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          Dual-hydrogen bond donors are molecular selectors capable of forming directional hydrogen bonds with various chemical species. Structural tunability of these selectors enables the precise control of binding affinity and selectivity, making them highly attractive for chemical sensing applications. As a result, considerable research has focused on developing chemical sensors utilizing dual-hydrogen bond donors as selectors. The selectivity and sensitivity of such sensors can be enhanced by tailoring the molecular structures of dual-hydrogen bond donors and modulating their hydrogen bonding ability. These features offer significant potential for developing diverse chemical sensors that utilize various signal transduction mechanisms. As electrical signals can be readily acquired, processed, stored, and transmitted, sensors that convert chemical interactions into electrical signals are considered highly suitable for real-time monitoring and device integration. In this review, we provide an overview of dual-hydrogen bond donors, focusing on their structural characteristics, acidity, and hydrogen bonding properties. We then highlight their applications in chemical sensors designed for gas- and liquid-phase analyte detection. In conclusion, this review offers comprehensive insight into the correlation between the chemical structure of dual-hydrogen bond donors and their sensing performances.
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      1. INTRODUCTION
      The importance of chemical sensors is increasing across various fields, ranging from environmental monitoring to clinical diagnosis [1]. The interest in artificial sensory systems that mimic human olfactory and gustatory perception is increasing, emphasizing the need for advanced chemical sensors [2-4]. In this context, miniaturized electronic sensors have attracted significant attention because electronic signals can be efficiently acquired, processed, and stored [5-7].

      The performance of chemical sensors is determined by the sensing material, which facilitates the chemical interaction and generates the signal output. The sensing materials consist of two main components: a selector and transducer [8]. The selector induces chemical interaction toward target analytes through intermolecular interactions, including hydrogen bonding, electrostatic forces, and π–π interactions, while the transducer converts these chemical interactions into measurable electrical signals. Among various intermolecular interactions, hydrogen bonding is particularly attractive due to its directionality and tunability [9,10].

      Dual-hydrogen bond donors are representative molecule selectors that form strong and geometrically defined hydrogen bonds. They typically consist of two amide –NH groups that are symmetrically arranged and spatially separated, enabling directional and cooperative hydrogen bond donation. By introducing asymmetric N,N’-substituents on the two amide – NH groups of dual-hydrogen bond donors, additional functionalities, such as supplementary hydrogen bonding, π–π interactions, and electrostatic interactions, can be incorporated by tailoring the molecular structures of these donors. The hydrogen bond donating ability and binding properties of dual-hydrogen bond donors are primarily governed by the acidity of the NH protons [11]. This acidity can be systematically modulated by introducing electron-withdrawing or electron-donating substituents, enabling precise control over hydrogen bond strength. This structural tunability facilitates the rational design of selectors tailored for selective interaction with analytes.

      In this context, extensive efforts have been made to develop chemical sensors that exploit the chemical interaction properties of dual-hydrogen bond donors. In general, dual-hydrogen bond donors can be directly employed as optical (i.e., colorimetric and fluorescent) sensors [12-14]. The concept of optical sensing using dual-hydrogen bond donors is well established and has been comprehensively reviewed in the literature [15-17]. In addition, dual-hydrogen bond donors have attracted significant interest for the synthesis of composite materials for chemical sensors that transduce chemical interactions into distinguishable electrical signals. Although dual-hydrogen bond donor-based chemical sensors that utilize electrical signal transduction have been actively investigated, no review on this topic has been published in recent years.

      In this review, we discuss dual-hydrogen bond donors and their composite derivatives for application in chemical sensors. In particular, we focus on sensors that transduce the chemical interaction between sensing materials and analytes into electrical signals (Fig. 1). We first introduce the structural and chemical properties of dual-hydrogen bond donors, followed by a discussion of their application in chemical sensors in the gaseous and liquid phases. This review comprehensively discusses the correlation between the chemical binding affinities of dual-hydrogen bond donors toward specific analytes and their sensing performances, providing design strategies for the development of novel sensing materials with improved selectivity and sensitivity.

      
        
        

        Fig. 1. 
				
        

        
          Schematic illustration of the chemical sensor structure comprising dual-hydrogen bond donors.
        
