


Impact of Prosthetic Liner Materials on Thermal Comfort and Bacterial Growth at the Residual Limb–Socket Interface: A Systematic Review


ABSTRACT
As the main point of contact between the residual limb and the prosthetic socket, prosthetic liners are essential for the comfort, suspension, and tissue protection of the residual limb. Lower-limb prosthesis users typically encounter liner-related issues like excessive sweat, thermal discomfort, bacterial growth, unpleasant odor, and skin irritation despite the device's broad clinical use. The enclosed, damp liner-socket environment and the repeated mechanical loading that occurs during daily operations are the main causes of these issues. This systematic review evaluates the effects of prosthetic liner designs and materials on residual limb–socket interface bacterial growth and thermal comfort. A systematic literature search was conducted in PubMed, Scopus, and Google Scholar following PRISMA guidelines. Following screening and eligibility evaluation, 20 studies published between 2005 and 2025 were included from the original pool of 121 records. Laboratory research, clinical trials, and review papers analysing liner material qualities, thermal behaviour, hygiene concerns, and design advances, such as customizable and affordable liners, made up the chosen studies. The results show that the thickness, surface properties, and composition of the liner material have a major impact on heat transfer, bacterial adhesion, and contact biomechanics. While antimicrobial surface changes indicate a temporary decrease in bacterial growth, the majority of prosthetic liners exhibit low thermal conductivity that contributes to heat accumulation. Overall, the strength of the evidence is low to moderate, as the majority of the available data comes from laboratory and small clinical investigations. This review highlights the potential importance of integrated prosthetic liner solutions that address biological safety, thermal control, and mechanical performance to improve residual limb health and long-term prosthesis use
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1. Introduction
Silicone liner socket systems have been used in transtibial prostheses since the 1980s. Silicone liner sockets are silicone sleeves that are rolled onto the residual limb for better comfort, skin protection, and prosthetic suspension. In order to enhance prosthesis suspension and interface comfort, silicone liners were developed1. Common adverse effects of using a prosthesis include elevated residual limb skin temperature and related thermal pain, which can lower an amputee's quality of life, especially in hot or muggy conditions. Improved heat transfer inside the prosthetic system, which is impacted by the thermal conductivity of the sock, liner, and socket layers, may result in lower skin temperatures. As an insulating barrier, the prosthetic socket-liner system may restrict heat dissipation, increasing sweating and potentially causing skin damage2. Prosthetic liners act as a cushion between the prosthetic socket and the residual limb, increasing amputee comfort and safety. When choosing liners for specific patients, physicians frequently rely on their experience and the variety of liner technologies available. Mechanical loads transmitted via the prosthetic socket may cause ulceration and skin problems, which may temporarily restrict the use of the prosthesis and the ability to perform everyday activities, since residual limb soft tissues are not naturally adapted to continuous load bearing3. In order to increase comfort and lessen shear stress at the limb–socket interface, prosthetic gel liners are frequently prescribed. Frictional forces between the prosthetic socket and skin surface may be lessened by improved material compliance4. Amputation is a permanent impairment, and regaining mobility and engaging in everyday activities requires prosthetic therapy. Prosthetic rehabilitation thus requires the use of suitable suspension systems and liner selection5. An essential component of a transtibial prosthesis, the liner serves to protect the residual limb, improve comfort, and offer suspension. Due to differences in study design, treatments, and outcome measurements, prosthetic liners literature can be challenging to evaluate. Restoring mobility and engaging in activities related to employment, leisure, and self-care is the goal of a prosthesis. Soft tissues are shielded from localized pressure, shear, and stress by liners at the crucial contact between the prosthetic socket and residual limb. Liners differ in terms of material type, thickness, profile, and functional design elements6. The majority of prosthesis users continue to experience thermal discomfort. Concerns about discomfort, bad odor, and excessive perspiration are commonly expressed. While socket impermeability limits perspiration evaporation, physical activity raises the temperature at the skin-prosthesis interface. During walking, the ensuing warm and damp atmosphere may exacerbate skin injury9. Residual limb infections are one of the most common problems that people who have had amputations deal with. The enclosed liner environment may encourage microbial colonization and bacterial development. Approximately 74% of prosthesis users report some kind of residual limb skin illness, ranging from minor dermatitis to antibiotic-resistant infection, indicating that microbial-related problems are widespread10. Silicone liners serve as a vital interface between the residual limb and the prosthetic socket, protecting, cushioning, and suspending skin and subcutaneous tissues. Pressure and friction from movement at this interface may have an impact on the comfort and health of the skin12. Users of transtibial prostheses may experience variations in socket fit and pressure distribution due to diurnal residual limb volume. Comfort and prosthetic function may be impacted by changes in the load distribution between the residual limb and the socket caused by changes in limb volume. Thus, to gain a better understanding of prosthetic liner materials' impact on thermal comfort and bacterial development at the residual limb–socket interface, a comprehensive review is required.
PROBLEM STATEMENT
Various prosthetic liner materials affect the residual limb–socket interface's moisture and temperature in transtibial prosthesis users. Excessive sweating and heat retention in the prosthetic socket can contribute to bacterial development and thermal discomfort, which can result in skin issues like infections, rashes, and irritation. There is, however, little and contradictory comparison data on the effects of various liner materials on bacterial growth and thermal comfort. Clinicians and prosthetic users find it difficult to choose the right liner because to the absence of clear evidence, which supports the necessity for a thorough analysis of the body of current research.
SIGNIFICANCE OF THE STUDY
This systematic review summarizes the available data about the effects of prosthetic liner materials on bacterial growth and thermal comfort at the residual limb interface. The review highlights the effects of various liner materials and designs on skin health, user comfort, and prosthesis tolerance through a critical analysis of data. Instead of depending exclusively on manufacturer claims or clinical experience, the findings may help prosthetists and physicians choose liner materials based on readily available evidence. The review also identifies gaps in the existing literature and emphasizes the need for more research on antibacterial tactics, material qualities, and thermal management, especially in places with limited resources where high-quality prosthetic care depends on affordable liner solutions.
AIM AND OBJECTIVES
AIM
To systematically review existing literature to evaluate the influence of prosthetic liner materials and designs on thermal comfort, bacterial growth, and residual limb–socket interface performance.
OBJECTIVES
1. To review studies on prosthetic liners based on material composition and design characteristics.
2. To analyse evidence related to thermal behaviour and user comfort associated with liner materials.
3. To examine reported bacterial growth and hygiene issues at the liner–skin interface.
4. To identify common trends, limitations, and research gaps in existing literature.
MATERIALS AND METHODS
Literature Search Strategy
A systematic literature search was conducted following PRISMA guidelines using PubMed, Scopus, and Google Scholar databases.
Inclusion Criteria 
· Studies related to prosthetic liner materials
· Studies evaluating thermal comfort, bacterial growth, or liner interface performance
· Clinical, laboratory, and review studies
· Articles published between 2005 and 2025
· English language publications
Exclusion Criteria 
· Research that is not about prosthetic liners
· Opinion articles or non-empirical reports
· Research unrelated to the results of bacterial growth or thermal comfort

