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ABSTRACT

Introduction: A key determinant of prosthesis use is the quality of fit of the prosthetic socket. The 
socket surrounds the residual limb and applies the appropriate force distribution to the soft tissues to 
maintain suspension, support, and stabilization as well as translate limb movement to prosthesis 
movement. The challenge in socket fabrication lays in achieving geometry that provides the appro-
priate force distribution at physiologically appropriate locations; a task dependent on the understand-
ing of interface tissue-mechanics.
Areas Covered: In the last 20 years substantial advancements in sensor innovation and computational 
power have allowed researchers to quantify the socket-residual limb interface; this paper reviews 
prominent measurement and sensing techniques described in literature over this time frame. 
Advantages and short comings of each technique are discussed with a focus on translation to clinical 
environments.
Expert Opinion: Prosthetic sockets directly influence comfort, device use, user satisfaction, and tissue 
health. Advancements in instrumentation technology have unlocked the possibility of sophisticated 
measurement systems providing quantitative data that may work in tandem with a clinician’s heuristic 
expertise during socket fabrication. If validated, many of the emerging sensing technologies could be 
implemented into a clinical setting to better characterize how patients interact with their device and 
help inform prosthesis fabrication and assessment techniques.

ARTICLE HISTORY

Received 30 January 2023  
Accepted 1 August 2023  

KEYWORDS

Prostheses; socket; force; 
pressure; instrumentation; 
sensors; clinical translation

1. Introduction

Each year in the United States, an estimated 185,000 people 

undergo the amputation of a limb [1]. In 1996 estimates of 

prevalence suggested that 1.2 million Americans are living 

with limb loss [2], and in 2005, these estimates raised to 

1.6 million [3]. These numbers are expected to more than 

double by 2050 due to the aging population and increases 

in the incidence of diabetes mellitus and dysvascular disease 

[3]. Furthermore, it was reported in 2017 that there are 

57.7 million people living with limb amputation worldwide 

[4]. For many of these individuals, a prosthesis will be pre-

scribed to offset the function lost with the limb, aid in the 

performance of daily activities, and help facilitate indepen-

dence and a return to community and societal roles.

The functional goals of upper limb (UL) and lower limb (LL) 

prostheses are fundamentally different. UL prostheses are 

designed to assist during the many dexterous movements 

one performs with their hands and arms while interacting 

with their daily environment. In contrast, LL prostheses are 

designed for predictable cyclical applications such as weight 

bearing and balance during ambulatory activities. Although 

these goals may differ, the prosthetic socket is a universal 

component that acts as the interface between the limb and 

the various prosthesis components, regardless of the limb or 

level of amputation.

One of the most influential factors for the use of 

a prosthesis is the design of the prosthetic socket [5]. The 

socket functions as the point of attachment of the prosthesis 

to the user’s residual limb (RL). It is at this crucial junction 

where the soft tissue of the user’s RL must serve as the 

connection between the bone and rigid materials of the pros-

thesis. Traditional sockets are designed to strategically com-

press specific areas of the user’s RL while relieving contact 

pressures in others or, in the case for lower limb prostheses, 

maintain full contact with the RL to ensure proper socket fit. 

The overall goal of the socket is to utilize the individual’s 

morphology to achieve suspension, support, and stabilization 

along with mechanical stability of the prosthesis while avoid-

ing tissue irritation, damage, or general discomfort. 

Additionally, in the lower limb, most users wear silicone or 

gel liners rolled over their residual limb prior to donning the 
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socket. These liners help pre-shape residual soft tissues, dis-

perse forces on the limb, and can increase comfort, suspen-

sion, support, and stabilization. In the upper limb, liners are 

common, but suction suspension methods that do not employ 

this technology are also used. Regardless of the interface used, 

the socket must be custom designed for each patient to 

achieve appropriate geometry for an effective interfacial pres-

sure distribution between the RL and socket.

1.1. Socket–limb interactions

The general term ‘socket fit’ can be used to encompass the 

quantitative and qualitative factors that have influence on 

comfort, suspension, support, stabilization, and the security 

of the prosthesis while worn on the RL. Socket fit and speci-

fically comfort have substantial implications on user satisfac-

tion [6–8]. At its core, socket fit is a biomechanical concept 

that is highly dependent on the interaction between RL tissues 

and socket. Movement and loading of the prosthesis are 

translated through the surrounding soft tissue onto 

a patient’s residual skeletal structure via the socket. 

Therefore, the prosthesis is coupled to the user’s skeletal 

system through an intermediate layer of deformable soft tis-

sue, making designing sockets that reduce relative motion in 

this layer a major objective. In the LL, relative motion may 

result in pistoning (cyclical vertical displacement of the socket 

on the limb in phase with weight bearing during gait), axial 

rotation of the socket on the limb, or other unwanted forces 

across the limb due to socket tilt or displacement. In the UL, 

relative motion of a socket on the limb may result in similar 

effects as the LL along with reduced range of motion and 

control, especially in myoelectric prostheses where control 

electrodes in the socket must be securely placed at specific 

contact locations on the residual muscles.