        

        

      

    

    

  
    
      2. DUAL-HYDROGEN BOND DONOR
      
        2.1 Dual-hydrogen bond donors as molecular selectors
        As the importance of molecular recognition continues to increase, molecular selectors that facilitate specific and reversible interactions with target molecules have gained considerable attention. Consequently, there have been extensive efforts to develop various molecular selectors that enable diverse intermolecular interactions, including hydrogen bonding, π–π stacking, electrostatic attraction, and coordination bonding, to achieve selective molecular recognition [18,19]. In particular, hydrogen bonding has attracted significant interest because of its directionality and chemical tunability [20].

        Notably, dual-hydrogen bond donors, which provide two-directional hydrogen bonding through –NH groups, have emerged as highly effective selector motifs. The strength of hydrogen bonding is closely correlated to the acidity of NH protons. Therefore, the pKa values of dual-hydrogen bond donors are often used as indicators of hydrogen bond strength. This relationship has been well-established through computational studies, which have quantitatively correlated pKa values with hydrogen bond strengths [21].

        Urea and thiourea are common dual-hydrogen bond donors characterized by planar geometries. It is known that thiourea exhibits a lower pKa value than its urea analogs, indicating that thiourea exhibits stronger hydrogen bond strength. Notably, the NH proton of thiourea can be deprotonated upon chemical interaction with basic anions such as F– and AcO–, while urea exhibits hydrogen bonding [22].

        In addition to urea and thiourea, other dual-hydrogen bond donors have been developed to enhance hydrogen bond donating ability and improve binding selectivity. Among these, squaramide is one of the most widely studied motifs, possessing two amide –NH groups connected to the four-membered squaric ring [23]. The –NH groups in squaramides are spatially more separated than those in the urea and thiourea analogs. In addition, its pseudo-aromatic nature enhances the acidity of –NH groups, which differentiates them from (thio)urea [24]. Therefore, squaramides generally exhibit stronger hydrogen bond donating ability compared to (thio)urea.

        Furthermore, croconamides have been introduced as novel dual-hydrogen bond donors derived from cyclic oxocarbon structures [25]. Notably, croconamides exhibit significantly higher acidity than their squaramide analogs, further enhancing their hydrogen bond donating ability [26]. These developments highlight the structural diversity and tunability of dual-hydrogen bond donors, enabling the rational design of molecular selectors with tailored hydrogen bonding interactions suited for specific analyte recognition. Owing to these features, dual-hydrogen bond donors have gained increasing attention in the design of chemical sensors with enhanced sensing performance.

      

    

    

  
    
      3. GAS SENSORS
      
        3.1 General features of gas sensors
        Gas sensors have been developed to monitor air quality and ensure safety in both daily life and occupational environments [27-30]. In severe cases, the early detection of toxic gases is critical for protecting human health. More recently, the detection of volatile organic compounds (VOCs) in human breath has gained considerable attention as a promising method for non-invasive disease diagnosis [31-35]. Consequently, considerable efforts have been made to develop various types of gas sensors capable of precisely discriminating gaseous analytes.

        Various transduction techniques have been applied to develop gas sensors, including potentiometric, capacitive, optical, and chemiresistive [36-40]. Among these, chemiresistive-type transduction techniques are widely applied because of their simple working principles and ability for continuous monitoring [41]. Chemiresistive sensors exhibit changes in electrical resistance in response to chemical interactions occurring within the sensing layer.

        However, chemiresistive gas sensors commonly suffer from issues such as cross-sensitivity and the need for elevated operating temperatures, which increase energy consumption [42]. To overcome these limitations, novel sensing materials that enable room-temperature operation while exhibiting high selectivity toward target gas analytes have been developed. One effective strategy to further improve selectivity involves functionalizing these sensing materials with selectors, which can facilitate specific chemical interactions with target analytes [43].

      

      
        3.2 Dual-hydrogen bond donor-based gas sensors
        Dual-hydrogen bond donors, which serve as active binding sites for small gas molecules, have been employed as functional sensing materials in gas sensor development [44,45]. Both small molecules and polymeric derivatives containing dual-hydrogen bond donors have been utilized to interact directly with target gas analytes through hydrogen bonding. For example, ethynylated-thiourea derivatives coated onto interdigitated electrodes exhibited a chemiresistive response to CO2 at room temperature [44].

