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Subterranean habitats can be considered harsh conditions with lack of light, low nutrients levels and constant high humidity. To thrive under such conditions, cave-adapted species have evolved a range of novel morphological, physiological and behavioural adaptations. These adaptations might have significant biomimetic potential. Biomimetics or biologically inspired design is a relatively new interdisciplinary field that aims to harness the processes and mechanisms in nature that have been optimised over millions of years’ evolution to improve our own technology. There are two main approaches to biologically inspired design—the problem-driven approach starting with an engineering problem and searching through biological equivalents and the solution-driven approach, which starts with a biological example or solution followed by the identification of a suitable engineering application. While the former approach is the most popular and is favoured by engineers, the latter remains the most successful and is typically driven by fundamental biological research. However, few biomimetic solutions or concepts have so far been described from subterranean habitats despite the rich potential. In this review paper, I first outline the theory behind biologically inspired design before I review the few biomimetic related studies of cave adapted organisms mainly based on the exceptional lateral line systems in blind cave fish. However, the main body of the review focuses on identifying and discussing subterranean adaptations with a particular strong potential including biomimetics sensors, adhesion in high humidity and wet conditions and biomaterials
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Introduction

The dark subterranean environment has long been recognised as a natural laboratory for studies on evolutionary and ecological adaptations (Mammola, 2019). Caves and other subterranean habitats are characterised by constant darkness, constant temperatures and high humidity often resulting in standing pools, dripping water and water film on the cave walls. The lack of light means that no primary production takes place in the majority of caves with only a few sulphide enriched and oxygen deprived caves hosting significant amounts of chemoautotrophs (Culver and Pipan, 2019). This again generally results in nutrient limited conditions where organic material only enters the subterranean system through wind blowing material into the cave, underground streams and percolated water bringing in material from the outside, surface animals accidentally entering the cave, or occasional cave dwellers, such as bats and crickets, leaving and entering the cave on a regular basis (Reichle et al., 1965).

The environmental and ecological constraints in subterranean habitats, especially the constant darkness and lack of nutrients mentioned above, combined with stable temperatures and, usually, very high humidity give rise to a very specialised fauna (Mammola, 2019). Traditionally, although this is not universally agreed on (see Trajano and de Carvalho, 2017), cave inhabiting organisms have been classified into three groups (Culver and Pipan, 2019). Trogloxenes are animals that are occasional or accidental visitors to the cave, but do not rely on subterranean habitats to complete their life cycle and include animals such as moths, flies and small mammals. Trogloxenes are most often found in the entrance zone, the area near the cave mouth, which is characterised by some light and climatic variables fluctuating with the outside climate (Howarth, 1983). They do not show any adaptations to subterranean habitats and will therefore not be discussed further in this paper. Troglophiles are animals that spend at least part of their life inside subterranean habitats and include bats, crickets and spiders. They usually reside in the twilight zone, which is characterised by very reduced light and limited daily and seasonal fluctuations in climatic variables compared to the outside (Mammola and Isaia, 2018). Troglophiles usually do not show any morphological adaptations, but they can show physiological and behavioural adaptations (Howarth, 1983). The troglophile cave spider Meta menardi, for example, builds highly modified orb webs lacking a frame structure (Simonsen and Hesselberg, 2021), while another troglophile spider Metellina merianae, which also occurs outside of caves, do not show any modifications to their webs (Hesselberg and Simonsen, 2019). Finally, troglobites (or troglobionts) are animals that spend their entire life inside caves and includes most of the well-known cave animals such as the olm (Proteus anguinus), the Mexican cave fish (Astyanax mexicanus) and many arthropod species (Howarth and Moldovan, 2018). Almost all troglobites inhabit the dark (or deep) zone of caves, which is characterised by a complete lack of light and a stable temperature and a high humidity. Many, but far from all, troglobites show examples of convergent evolution with morphological adaptations (in which case they are often referred to as troglomorphs, although it is worth noting here that for most species, function and fitness benefits of these putative adaptations have not been explicitly studied) including eye loss, depigmentation and elongation of limbs (Howarth, 1983; Pipan and Culver, 2012). Physiological adaptations include enhanced non-visual sensory systems, erratic or a complete lack of circadian rhythms and lower metabolic rates (Hervant, 2012), while behavioural adaptations, which are the least studied of all, include a broadening of diet, reduced social or aggregation behaviours and a shift of reproductive behaviour to producing fewer, but larger offspring (Howarth and Moldovan, 2018; McGaugh et al., 2020).

