
536 IEEE TRANSACTIONS ON MEDICAL ROBOTICS AND BIONICS, VOL. 6, NO. 2, MAY 2024

Soft Transfemoral Prosthetic Socket With Sensing
and Augmenting Feedback: A Case Study

Linda Paternò , Member, IEEE, Mariangela Filosa , Eugenio Anselmino , Alessio Cecere,
Filippo Dell’Agnello , Emanuele Gruppioni , Member, IEEE, Alberto Mazzoni ,

Silvestro Micera , Fellow, IEEE, Calogero Oddo , Senior Member, IEEE,
and Arianna Menciassi , Fellow, IEEE

Abstract—In lower limb prostheses, the physical interface
constituted by the socket is a crucial component for the device
success. This work proposes a new design based on a rigid frame
integrated into a silicone structure which allows for a more
comfortable biomechanical coupling with the residual limb and
facilitates the integration of smart technologies. This paves the
way for new possibilities for prosthetic bidirectional interfaces
or user health monitoring. Thus, four surface EMG sensors,
three vibrotactile units, and nine temperature and humidity
sensors have been integrated into the socket. These components
enable the user’s motor intention decoding, provide augmenting
feedback, and measure the residual limb thermal condition when
wearing the prosthesis. The new socket was tested on a parte-
cipant with a transfemoral amputation. The sEMG signals were
registered during five different tasks in a circuit training and the
classification median accuracy of an intention decoding algorithm
was found to always be higher than 73%. The user’s perception
of vibrotactile feedback was assessed through a psychophysical
experiment and revealed vibrations from singularly activated
units were the best perceived. Questionnaire results confirmed
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a high satisfaction level. However, tests on temperature and
humidity suggest more efforts are still required in terms of skin
perspiration.

Index Terms—Augmenting feedback, EMG sensing, prosthetic
liner, prosthetic socket, residual limb, transfemoral amputee,
volume fluctuations.

I. INTRODUCTION

IN THE last few years, various concepts of innovative lower
limb prostheses have been developed to mimic the lost

biological capabilities and restore the impaired performances
of the user, ever more effectively [1], [2], [3]. In this context,
the development of a smart physical human-machine interface
becomes essential to seamlessly integrate the prosthesis with
the user and advance novel functionalities [4].

In lower limb prostheses, the physical human-machine
interface is typically constituted by the socket, a passive rigid
structure that replicates the user’s residual limb shape to
provide a grip on bony prominences and a suction effect on
soft tissues [6]. The socket system often includes a soft liner
worn on the residual limb before fitting the socket to improve
prosthesis comfort and protect the tissues.

The socket system primarily aims to ensure a stable and
comfortable biomechanical coupling with the user [5], but
the potential to incorporate smart components into it could
open up new possibilities in lower limb prostheses. As
the socket system serves as the link between the artificial
device and biological tissues, integrated smart components
could enable a bidirectional interface for a closed control
loop of the prosthetic device [12], as well as unobtrusive
monitoring of the user’s health [13]. Nevertheless, numer-
ous socket-related issues are reported by the majority of
lower limb amputees [9], [10]. In particular, current sockets
cannot compensate for even small residual limb volume
changes, which can occur also in the short term, e.g.,
due to physical activity [9]. This can compromise the fit-
ting and suspension of the socket, hampering the use of
the prosthesis. Additionally, lower limb sockets exert high
stresses on tissues, leading to various vascular and derma-
tological complications [5], [10]. The design and materials
of the socket and liner also create a physical barrier that
affects the user’s thermoregulation system, causing sweating
and irritation [11]. Due to these issues, embedding sensors
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and actuators into lower limb sockets proves particularly
challenging [5].

Some previous works exploring skin-contact technologies
for motion intention decoding or sensory feedback in lower
limb prostheses have bypassed the need for a new socket
system by placing sensors and actuators outside it, on the
proximal healthy part of the residual limb [12]. Nevertheless,
these technologies should be seamlessly integrated into the
artificial device that the user is already required to use
to not compromise the users’ acceptance. Additionally, this
approach can be applied in transtibial prostheses, but it may
be unfeasible in transfemoral ones since the socket covers
the entire residual limb of the user [14]. The main approach
reported in the literature for overcoming these challenges
is embedding smart components into the liner. Even if this
approach has been demonstrated as effective [14], [15], [16],
[17], [18], [19], it strongly limits the exploitable technologies
due to the liner design with a few millimeters thickness,
its softness, the need to be coupled with the outer socket,
and to route component cables out of the liner without
hindering the vacuum-based suspension of the prosthesis.
Additionally, the liner is worn and removed by rolling it up
and down on the residual limb. This daily action can damage
the liner and smart components, especially in the case of
wired solutions and rigid parts. Soft actuators and sensors
could be smoothly integrated, but further advancements are
still required to achieve performances comparable to more
traditional and robust ones [20]. Another minor aspect is that
prosthetic liners do not usually require specific alignment on
the residual limb, unlike sockets that enable the alignment
of the prosthesis with the user’s body. However, some smart
components, e.g., surface electromyography (sEMG) sensors,
require specific positions on the residual limb. This additional
positioning process of the liner can be particularly complex
and time-consuming for the user [14].