        Moreover, Zhou et al. developed a chemiresistive gas sensor that uses squaramide to detect ammonia (NH3) [46]. Specifically, poly(4,4′-azodianiline-squaramide) (PADS) was synthe-sized as a sensing layer (Fig. 2 (a)). The polymer contained squaramide, facilitating effective hydrogen bonding interactions with the nitrogen atoms of NH3. SEM and TEM images revealed that the PADS microspheres featured a hierarchical porous structure decorated with surface nanoplates (Fig. 2 (b)).

        
          
          

          Fig. 2. 
				
          

          
            Chemiresistive gas sensor using squaramide. (a) Chemical structure of PADS. (b) SEM and TEM images of PADS microspheres. (c) Camera image of chemiresistive gas sensor. (d) Dynamic current transition toward 1 ppb–1 ppm of NH3. (e) Experimental and theoretical IR spectra of PADS before and after NH3 exposure. Reprinted with permission from Ref. [46], Copyright (2019) Royal Society of Chemistry.
          
          

          

        

        The chemiresistive gas sensor was fabricated using PADS powder and a ceramic substrate with Ag-Pd interdigital electrodes to characterize the NH3 sensing properties (Fig. 2 (c)). The real-time current transitions of the PADS exhibited reversible and rapid reactions toward NH3 at concentrations ranging from 1 ppb to 1 ppm (Fig. 2 (d)). The PADS current decreased upon exposure to NH3 and recovered upon N2 purging. In addition, the sensor exhibited excellent long-term stability over 240 days. The humidity effect on the sensing performances of PADS was investigated, and the results revealed that enhanced sensor responses were observed with increasing relative humidity (25−80%). The authors suggested that the formation of a molecularly thin water layer on the sensor surface prompted the adsorption of NH3.

        To validate the sensing mechanism, in situ IR analysis and theoretical calculations were conducted (Fig. 2 (e)). Upon NH3 adsorption, the IR spectra of PADS exhibited a blue shift in the N–H in-plane bending mode (from 1592 to 1596 cm−1) and C–N stretching (from 1396 to 1400 cm−1). Additionally, a red shift was observed in the amide N–H wagging (from 842 to 845 cm−1). These results were consistent with theoretical predictions, indicating a strong interaction between NH3 and PADS. This interaction involves electron donation from NH3 to PADS, which disrupts hole transport within PADS. Because charge transport in PADS is dominated by holes, the adsorption of NH3 decreased hole conduction, inducing a decrease in current after exposure to NH3.

        In terms of sensing VOCs, detection remains particularly challenging due to the low chemical reactivity and trace-level concentrations of these compounds under ambient conditions [47]. To address this issue, the induction of specific intermolecular interactions between VOCs and selector molecules has emerged as a promising approach [48]. In this regard, dual-hydrogen bond donors have been shown to enhance the sensing performance of gas sensors by facilitating hydrogen bonding with VOCs, thereby improving both sensitivity and selectivity.

        Therefore, efforts have been made to transduce chemical interactions into electrical signals by functionalizing dual-hydrogen bond donors onto conductive materials, such as carbon nanotubes (CNTs). Saetia et al. reported that hydrogen bond interactions between thiourea-based selectors and dimethyl methylphosphonate (DMMP), a nerve agent simulant, were successfully transduced by multi-walled carbon nanotubes (MWCNTs), resulting in a chemiresistive response [49]. In addition, CNTs functionalized with dual-hydrogen bond donors can effectively detect VOC markers for explosive compounds, such as cyclohexanone [50-52].

        Yoon et al. developed a chemiresistive sensor for the detection of cyclohexanone using thiourea-based selector functionalized single-walled carbon nanotubes (SWCNTs) (Fig. 3 (a)) [50]. The sensor was fabricated by immobilizing a thiourea-functionalized polymer−SWCNT composite on a flexible poly(ethylene terephthalate) (PET) substrate. The thiourea-based selectors enabled selective recognition of cyclohexanone through hydrogen bonding. The binding properties were elucidated by 1H NMR titrations, which revealed a downfield shift in the α- and β-NH protons of the thiourea group upon the addition of cyclohexanone (Fig. 3 (b)). This result indicates the formation of collective hydrogen bonding of NH protons with cyclohexanone.

        
          
          

          Fig. 3. 
				