The insular nature of caves has also resulted in a high proportion of endemic species, sometimes with species known from just one specific cave (Mammola, 2019). Examples include 23% of amphipods and 31% of beetles in known from single subterranean sites in the Western Balkans (Bregović et al., 2019), the guano moth (Kangerosithyris kotumarensis) found only in Kotumsar Cave in India (Biswas, 2010), the centipede (Cryptops speleorex) found only in Movile Cave in Romania (Vahtera et al., 2020) and the West Virginia Spring Salamander (Gyrinophilus subterraneus) known only from General Davis Cave in the US (Grant et al., 2022). However, it is worth noting that caves may be less insular than we think, as many individual caves are linked together through a vast network of small fissures in the karst (Culver and Pipan, 2019; Mammola et al., 2021). Consequently, while most of our knowledge on the hypogean fauna is based on studies from caves, many subterranean organisms may actually be adapted to live in the narrow fissures rather than the open caves, which we are more familiar with (Mammola, 2019).

These convergent adaptations and the large number of endemic species make the subterranean habitat a potential goldmine for developing novel biomimetic technologies. Biomimetics (also referred to as biologically inspired design) is a relatively new interdisciplinary field that aims to extract inspiration for technological breakthroughs from biologically processes and organism traits, refined over millions of years of trial and error through natural selection (Vincent et al., 2006; Lenau et al., 2018). While the examples of commercially successful biomimetic products are still far and few between, the focus on harsh ecosystems is already proving successful. Deserts organisms, for example have generated a number of biomimetics ideas, including algorithms for effective visual vector based navigation in the desert ant Cataglyphis (Dupeyroux et al., 2019), anti-erosion properties from the exoskeleton of the sand scorpion Leiurus quinquestriatus (Han et al., 2010) and passive water collection technology inspired by desert organisms (Gurere and Bhushan, 2020) such as the tenebrionid beetle Stenocara gracilipes from the Namib desert (Parker and Lawrence, 2001) and the Argentinian cactus Gymnocalycium baldianum (Liu et al., 2015). However, despite the unique subterranean fauna, very few biomimetic related studies have focused on cave-adapted animals.

The aim of this paper is to review the very few existing studies on cave biomimetics and to suggest adaptations in cave-dwelling species with significant biomimetic potential. I focus on putative adaptations in three areas relating to the environmental characteristics of the habitat; morphological adaptations for adhesion and locomotion on smooth cave rocks, the evolution of alternative sensory systems in response to the lack of vision in the constant darkness, and finally on adaptive changes to biomaterials, especially spider silk, in response to the high humidity and unique environmental and ecological conditions. My hope is to encourage cave biologists to look again at the species they encounter in light of potentially novel functions, so that they, together with engineers, can explore their biomimetics potential.





What is biomimetics and biologically inspired design?

Biomimetics can be defined as the study of biological functions, processes or morphological traits with the aim of applying them for generating inspiration to develop novel technological solutions. The term biomimetics was coined in 1969 by Otto Schmitt, but it first became recognised as an independent discipline (typically nested within mechanical or materials engineering) in the 1990s (Vincent et al., 2006). However, long before the term was coined, humans looked to nature for inspiration with classical examples ranging from early human tools mimicking the function of sharp canines in mammal predators to the unsuccessful attempts by Leonardi da Vinci to develop flying machines based on the wing design of birds and bats (Hesselberg, 2007). The first successful example of biomimetics dates from before the term was coined and is that of Velcro, which was discovered in 1955 by a Swiss engineer when walking his dog. He noticed that burdock seed attached strongly to the fur of his dog, and decided to investigate the reason for that, which led him to discover the many tiny hooks on the burdock seed. He designed Velcro in a similar way with one side consisting of tiny hooks and the other side of furlike hairs (Hesselberg, 2007). Since the 1990s, the field of biomimetics has attracted a lot of attention, and both the number of papers and the number of patents grew exponentially in the early parts of this millennium (Bonser, 2006; Hesselberg, 2007; Lenau et al., 2018). The proportion of papers published in the general area of biomimetics continues to rise to the present day (Figure 1).