In practice, a method of minimizing relative motion is to 

utilize prominent bony structures in the RL for stability while 

maintaining total contact with the residual soft tissue to 

counter-stabilize resultant loads. Yet, overly high pressure 

can significantly decrease comfort and increase the risk of 

tissue irritation or damage [9]. Additionally, multiple areas of 

the RL are more physiologically tolerant to higher loading, 

such as the patellar tendon and popliteal fossa on transtibial 

amputees [10], along with areas more sensitive to loading 

such as the distal end of the residual bones [9]. Therefore, 

the challenge to the prosthetist lays in designing a socket that 

balances suspension, support, stability, and corresponding 

contact pressures, all while accommodating the individual’s 

unique anatomy and locations on the limb to which interfacial 

pressures are being distributed. In clinical practice, the impli-

cations of proper design are well acknowledged and much of 

a prosthetist’s effort will be dedicated to the design and 

fabrication of the socket [9].

1.2. Poor-fit and tissue damage

In both UL and LL prostheses, soft tissue irritation is a common 

complication. Numerous dermatologic problems related to 

prosthesis use have been reported including pressure ulcers, 

blister, cysts, edema, skin irritation, and dermatitis among 

others [11,12]. Tissue damage can be present at the surface 

or in deep tissue. Damage at the surface epidermis of the skin 

will typically result from shear loads imparted on the skin 

caused by repetitive socket displacement. Slip between the 

skin’s surface and the prosthetic socket results in a friction- 

shearing that can mechanically separate layers in the epider-

mis resulting in friction blisters [13]. Other common complica-

tions may include epidermal abrasion, general irritation and 

redness, and general mechanical damage of the residuum 

resulting in bruising and general soreness of affected areas.

Beyond surface tissue damage, more severe tissue injuries 

can occur caused by higher load applications, and therefore 

deep tissue injuries are more commonly reported with LL 

prosthesis use [14–16]. Deep tissue damage and wound for-

mation may result from physiologically inappropriate force 

distribution, shearing, and deformation of soft tissue between 

the residual skeletal structure and the rigid surfaces of the 

prosthetic socket. These conditions may occlude blood flow, 

as well as nutrient, oxygen, and lymphatic transport in the 

affected tissues. Furthermore, these conditions may promote 

ischemic reperfusion, all of which may result in pressure 

wound formation and deep tissue injury [14].

Tissue damage resulting from poor socket fit is 

a physiological consequence of the biomechanical conditions 

imparted on the RL via the socket. This has direct implications 

on a user’s frequency of prosthesis use [12] as injuries require 

time to be treated and heal. Comfort is commonly identified 

as a crucial factor affecting the use and user satisfaction of 

a prosthetic device [6,8,17]. Additionally, many patients experi-

ence compromised sensory capacity in their residual limb due 

to nerve damage associated with either their initial injury and 

amputation or related disease processes such as neuropathy 

associated with diabetes mellitus. This further emphasizes the 

importance of a well-designed socket as damage to the resi-

duum may not be detected by these populations until more 

severe tissue injury occurs.

1.3. Quantification of RL–socket mechanics

In socket design and fabrication, a comprehensive under-

standing of the RL–socket mechanical interactions is vital. 

Quantitative and empirical data holds the potential to identify 

anatomical locations bearing high normal and shearing loads 

and can also facilitate the prediction of how a socket may 
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interact with the residuum. This has important implications on 

the improvement of comfort, risk of tissue injury, as well as the 

satisfaction and usage of the prosthesis.

A method reported in literature that is used to achieve this 

mechanical understanding is the use of experimental mea-

surement techniques such as instrumented prosthetic sockets. 

Several review papers have been published prior to the year 

2000 highlighting measurement techniques, specifically, in LL 

prostheses [18,19] as well as more recent reviews [20,21] 

focusing solely on technologies to measure transtibial socket 

forces. While there have been multiple sensors and sensor 

techniques highlighted in experimental and clinically focused 

research since then, the most recent review of these topics 

was published in 2001 [22]. The techniques, applications, and 

interpretations of findings in more recent literature are often 

disparate making it challenging for clinicians and researchers 

to draw upon the multitude of findings to make informed 

decisions.

1.4. Review objectives

In the last 20 years substantial advances have been made in 

sensor technologies and computational power to advance our 

understandings of the mechanical interactions between the 

prosthetic socket and the RL. The purpose of this review is to 

highlight prominent recent methods found in scientific litera-

ture that quantify RL–socket interface mechanics in both UL 

and LL prostheses. Prominent techniques reported in scientific 

literature between January 2001 and September 2022 will be 

discussed with a specific focus on clinical translation and 

applicability in a prosthesis fabrication context.

1.5. Search methodology

To collect relevant articles PubMed, Scopus, and Web of 

Science were used using prostheses, socket, force, pressure, 

instrumentation, sensors, and clinical translation as keywords. 

This search included articles from 1970 and onwards. As this 

was a narrative review, articles containing relevant information 

pertaining to sensors used to capture the RL–socket forces 

were included. In total, 87 articles were included in this review 

with the goal of stating the impactful sensing technologies 

used in prostheses. A breakdown of the articles including the 

type and use of each sensing technology is provided (Table 1).