Study Selection (PRISMA)
Two-stage screening was performed according to PRISMA recommendations. Titles and abstracts were initially screened for relevance, followed by full-text assessment based on predefined inclusion and exclusion criteria. A total of 121 records were identified through database searching. After removal of duplicates, titles and abstracts were screened for relevance. Full-text articles were assessed for eligibility, and studies not meeting the inclusion criteria were excluded. Finally, 20 studies were included in this systematic review.
Data Extraction and Synthesis
Each study's publication year, study goal, methodology, liner material, important findings, and clinical significance were among the data that were retrieved. Comparison and integration of the results were done using a qualitative thematic synthesis approach.
Records identified through databases searches Scopus, PubMed, google scholar (n=121)
Duplicates removed (n=30)
Record after duplicates removed (n=91)
Record screened by title and abstract (n=91)
Full-text article assessed for eligibility (n=30)
Record excluded (n=61)
Full-text article excluded 
(n=10) Reasons:
Non-material focus 
Non empirical

Studies included in final
Synthesis (n=20) 

















Chart1. Study selection flow chart (PRISMA STYLE)
Table 1. Summary of studies included in the review.    
	S.No.
	Author / Year
	Country
	Study Type
	Study Focus
	Material
	Key Findings

	1
	Baars C.T. et al.,2005.
	Netherlands
	Literature review
	Evaluation of claimed advantages of silicone liner socket use in transtibial prostheses
	Silicone liner socket (ICEROSS)
	The overall quality of the evidence was low to moderate; silicone liners improve suspension and walking performance; user-perceived comfort frequently improved, but skin issues like perspiration, itching, and irritation were regularly noted.