Figure 1 | Cave biomimetics papers in relation to all biomimetics papers over the past 33 years (from 1990 to 2022). Red bars show the number of published papers in the Web of Science catalogue on cave biomimetics on the 7th of August 2023 {search phrase: TS=[cave AND (biomim* OR “biologically inspir*” OR bioinsp*)]}. Each star (*) indicates one of the 12 papers that were of direct relevance to cave biomimetics (the search phrase returned a number of papers not directly related to cave biomimetics). The proportion of all published papers that include biomimetics is shown by the blue curve. For each year the number of published papers on biomimetics [search phrase: TS = (biomim* OR “biologically inspir*” OR bioinsp*)] was divided by the total number of published papers in that year.



Recently, there has been a large push to try to develop a more systematic approach to biomimetics often referred to as the biologically inspired design process, which consists of a number of steps ranging from the initial idea to the finalised commercial product (Lenau et al., 2018; Speck and Speck, 2019). One of the earliest systematic methods is the Biomimicry Innovation Method, developed by the Biomimicry Guild in the early 2000s, which identified 4 steps: Identify function, biologize (translate into biology) the question, find nature’s best practice and generate product ideas (Gebeshuber et al., 2009). However, the most well-known and most adopted method is the Georgia Tech model of biologically inspired design, which consists of the following 6 steps: problem definition, reframing the problem, biological solution search, defining the biological solution, principle extraction and principle application (Helms et al., 2009). In general, we can divide the biologically inspired methodology into two; the problem-driven and the solution-driven approach (Figure 2). The problem-driven approach (also known as top down or technology-pull) starts with a technical problem, which is followed by a search for potential biological solutions, before principles are extracted and applied (Speck and Harder, 2006). The solution-driven approach, on the other hand, is usually initiated by biologists, who have discovered a novel function in a biological organism, which is followed by a search for potential technological problems or gaps which the biologically function could solve, before principles are extracted and applied (Speck and Harder, 2006). The later steps in the solution-driven approach require heavy involvement of designers and engineers.




Figure 2 | Problem-driven biologically inspired design (above) starts with an engineering problem followed by a search for potential biological solutions before principle extraction and application. Solution-driven biologically inspired design starts with a biological observation (or solution) followed by a search for an engineering (or technical) problem before principle extraction and application. Inspiration for this figure comes from Lenau et al. (2018) and Speck and Speck (2019).



Much effort has gone into developing the problem-driven approach in recent years, especially trying to overcome the obstacles of translating biological concepts into a language that designers and engineers can understand (Vincent et al., 2006). A number of different tools have been developed including BioTRIZ, a biomimetics ontology and AskNature (Vincent et al., 2006; Deldin and Schuknecht, 2014; Vincent and Cavallucci, 2018). The latter is the most immediately accessible tool, allowing anybody to search for potential biological solutions to technological problems on the internet (asknature.org), although it still struggles, in some cases, with limited explanations and questionable references. Still, the most effective route for the problem-driven approach to lead to a successful outcome is to include biologists into the project team (Snell-Rood, 2016; Graeff et al., 2019). The problem-driven approach has to date delivered few success stories with the most promising ones probably being in the area of medical technology including using biomaterials, such as silk, as scaffolds for tissue regeneration and in surgery (Holland et al., 2019; Song et al., 2020), and developing painless microneedles based on the mouth parts and biting behaviour of mosquitoes (Lenau et al., 2017; Ma et al., 2022). Nonetheless, the most successful methodology remains the solution-driven one to which the above mentioned Velcro belongs. Further promising research with large potential commercial applications include the self-cleaning Lotusan paint based on the Lotus effect in water lily leaves (Neinhuis and Barthlott, 1997; Antony et al., 2016) and strong adhesives based on the intricate morphology of gecko feet, which allows them to cling on to, and move on, smooth vertical surfaces (Autumn et al., 2000; Geim et al., 2003). However, very few out of the estimated 8 million species of living organisms on Earth have been the focus of biomimetics studies suggesting that there remains a large scope for further success stories arising from for the solution-driven approach.

