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Abstract 
A milestone in vertebrate evolution, the transition from water to land, owns its success to the 

development of a sprawling body plan that enabled an amphibious lifestyle. The body, originally 

adapted for swimming, evolved to benefit from limbs that enhanced its locomotion capabilities 

on submerged and dry grounds. The first terrestrial animals used sprawling locomotion, which is 

a type of legged locomotion in which limbs extend laterally from the body (as opposed to erect 

locomotion in which limbs extend vertically below the body). This type of locomotion, exhibited 

for instance by salamanders, lizards, and crocodiles, has been studied in different fields such as 

neuroscience, biomechanics, evolution, and paleontology. Robotics can benefit from these 

studies to design amphibious robots capable of swimming and walking, with interesting 

applications in field robotics, in particular for search and rescue, inspection, and environmental 

monitoring. In return, robotics can also provide useful scientific tools to test hypotheses in 

neuroscience, biomechanics, and paleontology. For instance, robots have been used to test 

hypotheses about the organization of neural circuits that can switch between swimming and 

walking under the control of simple modulation signals, as well as to assess which were the most 

likely gaits of extinct sprawling animals. I will here review different aspects of amphibious and 

sprawling locomotion, namely in terms of gait characteristics, neurobiology, numerical models, 

and sprawling robots, and discuss fruitful interactions between robotics and other scientific 

fields. 

1. INTRODUCTION 
Locomotion in animals and robots is a fascinating phenomenon that results from complex 

interactions between the environment, body, sensors, actuators (muscles or motors), and 

multiple control loops. Understanding locomotion principles is important for many fields: 

robotics, sports science, medicine, rehabilitation, neuroscience, biomechanics, evolution, and 

paleontology. Many fruitful interactions can take place between these different fields. In 

particular, robotics can benefit from biology to develop robots that approach animal locomotor 

skills [1], [2]. In return, it can also provide interesting tools for scientific research [3]–[6]. Indeed, 
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robotics —the science of integration of many components— is ideally suited to offer tools to 

design, analyze, and understand the complex, high dimensional and non-linear interactions 

between all the components involved in locomotion. 

While robotics has a long tradition in the design and control of legged robots [7]–[11], there has 

been less work on amphibious and sprawling locomotion which will be the focus of this review.  

This article will investigate amphibious and sprawling locomotion as exhibited by salamanders, 

lizards, and crocodiles, i.e. amphibians and reptiles with four laterally extending legs and 

elongated bodies1 (Figures 1, 2, and 3). This type of locomotion combines several interesting 

characteristics.  It involves not only four limbs but also trunk and tail movements, typically with 

important lateral movements of the whole body [12]. For ground locomotion, sprawling 

locomotion involves large support polygons and low centers of gravity (as opposed to cursorial 

mammalian quadruped locomotion with erect postures that have small support polygons and 

high centers of gravity). Salamanders, lizards, and crocodiles have adapted to many different 

types of environments from water to trees, and from swamps to deserts. Each of these animals 

is capable of multimodal locomotion, i.e. to switch between different modes of locomotion 

depending on the environment. These modes of locomotion range from anguilliform swimming, 

paddling, aquatic stepping, crawling, walking, galloping (in crocodiles), to even more exotic 

modes of locomotion such as sand swimming by the sand fish lizard [13], and maneuvers in the 

air by the gecko [14]. As we will see in this review, these characteristics present interesting 

opportunities and challenges for robotics. Also because of its key place in evolution, amphibious 

and sprawling locomotion is important to study in paleontology, evolution, biomechanics, and 

neurobiology. Indeed, all reptiles, birds, and mammals (including humans) have evolved from 

ancestors with body plans that share many similarities with modern sprawling animals [15]–[22], 

In this review article, I will first present characteristics of sprawling locomotion in salamanders, 

lizards, and crocodiles (Section 2). I will then review what is known about the underlying 

locomotor neural circuits (Section 3) and their computational models (Section 4). Next, I will 

present a series of robots capable of amphibious and sprawling locomotion (Section 5) and their 

control frameworks (Section 6). I will also present the results of a project in robotic paleontology 

(Section 6). Finally, I will conclude with a discussion and an outlook (Section 7). 

                                                      
1 Note that crocodiles and some lizards can also switch to an erect or semi-erect posture. Also many insects exhibit 
a sprawling posture but will not be reviewed here. 
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Figure 1 : Amphibious and sprawling gaits of the salamander Pleurodeles waltl and of the robot 

Pleurobot (from [23], with reprint permission). A: snapshot from a cineradiography. Filled red dots 

indicate limbs on the ground. B: Snapshot of Pleurobot replaying the same postures from the 

salamander. C: corresponding side view of the salamander. D: consecutive snapshots during one cycle 

of lateral sequence walk. Filled red circles indicate limbs in stance, empty red circles indicate limbs in 

swing. Snapshots are separated by 220ms. SVL stands for Snout-Vent Length, a typical length measure 

in sprawling animals with tails. BL stands for body length. E: consecutive snapshots of Pleurobot 

replaying the same postures as panel D. Snapshots are separated by 625 ms. F: corresponding side view 

of Pleurobot. G: consecutive snapshots during one cycle of anguilliform swimming of the salamander. 