	2
	Klute et al., 2007.
	USA
	Laboratory study
	To study how heat passes through prosthetic liners
	Silicone liners, gel liners, foam liners
	Silicone liners allow more heat to pass compared to foam liners. Liner type and thickness strongly affect heat build-up, while socket material has little effect. Proper liner selection can help reduce heat and sweating.

	3
	Klute et al., 2010.
	USA
	Literature review
	To review scientific evidence available for prescribing prosthetic liners
	Silicone liners, gel liners, foam liners, polyurethane liners
	Liners help in cushioning, pressure distribution, and suspension, but there is very limited scientific evidence to guide liner prescription. Material properties are well studied, but their real-life (in vivo) effect on function, comfort, heat, and skin problems is still not clearly understood.

	4
	Boutwell et al., 2012.
	USA
	Experimental gait study
	To study the effect of gel liner thickness on pressure distribution and gait in transtibial amputees
	Gel liners (3 mm and 9 mm thickness)
	Thicker gel liner (9 mm) reduced peak pressure over bony areas (especially fibular head) and increased user-perceived comfort. However, it slightly increased vertical ground reaction force, showing a trade-off between comfort and gait biomechanics.

	5
	Abu Osman et al., 2016.
	Malaysia / Canada
	Clinical + mechanical evaluation
	To compare a new looped silicone liner suspension with the common pin/lock system
	Looped silicone liner with hook fastener; Iceross Dermo liner with pin/lock
	Both systems were safe and showed very low pistoning during walking. The looped liner provided better socket fit and less pulling at the end of the limb, while pin/lock was easier to don and doff. The looped liner is a good alternative for transtibial amputees, especially for those who have difficulty using pin/lock systems.

	6
	Richardson & Dillon, 2017.
	Canada / Australia
	Systematic review
	To understand user experience of transtibial prosthetic liners
	Silicone liners, urethane liners, pelite liners with different suspension systems
	There is not enough strong evidence to show clear differences in user experience between different liners. Problems like sweating are similar across liners. Differences are mainly seen in ease of donning/doffing, suspension quality, socket rotation, and unwanted noise. Better-quality research is needed.

	7
	Dhokia et al., 2017.
	United Kingdom
	Design and manufacturing study
	To develop a fully personalized prosthetic liner for lower-limb amputees
	Neoprene foam liner manufactured using cryogenic CNC machining
	A personalized liner can be accurately designed using scanning and digital modelling. Cryogenic CNC machining allows soft materials to be shaped precisely. Personalized liners may improve fit, comfort, and reduce skin irritation compared to standard silicone liners.

	8
	Cagle et al., 2018.
	USA
	Laboratory material testing study
	To compare mechanical and thermal properties of commonly used prosthetic liners
	Polyurethane liners, silicone liners, thermoplastic elastomer (TPE) liners
	Polyurethane and silicone liners were stiffer than TPE liners. Fabric backing increased tensile stiffness and reduced pistoning. All liners had similar and low thermal conductivity, meaning liners trap heat and mainly transfer heat by conduction. Material properties varied widely between products, which affects comfort, suspension, and skin health.

	9
	Williams et al., 2018.
	United Kingdom
	Experimental laboratory study
	To study how liner design and materials affect heat dissipation at the prosthesis–skin interface
	Plain silicone liner, thermally conductive silicone liner, open and hybrid liner designs
	Increasing liner thermal conductivity alone did not significantly improve heat dissipation. Open liner designs showed better heat loss but may reduce suspension and durability. Passive liner solutions are not sufficient; active cooling solutions may be needed to reduce thermal discomfort.

	10
	Haglin et al., 2019.
	USA
	Laboratory experimental study
	To test whether a silver-based antimicrobial coating can reduce bacterial growth on prosthetic liners
	Silicone liner (Alpha Silicone) and open-cell liner (Keasy) coated with silver carboxylate
	The silver-coated liners significantly reduced bacterial growth, including drug-resistant bacteria. The coating released silver steadily for up to 72 hours and was effective on both open- and closed-cell liners. This coating can help reduce infection risk and bad odor at the liner–skin interface.