It is here that cave biologists can potentially make a large contribution as this field of biology has until now largely been overlooked in biologically inspired design. Despite the sustained high output of biomimetics papers during the past decades, only 27 hits came up on Web of Science relating to cave biomimetics (Figure 1). A closer scrutiny of the titles and abstracts of these 27 hits, revealed that only 12 of them were specifically about biomimetic inspiration gained from cave adapted organisms (* in Figure 1; Table 1). The remaining hits mainly relate to using bioinspired robotics to explore cave systems. Nine out of the 12 papers focus on developing biomimetic hydrodynamic flow sensors based on the lateral line system of various species of cave fishes (predominantly, but not exclusively the blind Mexican cavefish Astyanax mexicanus). Thus there is a large untapped potential for using the solution-driven biologically inspired design approach to develop novel biomimetic technologies based on a broader range of cave-dwelling species. I discuss a few promising cave adapted animals where the solution-driven approach might be particularly fruitful in the section “Promising cave adaptation examples” below.


Table 1 | Biomimetics cave papers directly relating to gaining inspiration from cave-adapted organisms.







Cave biomimetics

We saw in the section above, how few biomimetics related studies have so far been carried out on the subterranean fauna (Figure 1; Table 1). In this section, we cover three of the most interesting and promising examples; two relating to the field of biomimetics sensors and one relating to the field of novel biomaterials.

The best studied example is that of the enhanced lateral line system in blind cave fish compared to epigean fish (Figure 3). The lateral line system (also referred to as the lateral line organ) consists of a series of flow sensors, called neuromasts that are found either on the surface (superficial neuromasts) or embedded in fluid filled canals just below the skin (canal neuromasts) (Figure 3). The two types of neuromasts have complementary functions with the superficial neuromasts being directly exposed to the flow and able to directly respond to different flow regimes, while the canal neuromasts, which are exposed to the water via pores are able to detect differences in pressure and inertial forces (McHenry and van Netten, 2007). The neuromasts are made up of sensory hairs enclosed in a gelatinous dome-like cupula and innervated by afferent nerves (Bleckmann and Zelick, 2009). While all fish possess a lateral line system, it is particularly well developed in blind cave fish (Yoshizawa et al., 2010) suggesting that there will be particular technological benefits by focusing on cave fish over their surface counterparts. The Mexican blind cave fish (Astyanax mexicanus) is, for example, able to detect minute changes down to 0.4 cm/s in oscillatory fluid flow (Montgomery et al., 1997). It is therefore unsurprising that cave fish in general, and the Mexican cave fish in particular, have been used as a model for developing biomimetic flow sensors in a relatively large number of studies (Table 1). Examples range from the development of individual flow sensors to whole artificial lateral line systems to be used on swimming robots (Liu et al., 2016). In the former category, we find a range of inexpensive and low-powered micro-electromechanical systems (MEMS) sensors inspired by the superficial neuromasts of the Mexican blind cave fish (Triantafyllou et al., 2016). Interestingly, it has been shown that embedding these MEMS sensors in a hydrogel structure inspired by the cupula increases the sensitivity of the flow sensors 3.5–5 times compared to a naked sensor (Kottapalli et al., 2016). A similar functional MEMS based sensor with a hydrogel based capula inspired by canal neuromasts was developed with material and mechanical properties similar to the canal neuromasts in A. fasciatus (Bora et al., 2016). Complete artificial lateral line systems consisting of a series of flow sensors have also been developed and implemented on robotic fish (Liu et al., 2016). However, one of the main challenges with implementing effective artificial lateral line systems is finding the optimal location for placing them on the robotic fish (Yang et al., 2022). To address this issue, Yang et al. (2022) developed a hydrodynamic model based on the geometry of the Chinese blind cavefish (Sinocyclocheilus tianlinensis), which has a characteristic dorsal hump and horn. They compared results from their hydrodynamic model with flow sensors on the robot and found that the model was able to correctly predict where the superficial and canal neuromasts were placed on the real fish. This suggests that their biomimetic hydrodynamic simulation model can be used to predict optimal placement of flow sensors on robots and other small underwater vehicles (Yang et al., 2022).