2. Lower limb quantification and prediction 
methods

2.1. Lower limb experimental measurement techniques

In literature, experimental measurement techniques employ 

multiple force and pressure sensors to capture the mechanics 

at the interface between the limb and the socket. Existing 

measurement techniques can be divided into two groups 

based on sensor placement [18]. Sensors can either be 

installed directly in (or passed through) the socket wall or 

inserted between the RL and socket. In the latter, if a liner is 

worn, the pressure sensors may be positioned between the 

liner and RL or between the socket and liner, a topic further 

explored in the discussion section. A hierarchical breakdown 

of measurement techniques discussed in this section is pro-

vided (Figure 1).

Several criteria must be satisfied to ensure the sensor’s 

ability to sufficiently capture the mechanical interactions of 

the RL and socket. The sensor must accurately capture forces 

(or pressures) applied to the tissue while being minimally 

intrusive such that it does not change the biomechanics of 

the system. Care must be taken to ensure the physical geo-

metry of the sensor does not significantly displace, deform, or 

otherwise alter the mechanical response of the soft tissue and 

prosthetic socket [23]. Additionally, sensors must be accurate 

for repeated measures, demonstrating stability over the biolo-

gical conditions in which it will be used, such as temperature, 

physical geometries, and interface compliances [23].

2.1.1. Sensors inserted between RL and socket

2.1.1.1. Commercially available systems. Several studies 

used commercially available systems that were specifically 

designed to quantify LL socket interface forces (or pres-

sures). The most popular system used in clinical literature 

is the Tekscan VersaTek or F-Socket systems (Tekscan, 

Boston, MA, U.S.A.) [21,24–26]. Other systems found in lit-

erature include the TACTILUS tactile pressure sensor system 

(Sensor Products Inc., Madison, NJ, U.S.A.) [27], Rincoe 

socket fitting system (RG Rincoe and Associates, Golden, 

CO, U.S.A.) [28], Novel pliance pressure sensor system 

(Novel gmbH, Munich, Germany) [29,30], Flexiforce A201 

(Tekscan, Boston, MA, U.S.A.) [31,32], the Loadpad mobile 

FSR (model No. L3210, NovelGmbH, Munich, Germany) [33], 

and the INSIGHT system (Adapttech Inc, Birmingham, United 

Kingdom) [34]. Excluding the Novel pliance system, most 

commercially available systems employ thin (as thin as 

0.18 mm [35]) flexible pressure sensors comprising force 

sensitive resistor (FSR) arrays or printed circuits that can 

be inserted between the RL and socket. These systems are 

designed for ease of use in a clinical or socket fabrication 

setting and include real-time visualization of pressures, 

automatic report generation, and manufacture-provided 

software to perform calibration, data collection, and 

analysis.

FSRs and printed circuit technologies are an attractive 

option for clinicians and researchers as they have a thin 

profile, low monetary cost [35,36], and often require mini-

mal signal processing prior to extracting data. While effec-

tive for measuring normal pressures, these technologies 

have several known limitations including hysteresis 

[32,35,37], drift error [28,32], and sensitivities to shearing 

forces, temperature, curvature, substrate compliances, and 

response to loading rate [23,32,36,38,39]. Values for drift 

error, accuracy error and hysteresis ranged from 4%– 

33.2%, 2.8%–92%, and 0.02%–41.88% respectively. These 

values can all be found in the supplementary tables 

(Supplemental Table S1). Compensatory strategies to mini-

mize sensor error may be taken such as calibrating sensors 

in an environment as close to their intended use as possible 

[23]. However, these low cost, widely available sensors are 

still an attractive option for clinical and research prosthesis 

applications.
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2.1.1.2. Sensors used in experimental research systems. 

Experimental systems that can be inserted between the RL 

and socket are commonly based on FSRs, which change resis-

tance with the application of force [23]. These thin-film poly-

mer sensors have been used for numerous experimental 

applications in LL prosthesis research.

In current literature, FSRs have been implemented in multi-

ple different configurations to highlight pressure development 

in the prosthetic socket. These forces have been used to 

identify mechanics such as ambulation during gait cycle, RL– 

socket pressures, FSR accuracy, donning and doffing pressures, 

overall device comfort, and how well the socket fit the patient 

[31,32,40–45]. In studies that use experimental pressure sen-

sors, the system is often manufactured after commercial mod-

els using micromachining techniques and can collect other 

forms of data such as temperature, light, or shear force.

2.1.2. Sensors placed in the socket wall

As the sensors discussed in this section must be installed into the 

participant’s prosthetic socket, the development of a commercially 

available system is largely unfeasible. Most of the experimental 

sensor profiles are too large to be practically inserted between the 

Table 1. Breakdown of the sensors that were used in the articles. Number presented in the table denotes specific scientific articles in the order they are presented 
throughout the text of this review. The table is further broken down to highlight if the sensors were commercially available or experimental and if tests included 
a patient with limb deficiency or were purely performed on a benchtop. If the tests included a patient with limb difference, the level of the limb difference is further 
noted as transtibial (TB), transfemoral (TF), transradial (TR), transhumeral (TH), or shoulder disarticulation (SD).