          

          
            Chemiresistive gas sensor using thiourea. (a) Schematic illustration of chemiresistive cyclohexanone sensor on a flexible PET substrate. (b) 1H NMR chemical shifts of the thiourea NH protons (α and β) upon addition of increasing concentrations of cyclohexanone (0−50 equiv). (c) Dynamic response transitions of the sensor toward cyclohexanone in the concentration range of 25−200 ppm. (d) Average responses of the sensors to 200 ppm cyclohexanone and VOCs at a concentration of 500 ppm in N2. Reprinted with permission from Ref. [50], Copyright (2021) American Chemical Society.
          
          

          

        

        The chemiresistive sensing properties of cyclohexanone were investigated over a concentration range of 25–200 ppm in dry N2 (Fig. 3 (c)). The sensor responses were calculated as ΔG/G0 (%) = (I−I0)/I0, where I and I0 are the current values upon exposures to gas and the baseline current, respectively. Upon exposure to 200 ppm of cyclohexanone vapor, the sensor exhibited an increase of 7.9 ± 0.6% in conductance. This increase in conductance indicates enhanced hole transport in SWCNTs, which is attributed to hydrogen bonding between the thiourea-based selectors and cyclohexanone. Moreover, the sensor exhibited high selectivity toward cyclohexanone, while negligible responses were observed to other VOCs, even at higher concentrations (Fig. 3 (d)). Under humid conditions (relative humidity of 55%), the sensors exhibited decreased conductance upon exposure to cyclohexanone. This is attributed to a hydrogen bonding complex of cyclohexanone and thiourea-based selectors, resulting in water adsorption on the SWCNT surface.

      

    

    

  
    
      4. LIQUID SENSORS
      
        4.1 General features of liquid sensors
        Liquid sensors have primarily been developed to detect a broad range of analytes in aqueous media, with an increasing focus on biomedical and environmental applications [53,54]. As various chemical species in biological fluids have been analyzed to enable human health monitoring, wearable sensors have emerged as promising tools for healthcare applications, including continuous detection of biomarkers such as glucose, lactate, and electrolytes in biofluids like sweat and interstitial fluid [55,56]. Similarly, the rapid and on-site monitoring of toxic pollutants in water, including heavy metals and organic compounds, has also been extensively investigated as a strategy to protect human health from environmental contamination [57,58]. Subsequently, various liquid sensors have been developed to precisely and effectively recognize chemical analytes in fluidic environments.

        The transduction of chemical changes into electrical signals is the fundamental operating principle of liquid sensors. The specific types of liquid sensors are determined by the transduction mechanism and nature of the electrical signals they generate, both of which are influenced by the chemical interaction between the analytes and sensing material [59]. Among these, chemiresistive and electrochemical sensors have been widely utilized for portable and on-site monitoring due to their simple and rapid operation [60,61]. Chemiresistive sensors measure changes in electrical resistance induced by interaction between target analytes and the sensing material. In the case of electrochemical sensors, redox reactions with the sensing material generate electrical signals such as current, voltage, or impedance, which are detected via electrode [62-64].

        Despite these advantages, liquid sensors often exhibit limited selectivity, stability, or sensitivity under real-world conditions. To address these challenges, considerable efforts have been directed toward the rational design of sensing materials that can enhance sensor performance through tailored chemical interactions with target analytes [65,66]. In particular, the functionalization of molecular selectors has emerged as an effective strategy for governing selectivity toward specific analytes and improving the sensing capabilities of liquid sensors [67,68].

      

      
        4.2 Dual-hydrogen bond donor-based liquid sensors
        Several studies have reported the fabrication of sensor electrodes using dual-hydrogen bond donor-functionalized carbon nanomaterials to characterize the sensing performances of electrochemical sensors. Among these, a wide range of voltammetric sensors have been developed to detect various analytes, including heavy metal ions, dopamine, and phenolic compounds, by measuring oxidation or reduction currents [69-71].