Snapshots are separated by 27ms. H: consecutive snapshots of Pleurobot replaying the same postures 

as panel G. Snapshots are separated by 417 ms. Notice the similarities of lateral and forward 

displacement between Pleurobot and the salamander. 

 

2. CHARACTERISTICS OF AMPHIBIOUS AND SPRAWLING LOCOMOTION 
From a robotics point of view, animals like salamanders, lizards, and crocodiles are hyper 

redundant structures, i.e. they have many more actuated degrees of freedom (actuated joints) 

than would be in principle needed for changing the position and orientation of a body in 3D 

space. Indeed, one could view those animals as snakes with four legs. It is therefore not surprising 

that those animals can perform a large variety of possible locomotor modes. 

Many studies have been performed to investigate these modes of locomotion in different 

species. Typically, most of those studies have looked at the animal kinematics (e.g. body 

deformations and displacements over time) using (high-speed) video recordings [18], [24]–[26] 

or cineradiography, i.e. X-ray videos [27], [28], [23]. Some of these studies have also investigated 
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fluid dynamics [29], [30], ground reaction forces [16], [31], [28], and/or muscle activity through 

electromyography [32]–[36]. Characterization of the mechanics of sprawling locomotion can be 

found in [16], [27], [31]. A few studies have investigated metabolic cost  [37], [38]. For a review 

of salamander locomotion see Karakasiliotis et al [39]. For a comparative study of salamander, 

skink, iguana and caiman, see Nyakatura et al  [28]. For reviews of Gecko locomotion see [12], 

[40]. 

For fast locomotion in water, salamanders and newts (i.e. aquatic salamanders) typically use an 

anguilliform swimming mode (for slower locomotion they can use paddling or aquatic stepping 

[41]). Such a mode of locomotion is characterized by lateral undulations of the body traveling 

from head to tail with a wavelength corresponding approximately to a body length, with limbs 

folded backwards against the body [33], [42], [34], [26], [39], [23]. Similar swimming gaits have 

been observed in lizards [43], [44] and in crocodiles [30]. 

For ground locomotion, salamanders perform walking gaits that combine lateral movements of 

the body with leg movements. The lateral undulations are typically S-shaped standing waves with 

nodes at the girdles, i.e. the attachments points of the limbs to the body [23], [39].  For faster 

gaits, the lateral undulations sometimes switch from standing waves to traveling waves  [18], and 

this is also observed in lizards [25]. The body-limb coordination is important, and animals keep a 

phase relationship between body and limbs such that limbs in swing project maximally forward 

when the body is maximally bent towards the other side (Figure 1D and 1E). Robotic studies have 

allowed the exploration of other phase relationships and shown that the particular one observed 

in animals is optimal in terms of forward speed [45], [46]. 

Several methods can be used to quantitatively characterize ground walking locomotion. These 

come from animal studies and are also useful in robotics. One method is Hildebrand’s 

classification of footfall patterns [47]. That classification is based on measuring (i) the duty factor, 

i.e. the ratio between stance duration and stepping duration, and (ii) the time between hindlimb 

and forelimb contacts on the same side. According to that classification, salamanders mainly use 

two types of gaits: lateral sequence walk (for slow locomotion) and walking trot (for faster 

locomotion). In a lateral sequence, there is a sequence of footfalls from a hindfoot that is 

followed by the touchdown of the ipsilateral (i.e. same side) forefoot, then the contralateral 

hindfoot and finally the contralateral forefoot. In a trot, diagonally opposed limbs are in-phase 

(they touch the ground at the same time), and left/right and hind/fore limbs in antiphase. In both 

cases, the duty factors are larger than 0.5 (in the order of 0.6 to 0.8), which corresponds to 

walking gaits in Hildebrand’s classification (as opposed to running gaits that have duty factors 

smaller than 0.5 and hence flight phases).  For very fast locomotion, lizards have been observed 

to use running trotting gaits, and even bipedal gaits [48], [49]. And crocodiles are capable of very 

fast bounding and galloping gaits [50], [51]. 

In addition to footfall patterns, it is important to measure other characteristics for quantifying 

sprawling terrestrial gaits. With Nyakatura and colleagues [28], we have proposed to look at four 

quantities namely body height, lateral bending of the vertebral column, and long-axis rotation 

(LAR) and retraction in the proximal limb joints (shoulder and hip), see Figure 4 A-C. These four 

quantities define a ‘sprawling gait space’ (SGS) that is very useful to compare different possible 
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gaits of sprawling animals. In particular, the SGS allowed for a careful evaluation of these 

quantities for the salamander, skink, iguana, and caiman using cineradiography (Figure 4D). The 

SGS could be useful for both biologists and roboticists. It is waiting to be populated with gaits 

from other sprawling animals and robots (or gaits of different ontogenetic stages of an animal or 

gaits at different speeds of the same animal/robot). 

Note that other interesting locomotor behaviors of sprawling animals have been studied, such as 

sand-swimming of the desert-dwelling sandfish lizard [13], the surprising roles of the Gecko’s tail 

during rapid climbing, aerial descent, and gliding [14], the bipedal running on water of the basilisk 

lizard [52] and the quadrupedal trotting on water of the gecko [53]. 