Level

Sensor Commercial Experimental Evaluation TB TF TR TH SD

FSR 22, 23, 24, 25, 26, 27, 30, 
31, 32, 33, 34, 35, 36, 37, 

38, 39, 40, 41, 43, 81

30, 42 Limb Deficiency 23, 25, 26, 30, 32, 
39, 40, 41, 43

24, 38, 42 33 33, 81 33

Benchtop 22, 27, 31, 34, 35, 36, 37
Capacitive 28, 29, 36 60, 61, 62, 63, 

64, 65, 66, 67
Limb Deficiency

28, 29, 61, 66
Benchtop 36, 60, 62, 63, 64, 65, 66, 67

Fiber Bragg Grating 36 70, 73, 74 Limb Deficiency
Benchtop 36, 68, 73, 74

Force  
Transducers

44, 47, 53, 55, 57 45, 46, 48, 49, 50, 
51, 52, 54, 55, 
56, 58, 59, 79

Limb Deficiency

45, 46, 48, 49, 50, 
52, 53 54, 56, 
57, 58, 59, 79

Benchtop 44, 47, 51, 55
Fluid Filled 36 75, 76, 80 Limb Deficiency

Benchtop 36, 75, 76, 80
E-Skin 78 Limb Deficiency

78
Benchtop 78

Figure 1. A hierarchical breakdown of experimental measurement techniques, where FSR denotes force sensitive resistor.

732 P. R. YOUNG ET AL.



socket and RL without disrupting or deforming the natural biome-

chanical state of the residuum. Therefore, the most common 

approach is to create holes in the socket to pass the sensor 

through, such that it sits flush with the interior of the socket sur-

face. Care must be taken during installation as protrusion of the 

sensors into residual tissue may falsely inflate the force values 

captured by the sensor [9,46]. In literature, common sensors used 

for this application are force transducers which are described 

below.

2.1.2.1. Force transducers. Force transducer is a general 

term that represents a large category of force sensing technol-

ogies. The most common subset of force transducer is the elastic 

element load-cell. In these sensors, strain gauges are mounted 

to a deformable element with known geometry and modulus of 

elasticity. The force applied to the sensor is determined through 

integration of the strain gauge readings and theoretical defor-

mation-based calculations are used to infer the applied load.

While the application of force transducers has been reported in 

literature as early as the 1970s [47–49], significant advancements 

were made in the 1990s when research groups developed a series 

of force transducer socket measurement systems [50–54]. Unlike 

FSRs, printed circuits, or other previous prosthesis force transducer 

systems, these systems allow for measurement of normal and 

shear forces experienced at the interface between the socket and 

the residual limb [50,51,54–56]. In the past 20 years, numerous 

force transducers capable of measuring normal and shearing 

forces have been reported [57,58] and are typically integrated 

into LL prosthetic sockets to highlight gait forces [58–60]. 

A typical experiment will use multiple sensors tethered to a data 

acquisition system to illustrate forces on the prosthetic socket at 

specific locations during daily activities or contrast the biomecha-

nical impact of prosthesis components [60,61] or fabrication tech-

niques [59,62].

The application of force transducers holds many practical 

advantages over FSR or printed circuit technologies. Values for 

the drift error, accuracy error, and hysteresis were found to 

range from 0.35%–1.35%, 0.25%–07.1%, and 0.5%–8% respec-

tively. While it is good to note that compared to FSRs these 

values were not as well reported in the literature, this technol-

ogy is illustrated to be inherently more accurate, exhibits less 

hysteresis, and can capture normal and shear force values. 

However, like FSRs, force transducers are only capable of 

measuring forces at a single spatial point. While installing 

multiple sensors is a possible solution, the installation process 

may change the material properties of the prosthesis or the 

socket–participant interface [20], a limitation also noted with 

FSRs. Values for key parameters of these sensors can be found 

in the supplementary tables (Supplemental Table S2).

2.1.3. Other sensor types

As sensor technology involves, more types of sensors are 

being developed that can be used to capture pressure 

changes that push the field forward and begin to change 

technologies. These are described below.

2.1.3.1. Capacitive sensors. A capacitive sensor is com-

prised of two conductive substrate layers separated by 

a deformable dielectric layer. Compression of the sensor 

results in a change of distance between the two conductive 

layers and thus a change in capacitance proportional to the 

displacement resulting from compression which can then be 

used to infer the applied load [63]. Several studies report on 

capacitive sensor design and applications in prosthetic sock-

ets. Multiple experimental capacitive sensors have been 

reported that span elastomeric foam, textiles, and 3D printed 

materials. From benchtop tests, these sensors have illustrated 

promising dynamic results including drift error, accuracy error, 

and hysteresis in the range of 4.4%–24.3%, 1.7%–9.96%, and 

6.8%–12.95% respectively. Comparatively to current commer-

cially used FSRs, these sensors typically demonstrate high 

accuracy, the ability to capture shear and normal stresses, 

reduced hysteresis and drift, and high measurement stability 

[64–71]. Values for key parameters from these tests can be 

found in the supplemental material (Supplemental Table S3).

Given these promising results, it is evident why researchers 

may gravitate toward novel capacitive sensors for prosthetic 

socket applications. Typically, they achieve higher sensitivity, 

lower temperature dependency, more robust structure, lower 

power consumption, better frequency response and a larger 

dynamic range than FSR or printed circuit technology [20]. 