Against this background, this work aims to design a new
transfemoral soft socket to advance the state-of-the-art in
prosthetic physical human-machine interfaces. The proposed
socket aims to improve user comfort through a more flexible
structure that can passively compensate for small volume
changes of the residual limb and lower pressures on the tissues
without the need for a standalone liner component. This design
facilitates the integration of smart elements into the socket,
providing novel solutions for sockets that are not merely
passive and rigid structures, but mechatronic devices versatile
enough to serve various purposes in the prosthetic field. Thus,
sEMG sensors and vibrotactile units have been integrated
to demonstrate the potential of using the new socket to
enable a bidirectional interface for transfemoral prostheses and
temperature and humidity sensors to unobtrusively monitor the
residual limb thermal conditions when wearing the prosthesis.

II. METHODS

A. Design Overview

The proposed socket consists of a soft silicone structure that
integrates a rigid frame of epoxy resin reinforced with carbon
fibers (Fig. 1). The rigid structure features a distal hemispheric

TABLE I
PARTICIPANT’S GENERAL FEATURES

Sex
Age 50 years old
Weight 88 kg
Time since amputation 32 years
Amputation cause Traumatic event
Own socket design Ischial Cointainment Socket of carbon fiber 

reinforced epoxy resin without liner
Suspension system Passive vacuum suspension based on 

unidirectional valve
Activity level K3*
*

ability. K1: no ability to ambulate; K2: able to perform activities typical of 
limited community ambulatory; K3: able to perform activities typical of 
community ambulatory; K4: able to perform high-impact activities.

shape with two parts extended to the proximal area only in
the lateral and medial sites. This solution removes a rigid
interface in the anterior and posterior regions, thus improving
comfort especially in sitting positions. At the same time, it
allows for a narrower medio-lateral structure, fundamental for
the alignment of the femur with the prosthesis axis, but also
for a more flexible prosthetic interface able to compensate for
small changes in the volume of the residual limb [5]. Based on
the user’s preferences and features, the proximal edges of the
rigid frame can be featured by a sub-ischial design, i.e., with
the proximal edge a few centimeters under the ischium [21], or
they can create a grip on the great trochanter and on the ischial
ramus or tuberosity, as in more traditional Ischial Containment
Sockets [22]. The rigid frame is embedded in a soft structure
made of 617H43 Silicone Gel (Ottobock). This is constituted
by a 5 mm outer layer and an inner layer with a variable
thickness increasing from 5 mm proximally to 15 mm distally,
thus simulating the shape of commercial prosthetic stand-alone
liners, but integrated into the socket itself. This design highly
simplifies the integration of skin-contact technologies, since it
is composed of a single component instead of a sensorized soft
liner that has to be coupled with an outer rigid socket. In this
way also prosthesis donning is facilitated. Indeed, the user has
to care only about the proper alignment of the socket, as usual,
because of the need to align the prosthesis with the body.

The new socket can be worn as traditional solutions with
suction suspensions without liners, namely skin-fit sockets (see
Fig. 1S in the supplementary material) [5]. In particular, for
donning the prosthesis, the user wears a specific low-friction
sock with laces on the residual limb. Then, the residual limb
is positioned within the socket with the distal end of the sock
exiting through the hole of the valve of the suspension system.
The sock is then removed by pulling it away through the valve
hole, thus pulling the residual limb within the socket.

For the assessment of this new design, an expert prosthetist
manufactured a preliminary soft socket without smart elements
to quantify its performance in terms of volume compensations.
Since the socket is a user-specific component that replicates
the residual limb shape, it was designed for a transfemoral
residual limb simulator with an embedded fluidic chamber
that allows for changing its volume [23]. Subsequently, a
transfemoral amputee (TABLE I) was recruited to manufac-
ture and test a new personalized soft socket integrating the
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Fig. 1. Design of the soft socket and the integrated technologies. The socket features a flexible frame made of epoxy resin reinforced with carbon fibers
embedded in a soft silicone structure. Three vibrotactile units are integrated into the socket in specific housings at the proximal area and in contact with
residual limb tissues. They are controlled by a control unit, namely the VibroBoard unit, that the user can wear around the low back thanks to a belt. Four
pairs of Ag/AgCl pre-gelled electrodes are integrated in correspondence with the residual limb target muscles and connected to an EMG detection system
through mechanical clips integrated into the socket. All the cables are embedded in the soft structure, thus ensuring the vacuum-based suspension system
of the socket. Additionally, nine iButtons Data Logger can be positioned in specific housings in the soft structure proximally and distally in the anterior,
posterior, lateral, and medial sites, and at the distal end, to monitor the thermal conditions of the residual limb within the socket (RH: Relative Humidity).

sEMG sensing, augmenting feedback, and temperature and
humidity sensors to demonstrate the feasibility of the proposed
approach.

B. Volume Compensation Performances of the Soft Socket in
Simulated Environment

A 3D scanner (model: GO!SCAN50, Creaform Inc.) was
used to measure the initial simulator volume (V0), which was
found equal to 5000 cm3. Then, the simulator was fixed in
position within the new soft socket (Fig. 2, left) and 150 cm3

of water (�V) were supplied to the fluidic chamber at a
flow rate of 50 cm3/min by a syringe pump. This allowed
for a simulator volume increment of 3% (�V/ V0), which
has been found as a characteristic volume fluctuation in the
transfemoral amputee population [9]. An F – Socket system
(Tekscan Inc.) with two resistive sensors (model: Tekscan
Medical Sensor 9833) was positioned on the lateral and medial
sites of the simulator / socket interface to measure the pressure
changes during the volume increment. This test was repeated

five times with the new soft socket (Fig. 2, left) and five
times with a more traditional one (Fig. 2, right). In particular,
for the traditional one, the Northwestern University Flexible
Sub-ischial Vacuum (NU-FlexSIV) Socket was chosen, since
reported as the most comfortable and flexible solution in the
current state-of-the-art (Fig. 2, right) [21].