Figure 3 | The lateral line system in blind cave fish. (A) A surface (above) and a cave (below) morph of the Mexican blind cave fish Astyanax mexicanus. Photo by Daniel Castranova, National Institute of Health, courtesy of FlickR (in public domain). (B) A schematic overview of the lateral line system showing the canal neuromasts consisting of nerves, sense hairs and the cupula. Created by Thomas Haslwanter and made available courtesy of Wikimedia Commons (CC BY-SA 3.0).



Another interesting, albeit far less studied, example of a potential biomimetics sensor inspired by cave-dwelling species is that of the use of air vortex rings as a form of short distance communication in the African cave cricket, Phaeophilacris spectrum (Heinzel and Dambach, 1987). P. spectrum is found in East Africa and shows an affinity for caves for at least part of their life cycle (a likely troglophile), but it can be easily maintained in the laboratory (Heidelbach and Dambach, 1997). It is not troglomorphic, as it does not have any apparent reduction in pigmentation or eyes, although it does have relatively long antennae (Saussure, 1878). Unlike epigean crickets, P. spectrum males do not rely on stridulation (the sound produced when crickets rub their wings against each other) or other auditory signals to signal to females, possibly due to the lack of control of direction of acoustic signals due to echo in caves (Heinzel and Dambach, 1987). Instead they communicate over short distances of up to 15 cm by rapidly flicking their wings to generate travelling air vortices (Heinzel and Dambach, 1987). It looks likely that two different messages can be communicated; a threat display of a single vortex to nearby conspecifics and a courting display to nearby wingless females consisting of a rapid sequence of vortices (Heinzel and Dambach, 1987; Russell, 2011). This novel method of communication was implemented on a mobile robotic system carrying 8 air disturbance sensors that were found to be able to successfully respond to directional cues from a stationary vortex generator (Russell, 2011). Robotic communication by air vortices thus could be an additional form of inter-robot communication in close quarters, where traditional forms of communication such as wireless, acoustic or optical signals may not work or be undesired including underground, in high turbulence and turbidity water, or if part of secret military operations (Russell, 2011).

The final example relates to biologically inspired material properties in the form of adhesion under the high humidity conditions seen in caves based on the silk threads of cave glowworms. There are 9 described species of cave glowworms in the genus Arachnocampa, all of which are endemic to New Zealand and Australia (Baker, 2010). The short lived adult fungus gnats are capable of flight, but typically stay close to where they emerged, while the bioluminescent larvae can live up to 12 months with most populations inhabiting caves or cave-like habitats, although a few can also be found in other dark habitats such as sheltered tropical forests where they, interestingly, are more pigmented than the populations found in caves (Meyer-Rowchow, 2007; Baker, 2010). The larvae spin hanging silk snares that contain mucous adhesive droplets that are regularly arranged liked beads on a string (Meyer-Rowchow, 2007). The bioluminescence produced by the larvae lures flying insects such as moths, gnats and mosquitoes into the snares (von Byern et al., 2019). Both larval survival and the adhesiveness of the snares require the high humidity found in caves and rain forests (von Byern et al., 2019). The ability of the snares to function effectively at high humidity, was recently investigated by Wolff et al. (2021), who found that polar substances and hygroscopic compounds in the glue droplets, especially urea and a range of amino acids, were responsible for their function, although interestingly, variation was found both between species and between forest and cave populations (Wolff et al., 2021). Thus, glowworm glue droplets may serve as inspiration for developing moisture resistant and moisture activated adhesives that are required to function in environments with a constant high humidity, which would, for example, be useful as tissue adhesives in surgery (Wolff et al., 2021).





Promising cave adaptation examples

We have seen in the previous sections that while biomimetics studies on cave-adapted species should in theory provide a wealth of inspiration for novel technology, very few studies have in practice been carried out. In this section, I provide a flavour of the vast potential by highlighting a number of unusual adaptations in cave species, that I believe have significant biomimetics potential. Although again we should note that function, fitness benefit and heritability of the putative adaptation have not, in most cases, been tested explicitly. The examples I provide here roughly belong to one of three categories: adhesion and locomotion to smooth and wet surfaces, non-visual biomimetic sensors and wet resistant biomaterials and structures.




