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ABSTRACT 

In this thesis, a novel type of hydraulically-actuated robophysical model was used 

to test hypotheses concerning the relationship between head kinematics and the force and 

work required for burrowing through damp granular media by amphisbaenians, a clade of 

mostly limbless, burrowing squamates. The design of the robot was intended to mimic a 

simplified, limbless body plan similar to that found among burrowing squamates, having 

an extendable cylindrical shaft and an oscillating, bullet-shaped head. Forces and work of 

an actuated head and shaft were compared while forward penetration occurred 

simultaneously with head oscillation amplitudes of 5, 10, and 15 degrees from a 

centerline, at a ratio of 1 and 2 oscillations per push distance, and compared to a control 

group with no head movement. An intermittent push strategy was also investigated in 

which the oscillation of the head was decoupled from the forward penetration of the shaft 

so that the machine alternated between a forward push and a head oscillation phase. The 

distance traveled by the robot between each oscillation phase was varied, and force and 

work were observed for distances of 2cm, 4cm, and 8cm between each oscillation phase, 

with either 1 or 2 head oscillations per phase. The peak force experienced, and the total 

work done by the shaft decreased with a 15 degree head oscillation amplitude, but any 

reduction in these variables is more than offset by the increase in force and work required 

to rotate the head. Amphisbaenians are a relatively diverse clade, well adapted to 

subterranean locomotion, but despite their diversity they are understudied. Understanding 
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the significance of head kinematics could be informative for bioinspired digging 

machines, and could shed light on the biology of the animals. Meanwhile, the suitability 

of crushed, expanded perlite as a proxy for other damp granular media in laboratory 

experiments was explored, with implications for similar experiments as well as 

interpreting data from burrowers across different substrates.  
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CHAPTER I 

 INTRODUCTION 

The study of animal locomotion has predominantly focused on the mechanics of 

flying, swimming, and locomotion over land, leading to significant advances in our 

understanding of these behaviors (Li et al., 2009;Li et al., 2013; Lopez-Arreguin & 

Montenegro, 2020; Nishikawa et al., 2007). This research has furthered our 

understanding of the mechanics of these types of locomotion, and has led to many useful, 

bio-inspired applications (Gao et al., 2019; Heydari et al., 2020; Mazouchova et al., 2013; 

Roberts et al., 2011). A large area of application is in robotics, as bioinspired robot 

designs have proven to be more efficient and maneuverable in general than non-

bioinspired robots (Zhang and Gao, 2012). An area that is lagging in bioinspired 

locomotion is subterranean locomotion (including burrowing and tunnel building), and 

few burrowing machines exist for practical application that match the performance of 

living organisms (Aguilar et al., 2016; Naclerio et al., 2021). 

 Part of the difficulty is that locomotion through granular media is relatively 

poorly understood (Aguilar et al., 2016; Zhang & Goldman, 2014) as are the mechanics 

of tunnel formation (Herrel et al., 2021). A better understanding and application of the 

principles of excavation and movement within granular media can be relevant to a wide 

variety of fields including construction, resource extraction, interplanetary exploration,
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and search and rescue (Isava & Winter, 2016; Kubota et al., 2007; Sadeghi et al., 2017; 

Zhang & Gao, 2012). Thus, despite the challenges, bionispired designs have been 

explored based on a variety of species that inhabit and successfully move through 

subterranean environments. This has included a wide range of taxa, such as annelid 

worms (Calderón et al., 2019; Kubota et al., 2007; Ortiz et al., 2019; Zagal et al., 2012), 

bivalves (Germann et al., 2011; Isava & Winter, 2016; Winter et al., 2014), insects 

(Pitcher & Gao, 2017), rodents (Zhang & Gao, 2012), and plant seeds, roots, and vines 

(Coad et al., 2019; Mishra et al., 2018; Naclerio et al., 2021; Sadeghi et al., 2017; Tang et 

al., 2024; Tang & Tao, 2022). Among squamates, successful model organisms for 

machine design have included the sandfish lizard (Scincus scincus) (Maladen et al., 

2011), and amphisbaenians (Tang et al., 2024; Xue et al., 2024). 

However, subterranean locomotion through granular media remains a challenging 

area of study. The mechanics involved are still being explored and the underlying 

mathematics are still not fully understood (Agarwal et al., 2023; Schiebel et al., 2020; 

Naclerio et al, 2021). Much useful work is being done to deepen our understanding of 

this subject, but research has more often focused on dry granular media than on damp 

(Mitarai et al., 2006; Sharpe et al. 2015). The distinction is an important one. Particle 

interactions in dry granular media are short-range (except in compression) and are mainly 

influenced by friction and inelastic collisions (Mitarai & Nori, 2006). Capillary effects 

and other effects of surface tension mean that the addition of water to a granular substrate 

will increase the cohesion between grains (Hornbaker et al., 1997; Dorgan, 2010; Sharpe 

et al. 2015), and this cohesiveness becomes a dominating characteristic of the mechanics 
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(Mitarai & Nori, 2006). This increased cohesiveness with the addition of water, however, 

holds true only to a point – when the media is saturated it enters a “slurry” state, capillary 

action no longer holds the grains together, and the media loses the cohesive interaction 

between particles (Mitarai & Nori, 2006; Dorgan, 2010; Sharpe et al., 2015). Thus the 

mechanics of damp granular media can behave quite differently depending on the 

moisture content (Dorgan, 2015; Hosoi & Goldman, 2015), and the mechanics of 

saturated granular media are different still than either dry or damp media (Sharpe et al. 

2015).    

There are some general trends that can be observed in damp granular media. 

Before reaching the saturated slurry state, damp granular media shows plasticity, an 

increase in shear strength, and history dependence as a result of the moisture content 

(Sharpe et al 2015). Penetration resistance is also sensitive to both moisture content and 

compaction in cohesive soils (Sharpe et al. 2015). Dry sand can be made to flow when a 

force is applied, which allows some organisms to adopt strategies analogous to those for 

moving through a low Reynold’s number fluid (Hosoi & Goldman, 2015). Locomotors 

moving through damp granular media are unable to use some of the strategies employed 

by those in dry media, such as fluidization, but the cohesiveness of the substrate allows 

them to use strategies unavailable to animals in dry media, such as the construction of 

tunnels or burrows that will stay in place once created (Sharpe et al 2015; Shinoda et al., 

2018).  

The lack of research involving damp granular media may be due, in part, to the 

experimental challenges that this media presents, especially in regards to numerical 
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approximations (Zhang and Goldman 2014) and the preparation of repeatable trials for 

laboratory experiments (Sharpe et al., 2015).  For example, the mechanics of locomotion 

through dry granular media can at least be approximated through a technique such as 

resistive force theory (Zhang and Goldman 2014). Here, the object in question is 

computationally divided into infinitesimal segments and the thrust and drag experienced 

by each segment can be summed to approximate the forces acting on the locomotor as a 

whole (Zhang and Goldman 2014). This works in dry granular media, because they lack 

cohesion and are not history dependent, i.e. the forces experienced are not changed by 

past movements through a given location. Therefore, behavior of one segment does not 

affect the forces acting on the following segments (Zhang and Goldman 2014) (at least 

when submerged, this is not true at the surface (Mazouchova et al., 2013). An undulating 

body or a rotating head can thus be approximated through the integration of forces across 

all segments if movement is taking place at a sufficient depth below the surface (Zhang 

and Goldman 2014). Because the addition of water to granular media leads to cohesion 

between particles (Sharpe et al 2015), and history dependence becomes an issue, 

influencing the forces encountered by segments during locomotion through the media. 

Now, trailing segments will encounter the surrounding media in a different way 

depending on the movement of the leading segment. 

From the logistical standpoint, it can be difficult to prepare repeatable laboratory 

trials for testing damp granular media. Technology such as fluidized air beds are an 

immense help in performing repeated experiments involving locomotors in dry media, 

because the testing area can be automatically reset after each trial (Astley et al., 2020; Li 
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et al., 2009, 2012; Maladen et al., 2009). However, this method cannot be used for damp 

media, due to this media’s inability to fluidize. Methods to deposit homogenous batches 

of media have been developed (see Sharpe et al. 2015), but these methods still require the 

testing area to be emptied and refilled in preparation for each individual trial. This results 

in a labor intensive and time-consuming process. Additionally, the high forces involved 

with penetration through damp granular media present challenges in designing a testing 

apparatus with readily available material. Penetration and drag force through wet sand, 

for example, can be as much as four times that of penetration through dry sand (Sharpe at 

al, 2015) and require forces that push the limits of the strongest commercially available 

resin for 3D printing. Meanwhile, individual sand grains (which are difficult to contain 

entirely) can cause damage to components such as gears, pistons, and circuit boards.  

Other, less logistically problematic granular media can be used as a testing 

substrate, but little is known about the comparability of results obtained in differing 

media. This question of comparability is mirrored by an interesting question in the natural 

world, as granular substrates can differ widely between habitats, and penetration forces 

can vary depending on particle shape and size (Bergmann & Berry, 2021). Particle 

morphology is in turn dependent on the geological history of the particle formation (Cho 

et al., 2006), thus an organism burrowing in one location may face different mechanical 

constraints than the same organism burrowing in a different location with a different 

formation history.  

Although challenging to study, damp granular media is not only a common 

substrate for terrestrial locomotion, it is more commonly encountered in terrestrial 
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habitats than dry granular media (Sharpe et al. 2015). And while the methods developed 

for dry granular media make it an attractive area for laboratory study that has generated 

much useful data, the different mechanics mean that the results of experiments involving 

dry media cannot be assumed to apply to locomotion through damp. As a result, 

locomotion through damp granular media remains an open and attractive area for 

academic research and means of overcoming the logistical challenges are needed. In this 

thesis, crushed, expanded perlite is used as a testing substrate – a granular medium with a 

low density made from a heat-treated volcanic rock (Sodeyama et al., 1999). This 

medium requires far less force to move through than other commonly used substrates 

(such as sand) and is soft enough to minimize damage to the components of the machine. 

Organisms that move through granular media have a diversity of kinematic 

strategies to help them locomote through this challenging substrate, and there is a 

diversity of strategies even among those of similar body plans inhabiting similar 

substrates (Sharpe et al., 2015; Gans, 1968). Movement strategies have been the subject 

of study in a variety of limbless, elongate burrowers (Herrel et al., 2011; Herrel & 

Measey, 2010; Hipsley et al., 2016; Hohl et al., 2014; Martín et al., 2013; Navas et al., 

2004; Ducey et al., 1993). For example, research has examined the influence of 

compaction on soil choice, burrowing success, and burrowing time in caecilians (Ducey 

et al. 1993), and also on locomotion kinematics in caecilians (Herrel & Measey, 2010). 

Cinefluoroscopy has been used to examine the kinematics of two burrowing eel species 

in saturated sediment, determining maximum push forces and finding evidence to support 
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the hypothesis that the head-first borrower’s skull morphology is better adapted to head-

first burrowing than that of a tail-first burrower (Herrel et al., 2011).  