 

3. THE NEUROBIOLOGY OF AMPHIBIOUS AND SPRAWLING LOCOMOTION 
The sprawling animal whose locomotor circuit has been most studied is likely the salamander, in 

particular the Pleurodeles waltl (very few studies have been made of reptile locomotor circuits, 

except for the turtle [54], [55]).  Like in other vertebrate animals, the spinal cord is essential for 

locomotion control. It is not simply relaying motor commands but contains a distributed system 

of complex and sophisticated neural control circuits made of networks of coupled neural 

oscillators (the central pattern generators) and of reflexes [56]. These neural circuits constitute 

complete controllers that combine feedforward and feedback control [57]. They can generate 

many motor behaviors with only minimal input from descending pathways [58], [59]. 

Conceptually, the spinal cord is organized like a puppet on strings [60], in which complex 

movements can be produced by modulating the amplitude and timing of a limited number of 

descending pathways (i.e. pulling a few strings). 

In the salamander, there are two types of central pattern generators (CPGs), an axial CPG that 

activates axial muscles in the trunk and the tail [61], and limb CPGs that activate limb musculature 

[62], [63]. Both types of CPGs are composed of multiple coupled neural oscillators, i.e. neural 

pools that can oscillate independently and that are coupled through connections between 

interneurons for producing synchronized motor behavior. For instance, one can surgically isolate 

segments and even hemi-segments (i.e. left or right half segments) of the axial CPG and induce 

rhythmic activity with pharmacological stimulation [61].  The axial CPG is hence a double chain 

of oscillators with reciprocal inhibition to produce left-right alternation as in the lamprey [56]. 

Similarly, the limb CPG appears to be composed of separate neural oscillators that specifically 

control flexor and extensor muscles and that are coupled with inhibitory and excitatory couplings 

[62], [63].  

Researchers have therefore hypothesized that the salamander axial CPG has been inherited from 

the earliest vertebrates which are assumed to have had a similar arrangement as modern 

lampreys, and that the circuit has been extended with fin and then limb CPGs during evolution 

[18], [19], [34], [64], [65]. This hypothesis is supported by the similarities between lamprey and 

salamander locomotor circuits [66] and their nearly identical anguilliform swimming modes. 
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Related to the puppet analogy mentioned above, an impressive feature of the salamander 

locomotor circuits is that locomotion can be initiated and modulated by simple stimulation of 

descending pathways from higher brain regions. Indeed the electrical stimulation of the 

mesencephalic locomotor region (MLR, a part of the brain stem that projects to the spinal cord 

and that is known to control movement initiation [67]) in a decerebrated salamander will initiate 

locomotor behaviors and even induce gait transitions depending on the level of stimulation [68]. 

The frequency of movements is proportional to the level of stimulation. At low stimulation, slow 

limb movements are activated, and the frequency of these movements then increases with the 

level of stimulation. Interestingly, when passing a threshold at higher intensities, the limbs are 

folded against the body and rapid swimming movements are activated, i.e. a gait transition is 

induced. From a dynamical systems perspective, this represents a bifurcation between two very 

different regimes under the control of a simple drive signal. Similar gait transitions induced by 

electrical stimulation of the midbrain have been observed in other vertebrates, e.g. transitions 

between stepping and flapping wings in birds [69], and transitions between walking, trotting, and 

galloping in cats [58]. 

For more information about salamander neurophysiology see [70]–[73]. Many points remain to 

be investigated, in particular related to how multimodal sensory feedback interacts with the CPG 

circuits, and how different motor behaviors can be activated and modulated by various 

descending pathways. As we will see next, computational models can play an important role in 

deciphering the organization and mechanisms of locomotor circuits (Section 4) and also serve as 

controllers for robots (Section 6). 

 

4. COMPUTATIONAL NEUROSCIENCE MODELS 
Computational models of salamander locomotor circuits have helped investigating the 

underlying neural mechanisms described in Section 3. These models range from abstract models 

made of coupled oscillators [74], [65], [75],  leaky integrator neurons [64], integrate-and-fire 

neurons [75], [76], to detailed Hodgkin-Huxley-like neurons [77]. See [72] for a review. 

An important focus has been to investigate the neural mechanisms of gait transition between 

swimming and walking [64], [78], [65]. Using a neural network model made of leaky-integrator 

neurons coupled to a 2D biomechanical simulation of the musculoskeletal system, I could 

demonstrate that an axial CPG based on a lamprey-like swimming circuit could be extended by 

limb CPGs to allow transitions between anguilliform swimming and walking [64]. In that model, 

the transition was obtained by differential activation of distinct descending pathways to axial and 

limb oscillators. When solely the axial CPG was activated, this led to anguilliform swimming. 

When limb oscillators were also activated, this led to the salamander walking trot gait. The 

activation of the limb CPGs forced the axial CPG to produce a standing wave due to strong 

couplings from limb to axial oscillators. The model could also produce turning behavior during 

swimming and walking by differential stimulation of the left and right descending pathways to 

the axial CPGs. 
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Figure 2: Schematic view of the simulation of the salamander spinal locomotor circuits and the 

control of a salamander like robot as presented in [65] (reprinted with permission). CPG stands 

for central pattern generator. MLR stands for mesencephalic locomotor region. The model is 

activated by a drive signal d representing activity from the descending pathways from MLR. 