However, using multiple capacitive sensors in close proximity 

on a prosthetic socket may increase the sensor’s susceptibility 

to crosstalk noise, field interactions and fringing capacitance 

[72]. Thus, more advanced electronics and filtering may be 

necessary to ensure the accuracy of the system. Additionally, 

many of these sensors have not been applied directly to 

a prosthetic socket, tested with a participant with limb differ-

ence, or validated against other technologies. This limitation 

paired with the largely experimental nature of many capaci-

tive sensing technologies restricts their ability to translate into 

a clinical setting or for the information gleaned from prior 

literature to be applied in a clinically relevant context. 

Although promising, further work is necessary to examine 

the performance of many capacitive technologies in real- 

world prostheses and benchmark these systems against com-

mercially available clinically implementable systems.

2.1.3.2. Fiber optic sensors. As instrumentation technology 

has continued to advance, so has the innovation of novel force 

and pressure sensors. In recent years, multiple sensors have been 

designed and proposed for incorporation in prosthetic socket 

systems. One such innovation involves sensors using fiber Bragg 

grating elements, denoted as fiber optic sensors. Conceptually, 

these sensors use an optical fiber that transmits nearly all wave-

lengths of light with negligible attenuation. Only light around 

a specific wavelength will be reflected, known as the Bragg wave-

length. Perturbations introduced to the fiber, such as force or 

strain, will result in a shifting of the Bragg wavelength. This shift 

can be used to infer the nature of the perturbation including 

applied forces in both normal and shearing directions [73].

The application of fiber optic sensors such as Fiber Bragg grat-

ing has been suggested in numerous medical and biomedical 

applications including prosthetic sockets [74–78]. During bench-

top testing, it was found that fiber optic sensors offer many 

advantages including high sensitivity, high resolution, small size, 
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low weight, and minimal hysteresis [77]. Values for these para-

meters can be found in the supplemental material (Supplemental 

Table S3). When tested inside of a prosthetic socket, this system 

illustrated the same properties as were found in benchtop tests 

and yielded higher pressure readings than a Tekscan printed circuit 

system [79]. These sensors can capture both normal and shear 

strains simultaneously inside the prosthetic socket accurately, up 

to 20 Newtons, when embedded in polyethylene foam [74]. 

However, while fiber Bragg and other optical sensing systems 

show promising potential, the largely experimental nature of this 

technology in a prosthesis system warrants further investigation to 

determine whether it will show efficacy in clinical or real-world 

applications environment.

2.1.3.3. Fluid filled sensors. Another technology that has 

been proposed for use with prosthetic sockets is fluid filled (bub-

ble) sensors. These sensors infer applied loads through the mea-

surement of pressure changes in a fluid filled compartment of the 

sensor [38,80,81]. This technology can be used to adjust the 

volume inside of the socket to better fit the patient [81]. In bench-

top testing and under cyclical loading, these sensors have been 

shown to outperform other technologies such as FSRs when eval-

uating sensor drift and hysteresis [38]. Like the Fiber Bragg sensor 

discussed previously, this technology has demonstrated favorable 

results for incorporation into a prosthetic socket [38]; yet, it remains 

largely experimental and has only been benchtop tested. Current 

research has yielded drift error and hysteresis values ranging 1.8%– 

2.3% and 2.8%–10%, respectively, demonstrating promise for 

these sensors (more information can be found in Supplemental 

Table S3). However, further investigation of sensor performance 

while exposed to the environmental variables of a prosthetic 

socket is still necessary to evaluate sensor efficacy.

2.1.3.4. Electronic skin (E-skin). Another emerging sensor 

technology that has been tested in recent years is electronic skin 

(E-skin) which refers to a flexible electronic device which mimics 

human skin and uses this characteristic to adhere to a patient and 

collect biophysical data [82]. The benefit of E-skin sensors is their 

ability to detect and record normal pressure, shearing pressure, 

and losses due to friction or slip. The large range of data types 

collected by the sensor can decrease the amount of individual 

modality-specific sensors otherwise needed to capture socket 

comfort more completely [83]. While promising, this sensor is 

adhered to the patient’s skin directly which may affect the 

mechanics of the socket and may lead to skin irritation. Further, 

little testing has been conducted on these sensors to illustrate the 

important characteristics of the sensor necessary for clinical inte-

gration. Thus, further testing on this technology is required before 

clinical translation.

2.1.4. Summary of findings

From the articles used in this narrative review, most experimen-

tal measurement studies characterized the pressures devel-

oped in transtibial prosthetic sockets. Further, while many of 

the sensors used in experiments were FSRs, other sensing 

technologies that were highlighted included force transducers, 

capacitive sensors, fiber optic sensing technologies, fluid filled 

sensors, and E-skin. It was found that the majority of the FSRs 

used in experiments were commercially purchased, while most 

of the other sensing technologies were experimentally devel-

oped. Collectively from literature published in the last 20 years 

and prior, normal pressure values ranged from 12.5 to 760 kPa 

and shear stresses ranged from approximately 45 to 78 kPa 

have been reported [9,18,33,68,84]. These wide ranges may be 

attributed to the fact that many studies reported forces applied 

to the limb, while others report on pressures applied to the limb 

which is inherently dependent on the surface area of the sen-

sor. Some of the studies also chose to test these sensors using 

benchtop testing rather than on participants, allowing the 

authors to increase forces to loads that would not be seen in 

a prosthesis. Further variation in these values can be expected 

across patients resulting from individual anatomy, socket fit, 

the prosthesis components used, placement of the sensors, and 

activities being performed during testing. Additional technical 

variation may be introduced by factors such as sensor accuracy, 

sensitivity, hysteresis, and drift as well as the calibration, signal 

conditioning, and data acquisition techniques employed in an 

individual sensor system. These technical variations are highly 

important to the collection of accurate and repeatable data. 