Of fossorial vertebrates, a large proportion of limbless burrowers are represented 

by amphibians (notably the caecilians), and squamates. Except for a few aquatic species, 

Caecilians (represented by 198 known burrowing species) live in moist soils, due to their 

need to keep their skin moist. In hard soils, burrowing squamates are represented by 

snake species belonging to the families of Uropeltidae (represented by 56 known 

species), Xenopeltidae (represented by 2 species) and Scolecophidia (457 species); 

lizards of the genus Anniella (6 species) and family Dibamidae (23 species); and nearly 

the entire suborder of amphisbaenia (201 species) (Augé, 2012; Gans, 1978; Hohl et al., 

2014; ITIS, 2024). Thus, while amphisbaenians are not the most speciose group, they 

represent a large proportion of the successful vertebrate burrowers in hard soils 

specifically, and of burrowing squamates in general. Moreover, amphisbaenians show a 

diversity in habitat, and are known for their diversity of head shapes (Kearney, 2003), 

some of which show similarities that are not monophyletic (Augé, 2012; Gans, 1978), 

suggesting important hypotheses concerning the head shape and evolution of this group 

(Navas et al. 2004). Additionally, amphisbaenians are very successful in moving through 

compact soils, invading niches that are inaccessible to other reptiles (Gans, 1968) making 

them an attractive model for bioinspired engineering.  

Nonetheless, in proportion to their diversity, amphisbaenians are underrepresented 

in the literature, and are “arguably one of the least studied squamate lineages” (Kearny 

2003, p.59). This is due, part, to the extreme difficulty of finding them and keeping them 
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alive in captivity (Hawkins et al., 2022; Navas et al., 2004). However, distinctive head 

geometries and relative simplicity of movement of some species are advantages in 

constructing robophysical models that can allow for testing specific hypotheses that 

might otherwise be difficult to test concerning kinematics and morphology. For example, 

understanding morphology and behavior could help to suggest which species are more 

basal and which are more specialized, possibly helping with problematic phylogenies for 

clades such as amphisbaenia (Kearney 2003). Meanwhile, as representative of burrowing 

squamates, they can be instructive to bioinspired engineering for applications such as 

search and rescue (Coad et al., 2019), archaeology (Knudson, 1999; Musteata, 2015), or 

other applications where minimal impact to the immediate surroundings are desirable. 

While many organisms have been under investigation as biological role models for 

burrowing, especially promising for these specific areas of application include small, 

limbless organisms that are capable of movement by substrate rearrangement or packing, 

rather than bulk excavation (Dorgan 2015; Dorgan & Daltorio, 2023). This includes 

worms, plant roots, and burrowing squamates as model organisms. For example, soft 

expanding segments can mimic the peristalsis used by annelid worms, allowing for 

limbless movement in confined spaces (Calderón et al., 2019; Kubota et al., 2007; Ortiz 

et al., 2019; Liu et al., 2019). A plant root inspired robot was developed that functions 

through a process of self-printing through soil - similar to the expansion of plant roots at 

the tip (Sadeghi et al., 2017). While these designs hold promise, soft materials lack the 

strength of rigid materials and worms have difficulty with horizontal burrowing in nature 

(Dorgan and Daltorio, 2023). An expansion-by-printing root design leaves material 
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behind and thus would be problematic for situations where a tunnel is needed (such as 

cable-laying) or where minimal changes to the environment are desired (such as 

archaeology).  

Because of their relatively high representation among vertebrate burrowers, their 

unusual diversity of head shapes, their potential as biological role models for engineering, 

and their conduciveness to robophyiscal modelling, amphisbaenians will be a focus of 

this thesis. Amphisbaenians are generally found in moist substrates, potentially due to the 

water permeability of their skin and the ability of moist substrates to be formed into 

tunnels (Gans, 1968). Once the tunnel has been constructed, the energy required to move 

underground through this excavation is decreased, as is the energy required for 

respiration as the body of the animal would otherwise have to push against the substrate 

while breathing (Gans, 1968). Like most burrowing organisms, Amphisbaenians appear 

to have developed several adaptations to aid in subterranean locomotion, including 

limblessness (except for Bipes, in which two tiny forelimbs are retained), elongation, and 

a robust skull (Gans 1968) – adaptations that are often associated with fossoriality in 

other organisms as well (Bergmann et al., 2020; Deufel, 2017; Morinaga & Bergmann, 

2020). Additionally, amphisbaenians have developed distinct kinematic strategies to aid 

in locomotion and tunnel formation (Fig. 1). Interestingly, these kinematic strategies are 

correlated to specific skull shapes, resulting in four specific patterns (Gans 1968) (Fig. 1).  

The first and most widely distributed pattern is associated with a generalized 

rounded or bullet-shaped skull (Gans 1968). This pattern involves an irregular repetition 

of apparently random movements, in which the head moves either during forward 
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penetration or intermittently between the forward pushes (Gans 1968). A second pattern 

involves a “corkscrew” type of motion that combines a rotational twist with a 

simultaneous forward penetration movement (Gans 1968) (Fig. 1F). This is correlated 

with sharp edges on either side of the snout, which shave off material from the 

surrounding media as the animal moves (Gans 1968) (Fig. 1C). This pattern/morphology 

combination appears to be advantageous in sand and sandy soils and allows for rapid 

burial in hot and dry environments to access a cooler and moister substrate (Gans 1968). 

The corkscrew pattern is found among members of the family Trogonophidae, which 

inhabit sandy soils in north Africa and the Arabian peninsula (Gans 1968). A third pattern 

involves a side-to-side rotation of the head, in conjunction with the forward penetration 

movement (Fig. 1E) (Gans 1968). In this case, the skull is flattened laterally, so that the 

head resembles a wedge shape (this morphology has also been termed “keel snouted”, 

Fig. 1B) (Gans 1968). A third pattern of morphology and kinematic strategy is the 

“shovel snouted” type of amphisbaenian (Fig. 1A), which pushes (or possibly rams) a 

dorsally flattened shovel-like head into the substrate and then lifts it to pack the media 

into the ceiling (simultaneously flattening the floor with its ventral side – Fig. 1D) (Gans 

1968). The keel and shovel snouted types are found in more compact and deeper soils 

than Trogonophids or amphisbaenians with more generalized morphologies and 

kinematics (Gans 1968). Trogonophids, shovel snouted amphisbaenians, and keel snouted 

amphisbaenians generally are not found in the same geographical areas, while the range 

of the generalized types can be overlap with any of the three others (Gans 1968).  
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 While amphisbaenians may exhibit head movement either with or separate from 

the forward push, Gans (1968) suggests that the decoupling of the head oscillation and 

the forward penetration results in an increased mechanical efficiency for burrowing. 

From a mathematical standpoint, intermittent ramming motions, as opposed to a single 

continuous push, should be advantageous due to the fact that the force the animal applies 

to the substrate is equal to its mass times its acceleration – thus multiple short bursts of 

acceleration result in a higher force than a continuous push (Gans, 1960). Both of these 

suggestions are, however, hypothetical, as there is no published data comparing these 

strategies.  

Some data has been obtained concerning the locomotion kinematics of burrowing 

amphisbaenians. For example, Hohl et al. (2014) was able to quantify burrowing speed 

(approximately 0.25 cm/s) and cycle frequency (approximately 0.53 cycles per second), 

A B C 

D E F 

Figure 1: Skull morphology and burrowing strategy of (a) shovel-snouted [lateral view], (b) keel-snouted 
[dorsal view], and (c) Trogonophidae amphisbaenians. Skull images are from Digimorph.org. Burrowing 
sketches are from Gans 1968. 
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for Leposternon microcephalum of an average length of 33.83cm and an average weight 

of 50.81g. (Hohl et al., 2014). Navas et al. (2004) was able to record maximum push 

forces in L. microcephalum, recording maximum forces up to 24N for animals measuring 

40.9cm in average length, 0.99cm in average head width, and weighing an average of 

5.73g. Morphology and physiology of skull and muscles have also been examined (see, 

for example, Hipsley 2016 and Navas et al., 2004).  However, the more complex 

relationship between head oscillation patterns during locomotion on the forces 

experienced by burrowers remains largely unknown. An exception is an experimental 

study conducted by Sharpe et al. (2015) in which observation of the burrowing behavior 

of the Ocellated skink (Chalcides ocellatus) (Fig. 2) prompted a mechanical simulation 

that looked at drag forces following the rotation of a cylindrical rod (Fig. 2). Ocellated 

skinks employ a side-to-side head rotation that is simultaneous with forward penetration 

(Fig. 2) (Sharpe et al. 2015). One hypothesis for this behavior is that it weakens the 

resistance of the media and thereby decreases the force needed to penetrate (Sharpe et al. 

2015; Hosoi and Goldman 2015). Sharpe et al (2015) found that a side-to-side rotation of 

20-degree amplitude (from the centerline), decoupled from forward penetration, initially 
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lowered the drag force experienced by a cylindrical intruder (3.81cm in length) by 45%, 

although this advantage was transient and disappeared after about 4cm (Fig. 2).  

This thesis will address the knowledge gaps in our understanding of how 

kinematic strategies impact the forces involved with burrowing for squamates, 

particularly in damp granular media. It will also investigate the comparability of data 

obtained from burrowing simulations in damp sand and damp perlite. Specifically, the 

topics of investigation will include (1) the effect of varied oscillation ratio and amplitude 

on the forces required for burrowing, (2) the comparability of crushed perlite and sand as 

testing substrates for burrowing experiments, and (3) the effect of intermittency as 

Figure 2: Left: X-ray picture of burrowing Ocellated Skink in damp sand. Head oscillation are tracked by 
colored lines. From Sharpe et al 2015, figure 7. Right: Drag forces experienced by a cylindrical intruder 
moving through damp granular media. The bold line represents the forces experienced without prior 
rotation, the dashed line represents the forces experienced following a single horizontal rotation of 20º from 
the centerline in both directions. From Sharpe et al 2015, figure 9 
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opposed to simultaneous push and rotation (that is, whether the animal is rotating the 

head while pushing forward or stopping its forward push to rotate the head before 

continuing the forward movement).  

 My research will focus on a robophysical model – a mechanical device that 

simulates the geometry and kinematics of the organism of interest (Aydin et al., 2019; 

Aguilar et al., 2016). As mentioned earlier, the distinct morphologies and simple 

kinematics of amphisbaenians make them a suitable candidate for robophysical 

modelling. The model has further advantages over using live organisms due to the elusive 

nature amphisbaenians, and the scarcity of finding them alive in captivity (Hawkins et al., 

2022). Additionally, robophysical models are programmable, which is of enormous 

benefit when studying locomotion underground in an environment that cannot be easily 

observed visually. In this way, we can control the movements of the test subject and be 

sure that it is performing these movements even when it cannot be seen. Further, using a 

robophysical model allows for the elimination of variables so that the experiment can 

focus only on the factors of interest and observe only specific behaviors (Koehl, 2003). 

Finally, with a robophysical model, we can directly measure the forces involved in 

locomotion, which is not typically possible in live animals. 