The axial CPG (in blue) and limb CPG (in red) are modeled as systems of coupled oscillators. The 

outputs of the oscillators determine the desired angles 𝝋𝒊 provided to proportional-derivative 

(PD) feedback controllers that control the motor torques through their voltage Vi given the 

measured angles 𝝋�̃�. Modulation of the drive signal induces a walking gait at low drive, and a 

swimming gait a high drive like in the real salamander. 

In a follow-up model made of coupled oscillators and tested in a real salamander-like robot, 

Salamandra robotica [65] (Figure 2, see also Section 5), we extended the model with a saturation 

mechanism of the limb CPGs. The goal was to investigate the mechanisms underlying the MLR 

stimulation experiment and the automatic transition between walking and swimming (see 

Section 3), as well as the fact that frequencies of walking and swimming do not overlap but show 

distinct ranges in salamander. Compared to the previous neural models, two hypotheses were 

postulated: (i) that limb CPGs have a saturation mechanism that prevents them to reach high 

frequencies when stimulated above a drive threshold, and (ii) that limb oscillators have lower 

intrinsic frequencies than axial oscillator when receiving the same level of stimulation. By 

designing a neural circuit model that implements these two hypotheses, we were able to 

generate automatic transitions between walking and swimming by varying a single global drive 

signal applied to both axial and limb CPGs like the MLR stimulation experiment. The transitions 

exhibit several features of real salamander transitions such as very rapid switches between the 
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two gaits (within less than two cycles), switches between traveling waves of lateral undulations 

for swimming and standing waves for walking, and jumps of frequencies between slow walking 

frequencies and fast swimming frequencies. Interestingly, additional experiments on isolated 

axial and limb CPGs of the salamander confirmed the second hypothesis, namely that limb CPGs 

intrinsically oscillate at lower frequencies than axial oscillators (Supplementary material of [65]). 

Such differences had not been noticed before because couplings between axial and limb CPGs 

tend to impose synchronization, i.e. to generate a common resulting frequency, that had hidden 

the possibility that these CPGs have different intrinsic frequencies. 

The role of sensory feedback has received less attention so far. It is known from lamprey 

modeling work that axial stretch feedback can help a neuromechanical simulation of a swimming 

lamprey to resist to perturbations such as entering a speed barrier compared to open-loop 

swimming without feedback [79]. In preliminary results [74], [80], we showed that similar 

feedback could possibly explain the transformation of a traveling wave of body undulation in 

water to a standing wave on ground [74], because of the difference of interaction forces between 

water and ground (in water, hydrodynamic forces are strongly directional, with higher forces 

perpendicular to the body and lower forces parallel to the body, compared to friction forces on 

ground, which are more uniform). In [76], we investigated the potential role of stretch feedback 

within the limbs in terrestrial gaits and transitions between slow lateral sequence walks and 

faster walking trots in a neuromechanical simulation with an integrate-and-fire neural network. 

It was found that while walking trot gaits could easily be generated without sensory feedback, 

sensory feedback was necessary to generate lateral sequence walks (at least for a fixed CPG 

circuit). With the addition of sensory feedback, transitions between slow lateral sequence walks 

and faster walking trots were obtained by simply increasing the drive to the limb CPGs. 

Simple turning behaviors can be obtained with differentially activating axial CPG oscillators. 

Typically by providing more drive to one side, leads to turning towards that side [45], [64], [65]. 

During ground locomotion with more realistic 3D limbs, Harischandra and colleagues found that 

more complex modulation of limb movements is necessary, in particular with side stepping 

movements of limbs [81]. A similar observation was made by Liu and colleagues in another 

neuromechanical model [82]. 
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Figure 3: Robots with sprawling postures. A: Salamander-like robot [46]. B: Alligator-like robot [83]. C: 

AMOS-WD02 [84].D: Sand swimming robot [85]. E: StickyBot [86]. F: RoboClaw [87]. G: Soft amphibious 

robot [88]. H: TITAN XIII [89]. I: RoboTerp [90]. J: Salamandra robotica I [65]. : K: Salamandra robotica 

II [45]. L: Pleurobot [23]. M: OroBOT [28]. All pictures with reprint permissions from authors or 

publishers. 

 

 

5. ROBOTS CAPABLE OF AMPHIBIOUS AND SPRAWLING LOCOMOTION 
Compared to the large number of legged robots, there are not that many salamander or lizard-

like sprawling robots, i.e. robots that have a sprawling posture and an articulated spine capable 

of lateral movements. See Figure 3 and Table 1 for some examples. 

One of the first roboticists to investigate sprawling robots with lateral spine undulations was Tony 

Lewis in his PhD thesis in 1996 [91]. He developed the quadruped robot Geo that could be 

reconfigured to have a sprawling posture with lateral spine movements [91]. Since then several 

similar robots were designed mainly for ground locomotion, for instance Robo-Salamander [92], 

an alligator inspired robot [83], and salamander-inspired robots [84], [46]. Only few sprawling 

robots with articulated spines are capable of amphibious locomotion [23], [45], [65], [88]. Most 

sprawling robots tend to use DC motors, brushless motors, or servomotors (Table 1). An 

exception is a quadruped soft-amphibious robot with pneumatic actuation [88]. 