From the literature, it was found that generally FSRs illustrate 

the highest drift error, hysteresis, and accuracy error compara-

tively to other sensors. However, it is good to note that these 

values were obtained over a variety of different testing meth-

ods which may not be representative of how these sensors are 

commonly used. Furthermore, error values for the other types 

of sensors were often not reported in the literature, pointing to 

the fact that the newer, experimental sensors require further 

testing. Key values for each type of sensor from the literature 

are summarized in the supplementary tables (Supplemental 

Tables S1-3). A table summarizing the pros and cons of the 

sensors found from the articles is provided (Table 2).

Table 2. The advantages and disadvantages of the reviewed sensors.

Sensor Advantages Disadvantages

FSR Low cost, well documented, multiple commercial products, thin profile Only normal pressure, hysteresis, drift error, sensitive to 
shearing forces, temperature, curvature, and loading rates

Capacitive High accuracy, high sensitivity, large dynamic range, low hysteresis, low 
error drift, low temperature dependence, low power consumption

High noise when in close proximity to each other, largely 
experimental

Fiber Optic High sensitivity, high resolution, small size, low weight, low hysteresis, can 
measure normal and shear forces

Only accurate at lower forces, largely experimental

Force Transducers Measures normal and shear forces, high accuracy, low hysteresis Can only measure forces at a single point, largely 
experimental

Fluid Filled Low sensor drift, low hysteresis Largely experimental
E-Skin Can collect multiple types of data such as normal and shear forces, 

temperature, light, etc., large dynamic range
Largely experimental
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3. Upper limb RL–socket mechanics

In the United States, UL loss accounts for an estimated 35% of 

those living with limb amputation [3]. Although the preva-

lence is less than that of the LL, there are disproportionately 

fewer studies quantifying RL–socket mechanics for those 

wearing UL prostheses. Similar to the LL, UL prosthesis com-

fort and function are closely tied to the mechanics of prosthe-

sis fit. The ability of a UL prosthesis user to accurately control 

and position their prosthesis will ultimately be dependent on 

achieving an appropriate pressure distribution across the RL. 

Achieving the appropriate force distribution of residual soft 

tissues can improve a user’s range of motion. Further, in myo-

electric prostheses, the socket also plays a key role in the 

active control of electric components. It is also good to note 

that the UL and LL are two vastly different interfaces. For 

example, the forces developed in the UL along with the sur-

face area of the limb will both be smaller in the UL than what 

is seen LL prostheses leading to a need for sensors that may 

be sized differently and can capture smaller loads than what is 

seen in LL prostheses. Thus, it is important to consider these 

differences when developing sensing technologies for UL 

prostheses.

Current UL socket fabrication processes rely heavily on 

heuristic practices. To date, limited literature has helped pro-

vide a rudimentary understanding of socket interface 

mechanics. Experiments found in literature primarily use 

a Tekscan pressure system as a means of measuring pressure 

values between the RL and the prosthetic socket of UL ampu-

tee participants. This data has been used to correlate discom-

fort seen in UL prostheses as well as describe locations bearing 

maximum pressures [35]. Studies have used fluid-filled sys-

tems to regulate contact forces in the socket itself [85,86]. 

Despite the very limited literature, it is evident that many of 

the measurement techniques developed for LL prostheses can 

be adapted to empirically describe the UL. As mentioned 

previously, many of these techniques may have to be adjusted 

in consideration of the fact that the LL and UL are two 

completely different interfaces and may require appropriate 

selection and adaptation of sensor systems to provide the 

most accurate data. Yet, like the LL, we suggest that the socket 

forces developed in UL prostheses are just as critical to pro-

viding patients with a functional well-fit device. In leveraging, 

adapting, and implementing many of the technologies seen in 

LL prostheses to the UL, there exists the potential to establish 

a fundamental mechanical understanding to help guide quan-

titatively based socket design and fabrication practices.

4. Discussion

Clinically, the ability to understand and predict the mechanical 

interactions of the RL and socket can quantitatively inform 

socket design decisions and fabrication practices. The implica-

tion on improved socket fit is acknowledged in literature with 

two reoccurring objectives; the first being the characterization 

of forces, stresses, or pressures developed in the RL’s soft 

tissues caused by the prosthetic socket during various activ-

ities of daily living (such as gait or sitting), and the second 

being the characterization of these values to evaluate 

prosthesis components, socket designs, or fabrication techni-

ques. Although decades of research have been conducted 

around prosthesis fit and interface mechanics, socket fabrica-

tion still relies heavily on the highly skilled and often heuristic 

expertise of the prosthetist with little analytical data available 

to quantify the quality of fit.