Addressing the relationship between kinematics and penetration forces will help 

to provide data that can potentially be applicable for bioinspired engineering applications 

as described earlier, as well as for gaining insight into the evolution of limbless 

squamates. Comparison of sand and perlite will be useful in two ways. First, it will 

indicate the useability of perlite for similar laboratory work in the future. This could save 
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much time, energy, and resources, potentially reducing the logistical burden of studying 

damp granular media. Second, since burrowing substrates vary widely in natural settings 

(Bergmann et al., 2017), it will be useful to gain insight as to the applicability of results 

across differing substrates. 
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CHAPTER II 

 METHODS 

Robophysical Model 

The central device used for my thesis is a robophysical testing apparatus, which 

mimics a simplified body plan of limbless, burrowing squamates. The specific 

application here is the investigation of patterns of movement in amphisbaenians. The 

robot can generate two independent movements: pushing forward through the substrate 

and moving the head laterally (Figure 3). Both shaft and head are actuated by hydraulic 

pistons. A hydraulic system, as opposed to a pneumatic one, is essential in this case so 

that the position of the submerged penetrator can be known although it is not visible. The 

hydraulic fluid, being incompressible, theoretically allows for a direct 1:1 transfer of 

motion from the piston to the robot. While this is theoretically the case, compliance in the 

walls of the tubing, and within the 3D printed components reduce the accuracy under 

high loads. While a small amount of compliance is less of an issue for the shaft, it needs 

to be accounted for in the head design because slight differences in the motion transfer 

can lead to significant differences in the expected head angle, and multiple changes of 

direction multiply any lag in the pressurization of the system. Therefore, a potentiometer 

was placed in the head, such that the cylindrical knob of the potentiometer acts as the axis 

of the rotating head. A cavity in the base of the head allows for a tight press-fit over the 
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knob, but superglue was added to ensure adherence. As the head rotated, the 

potentiometer rotated, causing changes to a voltage reading in a separate circuit. Before 

trials, head angles were correlated to voltage readings, which were entered into the code 

controlling the head system. In this way, the robot was able to track the position of the 

head and so move to the desired amplitudes when instructed. The size of the hydraulic 

pistons places a lower limit on the size of the robophysical model, which is constructed of 

a 3D printed cylindrical shaft with a diameter of 5cm, and a bullet-shaped, moveable 

head 5cm in diameter at the base and tapering to a point at a distance of 7cm (see figure 

3). 

 

Figure 3: Schematic of testing apparatus. (a) 3D printed PLA head, (b) hydraulic piston, (c) slider crank linkage, (d) 
potentiometer, (e) hydraulic tubing, (f) stepper motor, (g) gear train, (h) load cell 
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One piston extends and retracts the shaft while a second, separate piston rotates the 

head through a slider-crank mechanism (see figure 3). These are connected through 

hydraulic tubing to two driving pistons, each coupled to a stepper motor by a 3D printed 

load cell. Thus the system is constructed with two separate sets of pistons – one driving 

the head and the other extending the shaft – each with a separate load cell monitoring the 

forces involved with the head and shaft separately. Throughout this thesis, “head force” 

will be used in reference to the forces involved with pushing the driving piston of the 

head, and “shaft force” will refer to those forces involved with driving the piston shaft. 

The stepper motors allow precise control of motion at high resolution across multiple 

cycles of rotation. A gear train amplifies the force output from the motors. Deformations 

in the load cells are sensed by two 350-ohm strain gauges connected in a half-Wheatstone 

bridge configuration to a custom amplifier (Gamel et al., 2024). Voltage output is 

recorded using a NIDAQ system and MATLAB to record the changes in load cell 

deformation caused by the force acting upon the driving pistons.  Because the load cell is 

positioned immediately between the piston and the gear train, the recorded force will be 

identical to that applied via the piston to the substrate (after subtracting baseline data that 

record the force necessary to actuate the pistons). Calibration allows for these voltage 

outputs to be converted to force in Newtons; details of the calibration process are given in 

a subsequent section.  

The stepper motors are controlled through an Arduino system. A limitation of the 

Arduino system is that only one stepper motor may be run at a time, making simultaneous 
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head movement and shaft extension difficult. I addressed the problem by using two 

separate Arduino Uno boards, each running a separate program. One board contains the 

code to extend the shaft, specifying the distance and speed of the driving piston. Another 

board contains the code that controls the head. This code specifies the actions of the head 

driving piston. Feedback from the potentiometer in the head allows for the robot to move 

its head to the desired position, while the variables of amplitude, number of oscillations, 

and speed of oscillation can be specified ahead of time. The “Head” board sends a signal 

to the “Shaft” board when the shaft is to be activated (as determined by the defined 

kinematic strategy), allowing both motors to be operated simultaneously if desired, since 

each individual board is operating only one motor at once.  

 

Substrate Preparation and Deposition 
 

Following a simplified version of a method used by (Sharpe et al., 2015), we built 

a system for homogeneous deposition of damp granular media involving a metal mesh 

screen placed above the testing arena. Mesh sizes were 6.35mm for the sand trials, and 

12.7mm for the perlite trials. Damp media in a separate tub was hoisted above the screen 

via a block and tackle system, and then sifted through the mesh. A similar “soil raining” 

deposition was found by the Goldman lab to produce a more even and homogeneous 

distribution of sand – avoiding the formation of voids in the testing area that could 

interfere with repeatable results (Sharpe et al., 2015). Repeated trials of the robotic 

penetrator verified that the mechanical properties of the material deposited in this way are 

indeed comparable among replicate trials (see figure 4). 
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The substrate was deposited into a 65x40cm tub, until the container was filled to a 

depth of 15cm (as indicated by a marking made on the inside of the tub ahead of time). 

At this point the robot was attached to a fixture mounted to the side wall. More of the 

substrate was then deposited to fill the tub to a depth of 30cm, leaving the tip of the robot 

submerged at the midpoint of the container and thus minimizing edge effects. This is 

important, as the jamming of granular media closer to walls can otherwise interfere with 

the forces that we want to record (Bergmann & Berry, 2021; Stone et al., 2004). Since the 

model is connected to the driving pistons through hydraulic tubing, the robot penetrator 

can be anchored to one end of the testing area and driven horizontally into the substrate. 

This eliminates depth effects – otherwise penetration into granular media is subject to a 

pressure that increases proportionally with depth, similar to the hydrostatic pressure 

experienced in fluids (Winter et al., 2014; Zhang & Goldman, 2014). 

 
Force Data Collection and Analysis 
 
 

The force required to operate the system when not submerged was recorded to use 

as a baseline (red lines in figure 4). Initially, the baseline trials were averaged and 

subtracted from the recorded forces during data analysis (green line) to provide visual 

representations of the force traces resulting entirely from submergence in wet sand (blue 

line). However, it is evident in figure 4 that the force increase while submerged in sand 

takes a longer period of time than that of the device when not submerged. The reason for 

this is unclear, but it has been consistently observed throughout the trials. The result is 

that when the baseline is subtracted, there is a transient period of negative force in the 
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data. This does not affect the overall data analysis but makes the graphs difficult to 

interpret if the baseline is subtracted. Likewise, any offsets in the timing of head 

movements between the baseline and substrate datasets would lead to errors in the final 

variables. Thus, for clarity, the remainder of the images in my thesis will focus only on  

the final variables, though figure 4 is useful as a representation of what is going on during 

the testing process. One factor to note is the relatively large deviations between replicate 

trials, which is more evident when the robot is submerged in sand and reflects the 

difficulty of preparing homogeneous batches of testing material. Further details 

concerning substrate and baseline analysis are discussed below.  

Figure 4: Preliminary data for multiple replicates. The red baselines indicate the force required just to 
overcome the friction of the machine and drive the intruder. The green lines indicate the force involved 
with movement through damp sand, and the blue lines show the total force minus the baseline – 
the force involved with the penetration alone. 
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The overall forces required for the robot to penetrate the substrate, in this case, 

involve two main components. First, there is the force involved with pushing the 

penetrator forward into the substrate. Second, there is the force involved with moving the 

head, should a head movement strategy be employed. The forces involved with the head 

movement create a potential tradeoff between the increase in rotational force and any 

reduction in penetration force that may result. 

The robophysical model reconstructs a simplified body plan of a limbless 

burrowing squamate, allowing for programmed head motion and forward penetration that 

mimics those of amphisbaenians (as described in Gans 1968). The head excursion angle 

can be adjusted, and the number of head rotation cycles per total shaft extension (referred 

to here as oscillation ratio) can be changed through alterations in the Arduino coding to 

make the oscillation amplitude larger or smaller or to increase or decrease the number of 

sweeping motions in the case of oscillation ratio. The timing of the motor operation can 

likewise be changed in the coding, so that the head rotation can be coupled or decoupled 

from the forward penetration to look at the effects of intermittency. Although not 

investigated here, other factors such as head shape or direction of head motion could be 

easily adjusted by reconfiguring the head or rotating the position of the robot in future. 

The head is detachable from both the slider crank and the body, so that it could be 

swapped for other heads of differing configurations if desired.  

  Before running the trials, I calibrated the amplitude of the head movements using 

a protractor clamped into place just over the head of the robot, and a temporary line was 

marked on the tip of the head so that the angle of the sweep could be followed while the 
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robot was operating. The voltage readings from the potentiometer circuit were noted for 

the desired angles, and incorporated into the coding as the robot’s target settings. 

Each set of trials involved the same basic steps. With the pistons detached from 

the driving apparatus and load cell, a multimeter was used to ensure that the Wheatstone 

bridge was balanced before the beginning of the trial, minor adjustments to the resistance 

being made using a built-in potentiometer in the circuit. The substrate was deposited 

through the shaker screen until the test arena was filled halfway, the halfway point having 

been previously measured with a meter stick and marked on the inside of the tub. At this 

point, the robot was attached to the mounting, and the substrate was deposited to reach 

the final depth. At the beginning of the trial, the tip of the robot was therefore positioned 

at an equal distance of 15cm from the top and bottom and an equal distance of 20cm from 

each side. Considering the mounting for the robot on the wall of the tub, the tip of the 

robot was at a starting position 23 cm from the end of the test arena, and an end position 

of 15 cm from the end of the test arena.  

Before the machine was started, I began recording the data input from the NIDAQ 

through a custom MATLAB program. The machine was then engaged with the 

predetermined testing parameters, recording both head force and shaft forces 

simultaneously. Following each trial, a 25mL sample of the substrate was taken for 

thermo-gravimetric analysis of water content, to monitor for potential changes in 

moisture content over time (see Susha Lekshmi et al., 2014). The sample was placed in 

an oven and dried for 16 hours at 110°C, and then re-weighed to allow for calculation of 

the percent moisture content of the substrate at the time of the sampling. Moisture content 
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was calculated as the dry weight of the substrate subtracted from the wet weight of the 

substrate. This was divided by the wet weight and multiplied by 100 to calculate the 

percent moisture content. 

Since there was no need to synchronize simultaneous movements of the head and 

the shaft during the intermittent penetration trials, the parameters of amplitude, number of 

head rotations between forward pushes, and the distance of shaft movement for each push 

could simply be given to the robot at the beginning of each test. The coordination of the 

simultaneous head/shaft movements was slightly more complicated, as the speed of both 

stepper motors had to be adjusted in relation to one another so that the oscillation ratio 

was correct. Generally, the speed of the shaft’s driving motor was kept constant, and that 

of the head’s driving motor was increased or decreased so that it would complete its 

rotations at the same moment that the shaft completed its push. 

 Calibration of the load cells was done by vertically orienting and attaching them 

to a metal frame, so that weights could be suspended below them. In the case of the shaft 

load cell, a screw was set into the top of the load cell and a cord attached to the weights 

was looped around this, so that the hanging weights would compress the cell. Since the 

load cell on the head’s driving piston was recording forces in both compression and 

tension, a similar process was used but with the addition of a step in which the load cell 

was inverted so that the weights were stretching rather than compressing the cell. Voltage 

readings were taken as an average of 3000 data points recorded by NIDAQ for each 

weight. As each weight experiences gravity, the force in Newtons can be calculated as 

9.81m/s2 times the weight in kg. The voltage readings increased linearly in relation to the 
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force, so that the slope and the intercept of the linear increase could be calculated and 

used to convert experimental voltage data into force. This conversion was done in the 

custom Python program for both the shaft and the head. As the load cells were damaged 

now and then (especially during sand trials when high forces could cause them to snap), 

multiple calibration equations were involved, and thus a calibration table was created so 

that the appropriate conversion factor could be selected based on the date of the trial. A 

slightly different matrix needed to be developed for the head data, because the 

relationship between force and voltage, while still linear, was different in tension than in 

compression. The head calibration matrix therefore included different slopes and 

intercepts for tension and compression. An interactive data plot was developed, so that I 

could manually select the sections of the head force curve that corresponded to head 

movement. The code then automatically selected the appropriate conversion factor based 

on the section of movement. 

