Thermodynamics of amphiphilic substrates in tribological domain
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Abstract
The advancement of biomaterials engineering for designing and manufacturing biocompatible materials has witnessed a hundred billion dollars in global economic inputs. The effective control of friction, lubrication, and wear in the biomechanical domain is rational in tribology applications for bioengineering. The aging, work-life imbalance, environmental load, and diversity of biology degrade biological membrane tribology for placing a biomedical shield as per the requirement of sustainability in daily life. Energy metabolism, human thermodynamics, net mechanical efficiency, and negative energy balance are underlying factors for promoting harmony at the tribological interface. 
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1   Introduction
The pathology of the cardiovascular dynamic interface due to shear stress evolution, synovial fluid digestion at articular joints, lean ocular surfaces, scarcity of hydration lubrication of skin, and environmental load for modulation of fuel energy along oral cavity have promoted academic research of biotribology for last five decades. Friction, lubrication, and wear at interacting surfaces in the conscious umbrella of nature or the existence of interfacial environmental reaction is studied in the interdisciplinary branch of tribology [1]. Biotribology is the science and technology of rubbing interfaces in the human body for tissue or organ repair by artificial devices, biomaterials designed to be incorporated into living systems, and biomedical surgery [2]. The biomedical applications of metals and alloys at artificial joints, fatigue strengthening of a joint implant, wear assessment on metal-on-metal hip articulating interface, synovial lubrication, tribology of human tooth enamel, and pulmonary drug delivery have been studied for the last few decades. Natural, metallic, ceramic, and synthetic polymer-oriented biomaterial's global market share rose to $119.95 billion in 2023 at a compound annual growth rate (CAGR) of 14.9% to support, enhance, or replace damaged tissue or a biological function [3]. Three-dimensional bioprinting is a biotechnology innovation in the design of bioengineering devices of biocompatible materials, cells, and supporting components into intricate functional living tissue [4]. The Covid#19 pandemic is an environmental load for the effective privacy policy, self-isolation, virtual activities, and promotion of decent work by preventing airborne syndrome. The static rise of body mass index due to lesser mechanical work may create an academic inertia for balancing mechanical efficiency above resting as per the requirement of work-life balance. Biotribology is indirectly regulated by an efficient materials and energy balance as the human body is a thermodynamic heat engine in delivering mechanical work for a sustainable pattern of life. Tribological properties of biomaterials related to friction, lubrication, and wear are important (Fig. 1) for tissue engineering of biomedical applications by the replacement of biological tissue with the engineered scaffolds.
   
Fig. 1 A fundamental illustration of biomaterials design and manufacturing for tribological performance for biomedical applications with reference to durability, reliability, and sustainability
2   Articulating cartilage
The articular cartilage ultra-low friction coefficient of ~0.001 in healthy joints is due to the continuous coat of lubricin on viscoelastic materials, biomechanical diffusion under surface tension, and heterogeneity of environmental biochemistry at rubbing articulating interface [5-7]. Sir John Charnley clinically intruded ultra-high molecular weight polyethylene (UHMWPE) in November 1962 for total hip arthroplasty articulating surface against a metallic femoral head and the long-term role in joint arthroplasty is fairly remarkable [8]. Cobalt-Chrome-Molybdenum (CoCrMo) alloys are bioactive materials useful for implants in orthopedic surgery such as metallic biomaterials for articulating joints with high corrosion resistance, mechanical properties, and reliability [10]. Titanium alloys are the most promising metallic biomaterials in the biomedical field due to excellent biocompatibility, osseointegration, mechanical properties, high strength-to-weight ratio, corrosion resistance, and lesser elastic moduli than stainless steels in designing artificial joints [11]. The synthetic biodegradable polymers ideally suited for orthopedic applications subject to the requirement of bioabsorbable devices and fixtures have the greatest history of use are the poly(lactides) and poly(glycolides) based biomaterials such as PLGA [12-13]. Hydroxyapatite (HA) coated metal implants provide biocompatibility, reduce mechanical failure, enhance local bone healing or osteoconductive, and create an optimized bond with the bone for osteointegration [14]. The design of most preferred artificial joints and implants are made of ultra-high molecular weight polyethylene, metallic, esters, and bio-inspired ceramics (Table 1) used in biomedical applications. The boundary lubrication, mixed lubrication, and hydrodynamic lubrication regimes are invincible at articulating soft contacts as a strong function of human locomotion. 
Table 1.  Diversity of biomaterials for excellent tribological, biocompatibility, and physiochemical properties preferred in biomedical domain for last six decades  
	Biomaterials
	Surface properties
	Ref.,