The vast variability in terms of patient anatomy and poten-

tial prosthesis components often prevents the findings of 

a single study being applied across multiple patients in the 

clinic. This means that although many studies characterize the 

interactions of the RL–socket interface for a limited patient 

sample, a clinician cannot confidently rely on literature to 

address the unique challenges of an individual patient. These 

challenges may be addressed in a variety of ways including 

not only reporting on the socket pressure results but also 

comprehensively reporting clinically relevant descriptors of 

the residual limb such as limb length, the amount and com-

pliance of soft tissue present, areas of sensitivity on the limb, 

and the presence of skin irritation or break down, among 

many others. Additionally, studies with larger cohorts of parti-

cipants with limb loss and/or the performance of standardized 

clinically relevant experimental activities will allow for compar-

ison across experiments and provide further confidence in the 

findings of individual tests. This is important as many studies 

reporting on the development of novel sensing technologies 

often perform disparate benchtop testing activities or testing 

with limited patient populations and do not begin taking 

steps toward larger experiments in clinical environments or 

in real-world prosthesis applications.

A further challenge lays in advanced sensors lacking acces-

sibility for the clinician and/or few being translated beyond 

the benchtop. In bridging this gap, two key issues must be 

addressed. First, the system must be accurate and reliable 

enough that the clinician will have confidence in the result 

being presented. Secondly, the system must be packaged for 

ease of use; the system must be able to be operated effec-

tively without over burdening the user with excessive training 

requirements and complexity. The clinician could then rely on 

this empirical data to help inform the design and fabrication 

of the prosthetic socket. However, it is good to note that 

achieving a well fit socket does not solely rely on sensors 

and often extends beyond quantitative measures and to the 

clinician’s skill and expertise for socket fabrication. As quanti-

tative measurement values act as a tool to help in socket 

fabrication, a common language between patients, prosthe-

tists, and those prescribing devices is extremely vital and 

should be fostered. A way to achieve this common language 

would be to employ a valid questionnaire [87].

For researchers and clinicians, selection of the appropriate 

measurement system has important implications on the pos-

sible data that can be collected. Commercially available pres-

sure measurement systems, such as the Tekscan F-Socket, 

have seen the most use in clinical literature relative to the 

other quantification techniques reviewed. A possible explana-

tion is the ease of use of these systems. Unlike pressure 

sensors that need to be installed through the socket wall, 

most commercially available systems can be inserted between 

the RL and socket. This allows the clinician to evaluate socket 

fit without permanently altering the socket to install sensors. 
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Therefore, such systems can be readily employed, in 

a nondestructive fashion, in a patient’s existing (or newly 

fabricated) socket to aid in evaluation of socket fit. 

Additionally, such systems typically include user interfaces 

that require only modest technical training and knowledge, 

addressing another significant challenge present in most to 

experimental sensor systems. Yet, many commercially avail-

able technologies possess inherent limitations in terms of 

accuracy, hysteresis, sensor drift, or sensitivity to their envir-

onment which vastly alter the accuracy of the results. From 

the literature, these technical parameters were dependent on 

the experiment as well as the sensor that was used. It was 

illustrated that FSRs demonstrate the highest reported drift 

error (33.2%), hysteresis (41.88%), and accuracy error (92%) 

during use. However, it is good to note that these values 

were found during vastly different types of experiments ran-

ging from demonstrating the different calibration techniques 

[39] to obtaining maximum pressures during walking to gauge 

device comfort [33]. While force transducers, capacitive sen-

sors, optical sensors, fluid filled sensors, and E-skin all demon-

strated lower drift error, hysteresis, and accuracy error, much 

of the literature did not state these key values due to the 

nature and scope of the paper itself. Thus, it is difficult to draw 

conclusions as to which sensor exhibits the lowest error 

metrics as each experiment. From the current literature, it is 

shown that FSRs demonstrate notable hysteresis, drift error, 

and accuracy error that can be accounted for by proper cali-

bration. However, other sensing technologies inherently exhi-

bit less error but also require further testing to be accurately 

compared to current commercial devices and for clinical 

translation.

Although many of these limitations are minimized using 

a variety of emerging experimental sensor systems, the imple-

mentation pipeline is often extremely complex. 

Implementation may require sensor integration with a data 

acquisition system, programming custom software to accom-

modate calibration, signal conditioning, and data collection, 

among others, prior to clinically relevant data being synthe-

sized; most of which present significant barriers to those with-

out highly specialized technical expertise. Furthermore, user 

comfort is another major aspect to consider when making any 

changes to the socket. As these sensors are in direct contact 

with the patient, when the prosthesis is loaded, the patient’s 

contact with the sensor system may cause discomfort not 

normally seen in these assistive devices. Thus, it is pertinent 

to consider of the sensor changes the mechanics of the pros-

thesis when incorporating these systems into prostheses.

In this review, we categorized sensors relative to their 

location in the RL–socket system. The reviewed literature 

reported on participants with transtibial, transfemoral, transra-

dial, and transhumeral amputations along with shoulder dis-

articulation. Recorded maximum pressure values from these 

participants ranged 45–550 kPa, 300–350 kPa, 28–29 kPa, 

12.5–52 kPa, and 21–27 kPa, respectively, for each level of 

amputation. This data has been recorded and is shown in 

the supplementary material (Supplemental Tables S1–3). 