There is also a series of interesting Gecko-like robots capable of climbing  [86], [87]. Among those, 

Stickybot is capable of climbing smooth vertical surfaces and replicates several features of the 

Gecko including a sprawling posture, a hierarchy of compliant structures, compliant feet with 

directional adhesion, and a mechanism for toe curling and peeling off feet [86]. 
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Several interesting robotic studies focused specifically on the use of tails, for instance for 

improving climbing in the RiSE (Robot in Scansorial Environment) robot [93], [14], for inducing 

rapid turns in a small palm-sized hexapod [94], for stabilizing lizard-like bipedal running [95], for 

handling granular media and inclines [96], or for swimming [97], [98]. Another study, published 

in Nature, investigated the use of tails for stabilizing body attitude in the sagittal plane [99]. For 

this, the authors developed a lizard-sized robot with an active tail that used sensory feedback to 

stabilize pitch. They demonstrated that the state-dependent active tail movements allowed to 

reduce rotation compared to a body with a rigid tail, a passively compliant tail or no tail [99]. 

Finally, robots have also been designed to investigate more unusual modes of lizard locomotion 

such as water running robots replicating the basilisk lizard’s ability to run on the surface of water  

[100]–[102] and swimming snake-like robot replicating the ability of the sandfish lizard to swim 

through sand [85]. 

Note that some quadruped robots without articulated spine like the Titan robot series [103], [89] 

can take a sprawling posture for increasing stability. Also there are quite a few amphibious legged 

robots capable of ground and water locomotion, such as for instance Rhex [104],  AQUA [105], 

AmphiHex [106], RoboTerp [90], and Ariel (an amphibious robot to locate mines, produced by 

iRobot). 

In my laboratory, we have developed a series of amphibious sprawling legged robots. The first 

one was Salamandra robotica I [65]. The robot was designed to test hypotheses concerning the 

organization of the spinal locomotor networks, and in particular, the mechanisms of gait 

transition from swimming to walking (see Sections 3 and 4).  The robot was designed to be one 

of the simplest possible approximations of a salamander body capable of swimming and walking. 

The robot was driven by 10 DC motors: 6 motors for spine modules (3 in the trunk and 3 in the 

tail) for lateral undulation, and 4 motors for rotational limbs (Figure 3J). The rotational speed of 

the limbs was adjusted to have a fast swing movement and a slow stance in order to match the 

duty factor of salamanders (approximately 60%). The movements of the robot were controlled 

by a CPG model made of coupled oscillators (see Section 4) programmed on a micro controller. 

Salamandra robotica II (Figure 3K) was a new and improved version of Salamandra robotica I [45]. 

The novel features of the robot include two more actuated degrees of freedom in the spine, 

higher torques (12 DC motors in total), improved electronics, a new limb design that could 

passively fold against the body in water for lower drag, and a passive tail. These new features led 

to significantly faster swimming and walking compared to Salamandra robotica I. In particular, 

the robot could match the stride length in water and on ground of the salamander Pleurodeles 

waltl. The robot was also used to show that the tail can be used as a fifth limb in case of walking 

on slippery surfaces, similarly to what salamanders do [107].  

The next robot was Pleurobot, a robot driven by 27 high-end servomotors (Figure 3L). The robot 

was designed to closely match three-dimensional X-ray videos of salamanders, Pleurodeles waltl, 

walking on ground, walking underwater and swimming. Tracking up to 64 points on the animal’s 

skeleton we were able to record three-dimensional movements of bones in great detail. Using 

optimization on all the recorded postures for the three gaits, we deduced the number and 
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position of active and passive joints needed for the robot to reproduce the animal movements in 

reasonable accuracy in three-dimensions. This led to a robot with more complex limbs than 

Salamandra robotica I and II. Structural elements were 3D printed (instead of molded as in the 

previous robots). The robot could closely replicate the salamander walking and swimming gaits 

(Figure 1). It was also used in a hybrid experiment where recording from left and right parts of 

the brainstem (the reticulospinal neurons) of a salamander could be used to steer the locomotion 

of the robot [108]. The most recent addition to the family of robots is OroBOT (Figure 3M), which 

will be described in Section 7.  

 

 

6. CONTROL OF MULTIMODAL LOCOMOTION 
The control of amphibious and sprawling robots presents both opportunities and challenges. As 

we have seen in the introduction, amphibious and sprawling locomotion presents several 

interesting characteristics. One opportunity is the large variety of different modes of locomotion 

that those robots could in principle perform similarly to those of their biological counter parts. 

Another benefit is the large support polygons for ground locomotion, which simplify balance 

control. But there are also challenges. First, the robot controller has to deal with many degrees 

of freedom as these robots can have up to 27 actuated motors, as in Pleurobot for instance. 

