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            Abstract
          
        

        
          Piezoelectric biomolecules provide a materials basis for soft, degradable, and self-powered sensing systems by combining electromechanical transduction with biological structure and chemistry. Their piezoelectricity arises from ordered molecular and supramolecular polarities, including zwitterionic amino acid crystals, hydrogen-bonded peptide assemblies, polar protein and polysaccharide hierarchies, and engineered biological templates. This review examines how these structural motifs are translated into sensor materials and biointegrated devices. We first classify representative piezoelectric biomolecules by their polarization origins, then discuss assembly and fabrication strategies that improve macroscopic output through phase selection, nanoconfinement, fibril or fiber alignment, and electric-field-guided growth. Recent sensor demonstrations are summarized in wearable pressure sensing, acoustic and vibration detection, humidity monitoring, biodegradable physiological sensing, and implantable soft-tissue monitoring. Across these examples, the key design problem is not simply identifying polar biomolecules, but preserving, amplifying, and coupling their polarity across molecular, mesoscale, and device length scales under realistic operating conditions.
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      1. INTRODUCTION
      Piezoelectric materials convert mechanical deformation into electrical polarization and form the foundation of sensors, actuators, acoustic transducers, and energy-harvesting devices. Conventional ceramic, oxide, and fluorinated-polymer piezoelectrics offer mature processing and strong electromechanical coupling, but their stiffness, processing requirements, limited degradability, and long-term persistence can be mismatched with soft or transient bioelectronics [1-3].

      These limitations have encouraged the search for soft and bio-derived piezoelectric materials. Piezoelectric biomolecules are built from amino acids, peptides, proteins, polysaccharides, and biological templates, and can combine electromechanical transduction with aqueous processing, biocompatibility, biodegradability, and chemical functionality [4-6]. Such features are useful not only for passive sensing but also for biointerfaces in which polarization can influence cellular activity or tissue responses [7].

      The material scope now spans several structural levels. Amino acid crystals such as glycine and alanine reveal how zwitterionic dipoles become piezoelectric when crystal symmetry and domain orientation are controlled [8,9]. Peptide assemblies, including Diphenylalanine (FF) nanotubes and sequence-programmed peptide crystals, show how hydrogen bonding, aromatic packing, and side-chain chemistry tune supramolecular polarization [10,11]. Proteins, polysaccharides, and M13 virus extend the same concept to collagen helices, silk β-sheets, nanocellulose crystals, and genetically tunable viral templates [12-17].

      A recurring bottleneck is the need to preserve local polarity over device-relevant length scales. Random crystal orientation, mixed polymorphs, hydration-induced screening, weak stress transfer, and poor electrode coupling can suppress output even when the molecular building block is polar. Recent processing routes therefore focus on stabilizing active phases and aligning dipoles through meniscus-guided crystallization, nanoconfinement, magnetic-field alignment, electrospinning, and electric-field-assisted growth [8,18-22].

      These advances have enabled biomolecular piezoelectric sensors for pressure and force sensing, acoustic and vibration readout, humidity monitoring, biodegradable physiological sensing, and implantable soft-tissue monitoring [23-27]. This review follows the structure-processing-application pathway: first, classifying piezoelectric biomolecules by polarization origin, then discussing alignment and self-assembly strategies, and finally comparing representative sensing devices.

    

    

  
    
      2. STRUCTURAL ORIGINS AND CLASSIFICATION OF PIEZOELECTRIC BIOMOLECULES
      Piezoelectric biomolecules can be classified by the structural level at which polarity is organized, from small molecular crystals to supramolecular assemblies, macromolecular hierarchies, and biological templates. In all cases, electromechanical coupling requires local dipoles to be arranged in a non-centrosymmetric or anisotropic manner so that deformation changes the net polarization rather than cancelling it. The relevant dipoles arise from zwitterionic groups, polar peptide bonds, hydrogen-bonded backbones, sugar-chain polarity, charged residues, or ordered protein surfaces. Fig. 1 uses representative structures to illustrate these families, but the central point is the underlying structural origin of piezoelectricity: crystal symmetry in amino acids, polar self-assembly in peptides, secondary structure and fibrillar anisotropy in proteins, oriented hydrogen-bonded crystalline domains in polysaccharides, and surface-charge alignment in biological templates [1-6]. These structural motifs also determine how the active layer is later coupled to devices, as seen in ultrathin peptide monolayers, glycine-containing force sensors, and silk-based implantable constructs [23-25]. Quantitative coefficients and conventional-material benchmarks are consolidated in Table 1 at the end of Section 2. The corresponding processing routes, performance ranges, advantages, and limitations are compared in Table 2 at the end of Section 3.