	UHMWPE
	Chemical inertness, lubricity, abrasion resistance, impact resistance, and excellent physiochemical properties
	[9]

	CoCrMo
	Cell viability, adhesion behavior, and osteointegration of prosthetics 
	[10]

	Ti-6Al-4V
	Wear resistance, biological inertness, durability, abrasion resistance, and heterogeneity with polymer counterparts for tribological performance of titanium alloys
	[11]

	PLGA
	FDA approved bioabsorbable materials, nontoxic, biocompatible, and rational physiochemical properties with applied thermodynamics of human body
	[13]

	HA
	Hydroxyapatite load bearing coatings, osteophilic, osteoconductive, and grater interfacial shear attachment characteristics than uncoated implants
	[14]


3  Vascular friction
Cardiovascular system is an essential biotribology domain used for mechanically transport of fuel energy using blood vessels, hearth for pumping non-Newtonian blood, and removal of CO2 from human body. Cardiovascular diseases (CVDs) are disorders of the heart and blood vessels including coronary heart disease predicted from improper life style, behavioral risk factors, and positive energy balance of body mass index from lipid metabolism or storing cholesterol/TGs [15].  The physiologic range of chronic shear stress at the artery wall due to shear thickening promote an anti-inflammatory, antithrombotic, anticoagulative, profibrinolytic and antihypertrophic state as shear stress modulation to normalize mechanical forces in maintaining normal endothelial functions [16]. Balloon angioplasty of vascular lesions of the first cases performed in 1977 by Andreas Grüntzig in Zurich, Switzerland thereafter its deficiencies and abrupt occlusion for bypass surgery became apparent for cardiovascular diseases [17].  The design and development of bioresorbable stents (BRS) for vascular therapeutic have created a scientific inertia similar to the modeling of the biodegradable composite tubes by adding 2% and 4% w/w of Magnesium (Mg) microparticles with Poly-L-lactic acid (PLLA) to achieve biomaterial innovation of biocompatibility, cell viability, and mechanical properties [18]. The mechanical valves for heart scaffolds are made of either polymeric or decellularized biomaterials obtained from allogeneic or xenogeneic sources require lifelong anticoagulation therapy as degrade (Fig. 2) with respect to time. Heart mechanical valve engineering uses scaffolds as valve replacements provide three-dimensional supports for cellular adhesion, growth, leading to tissue formation and, and the functional heart valve design or manufacturing [19]. The lipids and lipoproteins metabolism, plasma cholesterol concentration, cholesterol uptake by macrophages, are essential contributing factors of cardiovascular disease as they regulate the cell formation or inflammation [20]. The impact of lipids metabolism may provide a viable solution on cardiovascular disease genesis, progression, diagnosis, and treatment due to transformation of life style by achievement of net mechanical efficiency with amalgamation of enriched protein fuel for meeting a negative energy balance.

Fig. 2 The systematic illustration of biotribology of vascular interface for biomedical applications as a function of tribology due to rubbing of biological with bionic surfaces, biomechanics due to dynamics of viscoelastic tissue materials from surface tension, bioprinting for design of 3-D organ, and incorporation of FDA approved biomaterials in biomechanical applications 
4. Oral tribology
The oral cavity of palate, chin, teeth, tongue, mucosa, and salivary glands with temporomandibular joint (TMJ) tribologically connected palate to chin perform essential sensory and food processing functions [21]. A mechanochemical operations of bite, particle size reduction, saliva mastication, bolus evolution, swallowing during oral processing of fuel matter have been fundamentally involved at tribology frontier across a range of physical, biochemical, and psychological parameters [22].Soft-tribology in food oral processing is an emerging field of academic research for quantifying the physics in providing insights into several texture related sensory perception of interacting soft surfaces, food system, and the role of saliva [23]. The relative position of the tongue to the upper and lower jaws is mechanically controlled with the anterior/posterior suprahyoid muscles on which the tongue locomotion acting in relation with the intrinsic muscles [24]. The textured glycine max (L.) Merr. proportional fuel amalgamation with a traditional fuel is efficient due to enriched protein up to ~50 % in achievement of synergistic materials energy balance from biochemical oxidation (Fig. 3) for oral tribology.