        Additionally, dual-hydrogen bond donors have been incorporated with redox-active units, allowing chemical interactions between dual-hydrogen bond donors and analytes to be monitored through shifts in the oxidation and reduction potentials. Zaleskaya et al. developed a squaramide-based ion pair sensor for anion detection using electrochemical measurements (Fig. 4 (a)) [72]. The sensor consists of squaramide integrated with benzo-18-crown-6 ether for cation recognition and a ferrocene unit for electrochemical signaling, enabling the simultaneous binding of both cations and anions. Notably, cation binding plays a crucial role in enhancing anion affinity by modulating the electronic properties of squaramide. To investigate the anion binding properties, UV-vis titrations were performed using a squaramide-based ion pair sensor upon the addition of tetrabutylammonium nitrate (TBANO3) in acetonitrile (Fig. 4 (b)). The results exhibited a gradual bathochromic shift of approximately 330–350 nm upon the addition of TBANO3. In the presence of cations such as Na+ or K+, this shift became more pronounced, indicating enhanced complex formation owing to the cation-induced electron-withdrawing effect. Furthermore, cyclic voltammetry measurements demonstrated that the sensor can effectively detect NO3−, with significantly enhanced signal responses in the presence of Na+ or K+ (Fig. 4 (c)). This improvement is attributed to a cation-induced electron-withdrawing effect that increases squaramide acidity and enhances anion binding affinity.

        
          
          

          Fig. 4. 
				
          

          
            Electrochemical liquid sensors using squaramide. (a) Chemical structures of squaramide-based ion pair sensor. (b) UV-vis titrations of squaramide-based sensors upon additions of TBANO3 in the concentration range of 0−10 equiv. (c) Cyclic voltammograms recorded for 0.5 mM solution of squaramide-based sensors after adding 1, 3, and 5 equivalents of TBANO3 in acetonitrile. Reprinted with permission from Ref. [72], Copyright (2020) Royal Society of Chemistry. (d) Chemical structures of selective ionophores (L1 – L5). (e) 1H NMR titrations of L4 toward KF−. (f) Potentiometric responses of ISE containing L4. Reprinted with permission from Ref. [76], Copyright (2023) American Chemical Society.
          
          

          

        

        Potentiometric sensing is another promising electrochemical sensing method. In this regard, dual-hydrogen bond donors have been employed as ionophores in the fabrication of ion-selective electrodes (ISEs) for use in potentiometric detection [73-76]. Picci et al. employed squaramide-based selectors as selective ionophores for the detection of nonsteroidal anti-inflammatory drug ions, including ketoprofen (KF) and naproxen (NS) anions in aqueous solution [76]. A series of acyclic squaramide-based selectors (L1 – L5) were synthe-sized by modifying the indole moiety, which introduced an additional hydrogen bond site through its NH proton (Fig. 4 (d)). The binding properties of these squaramide-based selectors toward KF− and NS− were systematically investigated by 1H NMR titration. The results revealed that NH protons of L4 significantly downfield-shifted upon addition of KF− (Fig. 4 (e)). This result indicates that L4 exhibited strong binding affinity toward KF− with a 1:2 binding stoichiometry. In contrast, the L3 selector showed a low binding affinity toward KF− and NS−, which is mainly attributed to the different directions of NH groups of indoles and squaramide, leading to the absence of cooperative hydrogen bonding between indole and dual-hydrogen bond donor.

        ISEs consisting of squaramide-based selectors were prepared to characterize the potentiometric sensing responses and correlate them with the binding properties of the selectors. ISE containing L4 exhibited response slopes of −55.6 ± 2.0 mV/dec and −71.2 ± 2.0 mV/dec toward KF− and NS−, respectively (Fig. 4 (f)). The L3 containing ion-selective membrane exhibited low potentiometric responses toward both KF− and NS−. These results correlate with the binding affinity of squaramidebased selectors.

        Choi et al. reported a novel sensing platform utilizing a chemiresistive transduction method to convert chemical interactions between selectors and anions into electrical signals [77]. Various dual-hydrogen bond donors, including thiourea, squaramide, and croconamide, have been used as anion selectors to facilitate hydrogen bonding with anions. To fabricate the chemiresistive sensor, dual-hydrogen bond donors were functionalized onto poly(4-vinylpyridine)-wrapped single-walled carbon nanotubes (P4VP-SWCNTs). This platform enabled the transduction of chemical interactions into electrical signals.

        A systematic study was conducted to correlate anion binding affinities with chemiresistive sensing properties by comparing two squaramide-based selectors, (1) and (2), which differ in their electron-withdrawing substituents (Fig. 5 (a)). UV-vis titration analysis demonstrated that selector (2) shows a stronger binding affinity for acetate (AcO−) compared to selector (1), primarily due to the increased acidity of the NH protons induced by the directly-attached electron-withdrawing substituents (Fig. 5 (b)). Selective binding properties were further investigated, and the results revealed a weak binding affinity toward Cl−, Br−, and NO3−.