      
        2.1 Amino Acids
        Amino acids represent the smallest class of piezoelectric biomolecules (Fig. 1(a)). Their intrinsic polarity is mainly carried by zwitterionic NH3+/COO- groups, but molecular dipoles alone are insufficient; the molecules must pack into a non-centrosymmetric crystal so that their dipoles are not cancelled by inversion symmetry. This explains why different polymorphs of the same amino acid can behave very differently. In glycine, for example, the centrosymmetric α phase is essentially non-piezoelectric, whereas β- and γ-glycine are polar and can exhibit measurable shear or longitudinal responses [8,9]. Reported values also show the importance of packing and orientation: β-glycine has been associated with a large shear response, while γ-glycine is more stable and can provide out-of-plane responses on the order of several pC N-1 when processed into films or composites [8-10]. Alanine further shows that chirality and racemic packing affect the final crystal symmetry and dipole arrangement rather than acting as simple one-parameter predictors [9,28]. Mechanically engineered amino-acid crystals, supramolecularly engineered assemblies, and polymer-supported alanine polycrystals extend this principle by improving crystallinity, morphology, orientation, and stress transfer while retaining device compatibility [26,29,30]. Thus, amino-acid piezoelectricity is best described as zwitterionic dipoles organized by crystal symmetry, with polymorphism, hydrogen bonding, chirality, and domain orientation acting as coupled control factors.

        
          
          

          Fig. 1.  
				
          

          
            Structural Origins and Classification of Piezoelectric Biomolecules. (a) β-glycine. Adapted from Ref. [8]. (b) phenylalanine-centered hydrophobic tripeptide crystals. Adapted from Ref. [10]. (c) collagen triple helix. Adapted from Ref. [14]. (d) Iβ-nanocellulose. Adapted from Ref. [16]. (e) M13 bacteriophage. Adapted from Ref. [17].
          
          

          

        

      

      
        2.2 Peptides
        Peptides add supramolecular programmability to biomolecular piezoelectricity (Fig. 1(b)). Their piezoresponse is not governed only by the polarity of an isolated peptide bond, but by how many peptide molecules assemble into ordered architectures through hydrogen bonding, aromatic π-π stacking, hydrophobic interactions, electrostatic interactions, and side-chain packing. Diphenylalanine (FF) is the benchmark example: FF can form nanotubes, rods, and crystalline assemblies in which axial or radial polarization emerges from the packing geometry [12,31]. Piezoresponse force microscopy and device studies have shown strong shear responses in FF nanotubes and voltage/current outputs from aligned peptide nanogenerators, highlighting the need for both molecular polarity and macroscopic orientation [32]. More broadly, sequence-programmed peptide crystals and collagen-mimicking peptide assemblies demonstrate that side-chain chemistry, aromaticity, heterochirality, hydrogen-bond geometry, and crystallization pathway can tune symmetry and polarization [11,13]. Peptide piezoelectricity therefore originates from polar self-assembly into non-centrosymmetric supramolecular structures, with sequence design and alignment determining whether the local dipoles add constructively.

      

      
        2.3 Proteins
        Proteins provide a higher level of structural hierarchy (Fig. 1(c)). Their active dipoles are distributed across peptide bonds, polar side chains, and hydrogen-bonded secondary structures, but a macroscopic response requires these local polar units to be embedded in anisotropic fibrils, fibers, crystals, or tissue matrices. Collagen is the classical biological example. Its triple helix contains aligned amide groups and an extended hydrogen-bonded backbone, and the organization of triple helices into fibrils and fibers produces direction-dependent shear piezoelectricity in collagen-rich tissues such as bone and tendon [14,33,34]. Reported collagen and bone responses are generally modest compared with optimized small-molecule crystals, but they are biologically important because the electromechanical response is integrated with load-bearing extracellular matrices [33,34]. Silk fibroin follows a related but distinct mechanism, where oriented β-sheet-rich domains and chain alignment generate polar order that can be strengthened by drawing or regeneration [15]. Globular protein crystals, such as lysozyme, further demonstrate that proteins need not be fibrous to be piezoelectric if their crystal packing is polar [35]. Overall, protein piezoelectricity arises from peptide-bond polarity amplified by secondary-structure order, crystal packing, and hierarchical anisotropy.