  
Fig. 3 Fundamental illustration of bioadsorption of HP-LC fuel, carbon nanoparticles, and water molecules in a thermodynamic domain of materials-energy balance
Oral tribology is a sensory perception, breaking down of conventional fuel for biological adsorption by digestion mechanism, and evolution of saliva. Food oral processing has attracted a scientific and academic inertia in governing sensory appreciation, palpable experience nutrient intake, and energy balance due to improper life style in urban cities as a function of work-life imbalance.  Saliva secreted by salivary glands in the oral cavity is an extracellular fluid of around 99% water, electrolytes, mucus, white blood cells, epithelial cells, and enzymes such as lipase and amylase. Saliva is an effective lubricant for wetting fuel, initiation of swallowing, and protecting the oral mucosa from tribological degradation. The enzymes of saliva are essential in the mechanism of dietary starches and fats digestion, in breaking down fuel matter entrapped with dental crevices, and preventing teeth from tribological bacterial degradation.
5  Energy balance of fuel oxidation
The SARS-CoV-2 pandemic is a message for self-protection against air borne environmental third bodies as per the inverse action of nature. The intelligent air filtration at man-machine interface ease in achievement of a materials and energy balance. Cytotoxicity of carbon nanostructures, particulate matters, and air borne pathogens are reduced at scientific domain of man-machine by purifying air across anisotropic panel electromechanical driven system. Surfaces, interfaces, and interphases are involved in the prediction of friction at rubbing interfaces of tribology from a biological domain such as hydrophilic/hydrophobic/amphiphilic to a large field of planet as a function of state variables. Tribology is preferred at the socioeconomic frontier for the last five decades at rubbing mechanical contacts, joint tribology, ocular tribology, skin tribology, and oral tribology for an effective materials-energy balance in a conscious umbrella of environment borrowed from action-reaction hypothesis. The human body is a thermodynamic heat engine consuming fuel in an environment, delivering mechanical work, and residual matter for the sink zone of the biosphere inherently modulation of the local environment, textured high protein meal, and enhancement of per day mechanical work balance net mechanical efficiency for a sustainable pattern of life. 
The organ involved in the bioadsorption of fuel and breaking down into amino acids, glucose, and fatty acids for energy release is the digestive system. The digestive system includes the oral cavity, salivary glands, pharynx, esophagus, liver, gallbladder, pancreas, stomach, small intestine, and large intestine in explaining an elementary expression of oral tribology for producing digestive juices/enzymes in the gastrointestinal system. The cytotoxicity of an anthropogenic environment of urban cities due to the presence of carbon footprints and amalgamation of third bodies over biological membranes create an additional surface tension for evolving reactive forces against immunity. Adenosine triphosphate (ATP) is an organic compound or referred to as the molecular unit of intracellular energy transfer regulate biological processes in living cells for muscle contraction during mechanical work. The materials and energy balance as a function of fuel oxidation, mechanical efficiency, and influence of environmental third bodies involved with the academic expression of soft tribology. The 2nd law of thermodynamics is valuable in an anthropogenic environment for a rationalized mechanical efficiency, sustainability, and decent work by human thermodynamics.    
Conclusions
Friction, lubrication, and wear at interacting surfaces in relative motion is “Tribology” for the assessment of energy involved in mechanical work by the biological system i.e., joint tribology, vascular friction, ocular tribology, and amphiphilic skin membrane. Cytotoxicity of air-borne pathogens, carbon nanoparticles, and lean mechanical work implicitly influence the energy balance of fuel oxidation or lipid metabolism. The following conclusion have been enumerated for synergistic expression of biotribology, biomaterials, and energy balance of fuel oxidation;
1. The viscoelasticity, mechanical interlocking of asperities, and biomechanical diffusion of lubricant under surface tension deviate interfacial friction from the Amonton´s law or classical mechanics
2. The bioprinting of biological organs, biocompatibility, surface science, and tribology included for promotion of scientific innovation during last six decades
3. Human body is a thermodynamic engine for assessment of risk domain and chronic tribology from cell adhesion, articulating joint, vascular stress, and oral tribology 
4. “Oral tribology” is viable for transforming lean fuel oxidation to rational HP-LC fuel oxidation in preventing the influence of respiratory oxygen species (ROS) at biological lipid membranes.
5. Textured HP-LC fuel, rationalized mechanical efficiency above resting, and air filtration by mechanically driven anisotropic panel safeguard effective bio-adsorption of macromolecules in the achievement of negative energy balance. 
The nanoscience, nanotechnology, nanotribology, and supramolecular interaction of engineered nanomaterials at biological membrane have provided a scientific innovation during fourth generation industrial revolution. Water molecule is omnipresent in biological membrane for securing amphiphilicity with hydrophobic lipid molecules as per the integrity of fluid mosaic model in providing biomechanical diffusion or hydration lubrication under mechanical and thermal loadings.  
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