaces or
by adding silver antibacterial particles, to reduce sweat and odor
build-up produced at the socket interface [105], [117]. Graphitic
foam materials may be also adopted, to achieve products with
higher thermal conductive properties.

Cooling vests can be also obtained by using smart materi-
als which can absorb or release heat, according to their change
phases [117]. An innovative commercial solution exploiting this
paradigm is the SmartTemp Liner by The Ohio Willow Wood
Company (Mt Sterling, OH, USA) [116]. It is based on the
NASA Outlast technology, incorporating phase change materi-
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Fig. 14.  Thermoregulatory systems within prosthetic sockets based on
the phase change of an ice pack (a), on a closed-loop system with a ther-
mal pump (b), on a heat sink and a fan (c) and on a cooling channel with
an air pump (d), (a), (c) and (d) reproduced with permission from Elsevier
[120], [122], [123], b photo courtesy Kamiar Ghoseiri/Department of Or-
thotics and Prosthetics, University of Social Welfare and Rehabilitation
Sciences).

als in the silicone liner. When the skin is exposed to temperature
increments, the expelled heat is absorbed by the liner and re-
leased when the skin temperature decreases. By testing this liner
on 16 transtibial amputees, Wernke et al. have demonstrated a
significant reduction in skin temperature and sweating during
activity and post-activity [118].

An alternative approach consists of developing a socket with
ventilated shells, through some openings parts which allow the
escape of moisture and increase skin ventilation [119]. However,
they enhance stresses at the brims and reduce only partially
the thermal discomfort, thus not representing a game-changing
solution.

More complex systems, based on active thermoregulation de-
vices or phase change materials are promising, although they
should be miniaturized and more properly controlled in order
to be integrated in commercial devices. A proposed solution is
based on the phase change of an ice pack, used as a dedicated
element to absorb heat in a cooling system integrated into the
socket wall [see Fig. 14(a)] [120]. Using a preliminary proto-
type, its cooling capability resulted from 6.6 W to 15.6 W thanks
to the adjustable thermal resistance obtained through the flow
channel array.

Another thermoregulated socket was described in [113], [121]
[see Fig. 14(b)]. This device received data from 16 different
integrated digital temperature sensors, sent such inputs to a mi-
crocontroller and compared them with a standard temperature
value, previously set. The result of this comparison was then
used to activate a cooling/heating system, based on a thermal
pump. Through bench tests, the feasibility of this approach has
been confirmed: the device was able to guarantee thermal equi-
librium between the outside and the inside of the liner. However,
further investigation and validation steps are needed.

Another proposed design was based on heat pipes with a
negligible thermal resistance, which concentrated the heat flux
from the liner to a heat sink. A compact fan then moved the
heat flux from the heat sink to the surrounding environment [see
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Fig. 15. Patented thermoregulation systems for sockets, based on ven-
tilated spacer element and breathable fabric (a), openings in the socket
wall (b), a closed-loop cooling system with a heat pipe and a heat sink (c)
and a liner with airflow channels (d) (a) adapted from [124], (b) adapted
from [126], (c) adapted from [128], (d) adapted from [129]).

Fig. 14(c)] [122]. The preliminary prototype showed a cooling
capability ranging from 2.1 W to 7.0 W and it was able to main-
tain a constant temperature. Other groups also tried to modify
the socket wall, incorporating a helical cooling channel inside
it, with an air pump embedded at the inlet, in order to circu-
late room temperature air within the socket. They demonstrated
a cooling effect through computer simulations and bench tests
[see Fig. 14(d)] [123].

Among the sockets with ventilated shells, there are examples
of patented prostheses with a socket wall divided into different
parts, connected through straps or similar elements and com-
prising a ventilated spacer element in the breathable fabric [see
Fig. 15(a)] [124]. Another patented solution close to this con-
cept is based on a reconfigurable socket with a window and a
panel, adjustable by a lacing system [125]. It also comprises a
membrane, permeable to water but not to the air, and a porous
layer, which allows the elimination of moisture.

Further strategies have been recently patented. One of them
is based on thermoelectric coolers (TEC), based on the Peltier
effect, embedded into the socket wall [126] or into the liner
[96], offering rather compact, yet controllable solutions [see
Fig. 15(b)]. TEC devices are featured by low cooling perfor-
mances, due to their limited heat exchange efficiency, and by a
rather high power consumption. However some improvements
have been recently achieved for this technology [127].