      

      
        2.4 Polysaccharides
        Polysaccharides generate piezoelectricity through polar sugar chains and directional hydrogen-bonded crystalline domains (Fig. 1(d)). In cellulose, β-1,4-linked glucan chains form crystalline nanodomains in which hydroxyl groups, glycosidic bonds, and chain-axis polarity are arranged anisotropically. The resulting response is often shear-dominated and strongly depends on nanocrystal or nanofibril orientation, film morphology, hydration, and the deformation direction [16,36,37]. Cellulose nanocrystal and nanofibril films have therefore become useful model systems for studying how renewable fibrillar networks convert mechanical strain into electrical signals [36,37]. Chitin and chitosan follow the same structural logic but introduce acetamide or amine groups that modify hydrogen bonding, polarity, crystallinity, and water interaction [38]. β-Chitin nanofibrils isolated from deep-sea tubeworms further demonstrate that native crystallinity and c-axis alignment can support low-frequency mechano-electric coupling without external poling [39]. In this class, the key origin is not a single permanent dipole, but the collective deformation of oriented polar chains and hydrogen-bonded crystalline domains. This also explains why processing, alignment, crystallinity, and humidity control are central to polysaccharide-based piezoelectric devices.

      

      
        2.5 Biological Templates
        Biological templates represent a distinct route in which long-range order is supplied by an organized biological object rather than by a small-molecule or polymer crystal (Fig. 1(e)). M13 bacteriophage is the most widely studied example. Its rod-like body contains thousands of coat proteins arranged around the viral genome, creating an ordered protein shell with directional surface charges and dipoles. Genetic engineering can introduce charged residues and tune the surface charge distribution, while alignment of viral films determines whether these nanoscale dipoles produce a macroscopic response [17,40]. Virus-based nanogenerators have shown that engineered and aligned M13 films can generate electrical output under mechanical deformation, and later work has clarified how charge distribution, assembly, and interfacial effects contribute to the measured response [40,41]. The piezoelectric origin of such bio-templates is therefore regular surface-charge distribution combined with template-level orientation, with genetic modification and film alignment serving as the main design variables.

        To consolidate these structural classes, Table 1 compares representative tensor components, sample forms, and measurement methods with PVDF and PZT benchmarks.

        
          Table 1. 
				
          

          
            Representative piezoelectric coefficients of biomolecular systems and conventional benchmarks
          
          

        

        
          
            
              	Class
              	Material
              	Form/route
              	Piezoelectric coefficient (pm/V)
              	Method
              	Ref.
            

          
          
            	Benchmark
            	PZT
            	Poled bulk ceramic
            	d33 ≈ 200-600
            	Bulk direct
            	[1-3]
          

          
            	PVDF
            	Poled film
            	deff ≈ 25.2
            	PFM
            	[8]
          

          
            	Amino acid
            	β-Glycine
            	Single crystal; drop-cast
            	d16 = 178
            	Resonance + DFT
            	[9]
          

          
            	β-Glycine
            	Nanofilm; electrospray
            	d33 = 11.2
            	PFM + direct
            	[8]
          

          
            	β-Glycine/PVP
            	Film; aerosol printed
            	d33 = 10.8
            	PFM + direct
            	[42]
          

          
            	γ-Glycine
            	Single crystal; drop-cast
            	d33 = 10.4
            	DFT + direct
            	[3,9]
          

          
            	γ-Glycine/PVA
            	Sandwich film; cast
            	d33 = 5.3
            	Quasi-static
            	[19]
          

          
            	DL-Alanine
            	Racemic single crystal
            	d33 = 10.3
            	DFT + PFM
            	[28]
          