C. sEMG Sensing System

In upper limb prostheses, sEMG signals of residual muscles
have become the standard to decode the user’s motor intents
with a noninvasive approach [1], [8]. This promoted further
progress also in socket design and, nowadays, several solu-
tions are available to integrate multiple and different surface
electrodes at the prosthetic interface [8], [9]. Although this
approach has been demonstrated promising also in lower limb
prostheses [10], [11], [12], [13], [14], only a few studies
followed this route [1]. One of the main challenges turns out
the integration of smart components into the socket, especially
for more proximal amputation levels, such as the transfemoral
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Fig. 2. Experimental set-up for assessing the performances of the new
socket (left) in compensating residual limb volume increments with respect
to a more traditional design (Northwestern University Flexible Sub-ischial
Vacuum Socket, right). Tests were carried out by a residual limb simulator
and supplying 150 cm3 of water in an integrated fluidic chamber which allows
for changing its volume. Sensors were positioned at the socket interface to
measure pressure changes while increasing the simulator volume.

one [15], [16], [17], due to the different previously men-
tioned socket-related issues. Indeed, a robust interface has to
be implemented for sEMG recording without hindering the
comfort and suspension of the socket itself [18]. In upper
limb prostheses, suspension challenges are less pronounced
due to lower loads on the socket. In contrast, even minor
leakages in the vacuum-based suspension system of the socket
can significantly impact the stability of the prosthesis in lower
limb amputees. In this context, the new socket design was
exploited to integrate commercial sEMG electrodes in contact
with residual limb tissues to test the performances of an
intention decoding algorithm.

The sEMG sensing system consisted of four pairs of
commercial surface pre-gelled electrodes (model: Ag/AgCl
PSG50S) connected to a commercial 64-channel detection
device (model: Sessantaquattro, OT Bioelettronica S.r.l.)
(Fig. 1). The sEMG signals allowed for the detection of the
user’s motor intention by the implementation of the algorithm
presented in Barberi et al. [29]. The algorithm received as
input the Mean Absolute Value (MAV) extracted from the
preprocessed sEMG signals of a subfraction of the gait cycle
and it outputted the motor task the participant desired to per-
form. The detectable motor tasks were Ground Level Walking
(GLW), Stairs Ascending (SA), Stairs Descending (SD),
Ramps Ascending (RA), and Ramps Descending (RD). The
classification process exploited a Support Vector Machines
based on the Error Correcting Output Code (ECOC) technique.

For decoding the user’s motor intentions, the Rectus
Femoris, Tensor Fasciae Latae, Adductor Longus, and Biceps
Femoris were proved as optimal recording sites in a previous
clinical study [26], [29]. Since the position of limb muscles
can vary after amputation due to rearrangements during the
surgical procedure, the positions of the four electrode pairs
were identified by an expert physical therapist and recorded
by 3D scanning (Fig. 3a, top). Initially, the physical therapist

Fig. 3. a) Positioning of the sEMG electrodes on the recruited participant’s
residual limb (top) and its positive cast (bottom). The electrode pairs 1, 2, 3,
and 4 are on the Rectus Femoris, Tensor Fasciae Latae, Adductor Longus, and
Biceps Femoris residual muscles, respectively. b) Integration of the electrodes
into the socket. The soft parts of the electrodes were not integrated into the
socket structure to ensure contact between the electrodes and the tissues, while
the rigid clip connectors were within the socket structure to avoid discomfort.

identified muscles through palpation and then instructed the
participant to perform isometric contractions. This facilitated
the identification of target muscle positions through contrac-
tion and relaxation tasks. Then, the residual limb skin was
shaved, an alcohol wipe was used to disinfect and remove
sebum, and a slightly damp cloth to prevent excessive skin
dryness. The sEMG sensors were positioned and tests were
conducted to assess the function of the specific muscles during
contraction.

An expert prosthetist made the negative cast of the residual
limb with plaster bandages and realized the corresponding
positive cast, which was 3D scanned, thus identifying the final
positions of the electrode connectors at the prosthetic interface
(Fig. 3a, bottom). In the final socket, the soft part of the
electrodes is not embedded in the socket structure (Fig. 3b).
This can contribute to an increase in pressures applied to the
residual limb but should ensure contact between the electrodes
and the tissues. In addition, the pressure increment is expected
not significant since the soft part of the electrodes is less
than 1 mm thick and soft. On the contrary, the rigid clips are
embedded in the socket structure and do not exert pressure on
the residual limb tissues.