Zhe et al. [128] proposed an integrated cooling system which
comprises a heat pipe to focus the heat flux through a work-
ing fluid to a heat sink, regulated by a control system and heat
sensors [see Fig. 15(c)]. Fluid evaporation draws heat, and sub-
sequently the heat sink decreases its temperature. The device

includes a vacuum system in the heat pipe for changing the fluid
boiling point with respect to the boiling point at atmospheric
conditions, and a fan for blowing the air across the heat pipe.
Another patent [130] proposes a device which concentrates air
in a canalized layer, allowing the absorption of moisture and
the evaporation of perspiration. Near the canalized layer there
is another layer with highly conductive fibers that redistribute
heat uniformly. In [103] a porous wicking material, attached to a
hypobaric assisted vacuum liner, is suggested to allow moisture
escapement. Finally, in [129] a dedicated liner with different
conical holes is proposed; the holes would be able to eliminate
moisture at the skin through airflow channels used also for the
suspension [see Fig. 15(d)].

C. Open Challenges and Future Routes

Rather few studies have been dedicated to temperature mea-
surements on the residual limb. Thus, a better characterization
is still necessary, especially concerning transfemoral amputees.
A main obstacle is the use of thermistors, which allow to carry
out only short tests, because they cause discomfort, irritations
and skin ulcerations. Ad hoc measurement systems should be
developed to this purpose. Possible solutions could be based on
optical fibers developed through micro electro-mechanical sys-
tems (MEMS) technologies and able to measure both temper-
ature and pressure values [131]. MEMS sensors could be used
also to evaluate the moisture within a socket [132] and in general
may allow multi-purpose and multi-variable sensing [133].

Despite several solutions have been devised to avoid stump
overheating, only two dedicated liners are commercially avail-
able (The Silcare Breathe Liner by Endolite and the SmartTemp
Liner by The Ohio Willow Wood Company). Future efforts may
be focused on improving material proprieties, to make them
more hygienic and breathable.

Nanotechnology may play an important role in finding ef-
ficient solutions for heat dissipation. However, nanomaterials
safety is still a debated issue: if the material degrades over time,
nanoparticles could be released on the skin, thus causing irrita-
tions, allergic reactions or even worst effects [105], [134]. More
studies are thus required to investigate their stability and their
possible toxicity.

Phase change materials are a very interesting alternative, al-
though they are quite hard to control. For such solutions, as
well as for complex thermoregulation mechatronic systems, it
must be taken into account that local skin cooling can generate
a localized vasoconstriction, which decreases skin blood flow
almost to zero. Thus, a more accurate thermodynamic investiga-
tion has to be performed to evaluate the use of such technologies
in the field of prosthetic sockets, besides the technical problems
related to miniaturization and usability.

VIl. CONCLUSION

The field of prosthetics dramatically evolved in the last
decades. However, many amputees still reject their prostheses
or report a low satisfaction level, mainly due to socket-related
issues. An interesting approach that tries to overcome this lim-
itation is based on osseointegration [135]. In this paradigm, a
fixed component is implanted into the bone and a percutaneous
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abutment connects it to the prosthesis. This approach allows re-
covering the physiological load transmission through the skele-
ton. However, several risks arise at the interface, often causing
re-interventions, fractures, etc. Hence, it is still far from fully
substituting prosthetic sockets.

The development of an ideal socket is a non-straightforward
process, which needs to address a complex interplay of factors
affecting the long-term usability, comfort and overall perfor-
mance of the prosthesis. Such factors can be separately iden-
tified and described, but they all act in a synergistic way to
determine the socket success or failure. Interfacial stresses are
one of the most important factors to be considered. An altered
stress distribution can cause skin problems and pain, affecting
the whole comfort and, consequently, the gait biomechanics.
The stump volume fluctuations alter the socket fitting, donning
and comfort. Temperature is another important factor: an in-
crease of temperature can lead to perspiration, which increases
slippage and causes skin problems. Slippage obviously alters
the socket fit, with consequences also on the stress distribution.

To date, the socket design is mainly grounded on the pros-
thetist’s experience, with poor attention to quantitative data.
Associating the invaluable know-how of prosthetists with ad-
vanced materials, miniaturized and - as much as possible - “dis-
appearing” sensors and actuators will be probably the right way
to achieve a really advanced socket, able to self-adapt to inter-
facial stresses, volume and temperature fluctuations in real-time
and in a closed-loop fashion, during both static and dynamic
tasks.
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