Adhesion and locomotion

Caves are characterised by often having very high humidity often with dripping water and water films covering the cave walls (Mammola, 2019). This makes it potentially challenging for cave-dwelling species to adhere to, and effectively move on, the smooth rock surface. One group of cave-adapted species that has been particularly well studied in this regard are the cave springtails, which, due to their size, in effect need to attach to, and move on, vertical water surfaces on the cave wall (Christiansen, 1961; Christiansen, 1965). They achieve this primarily by having claws with a longer, and to some extent more serrated, tooth (the unguis), which allows for a much better grip by anchoring the claw into the water film (Christiansen, 1961; Christiansen, 1965). Springtails are very common in caves with more than 300 described troglobiotic species from European caves alone (Fiera et al., 2021). Undoubtedly, more species awaits discovery, some of which may show additional variation and novel adaptations of their claws (Fiera et al., 2021). A case in point is the recent description of the troglomorphic springtail Troglaphorura gladiator from a cave in the Caucasus (Vargovitsh, 2019). This species has extremely long and thin claws, which are either completely submerged in or entirely rising above the water. This alternating sequence makes it in effect walk on water, while simultaneously ensuring a firm grip on the surface preventing the springtails from being blown away by air currents (Vargovitsh, 2019). These adaptations in springtail claws are reminiscent of the intricate setal morphology present in marine polychaete worms required to crawl on muddy and slippery substrate (Hesselberg and Vincent, 2006). The number, morphology and placement of these setae were studied from a biomimetic point of view and implemented on a simple crawling robot (La Spina et al., 2005) with the aim of using them for inspiration for developing novel self-moving colonoscopes (Hesselberg, 2007). The cave springtails may provide a similar inspiration for medical robots or devices required to move on watery and slippery surfaces.

Another potential and larger-sized group of organisms to study in this respect are the millipedes. Detritivorous millipedes are often found in caves, primarily in Europe, but also in relatively large numbers in tropical countries (Liu et al., 2017). Very little is known about the locomotion of cave millipedes, but they do show a number of convergent evolutionary traits including larger size and longer limb length and frequently elongated primary tarsal claws, although surprisingly not elongated antennae (Liu et al., 2017). Three recently described cave-adapted species from continental Portugal and Madeira show an interesting unique adaptation of their tarsal pads with very short accessory claws thought to be an adaptation to climb on the hard, smooth cave walls (Reboleira and Enghoff, 2014; Reboleira and Enghoff, 2018). We need more biomechanical studies on locomotion and foot morphology in troglomorph millipedes, since they might be useful for the ongoing development of biorobots inspired by the morphology and locomotion of aboveground millipedes (Lu et al., 2018; Garcia et al., 2021). A final intriguing example comes from the cave angel fish, Cryptotora thamicola, which is endemic to caves in Northern Thailand (Figure 4A), where it is found living in fast flowing streams (Brooke et al., 2016). It has a unique ability to climb hard, smooth rock surfaces in waterfalls using a tetrapod-like walking gait enabled by a robust pelvic girdle and other morphological adaptations otherwise only seen in terrestrial vertebrates (Brooke et al., 2016). We do not yet know how this ability might be facilitated by specialised adaptations of their fins to allow better grip with the smooth surface, but the combination of tetrapod-like crawling with normal fish swimming may in itself have potential for the development of amphibious biorobots (Ijspeert, 2020).




Figure 4 | Some cave adapted species with biomimetic potential. (A) The cave angel fish (Cryptotora thamicola) is adapted to climb slippery rocks in fast flowing streams. Photo: Chulabush Khatancharoen via FlickR (CC BY 2.5). (B) The springtail (Troglobentosminthurus luridus) has extremely long antennae, which likely function as effective direct mechanosensors. Photo modified from de Souza et al., 2022 (CC BY 4.0). (C) The cave adapted midge (Troglocladius hajdi) is capable of flying in total darkness, likely using the its long forelegs as feelers. Photo taken by J. Bedek and modified from Anderson et al., 2016 (CC BY 4.0).