D. Augmenting Feedback System

Along with the decoding of the efferent outputs to further
control robotic limbs, the restoration of the afferent pathways
would be beneficial for gait enhancement. It has been demon-
strated that the sensory information coming from the skin,
muscles, and joint receptors of the leg has a crucial role in
balance and kinematics during locomotion [30], [31]. After an
amputation, patients need to learn a new way of decoding such
information, mainly relying on the haptic interactions between
the residual limb and the prosthetic socket. This requires a high
cognitive effort that is usually further exacerbated by limited
confidence in using the prosthesis. The high-pressure levels at
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Fig. 4. Positioning of the VibroTactile (VT) units into the socket. The
VTs are embedded into the soft socket, where housings in the proximal area
were manufactured on purpose by using ad-hoc templates during the socket
manufacturing.

the socket interface cause several dermatological problems and
pain to residual tissues, thus reducing the haptic perception
of the residual limb [31], [32]. Furthermore, limb amputees
often experience problems related to phantom limb syndrome,
which can involve acute or chronic pain, perceptions, and
sensations in the absent limb [33]. As a consequence, lower
limb amputees usually show gait asymmetries and suboptimal
performances when using the prosthesis. Sensory feedback
solutions based on vibrotactile technologies have been demon-
strated so far to enable improved gait symmetry patterns and
postural control [34], [35], [36]. However, these technologies
were always positioned out of the prosthesis, thus affecting
the usability of the final device. Thus, a vibrotactile feedback
system was embedded into the novel socket to demonstrate
the advantages of the proposed solution.

The augmenting feedback system included three
VibroTactile (VT) units, each consisting of an eccentric
rotating mass (ERM) motor (Pico Vibe 304-116, Precision
MicroDrives) encapsulated in a PDMS silicone disk (diameter:
20 mm; thickness 6 mm) for enhancing users’ comfort
(Fig. 1) [37]. The VT units were controlled by a central
unit, namely the VibroBoard, through a real-time controller,
sbRIO-9651 (National Instruments—NI, Austin, TX, USA),
endowed with a Xilinx Zynq-7020 System on Chip. A 667-
MHz dual-core ARM Cortex-A9 processor runs a NI real-time
operating system and a Field Programmable Gate Array
(FPGA) unit Xilinx Artix-7. Each VT unit was driven by a
1 kHz PWM (Pulse-Width Modulation) of a 5V source. The
VibroBoard unit was housed in a case that can be worn by a
belt to not hinder the user’s mobility. The VTs were instead
embedded into the soft socket, where housings in the proximal
area were manufactured on purpose (Fig. 4).

Given the strong participant-specific perceptual properties
of the residual limb, the positioning of the VTs was previously
assessed. In particular, the posterior region was not considered
for the delivery of the stimuli, to prevent affecting the
user’s comfort when sitting. Hence, the lateral, anterior, and
medial sides along the circumference of the proximal residual
limb were chosen for VT1, VT2, and VT3, respectively.
Considering the final configuration of the EMG electrodes
and the need to put the VTs far enough from them (at least
2 cm) to prevent affecting the quality of the signals, the final
spacing was about 11 cm and 7.5 cm between VT1 and VT2
and between VT2 and VT3, respectively.

Fig. 5. Experimental protocol for recording sEMG signals. The protocol
was featured by a circuit training including five different tasks (Ground Level
Walking (GLW), Ramps Ascending (RA), Ramps Descending (RD), Stairs
Ascending (SA), Stairs Descending (SD)). It was repeated for 15 times with
a 5-minute break in between.

E. Thermal Conditions of the Residual Limb Within the
Socket

Nine commercial Hygrochron Data Logger iButtons
(Maxim Integrated Products Inc – USA; model: DS1923-F5#;
11-bit resolution: 0.0625 ◦C for temperature and 0.04% for
relative humidity; sampling time: 5 s) [38] were also temporar-
ily integrated into the socket after having been calibrated by
a climatic chamber [18]. The iButtons allowed for measuring
both temperature and relative humidity of the residual limb
skin within the socket. In particular, they were positioned
into specific housings manufactured at the socket interface
proximally and distally in the anterior, posterior, lateral, and
medial sites, and at the distal end (see Fig. 6). After the
thermal characterization, the iButtons were removed and the
housings were filled with silicone gel buttons to recreate a
smooth interface.

F. Human Participant Tests

The general features of the recruited transfemoral
amputee are reported in TABLE I. The design study was
approved by the Joint Ethical Committee of the Scuola
Superiore Sant’Anna and Scuola Normale Superiore (Approval
no. 11/2021) and the tests were carried out at the prosthetic
center Franchi Ortopedia (Cascina, PI, Italy). All experiments
were undertaken in accordance with the World Medical
Association’s Code of Ethics and the Declaration of Helsinki.
The recruited participant signed an informed consent form to
take part in the test sessions.

During tests, the participant was asked to perform a circuit
training, at his usual speed in daily life, including the five
different locomotion tasks that the motion intention decoding
algorithm could infer (i.e., GLW, SA, SD, RA, and RD,
Fig. 5). This circuit training was repeated 15 times with a
5-minute break in between to avoid the participant’s fatigue.
During trials, the gait events were identified using signals of a
footswitch placed under the participant’s foot. At the beginning
and end of the experimental session and between the two
trials, the sEMG signals were recorded during four muscle
contractions in a standing position to perform a further Signal-
to-Noise Ratio (SNR) analysis.