Second, such robots have no obvious reference frame. In a legged robot with rigid spine/body, 

the local coordinate system is typically fixed to, and aligned with, the body. That coordinate 

system can then be used to compute heading and foot placement commands. In a sprawling 

robot with articulated spine, all modules continuously change their orientation and there is no 

obvious choice of a particular module to serve as anchor for a reference frame. Third, sprawling 

robots often have multiple contacts with the ground, with not only leg contacts, but possibly also 

intermittent tail and trunk contacts. Since it is difficult to sense all these contacts and the 

underlying interaction forces, some model-based control approaches typically used in legged 

robots cannot be applied (note that, as mentioned above, these multiple contacts, and more 

generally the large support polygons, are also an advantage because they decrease the risk of 

falling over compared to mammalian-like quadruped robots). Fourth, sprawling robots have 

often limited ground clearance. This can generate problems in crossing irregular terrain and in 

stepping over obstacles. Finally, these robots need controllers than can actually perform 

multimodal locomotion with, for instance, transitions between swimming, crawling, and walking 

gaits (not to mention climbing and other possible gaits). A good locomotion controller should be 

able to generate these different gaits and to determine when it is best to switch between them. 

So far, these challenges have only been partially overcome. Different control strategies have 

been tested including bio-inspired controllers [45], [65], finite-state machines, clock-based 

controllers [91], model predictive control [109], and controllers based on geometric mechanics 

[46]. 

Bioinspired locomotion controllers are often based on CPG models, for instance implemented as 

networks of coupled oscillators [45], [65], [110], or variations thereof [91]. These models are 
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directly inspired by the salamander locomotor circuits, and are well suited for generating multiple 

gaits and switching between them. They are also well suited for distributed implementation, for 

instance, with oscillators running on different microcontrollers that communicate through a bus. 

For instance, Jeremie Knüsel programmed Salamandra robotica II in that way in his PhD thesis 

and demonstrated that different parts of the robot could keep moving even when the robot was 

split into two or more parts [111]. Recently, it was shown that sensory feedback from load and 

stretch sensors could contribute to synchronize oscillators of limb and axial CPGs [112]. 

Interestingly, in that work sensory feedback is the only means of synchronization (i.e. there are 

no direct couplings between oscillators), demonstrating that feedback might be as important as 

direct coupling in generating various locomotor patterns. 

Another approach is to implement controllers based on inverse kinematics [28], [113], [114]. This 

can be done by separating the control of the spine undulation from that of the legs [113], or by 

having a full-body controller that solves inverse kinematics for both [114], in order to have a 

better control over turning. Reflexes such as leg extension reflex (when the leg loses contact with 

the ground during stance) or stumbling correction reflex (when the leg touches the ground during 

swing) can help these inverse-kinematics based controllers to cope with obstacles and 

irregularities of the terrain [94]. These controllers can also be extended with a model predictive 

control layer to monitor center of mass projections and improve balance control for different 

types of walking gaits [109]. 

Geometric mechanics can also provide an interesting formalism to characterize and plan gaits for 

sprawling robots. Zhong and colleagues have used such an approach to design different gaits for 

a salamander-like robot [46]. Similarly to [45], they found that the particular body-limb 

coordination exhibited by salamander during walking is close to the optimal one in terms of 

forward locomotion. 

Table 1: Characteristics of different sprawling robots. DOF stands for degrees of freedom. DC 

motor stands for direct current motor. CPG stands for central pattern generator. MPC stands 

for model predictive control.  

Robot Number of 
actuated 
DOFs 

Type of 
motors 

Type of 
sensors 

Control method Type of 
gaits 

Specific feature 

Geo [91]   15:  
4 per leg, 
3 in trunk 

Servo-
motors 

Joint angle, 
Load cells, 
Accelero-
meters, 
Gyroscopes 

CPG based on ring 
rules 

Walking Can be 
reconfigured into 
a mammalian-like 
quadruped. 

Robo-
Salamand

er [92] 

10: 
2 per leg, 
2 in trunk 

Servo-
motors 

Joint angle  Neural network Walking  

Soft 
amphibio
us robot 

[88] 

16: 
3 per leg 
4 in trunk 

Soft 
McKibben 
actuators 

None Open-loop 
pressure patterns 

Walking, 
aquatic 
stepping 

First soft 
salamander-like 
robot 

Sand 
swimming 

6: in 
trunk/tail 

Servo-
motors 

Joint angle Open-loop 
traveling waves 

Sand 
swimming 

Robot without 
legs 
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robot 

[85] 

Salamand
er-like 
robot 

[46] 

9: 
2 per leg, 
1 in trunk 

Servo-
motors 

Joint angle Open-loop 
controller based 
on geometric 
mechanics 

Various 
walking 
gaits, 
Side 
stepping 

The robot was 
also used to test 
locomotion in 
granular media 

Alligator-
like robot 

[83] 

12: 
2 per leg, 
1 in neck, 
1 in trunk, 
2 in tail 

Servo-
motors 

Joint angle 
 

Open-loop 
controller 

Walking Open source 
platform 

AMOS-
WD02 

[84] 

11: 
2 per leg, 
1 in trunk, 
2 in tail 

Servo-
motors 
 

Joint angle, 
IR distance 
sensors, 
microphones, 
wireless 
camera 

Neural network Walking 
 

Capable of 
obstacle 
avoidance and of 
escaping from 
deadlock 
situations 

RoboTerp 
[90] 

8: 
2 per leg 

Waterpro
of servo-
motors 

Bump-
activated 
switches, 
water sensor 

Closed-loop 
controller  

Swimming, 
walking 

Equipped with 
compliant flaps 
for amphibious 
locomotion 

TITAN XIII 

[89] 

12: 
3 per leg 

Tendon-
driven 
with 
brushless 
motors  

Joint angle Inverse 
kinematics 
controller 

Walking Nice study of cost 
of transport. Very 
fast walking gaits 
(1.38 m/s). 