Biomimetic sensors

In the previous section, we discussed the relatively large effort that has gone into developing biomimetic flow sensors based on the lateral line system of blind cave fish. Interestingly, one cave-adapted fish, the catfish Astroblepus pholeter, has relatively few neuromasts and instead seems to rely on innervated dorsal skin teeth (denticles) to detect hydrodynamic forces (Haspel et al., 2012). The catfish is endemic to Jumandi Cave in Ecuador, where it lives in a very fast flowing and turbulent stream suggesting that these denticles could provide inspiration for a different type of biomimetic flow sensor. In addition to fish, many other cave adapted species are likely to have evolved heightened non-visual sensory systems to compensate for the lack of light suggesting a rich source for inspiration in developing novel mechanosensory systems. Many invertebrates, especially arthropods, have convergently evolved elongated limbs and sensory structures, presumably in order to increase the range of their contact mechano-sensory system (Howarth, 1983; Christiansen, 2012), although more function based studies are needed to confirm that these are in fact adaptations. The recently described cave springtail, Troglobentosminthurus luridus, from the Água Clara cave system in Brazil (Figure 4B), shows, among other troglomorphic traits, extremely elongated antennae (de Souza et al., 2022). The antennae are more than twice the length of the body and consist of 44 subsegments. While the behaviour of this new species is virtually unknown, gut content analyses suggest that they, unusually for a springtail, may act as predators (de Souza et al., 2022). Future studies on this, and other troglobites with very long antennae, should provide interesting data on how they move efficiently with such long antennae, and how they manage to sweep them effectively to detect obstacles, prey and predators, which might have significant biomimetic potential for developing subterranean search and rescue robots (Rouček et al., 2020).

Most cave-dwelling insects, except for the species found in the entrance and twilight zones, have lost or reduced wings and hence do not fly (Wagner and Liebherr, 1992), which make sense given that insect flight is heavily dependent on vision for optomotor flight control (Fry et al., 2009; Lecoeur et al., 2019). Nonetheless, a few troglomorph species of flying insects have been discovered including the pale midge, Troglocladius hajdi, with has reduced eyes, long legs and normal wings (Andersen et al., 2016) (Figure 4C). It is known only from one chamber 800–1000 meters down the vertical Lukina jama–Trojama cave system in Croatia. It has so far never been observed in flight, but its morphology suggests that it could engage in slow flight with its long legs stretched ahead of it acting as feelers (Andersen et al., 2016), which could provide alternative inspiration for non-visual sensory structures in micro-air vehicles required to operate in dark and spatially complex environments.





Biomaterials and structures

In the previous section, we saw how the silk used in glowworm capture threads may have biomimetic potential due to their ability to operate effectively at a very high relative humidity. However, glowworms are not the only animals that rely on silk in subterranean habitats. Spiders are relatively common in caves with more than 1000 troglobiotic species worldwide (Mammola and Isaia, 2017). No studies on the mechanical properties of the silk of spiders inhabiting the deep zone have yet been conducted, but one study on the Tasmanian cave spider, Hickmania troglodytes, which build large horizontal sheet webs within the twilight zone, found that the structural silk of these webs are as tough as that in vertical orb webs and that they show a unique ontogenetic shift with larger spiders constructing webs using tougher silk (Piorkowski et al., 2017). More than 80% of spiders found in caves build webs (Mammola and Isaia, 2017; Mammola et al., 2022). This combined with the unique environment, especially in relation to the occasionally strong and turbulent airflows near the mouth of many caves (Tuttle and Stevenson, 1977; Gomell and Pflitsch, 2022), suggests that it might be worth paying closer attention to these silk structures. Meta cave spiders, for example, construct their orb webs in the twilight zones of many temperate caves (Hesselberg et al., 2019). Their webs differ from epigean orb webs in that they are smaller, less dense, lack frame threads and have many more attachment points to the cave walls (Simonsen and Hesselberg, 2021). While these modifications are primarily thought to be adaptations to capture non-flying prey on the cave walls, they could also reduce web damage caused by wind, as reduced size and less dense spiral turns are generally seen in orb webs built in windy conditions (Vollrath et al., 1997; Wu et al., 2013). Thus, more biomechanical studies on the silk and geometry of these webs might yield insights that could be beneficial in the development of strong lightweight biomimetic structures (Leach et al., 2014; Vollrath and Krink, 2020). This potential was highlighted in a study of the tensile strength of the silk stalks of the eggsac of Meta menardi, which are often built close to the cave mouth (Lepore et al., 2012). The study found that these eggsacs have the stretchiest stalks ever measured allowing them to regularly extend up to 300% before breaking (Lepore et al., 2012).