For the post-processing of the acquired data, three represen-
tative subwindows of the gait cycle were selected to test the
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Fig. 6. Positioning of the iButtons Data Loggers integrated into the socket
inner surface in contact with the residual limb and experimental protocol for
assessing the temperature and relative humidity within the socket.

efficacy of the algorithm presented in Barberi et al. [29]. Each
subwindow provided the classification output at a different
percentage of the ongoing step. The first one considered the
EMG signals acquired between 0% and 100% of the gait cycle,
the second between 0% and 60%, and the third between -30%
and 20%. In the latter case, the intention decoding algorithm
used the last portion of the previous gait cycle. Each window
was tested by performing a 5-fold cross-validation on the
acquired dataset, after the implementation of the preprocessing
and feature extraction pipeline described in Section II-C.
The tests were repeated with two different Support Vector
Machines kernels (linear and 2nd-order polynomial) to show
the algorithm behavior when using approaches that present
different computational loads.

The appropriate integration of the augmenting feedback
device into the socket was assessed through a psychophysical
experiment. Specifically, the recruited participant was asked
to localize random stimuli delivered over the residual limb
surface while wearing the socket in either the sitting or
standing position. After a familiarization session, where the
experimenter provided the participant with known vibration
events, five experimental trials were performed. The activa-
tions of one, two, three, or no VT units at three different
intensities (i.e., 50%, 70%, and 100% PWM, corresponding
to an ERM motor acceleration peak of about 2g, 3g, and
4g, respectively) were repeated four times per trial, having
96 stimuli each and 480 stimuli overall during the experiment.
To avoid expectation effects, the delivery of the stimuli was
randomized across the trials. At each event, the participant
was asked to identify the vibrating units and the experimenter
recorded the answers on a dedicated LabVIEW (National
Instruments Corp) GUI (Graphical User Interface). A 5-minute
rest period between consecutive trials was taken to avoid
the participant’s fatigue. The collected data were analyzed
in MATLAB (Mathworks, Inc) to assess the participant’s

Fig. 7. (a) Manufacturing of rigid frame: a variable thickness part was
designed and 3D printed to be positioned on the positive cast. Then, the rigid
frame was manufactured by co-infusion technique. (b) Manufacturing of soft
structure: a specific mold was designed and positioned on the positive cast
with the rigid frame, electrode connectors, and the templates of the valve, VT
units, and iButtons. Hence, silicone gel was poured into the mold.

accuracy in localizing the stimuli, computed as the number of
the right answers over the total amount of the delivered feed-
back events per each intensity level. The normalized confusion
matrices for both postures were also extrapolated to identify
the misclassification among all the activation conditions for
all the stimulation levels grouped together.

Finally, the intra-socket temperature and relative humidity
were collected by the nine iButtons during 30 minutes of
resting, 20 minutes of briskly walking at a self-selected speed
(∼ 6 km/h) on a treadmill (to examine the thermal conditions
of the residual limb in a worst-case scenario of high fatigue),
and 30 minutes of resting post-exercise (Fig. 6). The mean and
standard deviation of nine sensors were evaluated on the initial
and final 1-minute recorded data of the two resting periods.

Upon the completion of all tests, the participant was asked
to fill out the Socket Comfort Score (SCS) [39] and a modified
Prosthetic Evaluation Questionnaire (PEQ) focused on the
comfort and fitting of the prosthetic socket [40], [41].

G. Manufacturing

The manufacturing of the soft socket started with the
development of the rigid frame when the positive cast of the
residual limb was done (Fig. 3a).

In particular, a CAD of the inner variable thickness silicone
layer of the socket was designed in SolidWorks starting from
the 3D scan of the positive cast (Fig. 7a). It was 3D printed in
PLA material together with a valve template required for the
integration of the suspension system based on a unidirectional
valve (21Y14, Ottobock) at the lateral-distal area of the
socket [5]. These components were positioned on the residual
limb positive cast and the rigid frame of carbon fiber reinforced
epoxy resin was manufactured by lamination technique.

Similarly, a specific mold for the socket soft structure and
the templates of the VT units and iButtons were developed
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Fig. 8. Final soft socket with four sEMG sensors and three vibrotactile (VT)
units (medial view, left; lateral view, right).

(Fig. 7b). The 3D printed variable thickness part was removed
and the templates, rigid frame, and electrode connectors were
fixed on the positive cast and subsequently closed within the
3D printed mold. Afterward, the soft structure was manufac-
tured by injecting silicone gel within the mold.

When the silicone gel was polymerized, the external silicone
layer on the rigid frame was cut to minimize the weight of the
final socket, and an aesthetic sock was glued to the external
surface. The final soft socket, with a total weight of 1.8 kg, is
shown in Fig. 8.

III. RESULTS

A. Volume Change Compensation Performances

The pressure changes measured at the socket interface due
to the simulator volume increment of 3% are reported in
Fig. 9, for both the new soft socket and the more traditional
NU-FlexSIV one. For all sensors, the pressure remains approx-
imately constant until a volume increment of 25 cm3 (i.e.,
+0.5% volume change) and subsequently increases linearly.
In both designs, higher values were measured at the medial
side than the lateral one. At a volume increment of 150 cm3

(+3%), the pressure difference between the medial and lateral
areas was 13.8 kPa for the soft socket and 10.96 kPa for the
NU-FlexSIV Socket. This is probably related to the traditional
shape of transfemoral sockets that apply higher pressures on
the medial region, especially at the proximal level, near the
ischial tuberosity and the Scarpa’s triangle [5].