	11
	Miyata et al., 2020.
	Thailand
	Pilot clinical study
	To evaluate an affordable prosthetic liner in different socket designs for transtibial amputees
	Affordable Ethyl-Vinyl-Acetate Roll-On (AERO) liner
	The low-cost AERO liner showed similar walking activity and comfort compared to standard PE-Lite liners. It reduced peak socket pressure and allowed use of modern TSB sockets at very low cost (~20 USD). Suitable for resource-limited settings.

	12
	Gu et al., 2020.
	China
	Laboratory experimental study
	To improve silicone liner material and study its biological and mechanical safety
	Modified silicone liner (improved preparation process)
	The improved silicone liner showed no cytotoxicity, similar mechanical strength, and reduced bacterial adhesion (E. coli) compared to commercial liners. The material is biologically safe, mechanically stable, and potentially lower in cost, making it suitable for prosthetic liner use.

	13
	Nouri et al., 2020.
	Iran
	Prototype design & laboratory study
	To develop a liner that can adjust to daily residual limb volume changes
	Silicone liner with expandable bladder and manual water-control system
	The expandable liner was able to maintain similar pressure patterns even when limb volume changed. It can reduce pressure problems caused by daily volume fluctuation and may improve socket fit and comfort. Clinical testing is still needed.

	14
	Abram et al., 2021.
	Slovenia
	Laboratory experimental study
	To study how different prosthetic and orthotic materials attract bacteria
	EVA, EVA/LDPE, silicone, TPE gel, PMMA, closed-cell PE foam, cork, natural & artificial leather (with/without silver nanoparticles)
	Bacterial adhesion mainly depends on surface roughness. Closed-cell PE foam and leather showed the highest bacterial adhesion, while EVA showed the lowest. Rougher surfaces attract more bacteria. Silver nanoparticles slightly changed bacterial behavior but did not fully prevent adhesion.

	15
	Yang et al., 2022.
	China / USA
	Narrative review
	Review of materials, design methods, and fabrication techniques for custom lower-limb prosthetic liners
	Silicone, polyurethane, TPE, EVA, foam liners; custom and commercial liners
	Custom prosthetic liners provide better pressure and shear stress distribution than standard liners. Digital design, FEA-based optimization, and 3D printing can improve fit and comfort. However, most current liners are experience-based, not data-driven, and long-term clinical evidence is still limited.

	16
	LeBlanc, et al., 2023.
	USA
	Experimental laboratory thesis study
	To develop and test sweat-absorbing materials and layered designs for prosthetic liners
	Thermoplastic polyurethane (TPU), thermoplastic elastomer (TPE), TPU-hydrogel (Tecophilic), bilayer liner design
	TPU-hydrogel blends showed high sweat absorption. A bilayer liner design (skin-contacting layer + sweat-absorbing layer) successfully wicked and absorbed moisture under simulated loading. Results suggest sweat-absorbing liners can improve thermal comfort and skin health, but durability and bonding strength need further improvement.

	17
	Miyata et al., 2024
	Thailand
	Clinical experimental study
	To compare pressure distribution and comfort between AERO liner and PE-lite liner in transtibial prosthesis users
	Ethyl-vinyl acetate (EVA) roll-on AERO liner vs PE-lite liner
	AERO liner showed better pressure distribution and higher comfort scores than PE-lite liner during walking. Residual limb pressure was significantly reduced. AERO liner is low-cost, comfortable, and suitable for use in resource-limited settings.

	18
	Boudjemaa et al., 2024
	Algeria / Saudi Arabia
	Finite Element Analysis (FEA) + design study
	To design a stress-responsive prosthetic liner to reduce pressure and shear stress at the stump–socket interface
	Polyurethane shape-memory foam liner with flexible foam cushioning
	The new liner design significantly reduced stress at critical areas (lateral tibia head, tibia end, fibular end). Contact pressure reduced from ~55–72 kPa to 10–28 kPa. Shear stresses were also reduced. Personalized liner design using FEA can improve comfort and reduce skin injury risk.

	19
	Rehman et al., 2025
	Pakistan
	Experimental case study
	To develop and test a low-cost, durable prosthetic liner for transtibial amputees
	Custom-fabricated silicone prosthetic liner
	After 8 weeks of use, patients showed better balance, higher comfort, improved lower-limb function, and faster donning and doffing. The low-cost liner improved mobility and usability, showing it is a good option for resource-limited settings.