Conclusion

In this review, I have shown that the unusual environmental and ecological factors that drives evolution in subterranean habitats have resulted in highly unique adaptations with significant biomimetic potential, especially within the areas of biomimetics sensors, biomaterials, adhesion and biologically inspired robotic locomotion. Our discussion has mainly focussed on cave-adapted species found in terrestrial or aquatic habitats in the deep zones of large caves, where convergent evolution has often resulted in depigmentation and eye loss enabling the development of effective non-visual sensory systems, and in limb elongation increasing the effective mechanosensory range (Culver and Pipan, 2019; Mammola, 2019). Undoubtedly, many more discoveries on adaptations with biomimetics potential awaits discovery in these zones, but it is worth noting that troglobiotic species are also found in other subterranean habitats such as lava tubes, mines and under stones and boulders in scree habitats (Růžička et al., 2013; Culver and Pipan, 2019). It has also been argued that many cave-adapted species actually spend most of their time in the small fissures and cracks adjacent to the large chambers in which we observe them (Howarth, 1983; Mammola et al., 2021). Adaptations to live in such small spaces may offer inspiration for search-and-rescue robotics, similar to how the amazing compressibility of aboveground cockroaches have been used to develop robust and versatile biorobots (Jayaram and Full, 2016). Additionally, species found in other types of caves may offer significant biomimetic potential. Remipedes, for example, are eyeless crustaceans found in marine caves, where they swim in an unusual upside-down way, while continuously beating their trunk limbs in a metachronal manner (Koenemann et al., 2007). Their flexible and elongated trunks give them excellent steerability, but they are also capable of sudden jumps through the water while beating their limbs simultaneously suggesting overall high biomimetic potential for the development of versatile autonomous underwater robots (Kwak and Bae, 2018).

The present study highlights that more research effort needs to go into discovering and describing new cave-adapted species, which allows us to identify suitable candidates species for further biomimetic studies. However, equally importantly is more in depth functional studies on physiological and behavioural processes of already discovered species given that the most promising biomimetic potential relate to the biomechanical function of morphological structures in terms of locomotion, adhesion and mechanosensory sensitivity. Traditionally, such studies have been difficult to carry out in caves due the large number of impediments facing cave researchers including difficult working conditions, low abundance of target species and difficulties in studying cave-dwelling species in ex-situ laboratories (Mammola et al., 2021). However, recent technological advances in computer simulation and remote sensing/bioinspired robotics as well as more appreciation of the value of having laboratories in caves should allow us to overcome many of these impediments (Mammola et al., 2021). Studies on adaptations have also recently been identifies as one of the most important areas of research for subterranean biologists (Mammola et al., 2020), so it is likely that we will see a huge growth of biomimetics studies on cave-dwelling species in the near future.

It is also my hope that this paper will provide an additional case for the importance of conserving subterranean habitats. While caves are to some extent buffered from many of the main threats facing aboveground ecosystems including climate change, pollution, habitat fragmentation and invasive species (Brook et al., 2008), troglobites, evolved to survive in stable conditions nonetheless face serious threats from even minor disruptions to environmental conditions caused by climate change or human visitors and tourisms, as well as large scale destruction of habitats caused by mining or excessive groundwater extraction (Mammola et al., 2019). The present study gives an overview of some of the many unique adaptations found in cave-adapted species, but also suggests that there is a vast reservoir of species and adaptations that we have not yet discovered. We must therefore preserve as much of the cave biodiversity as possible since it is very likely that future technologies including biorobotics, internal surgery and novel adhesive structures depend on the inspiration we can get from studying subterranean species.

Finally, the present study also highlights the importance of convergent evolution in identifying biomimetics potential. Arguably, convergent adaptations, i.e. the independent evolution of similar traits in response to similar environmental drivers, suggest a more optimal solution to a given problem than non-convergent traits that may be more evolutionarily constrained (Graeff et al., 2020). However, to make full biomimetics use of convergence, we need many more studies on the adaptive value of traits (i.e. function, fitness benefits and heritability) from not only subterranean environments, but also from other harsh ecosystems such as deserts, polar regions and hydrothermal vents.
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