        
          
          

          Fig. 5. 
				
          

          
            Chemiresistive liquid sensors using squaramide. (a) Schematic illustration of squaramide-based selector-functionalized P4VP-SWCNT. (b) UV-vis titrations of (2) toward AcO–. Dynamic response curves of (c) (1) functionalized P4VP-SWCNT and (d) (2) functionalized P4VP-SWCNT. Reprinted with permission from Ref. [77], Copyright (2020) Wiley-VCH.
          
          

          

        

        To characterize the chemiresistive anion sensing properties, anion sensors were fabricated by functionalizing P4VP-SWCNTs with squaramide-based selectors. The sensor responses were evaluated using the normalized resistance transition, i.e., (R–R0)/R0 × 100 (%), where R0 and R are the baseline resistance and resistance after injecting anion solutions, respectively. The observed sensor responses correlated well with the anion binding affinities of the corresponding selectors. In particular, the anion sensor functionalized with selector (2) exhibited enhanced response and selectivity toward AcO– compared to the sensor consisting of selector (1) (Fig. 5 (c) and (d)).

        Similarly, thiourea- and croconamide-based selectors were functionalized onto P4VP-SWCNTs for developing chemiresistive anion sensors [78,79]. These sensors demonstrated high selectivity toward AcO−, confirming the effect of dual-hydrogen bond donors on chemiresistive transduction of the selective anion binding into electrical signals.

        Furthermore, Choi et al. developed chemiresistive anion sensors using dual-hydrogen bond donor-functionalized carbon nanotube fibers (CNTFs) (Fig. 6 (a)) [80,81]. Squaramide-based selectors were functionalized onto the CNTFs through either covalent or non-covalent approaches to investigate the influence of functionalization methods on the sensing properties (Fig. 6 (b)). The results showed that non-covalent functionalization enhanced sensing responses toward AcO− (Fig. 6 (c) and (d)). Subsequent studies using thiourea- and croconamide-based selectors revealed that squaramide-functionalized CNTFs exhibit improved sensing responses compared to other dual-hydrogen bond donors.

        
          
          

          Fig. 6. 
				
          

          
            Chemiresistive liquid sensors using dual-hydrogen bond donors. (a) Schematic illustration of chemiresistive anion sensor and molecule structures of dual-hydrogen bond donor-based selectors. (b) Schematic illustrations of CNTFs functionalized with squaramide-based selectors through covalent (left) and non-covalent (right) approaches. Dynamic response transitions of (c) covalently functionalized CNTF and (d) non-covalently functionalized CNTF toward 5–33.33 mM AcO–. Reprinted with permission from Ref. [80], Copyright (2025) Wiley-VCH.
          
          

          

        

      

    

    

  
    
      5. CONCLUSIONS AND PERSPECTIVES
      This review focused on advanced chemical sensors that incorporate dual-hydrogen bond donor-based selectors, highlighting their design principles and sensing mechanisms in both gas- and liquid-phase sensing environments. By providing a mechanistic understanding of the transduction of chemical interactions into electrical signals, this study provides valuable insights into the rational design of dual-hydrogen bond donor-based selectors, thereby contributing toward improving sensing performance across diverse chemical environments.

      The molecular-level structural tunability of dual-hydrogen bond donors provides tailored chemical interaction properties, leading to optimized selectivity and sensitivity toward various chemical analytes. This high structural flexibility facilitates the development of next-generation chemical sensors and provides a foundation for the construction of advanced sensor arrays that can be applied in IoT-integrated devices and wearable monitoring systems. These sensor systems enable rapid and continuous data acquisition, generating large volumes of multidimensional data in real time. By leveraging artificial intelligence-based data processing, such systems can be extended to mimic artificial olfaction and gustation.

      Future research could focus on the systematic correlation between the selector structure and analyte selectivity, the development of multi-analyte sensor arrays, and the integration of dual-hydrogen bond donor-based sensors into wireless or implantable platforms for environmental and healthcare monitoring in real time. The ultimate goal of developing high-performance chemical sensors is to rationalize the artificial senses of smell and taste, enabling their application in futuristic humanoid robots.
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