          
            	Isoleucine
            	Polycrystal; annealed
            	d33 = 1.2
            	Quasi-static
            	[26]
          

          
            	Valine
            	Sheet array; PVD
            	d33 = 11.4
            	DFT + PFM
            	[43]
          

          
            	Glycine/PCL
            	Nanofiber; electrospun
            	d33 ≈ 19
            	Quasi-static
            	[10]
          

          
            	Peptide
            	FF
            	Nanotube; self-assembled
            	d33 = 18; d15 = 60
            	PFM
            	[32,44]
          

          
            	Boc-Dip-Dip
            	Nanorod crystald
            	d33 = 73.1
            	DFT + PFM
            	[44]
          

          
            	Hyp-Phe-Phe
            	Helical assembly
            	d33 = 4.0; d34 = 16.1
            	PFM
            	[13]
          

          
            	PBLG
            	Nanofiber; electrospun
            	d33 = 25
            	Quasi-static
            	[21]
          

          
            	Boc-L-Ile-D-Phg-OMe
            	Microfiber; dip-coated
            	d33 = 6.31
            	PFM + DFT
            	[45]
          

          
            	Protein
            	Type-I collagen
            	Isolated fibril
            	deff ≈ 1
            	PFM
            	[34]
          

          
            	Silk fibroin
            	Drawn film
            	d14 = -1.5
            	Dynamic shear
            	[15]
          

          
            	Lysozyme
            	Aggregate film
            	d33 = 6.5
            	Berlincourt
            	[35]
          

          
            	Polysaccharide
            	Cellulose nanocrystal
            	Vertical aligned film
            	d33 = 19.3
            	PFM
            	[46]
          

          
            	β-Chitin
            	Film; centrifugal cast
            	d33 ≈ 4.0
            	DFT + PFM
            	[38]
          

          
            	Bio-template
            	M13 phage
            	Vertical nanopillars
            	d33 = 10.4
            	PFM
            	[47]
          

          
            	M13 phage
            	Vertical aligned film
            	d33 = 13.2
            	PFM
            	[48]
          

        

        

      

    

    

  
    
      3. FABRICATION AND SELF-ASSEMBLY ENGINEERING OF PIEZOELECTRIC BIOMOLECULES
      
        3.1 Meniscus-Driven Self-Assembly
        Meniscus-driven self-assembly uses a moving liquid contact line to couple evaporation, solute transport, nucleation, and crystal orientation. In β-glycine coating (Fig. 2(a)), pulling speed and concentration gradients determine whether rapid local supersaturation kinetically captures the metastable β phase or whether the system relaxes toward the thermodynamically stable α phase [18]. The free-energy and β-to-α conversion schemes in Fig. 2(a) therefore illustrate a general processing rule for biomolecular crystals: the polar phase must be selected before it transforms or grows into randomly oriented domains. Similar meniscus- and interface-guided approaches have been used to organize bio-organic thin films and γ-glycine-based flexible films, where substrate chemistry, evaporation rate, and interfacial confinement regulate polymorph selection, grain orientation, and stress transfer [19,49]. For amino-acid piezoelectrics, this coating route is especially useful because it links large-area film formation with the kinetic stabilization of a polar molecular crystal.

        
          
          

          Fig. 2.  
				
          

          
            Fabrication and self-assembly engineering of piezoelectric biomolecules. (a) Meniscus-driven self-assembly of β-glycine. Adapted from Ref. [18]. (b) Electrospray-assisted nanoconfinement synthesis of β-glycine nanocrystalline films. Adapted from Ref. [8]. (c) Magnetic-field alignment of FF nanotube. Adapted from Ref. [20]. (d) Electrospinning aligns α-helical poly (amino acid) chains. Adapted from Ref. [21]. (e) Electric-field-assisted FF peptide self-assembly. Adapted from Ref. [12].
          