StickyBot 

[86] 

12: 
2 per leg, 
1 per feet for 
peeling toes 

Servo-
motors 

Analog force 
sensors 

Force-based 
controller 

Climbing Nice hierarchy of 
compliant 
structures for 
directional 
adhesion 

Bio-
inspired 
climbing 
robot 

[87] 

8: 
2 per leg 

Servo-
motors 

Joint angle Open-loop 
controller  

Climbing Feet with flexible 
pads and claws 

Salamand
ra 
robotica I 

[65] 

10: 
1 per leg,  
3 in trunk, 
3 in tail 

DC 
motors 

Joint angle CPG, open loop Swimming, 
walking 

First amphibious 
robot capable of 
walking and 
swimming 

Salamand
ra 
robotica II 

[45] 

12: 
1 per leg,  
4 in trunk, 
4 in tail 

DC 
motors 

Joint angle CPG, open loop Swimming, 
walking 

Fast swimming 
gaits 

Pleurobot 

[23] 

27: 
4 per leg 
1 in neck, 
5 in trunk, 
5 in tail 

Servo-
motors 
(Dynamix
el) 

Joint angle, 
IMU, 
Force sensors 

CPG,  
inverse 
kinematics, 
reflexes, 
MPC. 

Swimming, 
Aquatic 
stepping, 
walking 

3D printed 
structure, close 
replica of 
Pleurodeles waltl 

OroBOT 
[28] 

28: 
5 per leg, 
2 in neck, 
4 in trunk 

Servo-
motors 
(Dynamix
el) 

Joint angle Inverse 
kinematics 

Walking 3D printed 
structure, close 
replica of the 
Orobates fossil 
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2 in tail 
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7. ROBOTIC PALEONTOLOGY 
Robotics can offer interesting tools for paleontology, for instance to investigate possible gaits 

systematically and provide a quantitative methodology to assess likelihoods of gaits of extinct 

animals [115]–[117], [96]. One example is a recent modeling and robotic study of Orobates [28]. 

The Orobates is an extinct 300-million old animal with a sprawling posture [118], [119] (Figure 

4). It is likely a stem amniote, i.e. it represents the transition from anamniotes like salamanders 

(or other amphibian that have an amphibious lifestyle with aquatic larvae, e.g. the tadpoles of 

frogs) to amniotes like reptiles that are land-living vertebrates that lay eggs on dry land and have 

hatchlings that can live on land right away. It is also the oldest tetrapod for which both a complete 

fossil and fossilized footprints have been matched [120]. It therefore provides an exciting 

opportunity to investigate systematically which types of gaits could have been performed by that 

specific morphology to walk in those specific footprints. 

To perform such a study, three models of the fossil were developed: a kinematic model with 

detailed bone geometry (Figure 4E), a robotic model OroBOT, that approximates the robot 

morphology with a series of rotational joints (Figure 4G), and a dynamic model, that constitutes 

a numerical simulation of the robotic model (Figure 4F).  The purpose of the kinematic model 

was to assess anatomical plausibility of gaits, e.g. in terms of bone movements (e.g. avoiding 

bone collisions and joint dislocations). The purpose of OroBOT was to quantify the physics of 

locomotion (e.g. the mechanical power expenditure, and the ability to walk without excessive 

tilting, see below). In principle, only the dynamic simulation could have been sufficient for this, 

but having the real robot allowed us to verify the validity of the dynamic simulation, and to 

demonstrate that we could generate gaits in the real world. 

The study also involved careful investigation of gaits of salamander, skink, iguana, and caiman.  

These animals were chosen to be different representatives of sprawling body plans and to 

provide a basis with which possible Orobates gaits could be compared. As discussed in Section 2, 

the gaits of these animals were carefully characterized within the sprawling gait space (SGS). 

We tested hundreds of different gaits with our three types of models, in order to determine 

which ones Orobates most probably used or did not use. The gaits were generated with an 

inverse kinematics controller that could generate gaits matching idealized periodic footprints of 

the Orobates and that had sufficient open parameters such that a large volume of the SGS could 

be explored. In other words, we generated gaits that could walk in the footprints of Orobates at 

different values of body height, spine bending and long axis rotation. 

In order to quantify the likelihood of gaits, we defined four metrics that measured: (i) the number 

of bone collisions (the fewer, the better), (ii) the mechanical power expenditure (the lower the 

better), (iii) the stability of the movements (the less roll and tilt, the better), (iv) how the ground 

reaction forces compare with the typical ground reaction forces of other sprawling animals, and 

(v) the accuracy in stepping in the fossilized footprints. 

We concluded from this study that the Orobates could in principle have used many different 

types of gaits. But some gaits are more likely than others. The resulting gaits with highest scores 

appeared quite athletic, most closely resembling the movements of the caiman, indicating that 
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Orobates most likely already held itself quite upright on its legs; unlike a salamander or skink, 

and thus exhibited more advanced locomotion than suspected. 

The approach was validated with salamander and caiman data (see the extended data of [28]). 