 

Substrate Characterization 
 
 Before changing the testing substrate from sand to perlite, tests were performed to 

compare basic characteristics of each. The first test was to determine the avalanche angle 

of each substrate at varying moisture contents, so that a moisture content for perlite could 

be selected that matched the mechanics of the sand used for the sand trials. As mentioned 

above, the moisture content for the trials was monitored throughout the tests. When 

compared, the moisture content of the substrate for the penetration trials done in sand had 

a moisture content of 3.06% ± 0.41 by weight, and so the avalanche angle at this moisture 
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level for sand was first determined and then used as the target avalanche angle for the 

perlite that would be used for the penetration trials in that substrate.  The avalanche angle 

was determined through the tilting method (see Kalman, 2021). In this method, a small 

box measuring 27cm x 28cm constructed from polystyrene foam board (insulation board 

from Owens Corning) was filled to a depth of 1cm with the substrate. One end of the box 

was slowly lifted with a lifting platform from Precision Scientific Co., while the other 

end remained in place, until the substrate avalanched. This was filmed using a GoPro 

camera, so that images taken from the video could be analyzed using ImageJ image 

analysis software to measure the angle at which the avalanche began. The test was 

performed three times for each moisture content, and an average of the three angles was 

used as the avalanche angle for that moisture level. Dry substrate was hand-mixed with 

water separately before being transferred to the testing box. Standard deviations were 

high for the damp media, but a moisture content of 70% by weight for perlite 

approximately corresponded to the target avalanche angle, so this amount of water was 

used for the perlite trials that followed.  

Additionally, the grain sizes of both dry sand and dry perlite were characterized 

using nested geological sieves. The particles captured by each progressive mesh size 

were weighed and recorded. This allowed for a distribution of grain sizes to be plotted 

and compared visually between both sand and perlite. Perlite was rinsed before the 

penetration trials, as the miniscule dust-sized grains seemed to contribute little to the size 

distribution, were easily airborne and caused respiratory irritation, and have been thought 

to lead to long-term health issues (although this is debated; see Roubik et al., 2022). 
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Variables and Data Processing 
 

For the first set of experiments, comparing the results of the continuous push/head 

movement strategy between sand and perlite, the independent variables included 

substrate, oscillation ratio, and amplitude of head oscillation (the maximum angle of 

deviation from the centerline for each oscillation). The substrates included damp sand 

and damp perlite. Oscillation ratios tested were 1 and 2 rotations per 8cm penetration, at 

an amplitude of 15 degrees. Amplitudes of head oscillation included 5, 10, and 15 

degrees at an oscillation ratio of 2. The dependent variables included peak force, average 

force, and total work involved for both the head and the shaft. The second set of 

experiments were conducted entirely in perlite as a testing substrate. Here, I again 

compared the amplitudes of 5, 10, and 15 degrees over oscillation ratios of 1 and 2 and 

against a control involving no head movement. Again, the dependent variables included 

peak force, average force, and total work. For the intermittent push strategies (the third 

set of experiments), the independent variables included the distance moved between head 

oscillations, oscillation ratio, and amplitude of head oscillation. The dependent variables 

included peak force, average force, and total work involved for both the head and the 

shaft. 

Data processing was done using custom programs in Python. For all data, the raw 

voltage was splined before processing, and then converted into force in Newtons using 

the conversion factor as described above. From this, maximum forces, mean forces, and 

total work for each push were calculated. Peak forces and average forces were 
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determined calculating maximum and averages from each dataset. Total work was 

computed using the numpy.trapz function in Python to integrate force with respect to 

distance in the case of the shaft, and to integrate force with respect to angular 

displacement (in radians) for the head.   

For the intermittent trials, data processing was done in sections corresponding to 

the individual periods of motion for the shaft and the head. Maximum forces were 

reported as the maximum of forces compared across all sections. Average force was 

likewise an average of the forces for all sections. Work was calculated for each section, 

and the sum of these is reported. 

 

Statistics 

Statistics were done using JMP Pro 17 software. The large forces involved with 

penetration through damp sand limited the ability of the machine to complete enough 

trials for all parameters to be examined statistically using a 3-way ANOVA. For those 

trials involving sand, a 2-way ANOVA was done for the variables of oscillation ratio and 

substrate at an amplitude of 15 degrees, with fixed factors of oscillation ratio and 

substrate (sand or perlite) in a fully crossed design. Another 2-way ANOVA was done for 

the variables of amplitude and substrate at an oscillation ratio of 2, with fixed factors of 

amplitude and substrate in a fully crossed design. For continuous shaft motion trials 

through only perlite and including a head movement strategy, a 2-way ANOVA was done 

for the variables of oscillation ratio and amplitude, with fixed factors of oscillation ratio 

and amplitude in a fully crossed design. The same variables were compared between 
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these trials and a control set involving no head movement, by using Tukey’s HSD. 

ANOVAs could not be performed for controls, because having a value of zero for 

amplitude, oscillation ratio/number, and distance between oscillations lead to missing 

degrees of freedom that prevented the completion of analysis.  For intermittent shaft 

motion trials, a 3-way ANOVA was done to compare each variable with fixed factors of 

oscillation number, amplitude, and distance between head oscillation phases in a fully 

crossed design.   Due to the limited number of variables, Bonferroni correction was not 

applied, and the threshold for significance remained p<0.05 for both the overall model 

and effects.  Differences between conditions within an effect which was significant were 

assessed using Tukey’s Honest Significant Difference
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CHAPTER III 

COMPARISON OF SAND AND CRUSHED PERLITE AS A MEDIUM FOR 

BURROWING EXPERIMENTS 

Introduction 

Burrowing is by nature a process that involves high forces, which has been a large 

selective pressure in the evolution of burrowing animals (Evans et al., 2023; Herrel et al., 

2021; Kazi & Hipsley, 2018; Wu et al., 2015). Among fossorial animals, this appears to 

have favored traits such as elongation, limblessness, a robust skull, and a narrow body 

plan (Gans, 1968; Bergmann et al., 2020; Deufel, 2017; Morinaga & Bergmann, 2020; 

Sharpe et al. 2014).  Differing substrate characteristics such as grain particle shape and 

size influence the mechanics of the media, and thus the experience of the organism 

burrowing through it (Bergmann et al., 2017; Bergmann & Berry, 2021; Cho et al., 2006). 

Exactly how these differences play out in terms of animal locomotion is uncertain 

(Bergmann & Berry 2021). Nonetheless, substitutes for naturally-occurring media are 

common in experiments involving subterranean locomotion, including materials such as 

poppy seeds (Li et al., 2009), glass beads (Richefeu et al., 2006; Winter et al., 2014), and 

gelatin (Dorgan et al., 2005). The question of comparability between these various 



31 
 

granular media analogues, mirroring the question of comparability between naturally-

occurring substrates, is a topic of this chapter.     

One of the major barriers to experimental work involving burrowing through 

naturally-occurring damp granular media has been the logistical difficulty involved with 

preparing repeatable batches of cohesive media for replicate trials (Sharpe et al. 2015). 

The work done for my thesis has confirmed that preparing these batches can be very time 

consuming (about 30-40 minutes per trial, assuming no failures occur). However, a 

greater challenge was related to the damage caused to the machine itself over time by 

performing repeated high-force trials through damp sand. At the beginning of my 

research, damp sand was the intended medium for all burrowing experiments, as it 

closely replicates natural environments while lacking organic components which would 

decompose over time, complicating comparisons. As the repeated high-force movements 

of the machine lead to constant component failures that were time-consuming to repair - 

with a failure occurring on average approximately once for every 5 or 10 successful trials 

- it became evident that damp sand was not a practical substrate for gathering datasets 

within our desired time frame and material availability. Moreover, the constant need to 

replace failed components resulted in a decreasing confidence in the comparability of 

data gathered over time, as the entire system was being replaced piece-by-piece.  

 Perlite ore is a naturally-occurring, lightweight, porous volcanic mineral, and I 

learned through informal experimentation that the commercially available crushed and 

expanded version of perlite has similar qualitative characteristics to sand when water is 

added, becoming cohesive and history-dependent with an increase in moisture. While 
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lightweight, it tends to be reasonably resistant to crushing, generally failing (during 

informal experimentation) when pinched. If perlite can be used as an acceptable 

substitute in testing, it would relieve some of the experimental difficulties and might 

allow more research on damp granular media to be done in the future. This chapter 

focuses on a comparison of the mechanics of head movements and penetration forces 

through damp sand and damp perlite, both to establish the feasibility of using perlite as a 

substitute for sand in laboratory experiments involving damp granular media, and to help 

understand how burrowing data might be compared for organisms inhabiting different 

substrates.  

 

Methods 
 

The perlite used for the following experiments had a dry density of 0.06g/mL, 

compared to a density of 1.55g/mL for the dry sand. The sand used here was commercial 

play sand. Perlite and sand were characterized to compare avalanche angle (which is 

informative about the internal friction of the media) and particle size distribution. Before 

working with perlite, it was rinsed in water as an attempt to remove the fine dust particles 

that can cause respiratory irritation. Particle sizes were characterized for the perlite that 

had been used previously for robotic testing, and thus had been washed. Characterization 

took place following a period of drying at 110oC for 16 hours. Both sand and perlite were 

sorted using nested geological sieves, and the weight of the particles contained in each 

size grade was weighed. The particle size distribution was characterized in terms of the 

coefficient of uniformity (Cu) and coefficient of curvature (Cc). These are dimensionless 



33 

numbers that represent a ratio of the particle grain sizes present. Coefficient of uniformity 

is calculated as: 

Cu = D60/D10 

where D60 is the diameter of the particles at the point where 60% of the grains in the 

sample are of a smaller diameter, and D10 is the diameter of the particles at the point 

where 10% of the grains in the sample are of a smaller diameter. The coefficient of 

curvature is calculated as: 

Cc = (D30)2/D60*D10

where D30 is the diameter of the particles at the point where 30% of the grains in the 

sample are of a smaller diameter. The coefficient of uniformity estimates the range of 

particle sizes, such that a higher number has a wider variety of particle sizes. The 

coefficient of curvature refers to the evenness of this distribution, with a higher number 

reflecting more particle sizes spread between the highest and the lowest particle sizes 

(Ameratunga et al., 2016). 

  It was predicted that the mechanics of penetration through damp perlite would be 

similar to the mechanics of penetration in damp sand, the main difference being that the 

decrease in density would result in a similar decrease in force and work for both the head 

and the shaft in perlite. 