          

          

        

      

      
        3.2 Electrospray-Assisted Nanoconfinement Synthesis
        Electrospray-assisted nanoconfinement combines droplet generation, fast solvent evaporation, confined nucleation, and electrical bias. In β-glycine films (Fig. 2(b)), charged nano- to microdroplets land on the substrate, where a thin water layer promotes homogeneous nucleation while in situ poling biases the orientation of growing nanocrystals [8]. Fig. 2(b) shows this sequence from droplet formation to nanograin assembly and polarization alignment. Beyond this example, nanoconfinement is broadly useful for biomolecular piezoelectrics because it suppresses uncontrolled crystal growth, increases phase uniformity, and enables polar domains to form directly in thin-film geometries. This concept is also consistent with wafer-scale bio-organic thin films and interface-induced glycine films, in which confined crystallization and substrate interactions stabilize polar phases and improve device-level output [19,49].

      

      
        3.3 Magnetic-Field Alignment
        Magnetic-field alignment addresses orientational disorder in anisotropic supramolecular assemblies. FF nanotubes contain aromatic groups and ordered hydrogen-bonded backbones, making their long axes sensitive to strong magnetic fields. In Fig. 2(c), without an applied field, the angular distribution is broad; under 12 T, the nanotube population becomes concentrated near a preferred direction, and the SEM image shows a more aligned network [20]. This result extends beyond FF because many peptide and protein assemblies are mechanically and electrically anisotropic. Their output depends on whether the tube, fiber, or fibril axis is aligned with stress direction and electrode configuration. Magnetic alignment is therefore a useful model strategy for proving the role of supramolecular orientation, even if scalable device manufacturing may rely more on coating, shearing, or electric-field methods.

      

      
        3.4 Electrospinning
        Electrospinning provides simultaneous fiber formation and molecular alignment. The high electric field and elongational flow stretch chains, guide solvent removal, and produce continuous fibers that efficiently transfer stress. Electrospun PBLG fibers in Fig. 2(d) show a preferred molecular orientation from the N-terminus positive pole toward the C-terminus negative pole, explaining their permanent polarity without high-temperature poling [21]. The same fiber-processing logic has been applied to peptide nanotubes embedded in electrospun polymer fibers and to biodegradable amino acid or peptide composite fibers, where the polymer matrix improves flexibility while the polar biomolecular phase supplies electromechanical conversion [50,51]. A conventional-polymer comparison reinforces the same processing principle: mechanically stretching electrospun PVDF non-woven fabrics increased β-phase content and electrical output by improving fiber orientation [52]. Compared with flat crystals, electrospun mats are better suited for wearable and implantable devices because they are porous, conformal, and mechanically robust under repeated bending.

      

      
        3.5 Electric-Field Alignment
        Electric-field alignment is particularly effective when applied during nucleation and growth. In FF peptide assembly (Fig. 2(e)), a positive electric field produces nearly 100% positively polarized rods, a negative electric field produces about 95% negatively polarized rods, and no field leaves a mixed distribution of roughly 75% positive and 25% negative rods [12]. These data in Fig. 2(e) explain why the route improves macroscopic output: field-guided growth increases the number of domains that contribute to the same polarization direction. Related electric-field-assisted peptide self-assembly and solvent-mediated unidirectional nanotube growth show that molecular dipoles, seed crystals, solvent environment, and electrode geometry can all be used to program peptide polarity [22,53]. More generally, field alignment provides a direct way to convert the intrinsic polarity of peptide assemblies into a device-scale polar film before random domains are locked in.

        Across these routes, the practical choice is governed by the same coupled variables—phase selection, dipole alignment, stress transfer, scale-up, and environmental stability—which are summarized in Table 2. The fabrication routes discussed above address different bottlenecks, but their performance depends on the structural class being processed. Table 2 therefore links each biomolecular category to its main processing routes, representative coefficient range, strengths, and practical limitations.

        
          Table 2. 
				
          

          
            Concise comparison of biomolecular categories, fabrication routes, strengths, and limitations.
          