As expected, the soft socket was able to compensate for the
volume changes in a more efficient way. In particular, when
the volume was increased of 150 cm3 (+3%), the pressure was
lower of 42.3 kPa (medial sensor) and 44.8 kPa (lateral sensor)
for the soft socket with respect to the NU-FlexSIV Socket.
Furthermore, the volume change caused a pressure increment
of 66.4 kPa laterally and 71.5 kPa medially in the NU-FlexSIV
Socket, versus 31.2 kPa laterally and 45.3 kPa medially in the
new soft socket.

B. EMG Sensing System

The sEMG signals acquired by the smart socket were found
stable and suitable for the implementation of intention detec-
tion algorithms. The signals acquired during static contractions
tests turned out visible for all the channels except for the

Fig. 9. Mean and standard deviation of the pressure changes at the medial
and lateral sites of the socket interface while the volume of the residual limb
simulator was increased by 3% (corresponding to an increment of 150 cm3).
The experimental test was carried out five times with a soft socket and five
times with a more traditional NU-FlexSIV Socket (see Fig. 2).

Fig. 10. Plot of the preprocessed sEMG signals and the MAV of the static
contraction tests. The first acquisition has been performed before the execution
of the locomotion tasks, the second between the two acquisition trials, and
the third at the end of the experimental session.

Biceps Femoris one (Fig. 10) and their SNR remained stable
across the experimental session, both before, during, and after
the execution of the locomotion tasks (TABLE II).

The lower SNR of the Bicep Femoris channel was probably
due to damage to the corresponding electrode during the
insertion of the residual limb into the socket. Indeed, Ag/AgCl
pre-gelled electrodes present an adhesive surface to ensure
stable contact with the skin, and this adhesive surface may
have been damaged during the socket donning. As shown in
Fig. 11, the median accuracy across the folds was higher than
73% for both the linear and polynomial kernels cases but
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TABLE II
SIGNAL-TO-NOISE RATIO DURING STATIC CONTRACTION TESTS [DB]

Rectus 
Femoris

Tensor 
Fasciae 
Latae

Adductor 
Longus

Biceps 
Femoris

Acquisition 1 13.22 9.92 12.05 0.55
Acquisition 2 13.79 10.92 10.21 1.11
Acquisition 3 15.11 11.07 10.48 1.20

Fig. 11. Performances of the classification algorithm expressed as median
and IQR across the folds.

tended to decrease when using the [−30%, 20%] acquisition
window. Despite the similarities in terms of accuracy, the
interquartile range (IQR) was found to be lower for the
polynomial kernel version of the algorithm, indicating an
increase in performance stability.

C. Augmenting Feedback System

The participant’s accuracy in identifying the vibrotactile
stimuli is represented in Fig. 12. In particular, the accuracy at
each VT activation level (2g, 3g, and 4g) and the combination
of all of them are shown across the five trials (median, (25th
percentile, 75th percentile)) for both the sitting and standing
positions. The accuracy was 71.88% (69.53%, 75.78%) at 2g,
75% (70.84%, 81.25%) at 3g, 81.25% (73.44%, 90.63%) at
4g and 76% (70.23%, 82.55%) grouping all the stimulation
levels together in the sitting position. For the standing position,
the accuracy was 65.63% (57.81%, 72.66%) at 2g, 78.13%
(71.10%, 85.16%) at 3g, 75% (75%, 81.25%) at 4g and
73.95% (69.53%, 76.30%) grouping all the stimulation levels
together. In addition, the outcomes collected through the
LabVIEW GUI were elaborated in MATLAB to evaluate
the normalized confusion matrices reported in Fig. 12 and
in Fig. 2S of the Supplementary Material. The normalized
confusion matrices illustrate the percentage of classification
accuracy at each VT activation condition (Fig. 12, right) and
at each stimulation intensity level (Fig. 2S).

D. Intra-Socket Temperature and Humidity and User’s
Satisfaction

Fig. 13 shows the temperature and relative humidity during
30 minutes of resting, 20 minutes of walking, and 30 minutes
of resting after physical activity. The mean and standard
deviation of the nine sensors on the initial and final 1-minute
recorded data of the two resting periods are reported in Fig. 13.

TABLE III
INTRA-SOCKET TEMPERATURE AND RELATIVE HUMIDITY

T [ °C ] RH [ % ]
Start of 1st resting period 28.7 ± 2.5 65.1 ± 4.0
End of 1st resting period 29.8 ± 2.8 75.3 ± 5.9
Start of 2nd resting period 31.1 ± 2.5 80.6 ± 8.8
End of 2nd resting period 31.0 ± 2.4 85.5 ± 9.5

Mean and standard deviation of the data recorded during the initial and final 
minute of the two resting periods, before and after physical activity. RH: 
Relative Humidity.

While the relative humidity increased continuously throughout
the data collection period, the temperature values were more
variable. Particularly, they highly increased during the initial
15 minutes of the 1st resting period and with the beginning of
the physical activity. During the 2nd resting period, a reduction
of the temperature occurred but without reaching the before
exercise values.

The Socket Comfort Score was found equal to 8/10 for the
recruited amputee, thus confirming the overall comfort of the
new solution. The results of the modified PEQ confirmed a
high satisfaction level, with no value rated lower than 7/10.