Results 

Prior to using perlite in the experiments, I characterized the particle size 

distribution of both dry perlite and dry sand, and avalanche angles for both sand and 
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perlite of varying water contents (see chapter 2). The results of these characterizations are 

shown in Tables 1 and 2, and Figure 4. Since the sand trials had been done in sand with a 

moisture content of 3%, I used the sand avalanche angle at this moisture level (62.8 +/- 

0.7 degrees) as the target avalanche angle for the perlite. In other words, I systematically 

increased the moisture content of the perlite until its avalanche angle matched that of 

sand at 3%. The behavior of damp perlite became increasingly unpredictable at higher 

moisture contents, as reflected in the higher standard deviations in Tables 1 and 2 (a 

similar increase in unpredictability with moisture has been noted in other work 

characterizing the mechanics of damp granular media (Mitarai & Nori, 2006). Overall, 

the mechanics of perlite at a water content of 70% by weight proved to be the closest 

approximation to the mechanics of sand at 3% (the moisture content at which the sand 

trials took place). This appears to correspond with the maximum saturation level of 

perlite – beyond 70%, excess water would drain to the bottom of the container leaving the 

bulk of the perlite near the 70% moisture level. This effect could be another advantage of 

using perlite, since even moisture contents could be more easily prepared and excess 

water could be removed. The higher water percentage for the perlite in comparison to 

sand may be due to the porosity of the perlite, meaning that some of the water is trapped 

inside the individual grains in a way that would not occur for sand. This higher 

percentage by weight could also be due simply to the fact that perlite grains weigh much 

less than sand grains, and so the same amount of added water in perlite will represent a 

higher proportional weight. 
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The particle size distributions show some differences (see figure 5). While some 

of this is an offset in scale, soil grading characteristics in terms of uniformity coefficient 

(Cu) and coefficient of curvature (Cc), which represent the distribution of particle sizes, 

differed. For sand, Cu = 1.75 and Cc = 0.89. For perlite, Cu = 19.46 and Cc = 9.52.   

 

Table 1: avalanche angles for sand. The moisture content of the sand used in the sand 
trials is in bold print. 

% Water content by weight Avalanche angle (N=3) 

0 30.2 +/- 1.2 
1.3 34.2 +/- 1.0 
1.9 41.2 +/- 2.3 
2.6 54.9 +/- 1.7 
3.03 62.8 +/- 0.7 

 
 
Table 2: avalanche angles for perlite. The moisture content of the sand used in the sand 
trials is in bold print. 

% Water content by weight Avalanche angle (N=3) 
0 34.5 +/- 1.5 
65 46.2 +/- 1.7 

68.6 48.2 +/- 10.9 
71.3 56.8 +/- 2.2 
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Figure 5: Grain size distribution of sand and perlite 

 

As mentioned in chapter 2, the problems related to the high forces involved with 

penetrating through damp sand prevented the completion of sufficient replicate trials to 

conduct a 3-way ANOVA to compare all parameters (tables 3 and 4 show the number of 

replicate trials that were able to be conducted for each parameter, and thus gives an 

indication of the limitations of the system). Therefore, two 2-way ANOVAs were done in 

restricted sub-sets of the data which all contained at least 4 samples each, to do the 

following: (1) compare the variables of oscillation ratio and substrate (only for trials at an 

amplitude of 15 degrees), with fixed factors of oscillation ratio and substrate in a fully 
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crossed design, and (2)  compare amplitude and substrate (only for trials at an oscillation 

ratio of 2), with fixed factors of amplitude and substrate in a fully crossed design. The 

dependent variables were peak shaft penetration force, total work of shaft penetration, 

peak head force, average head force, and total head work. Because the shaft penetration 

distance is a constant throughout the trials, the results of the ANOVAs for average force 

and total work are identical, thus only peak shaft force and shaft work are reported. 

Because the lever arm is constant throughout the movements of the head, the head force 

will mirror torque, and therefore only head force will be referred to. Statistical results for 

the shaft data are summarized in tables 3 – 10, and the statistical results for the head data 

are summarized in tables 11 – 17. 

 

Shaft results 

Table 3: Number of successful trials for each parameter in sand 

 Amplitude = 0 Amplitude = 5 Amplitude = 10 Amplitude 

= 15 

Oscillation 

Ratio = 0 

5 -- -- -- 

Oscillation 

Ratio = 1 

-- 1 1 5 

Oscillation 

Ratio = 2 

-- 4 5 5 
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Table 4: Number of successful trials for each parameter in perlite 

 Amplitude = 0 Amplitude = 5 Amplitude = 10 Amplitude 

= 15 

Oscillation 

Ratio = 0 

5 -- -- -- 

Oscillation 

Ratio = 1 

-- 5 5 5 

Oscillation 

Ratio = 2 

-- 5 5 5 

 

 
Table 5: One-way ANOVA comparing peak shaft force and total shaft work between 
sand and perlite for control groups 

 F dF P 

Peak force 0.65 1,8 0.44 

Total work 0.72 1,8 0.42 
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Figure 6: Peak shaft force and total shaft work for 15-degree amplitude oscillations at an oscillation ratio of 1 and 2 
(left) and 5,10, and 15-degree amplitude oscillations at an oscillation ratio of 2 (right). Error bars represent the 95% 
confidence interval. 



40 
 

Table 6: Results of ANOVAs for shaft force and work 

 

Table 7: Connecting letters report, Tukey’s HSD, peak shaft force at an amplitude of 15 
degrees 

Substrate Oscillation   Least Squares Mean 
Sand 1 A  102.23833 
Sand 2 A  101.37000 
Perlite 1  B 33.33800 
Perlite 2  B 35.88750 

 
 

 

 

 

 F dF P 
Peak shaft force (amplitude = 15 
degrees) 

   

     Whole model 10.34 3,16 0.0005 
     Substrate 30.49 1,16 < 0.0001 
     Oscillation ratio 0.0048 1,16 0.9458 
     Substrate x Oscillation Ratio 0.0197 1,16 0.8901 
Peak shaft force (oscillation ratio = 2)    
     Whole model 19.03 5,23 <0.0001 
     Substrate 56.77 1,23 < 0.0001 
     Amplitude 7.22 2,23 0.0037 
     Substrate x Amplitude 10.56 2,23 0.0006 
Total shaft work (amplitude = 15 
degrees) 

   

     Whole model 6.99 3,16 0.0032 
     Substrate 18.80 1,16 0.0005 
     Oscillation ratio 0.317 1,16 0.8609 
     Substrate x Oscillation Ratio 1.0125 1,16 0.3293 
Total shaft work (oscillation ratio = 2)    
     Whole model 17.60 5,23 <0.0001 
     Substrate 36.23 1,23 <0.0001 
     Amplitude 12.95 2,23 0.0002 
     Substrate x Amplitude 11.97 2,23 0.0003 
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Table 8: Connecting letters report, Tukey’s HSD, peak shaft force at an oscillation ratio 
of 2 

Substrate Amplitude   Least Squares Mean 
Sand 5  B 49.43750 
Sand 10 A  102.59600 
Sand 15 A  101.37000 
Perlite 5  B 43.15500 
Perlite 10  B 40.00400 
Perlite 15  B 35.88750 

 
Table 9: Connecting letters report, shaft work at an amplitude of 15 degrees 

Substrate Oscillation    Least Squares Mean 
Sand 1 A   4.5803333 
Sand 2 A B  4.0140000 
Perlite 1   C 2.0260000 
Perlite 2  B C 2.4220000 

 

Table 10: Connecting letters report, shaft work at an oscillation ratio of 2 

Substrate Amplitude    Least Squares Mean 
Sand 5  B C 2.5145000 
Sand 10 A   5.9160000 
Sand 15  B  4.0140000 
Perlite 5   C 2.4170000 
Perlite 10   C 2.4820000 
Perlite 15   C 2.4220000 

 

Peak shaft forces 

The large error bars in the graphs in figure 6 may reflect the difficulty involved 

with consistent preparation of homogeneous batches of granular media (as mentioned in 

chapter 2). Nonetheless, at an amplitude of 15 degrees, the shaft experienced significantly 

higher forces in sand than in perlite (p < 0.0001). Despite the increase in peak force for 

sand, the error bars are large and the oscillation ratio did not have a significant impact on 
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peak shaft penetration force at an amplitude of 15 degrees, nor was there a significant 

interaction effect. 

At an oscillation ratio of 2, there was again a statistically significant relationship 

between substrate and peak shaft penetration force, with the peak shaft force being higher 

in sand than in perlite (p < 0.0001). There was also a significant relationship between 

amplitude and peak shaft penetration force (p = 0.0037), as well as a statistically 

significant interaction between substrate and amplitude on peak shaft penetration force (p 

< 0.0006). Overall, the mean of the peak shaft forces were significantly less at an 

amplitude of 5 degrees than at amplitudes of 10 and 15 degrees. However, this transition 

to higher force is only apparent in the sand trials. In the perlite there is a slight but not 

statistically significant decrease in peak forces with increasing amplitude. 

 

Total shaft work 

At an amplitude of 15 degrees, the work done by the penetrating shaft was again 

significantly higher in sand than in perlite (p < 0.0005). At an oscillation ratio of 2, this 

same relationship between substrates is evident (p < 0.0001). There was also a significant 

increase in shaft penetration work from an amplitude of 5 degrees to an amplitude of 10 

degrees (p = 0.0002), followed by a significant increase in work with a continued 

increase in amplitude up to 15 degrees (p = 0.0257). There was a statistically significant 

interaction between substrate and amplitude on total shaft penetration work (p = 0.0003) 

and figure 6 shows that the significant changes in work are again evident in the sand trials 

but not in the perlite trials.  
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Head results 

 

 

Figure 7: Peak head force, average head force, and total head work for 15-degree amplitude 
oscillations at an oscillation ratio of 1 and 2 (left) and 5,10, and 15-degree amplitude oscillations at an 
oscillation ratio of 2 (right). Error bars represent the 95% confidence interval. 
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Table 11: Results of 2-way ANOVAs for head forces and work 

 
 F dF P 

Peak head force 
(amplitude = 15 
degrees) 

   

     Whole model 8.75 3,16 0.0011 
     Substrate 8.861 1,16 0.0089 
     Oscillation ratio 14.537 1,16 0.0015 
     Interaction 2.009 1,16 0.1677 
Peak head force 
(oscillation ratio = 2) 

   

     Whole model 16.91 5,23 <0.0001 
     Substrate 34.575 1,23 <0.0001 
     Amplitude 16.156 2,23 <0.0001 
     Interaction 5.659 2,23 0.0100 
Average head force 
(amplitude = 15 
degrees) 

   

     Whole model 8.24 3,16 0.0015 
     Substrate 11.102 1,16 0.0042 
     Oscillation ratio 12.946 1,16 0.0024 
     Interaction 0.159 1,16 0.6955 
Average head work 
(oscillation ratio = 2) 

   

     Whole model 27.43 5,23 <0.0001 
     Substrate 35.389 1,23 <0.0001 
     Amplitude 42.212 2,23 <0.0001 
     Interaction 1.986 2,23 0.1601 
Total head work 
(amplitude – 15 
degrees) 

   

     Whole model 36.78 3,16 <0.0001 
     Substrate 10.546 1,16 0.0050 
     Oscillation ratio 94.769 1,16 <0.0001 
     Interaction 1.569 1,16 0.2283 
Total head work 
(oscillation ratio = 2) 

   

     Whole model 54.12 5,23 <0.0001 
     Substrate 26.053 1,23 <0.0001 
     Amplitude 108.668 2,23 <0.0001 
     Interaction 5.534 2,23 0.0109 
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Table 12: Connecting letters report from Tukey’s HSD, peak head force at an amplitude 
of 15 degrees 

Substrate Oscillation   Least Squares Mean 
Sand 1  B 71.27000 
Sand 2 A  136.27000 
Perlite 1  B 52.33600 
Perlite 2  B 81.60500 

 

Table 13: Connecting letters report from Tukey’s HSD, peak head force at an oscillation 
ratio of 2 