          

        

        
          
            
              	Category
              	Main routes
              	Representative piezoelectric coefficient (pm/V)
              	Strengths
              	Main limitations
            

          
          
            	Amino acids
            	Crystallization; meniscus/electrospray;
PVD; polymer composites
            	1.2-178
            	Defined chemistry; high d;
aqueous processing
            	Polymorphs; brittleness;
humidity; orientation
          

          
            	Peptides
            	Self-assembly; sequence design;
field alignment; electrospinning
            	4-73
            	Sequence tunability;
low-temperature processing
            	Domain alignment; moisture;
scale-up; interfaces
          

          
            	Proteins
            	Casting/crystallization; drawing;
electrospinning; printing
            	1-6.5
            	Biofunction; compliance;
fibrillar architectures
            	Anisotropy; denaturation;
source variability
          

          
            	Polysaccharides
            	Extraction; casting;
shear/field alignment; blending
            	4-19
            	Renewable; flexible;
transparent; low cost
            	Hydration; porosity;
random orientation
          

          
            	Biological templates
            	Amplification; genetic engineering;
self-/template alignment
            	7.8-13.2
            	Programmable dipoles; aqueous scale-up
            	Purification; biosafety;
interfaces; wet stability
          

        

        

      

    

    

  
    
      4. PIEZOELECTRIC BIOMOLECULAR SENSORS FOR BIOINTEGRATED AND SELF-POWERED SENSING APPLICATIONS
      
        4.1 Wearable Pressure and Force Sensing
        Wearable pressure and force sensors require thin active layers that respond to gentle touch, bending, and repeated contact. Self-assembled oligopeptide monolayers provide an ultrathin polar platform in which molecular dipoles are intrinsic to the assembly [23]. In the wearable peptide sensor (Fig. 3(a)), pressing or bending the flexible device produces clear current and voltage pulses, with stronger deformation generating larger voltage signals on the order of volts. The charge coefficient reaches about 9.8 pC N-1, while the voltage coefficient can reach 2 V m N-1, a useful feature for lightweight self-powered force readout [23]. Other biodegradable force sensors use glycine-chitosan composites or mechanically annealed amino acid crystals to combine crystal-domain control with soft matrices, expanding this application from molecular monolayers to flexible degradable pressure devices [26,54].

        
          
          

          Fig. 3.  
				
          

          
            Piezoelectric biomolecular sensors for biointegrated and self-powered sensing applications. (a) Wearable pressure and force sensing. Adapted from Ref. [23]. (b) Acoustic and vibration sensing. Adapted from Ref. [24]. (c) Humidity and environmental sensing. Adapted from Ref. [27]. (d) Biodegradable physiological motion sensing. Adapted from Ref. [26]. (e) Implantable soft-tissue monitoring. Adapted from Ref. [25].
          
          

          

        

      

      
        4.2 Acoustic and Vibration Sensing
        Acoustic and vibration sensing relies on fast electromechanical response to small dynamic deformation. The β-glycine/alginate film (Fig. 3(b)) is attached to the neck and produces repeated millivolt-scale voltage peaks during vocal or throat motion [24]. The enlarged waveform contains multiple peaks within each event, indicating that the device can resolve complex mechanical vibrations rather than only detecting a single pressure pulse. This is relevant to voice, swallowing, and soft acoustic interfaces, where waveform shapes carry physiological information. Peptide nanotube substrate sensors provide a complementary route: sound waves activate the peptide piezoelectric layer and generate electrical signals, connecting supramolecular peptide polarity to acoustic readout [55].

      

      
        4.3 Humidity and Environmental Sensing
        Humidity and environmental sensors exploit the water sensitivity of biopolymers. In the chitosan/PVA system (Fig. 3(c)), a piezoelectric nanogenerator powers a humidity-sensitive CS-PVA film, and the output changes systematically as relative humidity increases from 21% to 89% [27]. The voltage response decreases from approximately 15 V at low humidity to about 2 V at 89% RH, reflecting water adsorption, swelling, and changes in charge transport in the hydrophilic sensing layer. The stepwise response allows battery-free humidity discrimination. Collagen and cellulose devices show related hydration-dependent behavior, where water can either be the analyte or an interference that screens polarization and alters mechanical stiffness [36,37,56]. More broadly, recent humidity-sensor literature identifies sensitivity, linearity, operating range, response/recovery time, and long-term stability as shared evaluation criteria across material platforms [57].