In analogy to the workflow used for the fossil Orobates, we predicted the most likely gaits of a 

modern salamander and a caiman by matching morphology to foot prints. These predictions 

were met by actual locomotion characteristics of these species, for instance that salamanders 

move with a low posture and caimans with a high posture. 

This study was therefore an example of how a robotics approach could contribute to 

paleontology. In particular, the robotic approach was useful to generate simulated and physical 

models, to generate gaits with inverse kinematics, and to create quantitative metrics for 

assessing the likelihood of gaits. Other metrics could be added, and some could be removed. In 

fact, users can make their own investigations on an interactive website2 and interactive 

simulation3 by modifying the weights assigned to different metrics, and observe how this changes 

the most likely gaits. The approach could be applied to other fossils. In case footprints are not 

available, different possible footprints could in principle be generated and investigated using the 

same metrics.  

  

                                                      
2 https://biorob2.epfl.ch/pages/Orobates_interactive 
 
3 https://cyberbotics2.cyberbotics.com/orobot/simulation.php 
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Figure 4: Robotic paleontology, study of possible gaits of the fossilized Orobates (adapted from [28], 
with reprint permission). A-C: Characterization of terrestrial sprawling gaits. The three quantities, body 

height (A), spine bending (B), and ratio between humeral long axis rotation versus retraction (C), define 

the sprawling gait space (SGS). The humeral retraction is a rotation around a vertical axis (in red in panel 

C). The humeral long axis rotation (LAR) is a rotation around an axis pointing out of the figure (red 

circle).  D: Localization of salamander, skink, iguana, and caiman data in the SGS. Since the amount of 

humeral retraction is inversely proportional to the amount of LAR in all animals analyzed, only the LAR 

axis is shown to facilitate 3D viewing. Colored dots represent possible gaits of Orobates. The most likely 

ones (i.e. with a highest score for all metrics) are indicated in blue. E-G: snapshots of one of the most 
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likely gaits of Orobates in the kinematic simulation (E), the dynamic simulation (F), and OroBOT (G). See 

also https://biorob2.epfl.ch/pages/Orobates_interactive to access the data and the videos. 

8. DISCUSSION 
Understanding the principles of amphibious sprawling locomotion and designing robots that can 

perform this type of locomotion represents an interest research topic that is relevant for many 

fields. As reviewed in this article, it is worth taking a multidisciplinary approach to properly 

understand how the different underlying components interact, namely the central and peripheral 

nervous systems, the musculo-skeletal system, and the environments. It is also interesting to 

investigate how such locomotion existed in the past (e.g. as we saw in Orobates), and how it 

evolved from swimming animals and then led to more erect animals such as mammals. And 

obviously, robotics can immensely gain from all this knowledge, and in return provide tools to 

different scientific fields (e.g. neuroscience, biomechanics, and paleontology) to systematically 

and quantitatively test hypotheses. 

There are still many open research questions both in terms of biology and of robotics. For 

instance, the role of different types of sensory feedback in gait generation and gait transition 

remains to be elucidated. The links between ecological niche, morphology and control could also 

be investigated further. For instance, there are many types of different salamander and lizard 

morphologies as well as different ecological niches in which they live. It would be interesting to 

systematically investigate which morphologies are well suited for which environment, and 

whether similar neural control principles could explain different gaits for these morphologies. 

Related to that, it would be worth making a comparative studies of amphibian vertebrates and 

invertebrates and investigate whether similar neural control principles are used by largely 

different species. Finally, it would be useful to generate a full lineage of neuromechanical models 

ranging from fish to amphibians to reptiles to investigate morphological (e.g. from fins to limbs) 

and neural adaptation during evolution. 

In terms of robotics, many things remain to be done to improve the usefulness of amphibious 

sprawling robots. First, many robots developed so far remain fragile laboratory prototypes that 

have only partially been tested in complex outdoor environments. Robots need higher 

robustness (both mechanically and in terms of systems integration), better sensors, better 

actuators and better controllers in order to serve as useful devices for field missions. So far, 

robots based on simpler actuation systems (e.g. wheels, whegs, caterpillar tracks, and/or 

propellers) have had more success as field robots. But the potential of amphibious sprawling 

robots is very promising for various applications in inspection, search-and-rescue [121], and 

environmental monitoring. For instance, robots capable of salamander- and lizard-like 

multimodal locomotion could be very useful to inspect immersed or partially immersed pipes and 

caves, to monitor rivers, lakes and fish tanks, or to augment a rescue team that has to inspect 

collapsed and partially flooded structures. This will require not only good locomotion controllers 

but also higher-level sensing and controllers for localization, mapping, and autonomous or 

human-guided navigation. Finally, it would be interesting to design robots and locomotion 

controllers that can handle damage (e.g. a tail or limb loss) and adapt to different morphologies 

like their biological counterparts. Salamanders, for instance, have the impressive ability to regrow 
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tails and even limbs, and to find ways to cope with these lesions. Designing robots and control 

architectures that can exhibit similar robustness would be an impressive achievement.  

To conclude, the interdisciplinary research on amphibious sprawling locomotion is fascinating, 

full of interesting discoveries and with many interesting potential outcomes for the future 

understanding of biological organisms and design of robots alike. 
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