Substrate Amplitude    Least Squares Mean 
Sand 5   C 60.04700 
Sand 10 A   191.54800 
Sand 15 A B  136.27000 
Perlite 5   C 23.37500 
Perlite 10   C 57.61200 
Perlite 15  B C 81.60500 

 

Table 14: Connecting letters report from Tukey’s HSD, average head force at an 
amplitude of 15 degrees 

Substrate Oscillation   Least Squares Mean 
Sand 1  B 45.346389 
Sand 2 A  68.156000 
Perlite 1  B 28.604000 
Perlite 2 A B 46.865000 

 

Table 15: Connecting letters report from Tukey’s HSD, average head force at an 
oscillation ratio of 2 

Substrate Amplitude      Least Squares Mean 
Sand 5    D E 25.713700 
Sand 10 A B    59.990400 
Sand 15 A     68.156000 
Perlite 5     E 14.126667 
Perlite 10   C D  32.144000 
Perlite 15  B C   46.865000 
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Table 16: Connected letters report from Tukey’s HSD,  head work at an amplitude of 15 
degrees 

Substrate Oscillation Least Squares Mean 
Sand 1 C 6.796667 
Sand 2 A 20.758000 
Perlite 1 C 4.262000 
Perlite 2 B 15.040000 

Table 17: Connected letters report from Tukey’s HSD, head work at an oscillation ratio 
of 2 

Substrate Amplitude Least Squares Mean 
Sand 5 C D 2.116000 
Sand 10 B 13.828000 
Sand 15 A 20.758000 
Perlite 5 D 1.628333 
Perlite 10 C 6.602000 
Perlite 15 B 15.040000 

Peak head forces 

At an amplitude of 15 degrees, the peak head forces experienced in sand were 

significantly higher than those experienced in perlite (p = 0.0089). The peak head forces 

were higher at an oscillation ratio of 2 than at an oscillation ratio of 1 (p = 0.0015). At an 

oscillation ratio of 2, the peak head force was again significantly higher in sand than in 

perlite (p < 0.0001). There was also a significant increase in peak head force from an 

amplitude of 5 degrees to an amplitude of 10 degrees (p < 0.0001) and 15 degrees (p = 

0.0009). There was again a statistically significant interaction between substrate and 

amplitude on peak head force (F2,23 = 5.659, p = 0.0100). Figure 7 shows that the 

significant changes in peak force are only seen in the sand trials, and not in the perlite 

trials.  
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Average head force 

At an amplitude of 15 degrees, the average head force moving through perlite was 

significantly lower than the average head force of moving through sand (p = 0.0042). The 

average head force at an oscillation ratio of 1 was significantly lower than the head force 

at an oscillation ratio of 2 (p = 0.0024). At an oscillation ratio of 2, the average head 

force in perlite was significantly lower than the average head force in sand (p < 0.0001). 

The average head force increased significantly with amplitude from 5 to 10 degrees (p < 

0.0001) and again from 10 to 15 degrees (p=0.0304). 

 

Head work 

At a constant amplitude of 15 degrees, the total head work was significantly less 

in perlite than in sand (p < 0.0050), and significantly less for trials involving an 

oscillation ratio of 1 compared to those with an oscillation ratio of 2 (p < 0.0001). 

At an oscillation ratio of 2, the total head work was again less in perlite than in 

sand (p < 0.0001), and increased with increasing amplitude from 5 to 15 degrees with 

each pairwise difference being significant. There was a significant interaction between 

substrate and amplitude on total head work (p = 0.0109), with the head work increasing at 

a steeper angle with amplitude in the sand than in the perlite. 
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Discussion 

 Shaft peak force and work are not significantly different between sand and perlite 

in the control groups (see table 5), but significant differences arise when head oscillations 

are taking place. This suggests that the pressure from the overlying substrate is not the 

primary force opposing the motion of the robophysical model. Within substrates, overall 

trends showed some similarities with respect to the peak force and total work for the 

variables examined, more so for the head than for the shaft. For all parameters, there was 

a significant relationship between substrate and peak force, average force, and total work, 

these values being higher for sand than for perlite. This is expected, considering that the 

sand had a much higher density than perlite (0.06g/mL for dry perlite, compared to a 

density of 1.55g/mL for dry sand). The two factor graphs indicate that the response of the 

forces and work for the head are similar in both sand and perlite at an amplitude of 15 

degrees. There is a significant interaction between substrate and amplitude in their effect 

on force and work for both shaft and head at an oscillation ratio of 2. The most obvious 

difference is the increase in peak force and work in sand for the shaft at an amplitude of 

10 degrees and an oscillation ratio of 2 (see figure 6). For a head that is longer than it is 

wide, a larger rotation angle would present a larger surface area at the tip of the intruder, 

and thus could an increase in penetration force could make sense if the oscillation is not 

serving to decrease the penetration force in some other way (Liu et al., 2019). However, 

it is uncertain why there is such a sharp increase in force at an amplitude of 10 degrees in 

sand, while such a sharp increase is not seen in perlite. If sand and perlite mechanics are 
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similar in effects but different in scale, it is possible that a similar trend in perlite might 

arise if higher amplitudes are examined. 

 However, it is possible that the mechanics differ between sand and perlite here. 

Individual amphisbaenians of the genus Rhineura have been observed to change 

penetration strategy based on the compaction of the soil through which they burrow 

(Gans, 1960). Head rotation has been observed to occur in more compacted soils, while it 

has been absent in looser soils (Gans, 1960). This observation has been cited in support 

of the idea that head rotation lowers the force and/or work of burrowing, suggesting that 

those individuals facing more compact soils are adopting the head rotations out of the 

need to decrease the penetration force (Gans, 1960). The results in this chapter suggest 

that the change in strategy could also be related to a shift in substrate behavior from 

lighter to denser soils, larger to smaller particle size, or both. For example, particle size 

has been found to be a determining factor in the force required for vertical penetration of 

granular media (Bergmann & Berry, 2021), and also a determining factor on the stability 

of tunnels (Shinoda et al., 2018).  For the parameters examined here, changes in head 

rotation seemed to make little difference on shaft force and work in the less dense and 

substrate (perlite), while making a significant difference in the case of the denser sand. 

Although the difference here is an increase in force and work after an amplitude of 5 

degrees, figure 6 indicates a sensitivity of total work to head rotation that is not 

necessarily linear.   

 While informal experimentation indicated that sand and perlite behave similarly, 

quantification of the characteristics of the sand and perlite used here indicate notable 
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differences in terms of uniformity coefficient (Cu) and coefficient of curvature (Cc). 

Specifically, the sand was more uniformly graded than the washed perlite, while the 

perlite had a wider distribution of particle sizes. These differences in size distribution 

could be part of the reason for the differing mechanics. Selection of particle sizes might 

have allowed for a more comparable grading between the two substrates, but would have 

been both time consuming and potentially cost-prohibitive, and purchasing perlite means 

being limited to the commercially available size grades. For the purposes of this thesis, 

the grading differences were unavoidable.     

 Despite these differences and the differences between sand and perlite for peak 

penetration force and work at 2 head oscillations of 10 and 15 degrees, some aspects 

examined appear to be comparable. Avalanche angles are linear with respect to moisture 

content, though offset in scale. Peak forces, average forces, and total work show 

somewhat similar trends between sand and perlite for the head data, with some scaling 

differences. And the lack of significant difference between control groups in sand and 

perlite suggest a similarity in penetration resistance. Still, the results of this chapter 

suggest caution when generalizing results across substrates. Although it does not 

invalidate the use of perlite, there are possible implications for laboratory research 

involving substitutes for naturally occurring granular media, and for comparison of 

organisms moving through different substrates outside of the lab. More research may be 

needed to ascertain where important differences in mechanics arise, and how these 

differences affect the data obtained. Meanwhile, it raises some thought-provoking 

questions about burrowers in natural habitats. Burrowing organisms inhabit a wide range 
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of materials from leaf litter to gravel (Bergmann & Morinaga, 2019, Bergmann & Berry 

2021), and it is unlikely that these substrates are homogeneous within the geographic 

range of individuals. Therefore, not only are burrowing organisms potentially facing 

widely different mechanics depending on choice of habitat, they may also be facing 

changing mechanics and greater differences than might be assumed within seemingly 

similar media.  
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CHAPTER IV 

THE EFFECT OF VARIED OSCILLATION RATIO AND AMPLITUDE ON THE 

FORCES REQUIRED FOR BURROWING 

Introduction 
In organisms such as amphisbaenians, side-to-side and vertical head movements 

may function to compact soil into the sides or the roof of a tunnel (Gans 1968; Gans 

1978), or alternatively, the side-to-side movements could function to decrease the 

required force of an organism’s penetration through granular media (Sharpe et al. 2015). 

Oscillatory movements have been associated with a decrease in penetration resistance 

experimentally (Sharpe et al., 2015; Tang et al., 2024; Tang & Tao, 2022, Del Dottore, 

2018), and this decrease in resistance has been suggested to be a reason for 

circumnutation (i.e., oscillatory growth of root tips) in plants (Del Dottore, 2018). 

However, there is little published data quantifying the effects that head movements such 

as amplitude (excursion angle from a center point) and oscillation ratio (head oscillations 

per total shaft extension) have on penetration through wet media in terms of force and 

work. To my knowledge, there is only one published study directly quantifying this 

relationship. Sharpe et al. (2015) looked at the burrowing behavior of Ocellated Skinks, 

observing that they employed a side-to-side head movement at about 2-4 Hz while 

moving through both dry, non-cohesive sand, and wet, cohesive sand (Sharpe et al. 

2015). The angle of head oscillation differed, reaching a maximum of 7.6 +/- 2.3 degrees   
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in dry sand and 4.5 +/- 1.3 degrees in wet (Sharpe et al. 2015). They hypothesized that 

this behavior may function to decrease the required penetration force for the organism 

moving through granular media (Sharpe et al. 2015), though it could be simply the 

instinctual use of a behavior adapted for wet media in all situations. They then performed 

tests in which they submerged a cylindrical rod in both dry and damp sand, followed by a 

single rotation to an amplitude of 20 degrees, and then by a single push through the 

substrate. This resulted in a transient 45% decrease in yield force that disappeared after 

4cm in wet sand, though little decrease in yield force was noted in dry sand (Sharpe et al. 

2015). 

  To further explore the relationship between head oscillations and burrowing at 

different amplitudes and for a continuous head rotation coupled with forward penetration, 

I systematically varied the parameters of amplitude and oscillation ratio (that is, the 

number of oscillations per shaft extension) and recorded the force and total work for both 

the forward penetration of the shaft and the lateral rotation of the head of the 

robophysical model (described in chapter 2 of this thesis) in damp granular media.  I 

hypothesized that, as in the Sharpe et al 2015 experiments, head motion would be 

associated with a reduction in penetration force, and that these effects would be greater at 

higher amplitudes and with more oscillations. Experiments were conducted using damp 

perlite as a proxy for naturally occurring damp granular media. Head oscillation ratios of 

0, 1, and 2 oscillations per shaft extension were tested, at excursion angles of 0, 5, 10, 

and 15 degrees from centerline.  Details of methods and analysis are found in Chapter 2. 
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Results  
 

Statistical results for the shaft data are shown in tables 16 – 20, and those for the 

head data are shown in tables 21-24. Table 16 gives the results for the ANOVAs done for 

peak shaft force and total shaft work at amplitudes of 5, 10, and 15, and at oscillation 

ratios of 1 and 2. Because the results of the ANOVA for the shaft force and work at these 

parameters were insignificant, no post hoc tests were done. 2 and 3-way ANOVAs could 

not include the control because amplitudes and oscillation ratios of 0 lead to missing 

degrees of freedom. Instead, means were compared using Tukey’s HSD. The connecting 

letters reports are shown in tables 18 – 22. Table 21 gives the results of the 2-way 

ANOVA for the head data, and tables 23-26 are the associated Tukey’s HSD test 

connecting letters reports.  