IV. DISCUSSIONS AND CONCLUSION

A closed human-centered control loop in robotic lower limb
prostheses is essential for yielding the device as an integral
part of the user’s body. To this end, the prosthetic socket,
which represents the physical interface of limb prostheses,
should integrate sensors and actuators to allow for a bidi-
rectional interface for decoding the user’s motion intention
and returning augmenting feedback. Additionally, for persons
with limb loss, the prosthesis provides an ideal solution for
integrating sensing technologies to monitor the user’s health
with a non-intrusive approach. Nevertheless, integrating smart
technologies in wearable physical interfaces is still an open
challenge, particularly in lower limb prostheses due to the
different parameters affecting the socket comfort [5].

In this study, a new socket design has been proposed in
order to overcome some limitations of previous solutions and
simplify the integration of sensors and actuators in contact
with the user’s residual tissues. The socket features a quite
flexible structure that allows for compensating more effectively
volume increments which can affect the residual limb over
time. Indeed, by using a variable volume simulator of a
transfemoral residual limb, the pressure changes due to a
volume increment of 3% were verified with the new socket
and an existing one (i.e., the NU-FlexSIV Socket). Pressure
results were found equal at 41.2 kPa and 54.6 kPa at the lateral
and medial sides in the new socket versus 86.0 kPa and 96.9
kPa in the other one (Fig. 9). Even if the shape of the NU-
FlexSIV Socket generally applies higher pressures due to its
specific design [10] – as can be noted by the higher initial
pressure values of the NU-FlexSIV Socket in Fig. 9 – the
pressure change due to the 3% volume increment was found
equal to +66.4 kPa laterally and +71.5 kPa medially in the
NU-FlexSIV Socket, versus +31.2 kPa laterally and +45.3
kPa medially in the new soft socket. Volume increases within
a day in the transfemoral amputee population have been found



544 IEEE TRANSACTIONS ON MEDICAL ROBOTICS AND BIONICS, VOL. 6, NO. 2, MAY 2024

Fig. 12. Results of the psychophysical experiment to assess the feasibility of integrating the sensory feedback device into the socket. Both the sitting (top)
and the standing (bottom) position analyses are reported. On the left: the accuracy (median and interquartile range values) to perceive and identify the activated
VT is reported at each activation level across the 5 trials. The overall performance (“All” activation level case) is reported as well. On the right: normalized
confusion matrix to investigate the localization ability of the recruited participant when considering the activation of single VTs, pairs and triple of VTs. All
the stimulation levels are grouped together.

+2.6% due to prosthesis removal and +3.2% due to physical
activity [9]. Thus, the proposed socket turns out a possible
solution to achieve a prosthetic physical interface able to adapt
to the residual limb volume changes in the short term, more
effectively with respect to other designs and without the need
of integrating bulky and heavy actuation systems [42].

To demonstrate the feasibility of the proposed approach to
allow for a bidirectional interface exploitable in robotic lower
limb prostheses, a transfemoral amputee was recruited and a
new socket with integrated sEMG sensing and augmenting
feedback was developed. In addition, nine iButtons have been
integrated temporarily within the socket to assess the thermal
conditions of the residual limb. In the future, they could
be integrated into the final prototypes during specific time
slots, for example, during medical controls, to monitor the
thermal conditions at various intervals. Indeed, iButtons can
collect a limited amount of data and store it in integrated
memory. If different types of sensors are selected, they could

be permanently integrated into the socket to enable early
detection and prevention of patient deterioration. This solution
has the potential to overcome the patients’ current self-
monitoring approach. Indeed, self-monitoring often triggers
clinical actions too late, when symptoms are visible but
too severe for effective non-invasive treatment. Therefore,
a proactive healthcare system capable of enabling sudden
detections is of crucial importance, and the proposed socket
design paves the way for future advancements in this direction.

The final results are similar to those reported in the previous
clinical studies, with higher temperature values in the proximal
than the distal region, and relative humidity that increased
continuously during the entire test [18]. In particular, the tem-
perature was found slightly lower with respect to the previous
works that, however, were carried out only on transtibial
amputees. Indeed, in our study, the initial temperature after
30 minutes of resting was equal to 29.8 ± 2.8 ◦C compared
to 31.0 ± 1.5 ◦C [11] and 32.2 ± 1.3 ◦C [43] measured
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Fig. 13. Temperature and relative humidity values within the soft socket during 30 minutes of resting, 20 minutes of walking at a self-selected speed on a
treadmill, and a 30 minutes of seated resting period post-exercise.

respectively in nine and five transtibial amputees. Furthermore,
the physical activity caused an increment of 1.3 ◦C compared
to 3.1 ◦C reported by Klute et al. [11]. The temperature
increments are mainly due to the silicone layer of the socket,
as already reported in the literature for silicone liners [5], [44].
Indeed, silicone material allows for lowering pressures on
tissues and other advantages but features a very low thermal
conductivity. Since an increment of 1–2 ◦C is sufficient to
cause discomfort to the participant, additional efforts are still
required to improve the thermal conditions of the residual limb
within the socket. In this regard, the most widespread solution
is based on the exploitation of perforating techniques to
create micro-holes able to improve perspiration and sweating
expulsion [45], [46], [47], [48]. However, this approach may
affect the vacuum suspension system of the socket. For this
reason, it is usually exploited only for transtibial prostheses, or
with other suspension systems, e.g., a pin-locking mechanism,
which, however, turns out heavy and bulky [46], [47].

The overall comfort of the new socket was evaluated using
a modified version of the PEQ and the Socket Comfort
Score. The recruited participant expressed a high level of
acceptance for the new socket, along with extremely positive
feedback. While the tests were carried out with only one
participant, these results provide pilot evidence of the potential
of the proposed solution. In the future, the recruitment of a
statistically significant number of participants will enable a
conclusive assessment of its effectiveness and acceptability.