	20
	Ghidini et al., 2025
	Nepal / UK / USA
	Clinical field study (resource-limited setting)
	To evaluate benefits and durability of a low-cost, locally made silicone liner to enable TSB socket use
	Locally manufactured silicone cushion liner (fabric-backed)
	The affordable silicone liner improved walking distance, walking speed, and overall comfort compared to PE-lite liners. Users reported high satisfaction and better mobility. Main problems were sweating and limited durability (average life ≈ 6 months). The liner is suitable for low-resource settings but needs durability improvement.



FINDINGS
Twenty (20) eligible studies were included in the review following the systematic screening process. The included studies evaluated prosthetic liner materials, design characteristics, and suspension systems, with a focus on thermal comfort, skin health, mechanical behaviour, and bacterial growth at the residual limb–socket interface.
Laboratory Studies Findings
The laboratory investigations that were evaluated revealed a significant variation in the mechanical properties of liner materials. Better load distribution and suspension stability were facilitated by the increased stiffness and longevity of silicone and polyurethane liners2,8. Although they offered better compliance and cushioning, softer materials like EVA and thermoplastic elastomers were linked to more wear and pistoning9,10. According to thermal performance studies, residual limb skin temperature was significantly impacted by liner thickness and material composition. Improved heat transfer was made possible by materials with better thermal conductivity, although passive liner materials by themselves were unable to totally prevent heat build-up during extended prosthesis use7,10. Additionally, experiments showed that bacterial adherence was impacted by moisture retention, surface roughness, and extended sweat exposure11,14. Although the long-term clinical efficacy of antimicrobial coatings is still unknown, they decreased bacterial growth in controlled laboratory settings.
Clinical Studies Findings
According to clinical studies, the choice of prosthetic liner has a major impact on prosthetic tolerance, pressure distribution, and user comfort. Certain liner materials were shown to have better load distribution and lower peak pressures, which improved walking comfort and prosthesis satisfaction13,19,20. Thermal discomfort, perspiration, and hygiene issues were frequently reported in studies involving transtibial prosthesis users during everyday prosthesis use. While some liner designs helped with comfort and pressure management, problems with moisture control and heat build-up remained in various liner systems15,16.
Review Studies Findings
The lack of high-quality comparative evidence directing liner prescribing practices has been repeatedly noted by systematic and narrative studies. The literature that is now available highlights how liners enhance cushioning, suspension, and interface protection; nevertheless, interpretation is challenging due to differences in material composition, design features, and outcome measures. Instead of consistently demonstrating one liner type's superiority over another, user experience outcomes including comfort, ease of use, and suspension quality varied among persons, and differences in liner materials were frequently negligible.
Design Innovations and Low-Cost Liners
Expandable, stress-responsive, and tailored liners are examples of innovative liner designs that have shown promise in enhancing pressure distribution and accommodating residual limb volume fluctuations13,15,19,20. Accessibility and prosthetic use were enhanced by low-cost liner solutions created for resource-constrained situations; however, issues with durability and hygiene persisted as major worries15,16.
Discussion
The differences in the categories of included studies and the degree of the evidence should be considered when interpreting the results. Laboratory research primarily evaluated material properties such mechanical performance, bacterial adhesion, and thermal conductivity under controlled conditions, whereas clinical studies focused on user comfort, pressure distribution, and prosthesis satisfaction outcomes. Though they highlighted the lack of high-quality comparative data, narrative and systematic reviews provided an overview of more extensive clinical experiences. It was challenging to compare and extrapolate results from several research due to their small sample sizes, short follow-up periods, and irregular outcome measures. Potential publication bias and variations in research methodology quality may also have an effect on reported outcomes. Future research goals should include standardized outcome measures, carefully planned longitudinal clinical studies, and a comparative evaluation of liner materials that simultaneously address thermal comfort, bacterial control, and long-term residual limb health.
Conclusion
For transtibial prosthesis users, prosthetic liners are crucial for enhancing protection, comfort, and suspension at the residual limb–socket contact. The included studies show that liner materials affect bacterial growth, moisture build-up, and thermal comfort; nevertheless, results are still inconsistent and mostly come from lab research and small-scale clinical studies. The results should be interpreted with the methodological constraints of this review in mind, which include variations in study design, outcome measures, and study quality. In order to support evidence-based prosthetic prescription, future research should focus on well-designed longitudinal clinical studies involving transtibial prosthesis users, standardized outcome measures pertaining to thermal comfort, bacterial control, and residual limb health, and a comparative analysis of widely used liner materials.
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