 

Shaft Results 

Although the graphs show a slight decrease in peak force and total work, 

ANOVAs do not indicate any significant relationship either between amplitudes of 5, 10, 

and 15 degrees or an oscillation ratio of 1 or 2 on either peak shaft force or total shaft 

work (see table 18). Tukey’s HSD also indicates no significant differences when the 

control groups (with no head movement) are included. 
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Figure 8: Peak shaft force vs amplitude of head movement. Error bars represent the 95% confidence interval. 
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Figure 9: Peak shaft force vs oscillation ratio. Error bars represent the 95% confidence interval. 

 

 
Figure 10: Total shaft work vs amplitude of head movement. Error bars represent the 95% confidence interval. 
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Figure 11: Total shaft work vs oscillation ratio. Error bars represent the 95% confidence interval. 

 
 

Table 18: Results of a 2-way ANOVA comparing the peak shaft force and total shaft 
work of the robotic penetrator at amplitudes of 5, 10, and 15 degrees, and oscillation 
ratios of 1 and 2 

 F dF P 
Shaft Peak Force    
     Whole model 0.61 5,24 0.69 
     Amplitude 1.22 2,24 0.31 
     Oscillation 0.13 1,24 0.72 
     Amplitude*Oscillation 0.27 2,24 0.77 
Total shaft work    
     Whole model 0.91 5,24 0.49 
     Amplitude 1.05 2,24 0.37 
     Oscillation 0.33 1,24 0.57 
     Amplitude*Oscillation 0.90 2,24 0.42 
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Table 19: Connecting letters report from Tukey’s HSD for the peak shaft force of the 
robotic penetrator at amplitudes of 5, 10, and 15 degrees to a control group of no head 
movement 

Amplitude  Mean 
0 A 49.388000 
5 A 47.436364 
10 A 40.401000 
15 A 34.471111 

 

 
Table 20: Connecting letters report from Tukey’s HSD for the total shaft work of the 
robotic penetrator at amplitudes of 5, 10, and 15 and a control group with no head 
movement 

Level  Mean 
0 A 3.1660000 
5 A 2.6083636 
10 A 2.7180000 
15 A 2.2020000 

 
 
Table 21: Connecting letters report from Tukey’s HSD for the peak shaft force of the 
robotic penetrator at oscillation ratios of 1 and 2 and a control group with no head 
movement 

Level  Mean 
0 A 49.388000 
1 A 42.236667 
2 A 40.166667 

 

Table 22: Connecting letters report from Tukey’s HSD for the peak shaft force of the 
robotic penetrator at oscillation ratios of 1 and 2 to a control group with no head 
movement 

Level  Mean 
0 A 3.1660000 
1 A 2.6060000 
2 A 2.4400000 
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Head Results 
  
 There was a significant relationship between both amplitude and oscillation ratio 

on peak head force, average head force, and total head work (see table 23). Peak head 

force was significantly lower at an amplitude of 5 degrees than at amplitudes of 10 

degrees (p < 0.0001) or 15 degrees (p < 0.001). Average increased with increasing 

amplitude, with each pairwise difference being significant. Similarly, the total work done 

by the head increased with increasing amplitude, with each pairwise difference being 

significant. Peak head force at an oscillation ratio of 1 was significantly lower than the 

peak head force at an oscillation ratio of 2 (p < 0.0001), as was the average head force (p 

< 0.0001), and the total head work  (p < 0.0001). 

  

 
 

Figure 12: Peak head forces vs amplitude, at oscillation ratios of 1 and 2. Error bars represent the 
95% confidence interval. 
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Figure 13: Average head force vs amplitude, at oscillation ratios of 1 and 2. Error bars represent 
the 95% confidence interval. 

Figure 14: Total head work vs amplitude, at oscillation ratios of 1 and 2. Error bars represent the 
95% confidence interval. 
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Table 23:  Results of a 2-way ANOVA indicating the relationships between peak head 
force, average head force, and total head work of the robotic penetrator at amplitudes of 
5, 10, and 15 degrees, and oscillation ratios of 1 and 2 

 F dF P 
Head peak force    
     Whole model 36.60 5,24 < 0.0001 
     Amplitude  70.88 2,24 < 0.0001 
     Oscillation 50.76 1,24 < 0.0001 
     Amplitude*Oscillation 1.39 2,24 0.27 
Head average force    
     Whole model 32.53 5,24 < 0.0001 
     Amplitude 60.03 2,24 < 0.0001 
     Oscillation 40.80 1,24 < 0.0001 
     Amplitude*Oscillation 7.20 2,24 0.0036 
Total head work    
     Whole model 93.36 5,24 < 0 .0001 
     Amplitude 134.19 2,24 < 0.0001 
     Oscillation 176.29 1,24 < 0.0001 
     Amplitude*Oscillation 39.00 2,24 < 0.0001 

 
 
Table 24: Connecting letters report from Tukey’s HSD, peak head force 

Amplitude Oscillation       Least Squares Mean 
15 2 A    81.605000 
10 2  B   57.612000 
15 1  B   52.336000 
10 1   C  27.508000 
5 2   C D 23.375000 
5 1    D 6.042000 

 
 
Table 25: Connecting letters report from Tukey’s HSD, average head force 

Amplitude Oscillation    Least Squares Mean 
15 2 A   46.865000 
10 2  B  32.144000 
15 1  B  28.604000 
10 1   C 17.440000 
5 2   C 14.126667 
5 1   C 11.870000 
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Table 26: Connecting letters report from Tukey’s HSD, total head work 

Amplitude Oscillation     Least Squares Mean 
15 2 A    15.040000 
10 2  B   6.602000 
15 1   C  4.262000 
5 2    D 1.628333 
10 1    D 1.410000 
5 1    D 0.278000 

 

Discussion 
 
 Rotational movements have been found to decrease penetration resistance in 

granular media (Tang et al., 2024; Tang & Tao, 2022). It is possible that the side-to-side 

head movements disrupt force chains (Xue et al., 2024), propagate “cracks” in cohesive 

soils (Sharpe et al., 2015). However, the results of this experiment suggest that any 

advantage in terms of reduced force or work might be offset by the significant increase in 

head forces involved. In this case, a head oscillation with a 15-degree amplitude 

decreased the mean peak force of the shaft by 14.92N, and the total work of the shaft by 

0.97J. Meanwhile, the mean of the peak forces required to rotate the head at this angle is 

65.34N, and the total work done by the head for one oscillation at this amplitude is 9.05J. 

If all forces and work are considered together for the head and the shaft, the requirement 

for moving the head outweighs the advantage, at least for this robot. 

 It is also possible that the behavior serves another purpose to which the decrease 

in penetration force and work is a byproduct. For example, Sharpe et al. (2015) 

hypothesized that head movements made by Ocellated Skinks (Chalcides occelatus) 

while burrowing could be a strategy to locate regions of looser compaction in granular 



63 
 

media. In trials where replicate batches of sand lacked homogeneity, the animal would 

move in the direction of these lesser compacted areas (Sharpe et al. 2015).  Ducey et al. 

(2003) observed through laboratory experiments that caecilians preferred looser soils, 

actively moving over the surface and prodding the soil with their heads before selecting a 

location for digging. Amphisbaenians appear to select habitats based on soil 

characteristics as well. Martín et al. (1991) observed that the amphisbaenian Blanus 

cinereus preferred soils with a lower clay content over those with a higher clay content, 

hypothesizing that the preference was related to the ease of digging. Martín et al. (2021) 

similarly observed that Trogonophis wiegmanni prefer looser to more compact soils.  

Carl Gans noted that amphisbaenians burrowing in looser soils did not use the 

head rotation strategy, while they did use it in more compact soils (Gans 1960). This 

might suggest that differences in substrate mechanics make the head oscillation strategy 

less advantageous in some conditions and more advantageous in others. The experiments 

in this chapter looked at only one type and compaction of granular media, and advantages 

to head oscillation might only arise in more compact substrates.   

Another possibility is that the head movements are meant primarily for tunnel 

construction by packing material and forming walls, and have little to do with the initial 

cost of penetration. Tunnel construction was the suggestion made by Gans (1968). 

Amphisbaenians reuse permanent tunnels which can serve multiple purposes. One of 

these is the volumetric expansion of the organism that occurs during respiration, and thus 

requires at least a minimum tunnel diameter (Gans 1968). Also, of course, a permanent 
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tunnel can be used repeatedly regardless of the initial cost, thus force and work would be 

greatly reduced for subsequent uses.  

 Another important factor to consider in this experiment is that the head shape of 

the robot was not biologically inspired. The force required to push through a substrate is 

dependent on head shape (Bergmann & Berry, 2021; Mishra et al., 2018), and linearly 

proportional to the cross-sectional area of the intruder (Liu et al., 2019). Therefore the 

force that the head would need to generate for lateral rotations into the substrate would be 

sensitive to the geometry of the head. Indeed, head shapes appear to be correlated with 

burrowing strategy in amphisbaenians (Gans 1968). Amphisbaenian species that exhibit 

this side-to-side rotation tend to have a laterally compressed, wedge-like snout (Gans 

1968), rather than the arbitrary, bullet-shaped head used here. 

The overall reduction in peak force might explain the mechanical limitations of 

the penetration trials in chapter 3. In the case of the robotic penetrator, it seemed that the 

lower amplitude trials in sand pushed the limits of the mechanical capability of the 

machine more so than higher amplitudes. A similar effect might influence the burrowing 

strategy of amphisbaenians. Even if total work increases through head movements, 

biological constraints might make it impossible for the organism to penetrate at all unless 

the peak force required is sufficiently lowered. Finally, the experiments in this chapter 

tested only a limited set of head oscillation parameters. Other oscillation ratios or 

amplitudes might have a significant reduction in force and work. Deufel (2017), for 

example, noted that the burrowing snake Aspidelaps scutatus employed side-to-side head 

movements of approximately 32 degrees, while Sharpe et al. (2015) recorded oscillations 
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of only about 4.5 degrees but at a frequency of 2-4 cycles per second, indicating that 

there is a wide range of parameters used by organisms. Also, it is possible that the 

formation of tunnel walls could work differently if the head is oscillating from side to 

side while simultaneously pushing forward, and a different effect would be seen if the 

oscillation occurs as a separate step. This last possibility will be investigated in chapter 5. 
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CHAPTER V 

THE EFFECT OF INTERMITTENCY ON FORCES AND WORK REQUIRED FOR 

BURROWING 

 
 
Introduction 
 

Rotational movements have been found to decrease penetration forces (Tang et 

al., 2024; Tang & Tao, 2022), possibly through crack propagation or disruption of force 

chains (Dorgan et al., 2005; Tang et al., 2024; Tang & Tao, 2022). Burrowing organisms 

may use oscillatory head movements as a means of excavation or tunnel formation in 

granular media as well (Deufel, 2017;Sharpe et al., 2015; Gans 1968; Gans 1978) 

Amphisbaenians reportedly exhibit either the simultaneous push-rotate movement of the 

head, or the decoupled rotate-push-rotate movement (Gans 1968; Gans 1978; Bergman 

and Berry 2021). Alternatively, amphisbaenians will omit the head rotations altogether in 

looser soil (Gans 1968).  The reason that the push and the oscillation are sometimes 

decoupled is uncertain. Gans suggested that decoupling the head rotation from the 

forward push leads to a further reduction in required force, partly because the relationship 

between force and acceleration (force = mass*acceleration) implies that multiple rapid 

burst of movement would impart a higher force to the substrate than one continuous push 

(Gans 1968). However, this hypothesis has not been tested. In chapter 4 of this thesis, I 
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found no significant decrease in penetration forces associated with a simultaneous head  

movement/forward penetration coupling. Sharpe et al. (2015) found a decrease in drag 

force following the rotation of a cylindrical intruder, the effect of which was transient.  It 

is possible that head oscillation during forward penetration (as opposed to preceding it) 

interacts with the substrate in a different way than it might if it were stationary. For 

example, a side-to-side oscillating head is changing the geometry and surface area of the 

leading segment of the penetrator, which could cause changes in penetration forces that 

would not be seen in stationary oscillating head. If this is the case, a stationary oscillation 

phase followed by a forward push phase might be more advantageous. As Sharpe et al. 