      

      
        4.4 Biodegradable Physiological Motion Sensing
        Biodegradable physiological motion sensors must record low-frequency body movements while minimizing long-term material retention. Mechanically annealed amino-acid crystals provide degradable force sensors with improved sensitivity through enhanced packing and domain orientation [26]. In the biodegradable physiological sensor (Fig. 3(d)), implanted devices record periodic signals from chest and leg motion: chest implantation gives repeated millivolt-scale peaks, while leg motion produces larger spikes approaching tens of millivolts. The difference reflects the larger deformation amplitude and loading direction associated with limb movement. Earlier biodegradable piezoelectric force sensors and nanofiber-based transducers enabled transient biomedical electromechanical monitoring, while the amino acid crystal approach connects physiological sensing directly to molecular crystal engineering [58,59].

      

      
        4.5 Implantable Soft-Tissue Monitoring
        Implantable soft-tissue monitoring requires intimate contact with curved organs, mechanical compliance, and stable signal output in wet physiological environments. The 3D-printed silk-based bioresorbable piezoelectric self-adhesive holey structures (Fig. 3(e)) address these requirements through a patterned silk composite that conforms to tissue and maintains electrical connection [25]. The device records dynamic voltage changes under pressure steps ranging from several to more than 20 mbar and detects rupture events, demonstrating its ability to track both gradual deformation and abrupt mechanical failure. In vitro traces after 7, 14, and 21 days at 37 °C and pH 7.4 retain periodic voltage signals, indicating operation over degradation-relevant time windows. Skin-inspired tactile arrays and ultrastable piezoelectric biomaterial fabrics further show that electrode routing, encapsulation, and mechanical robustness become decisive when soft biomolecular sensors are integrated with living tissues [60,61].

      

    

    

  
    
      5. CHALLENGES AND OUTLOOK
      Piezoelectric biomolecules now provide a credible materials basis for soft and degradable sensors, but reproducibility remains the main barrier. The β-glycine nanocrystalline-film study [8] provides a useful model because phase identification and orientation mapping were combined with piezoresponse force microscopy, ferroelectric switching, and quasi-static coefficient measurements. The meniscus-stabilized β-glycine study [18] likewise linked processing conditions to polymorph selection and anisotropic response, while the silk study [15] correlated β-sheet content and crystalline orientation with the shear coefficient. Together, these cases show that a convincing benchmark should connect the reported coefficient to phase fraction, crystal orientation, domain polarity, hydration state, modulus, dielectric properties, and processing history. Studies that report only a peak voltage or current cannot establish whether an improvement originates from the biomolecule, device geometry, stress concentration, or the measurement circuit. Temperature should be included in this qualification because conventional piezoelectric materials already show material-dependent trade-offs among thermal depolarization, sensitivity, stiffness, and cyclic resilience [62].

      Device-level evaluation also needs clearer standards. As Table 1 makes explicit, coefficients obtained by piezoresponse force microscopy, Berlincourt-type direct measurements, and device-level charge sensitivity are useful but not strictly interchangeable. The wearable, acoustic, humidity, biodegradable, and implantable demonstrations in Refs. [23-27] use different force ranges, loading geometries, frequencies, active areas, and electrical loads, which makes ranking by open-circuit voltage alone unreliable. Future studies should report calibrated force or stress, active area and thickness, loading rate and frequency, electrical boundary conditions, response time, cycling stability, signal-to-noise ratio, and uncertainty. Hydrophilic systems further require controlled-humidity or wet-state testing because water adsorption can simultaneously alter polarization screening, dielectric loss, and stiffness, as illustrated by the chitosan/PVA, collagen, and cellulose examples [27,36,37,56].

      The most promising direction is hybrid biointegrated design. Amino acid or peptide crystals can provide high polarization, while protein and polysaccharide matrices supply compliance, processability, and biofunctionality; γ-glycine-polymer films [49], glycine-chitosan devices [54], and silk-based constructs [25] illustrate this complementary strategy. Biological templates can additionally impose long-range order, and scalable alignment, stress-focusing microstructures, soft electrodes, and low-power electronics can translate that order into robust signals. For implantable or transient systems [25,58-61], however, electromechanical stability should be evaluated together with sterilization tolerance, encapsulation lifetime, cytotoxicity, degradation products, inflammatory response, and biofouling. This combined materials-device-biological framework is needed to move beyond biodegradable substitutes for inorganic piezoelectrics toward sensors purpose-designed for transient physiological monitoring, self-powered environmental readout, and mechanically active biointerfaces.
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