These values exhibit a large range dependent on the amputa-

tion level, position of the sensor on the RL, and experimental 

procedure. The captured data is further influenced by whether 

a sensor is placed directly against the user’s residual soft tissue 

or installed in the wall of the socket. If a sensor is inserted such 

that it is in direct contact with the residual limb, it holds the 

advantage of being able to capture resultant forces (or pres-

sures) applied directly to the soft tissues. In systems where 

sensors must be installed into the socket wall, the forces being 

applied to the socket wall are captured. Further, the use of 

a liner also adds a level of complexity to sensor placement. 

From our review, articles that noted patients using a liner 

most often implemented the sensors underneath the liner 

such that the sensor was in direct contact with the patient’s 

RL [24–27,29,30,33,35,42,44,86]. This technique is more com-

mon because in the event a patient uses a liner, socket- 

mounted sensor placement will not capture the true forces 

acting on the user’s soft tissue. However, placing the sensors 

in direct contact with the patient’s skin and underneath the 

liner of the socket may also influence the prosthesis fit, result-

ing contact forces on the residual limb, and cause discomfort. 

Additionally, most sensors thin enough to be inserted 

between the RL and socket with minimal protrusion cannot 

capture shear stresses acting on that tissue. However, within 

the last decade 3D printing technologies have unlocked the 

possibility of socket design to seamlessly integrate wearable 

sensors. While this technology has yet to be fully tested, this 

idea may help reduce challenges in future developments.

Translation of experimental sensing technology toward 

clinical application requires fundamental barriers to be 

addressed. For any novel system, development and validation 

in an actual prosthetic limb worn by a patient is a crucial step. 

In doing so, limitations specific to prosthesis use, which might 

not be foreseen or captured during benchtop testing, can be 

caught and addressed in follow-up development. After this, 

considerations for ease of use in a clinical setting must be 

pursued by addressing significant barriers such as the require-

ment for highly specialized training and intrusive installation 

procedures.

5. Conclusion

The prosthetic socket is a critical junction where a patient’s 

soft tissue of their stump interacts directly with the rigid 

materials of their device. Developing a deeper understanding 

of this junction can provide clinicians and prosthetists relevant 

information to further promote the delivery of well fit, com-

fortable, and functional devices. Over the last 20 years, multi-

ple sensing technologies have been developed or matured, 

making it possible to collect and implement this information. 

Technologies reported in literature include those that imple-

ment force-sensitive resistors, force transducers, capacitive 

sensors, and a multitude of novel or experimental instrumen-

tation techniques. Despite commercially available thin-film 

sensing technologies being readily employed in clinical and 

research settings, these sensor systems often exhibit hyster-

esis, drift errors, and many are only capable of measuring 

normal forces. While numerous experimental technologies 

have been reported in the last 20 years that address these 

limitations, they often lack validation in real-world prostheses 
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and/or clinical settings. This is due to the variance between 

participants and the lack of larger population sample size 

reported in literature. Although early evidence is often 

encouraging, future work to validate and refine many of 

these experimental systems is currently necessary prior to 

translating their benefits to the clinic.

6. Expert opinion

Prosthetic sockets directly influence comfort, device use, user 

satisfaction, and tissue health of the RL. Fabrication of this 

vitally important component is dependent on an appropriate 

understanding of the interface mechanics between the RL 

and socket. Substantial advancements in instrumentation 

technology have unlocked the possibility of sophisticated 

measurement systems providing quantitative data that may 

work in tandem with a clinician’s heuristic expertise during 

socket fabrication. Furthermore, such data would be incred-

ibly valuable to the assessment of socket fit long after device 

fabrication. If proven useful, many of the emerging sensing 

technologies could be implemented into a clinical setting 

and provide novel data to better characterize how 

a patient’s RL interacts with their prosthetic socket and 

thus, help inform prosthesis fabrication and assessment 

techniques.

Advances in sensing technologies and computational 

power have facilitated numerous new sensing techniques 

to quantify the mechanical interactions between 

a prosthetic socket and the soft tissue of the residual limb. 

Among many others, these include novel applications of thin 

film resistive technologies, capacitive sensing techniques, 

force transducers, pneumatic sensors, optical techniques, 

and even high-resolution E-Skin materials. Yet many of state- 

or-the-art technologies described in current literature are 

largely experimental and lack clinical accessibility. Two criti-

cal barriers currently exist for these sensing technologies. 

First, experimental systems must be rigorously validated to 

lend confidence to the quantitative information provided to 

the clinician. With future clinical and real-world testing, chal-

lenges not seen during benchtop testing may arise and can 

then be corrected to create more robust, reliable, and trust-

worthy measurement systems. The second barrier is the need 

for clinically amenable user-interfaces that minimize both the 

system complexity and the need for highly specialized tech-

nical training. Naturally, as advanced measurement systems 

are translated from the laboratory to the clinic, this challenge 

may be reduced in the future. However, this process will 

inevitably require careful consideration of how a clinician, 

and even possibly the patient, may interact with the col-

lected data, and how best to present relevant information 

to individual end-user groups. By addressing these two major 

limitations, the gap between advanced engineering technol-

ogies and clinical translation can begin to be reduced.
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