The new socket featured four commercial pre-gelled elec-
trodes and three vibrotactile units at the interface with the
residual tissues. Through the electrodes, sEMG signals were
acquired to infer the motor intention of the recruited partic-
ipant by a decoding algorithm based on a Support Vector
Machines approach [29]. In the future, promising dry electrode

technologies, such as textile-based solutions [49], will be
investigated to further improve integration while keeping a
comfortable and soft interface. Indeed, in the current design,
disposable pre-gelled electrodes can be easily replaced thanks
to the mechanical clips. However, they are fragile components
that could be frequently damaged. This was also confirmed by
the noisy signals acquired through the Bicep Femoris channel
(Fig. 10), probably caused by damage to the corresponding
electrode. Anyhow, the performed tests showed promising
results, with an accuracy in the classification of the performed
tasks higher than 73% with all the three analyzed gait cycle
sub-windows (i.e., 0% - 100%, 0% - 60%, −30% - 20%)
and with both linear and polynomial 2nd order kernels. In
particular, the window that considered the EMG signals
acquired between 0% and 60% of the gait cycle allowed for
the highest median accuracy, equal to 86% for both kernel
options, but with a lower IQR value for the polynomial one,
which points out an improvement in terms of performance
stability (Fig. 11).

The feasibility to equip the prosthetic socket with an
augmenting feedback system was assessed through a psy-
chophysical experiment based on delivering vibrotactile
stimuli that the participant should identify. The three vibrotac-
tile units were activated randomly and at different stimulation
levels (i.e., 2g, 3g and 4g ERM motor peak acceleration).
The accuracy was computed and as expected, the results
showed increasing accuracy with the increment of the stim-
ulation intensity. The stimuli at 4g acceleration were the
best-perceived ones when the participant was sat. Slight dif-
ferences were found between the intermediate and the highest
intensity levels for the standing position, being the former,
i.e., 3g, greater than the latter, i.e., 4g. Overall, although the
differences between the two postures were not remarkable,
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perception performance in the sitting position was slightly
better (Fig. 12). This result may be attributed to the increased
pressure between the stump and the socket inner surface,
as well as the deformation of the thigh soft tissues while
standing, thus causing altered perception of vibrations. In both
the cases, also less strong vibrations have been perceived with
an accuracy over the random guess threshold (equal to 33%
accuracy).

A thorough insight into the normalized confusion matrices
suggested that the accuracy in perceiving singularly activated
units was the highest and less misrecognized in both the
sitting and the standing positions. Specifically, VT1 and VT2
were correctly identified most of the times, whereas VT3 was
sometimes confounded with VT2 or the pair VT2-VT3. This
trend was confirmed when considering the activation of VT
pairs and triple as well, since classification errors originated
from the low ability of the participant to distinguish VT2 from
VT3 stimuli. As an example, the activation of all the VTs at
the same time was misclassified as the activation of the VT1-
VT3 pair in about half the cases, suggesting that the activation
of the medial (VT3) and the anterior (VT2) units were often
perceived as a single stimulus (Fig. 12). Being these two units
placed at a shorter distance than the distance between VT1 and
VT2, the obtained results suggested that the participant’s two-
point discrimination threshold for vibrations on the upper leg is
greater than 7.5 cm, against the 4.5 cm distance between two
static tactile cues found by Weinsten [50]. In this regard, it is
worth considering that amputees usually present an altered and
inhomogeneous tactile sensitivity on the residual limb [51]. In
addition, discrimination of vibratory cues, unlike that of static
stimuli, is somehow affected by the propagation effect of the
vibrating waves through the tissues, which also depends on
the specific properties of the skin at that site [52].

However, the analysis of the effect of the different stimu-
lation levels on the accuracy to localize stimuli demonstrated
that stronger vibrations determined better results, with less
sparse confusion matrices. The discrimination ability between
VT2 and VT3 activations improved with the intensity increase
in the sitting position, whilst VT2 remained highly misrec-
ognized in paired activations while standing (Supplementary
Fig. 1S). These findings may provide useful information on
how designing a feedback pattern able to provide easily
interpretable information about the user’s gait [53].

In tasks involving motor control and coordination, vision
serves as a primary source of feedback [31]. The eyes contin-
uously provide information about the position of body parts,
the surrounding environment, and potential obstacles. Thus,
future studies could include additional tests with vibrotactile
feedback, both with and without the participant’s eyes open.
This could enable a more comprehensive analysis of the role
of vision in sensory feedback and effective sensory-motor
integration.

The main limitation of the proposed study is that only one
participant was involved due to the need to produce a custom
socket for each user. Additionally, some translational chal-
lenges have to be overcome to achieve a smart socket that can
be really integrated into a robotic prosthesis. The VibroBoard
used for the vibrotactile stimuli should be miniaturized and the

control unit for the motor intention decoding based on sEMG
signals should be programmed on-chip. However, the proposed
solution is one of the first attempts in the development of a
bidirectional interface for transfemoral prostheses based on a
non-invasive approach that relies on the integration of smart
technologies into the socket. Thus, the proposed solution opens
up new possibilities for robotic prostheses, paving the way for
the development of an effective bidirectional control of these
devices.
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