(2015) found, such an oscillation phase has only a transient effect, requiring more phases 

of oscillation to continue this force reduction.  

In this chapter, I investigate the hypotheses that (1) decoupling the head rotation 

from the forward penetration will cause a significant decrease in peak penetration force 

and total work for shaft penetration when compared to a control group with no head 

movement, and (2) considering that experiments have indicated a transient decrease in 

drag force following rotation (see Sharpe et al. 2015), there will be a significant 

difference between trials when the distance between head oscillation phases is varie
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Methods 
 

This chapter used the same robotic model described in the methods and used for 

chapters 3 and 4. The shaft and the head were reprogrammed so that the head and shaft 

movements occurred separately. For each amplitude, an oscillation of the head was 

performed, followed by an extension of the shaft, this sequence repeated one or more 

times depending on the strategy employed. Extension distances included 2cm, 4cm, and 

8cm between rotations (a distance of 8cm meaning that only one repetition of head 

movements took place, before a single forward push). This was done for amplitudes of 5, 

10, and 15 degrees, and for head oscillations of 1 and 2 per oscillation phase (i.e. between 

pushes). There was also a control set with no head movement, and only a single 

continuous push. 3-way ANOVAs were done to compare all variables with fixed factors 

of oscillation number (i.e., the number of times that the head rotated between pushes), 

amplitude, and distance between head oscillation phases, in a fully crossed design. Again, 

missing degrees of freedom associated with a zero value for oscillation number, 

amplitude, and distance between oscillation phases prevented 3-way ANOVAs to include 

the controls, so peak shaft force and total shaft work were compared between each trial 

set and the control were compared through Tukey’s HSD.  The results of the ANOVAs 

for the shaft data are shown in tables 27 and 28. Differences between conditions within 

an effect which was significant were assessed using Tukey’s Honest Significant 

Difference, the results of which are shown in tables 29 and 32. The results of the Tukey’s 

HSD comparisons with the control groups are shown in tables 33-38. 
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Figure 2: The relationship of number of oscillations and distance between oscillation phases on the peak shaft force 
and total shaft work at amplitudes of 5, 10, and 15 degrees. Error bars represent the 95% confidence interval. 



70 
 

Table 27: Results of 3-way ANOVA comparing peak shaft force between experimental 
groups 

Variable  F dF P 
Peak shaft force    
     Whole model 3.31 17,68 0.0002 
     Amplitude 10.40 2,68 0.0001 
     Oscillation number 0.29 1,68 0.59 
     Amplitude*oscillation number 0.45 2,68 0.64 
     Distance between oscillations 4.49 2,68 0.0147 
     Amplitude*Distance between        

oscillations 
2.23 4,68 0.07 

     Oscillations*Distance between 
oscillations 

2.84 2,68 0.07 

Amplitude*Oscillations*Distance 
between oscillations 

2.20 4,68 0.08 

 
Table 28: Results of 3-way ANOVA comparing total shaft work between experimental 
groups (control not included) 

Variable  F dF P 
Total shaft work    
     Whole model  5.24 17,68 < 0.0001 
     Amplitude 24.43 2,68 < 0.0001 

Oscillation number 2.23 1,68 0.14 
Amplitude*Oscillation number 2.14 2,68 0.13 
Distance between oscillations 4.80 2,68 0.0113 
Amplitude*Distance between 
oscillations 

0.87 4,68 0.48 

Oscillations*Distance between 
oscillations 

2.80 2,68 0.07 

Amplitude*Oscillations*Distance 
between oscillations 

3.01 4,68 0.0241 

 
 
Table 29: Results of Tukey’s HSD test comparing peak shaft force by amplitude 

 

 
 
 
 

 

Amplitude -Amplitude 
 

Difference Std. 
Error 

T 
Ratio 

P-value 95%   
CI 
Lower 

95% 
CI 
Upper 

5 10 8.87 4.10 2.16 0.09 -0.96 18.70 
5 15 18.69 4.10 4.56 < 0.0001 8.86 28.52 
10 15 9.83 4.04 2.43 0.0456 0.15 19.50 
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Table 30: Results of Tukey’s HSD test comparing total shaft work by amplitude 

Amplitude -
Amplitude 
 

Difference Std. 
Error 

T Ratio P-value 95%   CI 
Lower 

95% CI 
Upper 

5 10 0.46 0.19 2.49 0.0403 0.02 0.91 
5 15 1.28 0.19 6.88 < 0.0001 0.83 1.72 
10 15 0.82 0.18 4.47 < 0.0001 0.38 1.25 

 
 
Table 31: Results of Tukey’s HSD test comparing peak shaft force by distance between 
oscillations 

 

 
 
 
 
 

 
Table 32: Results of Tukey’s HSD test comparing total shaft work by distance between 
oscillations 

Distance 
between 
oscillation 

-Distance 
between 
oscillations 
 

Difference Std. 
Error 

T Ratio P-value 95% CI 
Lower 

95% CI 
Upper 

2 4 0.56 0.19 3.03 0.0096 0.12 1.01 
2 8 0.37 0.18 2.05 0.1078 -0.06 0.81 
4 8 -0.19 0.19 -1.01 0.57 -0.63 0.26 

 
Table 33: Connecting letters report, peak shaft force and distance between oscillations 

Level  Mean 
0.00 A 49.388000 
2.00 A 57.047517 
4.00 A 47.029143 
8.00 A 46.822138 

 

 
 
 

Distance 
between 
oscillation 

-Distance 
between 
oscillations 
 

Difference Std. 
Error 

T 
Ratio 

P-value 95% 
CI 
Lower 

95% 
CI 
Upper 

2 4 10.06 4.10 2.45 0.0437 0.23 19.89 
2 8 10.92 4.04 2.71 0.0232 1.25 20.59 
4 8 0.86 4.10 0.21 0.98 -8.97 10.69 
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Table 34: Connecting letters report, shaft work and distance between oscillations 

Level Mean 
0.00 A 3.1520000 
2.00 A 3.2088276 
4.00 A 2.6375714 
8.00 A 2.8771034 

Table 35: Connecting letters report, peak shaft force by oscillation number 

Level Mean 
0.00 A 49.388000 
1.00 A 49.456744 
2.00 A 51.218512 

Table 36: Connected letters report for shaft work, by oscillation number 

Level Mean 
0.00 A 3.1520000 
1.00 A 3.0319070 
2.00 A 2.7900465 

Table 37: Connected letters report for peak shaft forces, by amplitude 

Level Mean 
0.00 A B 49.388000 
5.00 A 60.159143 
10.00 A B 50.143724 
15.00 B 41.048690 

Table 38: Connected letters report for total shaft work, by amplitude 

Level Mean 
0.00 A B 3.1520000 
5.00 A 3.5261429 
10.00 A 3.0077931 
15.00 B 2.2202069 
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Results 
 

Figure 16 presents a set of 3 factor plots showing the relationships between the 

variables. Amplitude and distance between oscillations both had significant main effects 

on the peak force required by the shaft for the robot to penetrate through damp perlite 

(amplitude, F2,68 = 10.40, p < 0.0001; distance between oscillations, F2,68 = 4.49, p = 

0.0147). Post hoc analysis through Tukey’s HSD indicated that the peak shaft force 

declined with increased head oscillation amplitude between 5 and 15 degrees, and 

between 10 and 15 degrees, but not between 5 and 10 degrees (see table 29). Peak shaft 

force was also significantly higher at a head oscillation distance of 2cm than for a head 

oscillation distance of 4 cm or 8cm, though there was no significant difference between 

the two highest head oscillation distances (Table 30).  

Likewise, ANOVA indicated that amplitude and distance between oscillations had 

significant main effects on the work done by the shaft during the penetration (amplitude, 

F2,68 = 24.43, p = < 0.0001; distance between oscillations, F2,68 = 4.80, p = 0.0113). There 

was a significant interaction between amplitude, number of oscillations, and the distance 

between oscillations on the total work of the shaft (F4,68 = 3.01, p = 0.0241). A Tukey’s 

HSD test indicated that the total shaft work decreased with increasing head oscillation 

amplitude, with each pairwise difference being significant (table 27).  

Tukey’s HSD indicated no significant difference in peak shaft force or work 

between the test groups with either 1 or 2 oscillations and the control group, or between 

the distances of 2cm, 4cm, and 8cm between oscillation phases and the control group. 

When the control groups were included in the analysis, there was a significant decrease in 
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peak shaft force from a head amplitude of 5 degrees to a head amplitude of 15 degrees. 

There was also a significant decrease in total shaft work associated with a head amplitude 

of 15 degrees when compared to the shaft work associated with 5 and 10 degree 

amplitudes, when the control group was considered. 
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Figure 3: The relationship of number of oscillations and distance between oscillation phases on the peak shaft force 
and total shaft work at amplitudes of 5, 10, and 15 degrees. Error bars represent the 95% confidence interval.  
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Head data 

Table 39: Results of 3-way ANOVA comparing peak head force between experimental 
groups 

Variable F dF P 
Peak head force    
     Whole model 14.21 17,68 < 0.0001 
     Amplitude 75.97 2,68 < 0.0001 
     Oscillation number 7.70 1,68 0.0071 
     Amplitude*oscillation number 0.46 2,68 0.63 
     Distance between oscillations 5.93 2,68 0.0042 
     Amplitude*Distance between        

oscillations 
8.84 4,68 <0.0001 

     Oscillations*Distance between 
oscillations 

5.84 2,68 0.0045 

Amplitude*Oscillations*Distance 
between oscillations 

3.70 4,68 0.0088 

 
Table 40: Results of 3-way ANOVA comparing average head force between 
experimental groups 

Variable F dF P 
Average head force    
     Whole model 39.55 17,68 < 0.0001 
     Amplitude 184.03 2,68 < 0.0001 
     Oscillation number 2.75 1,68 0.10 
     Amplitude*oscillation number 6.79 2,68 0.0020 
     Distance between oscillations 7.35 2,68 0.0013 
     Amplitude*Distance between        

oscillations 
27.70 4,68 < 0.0001 

     Oscillations*Distance between 
oscillations 

22.60 2,68 < 0.0001 

Amplitude*Oscillations*Distance 
between oscillations 

26.45 4,68 < 0.0001 
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Table 41: Results of 3-way ANOVA comparing total head work between experimental 
groups 

Variable F dF P 
Total head work    
     Whole model 361.11 17,68 < 0.0001 
     Amplitude 923.34 2,68 < 0.0001 
     Oscillation number 484.80 1,68 < 0.0001 
     Amplitude*oscillation number 39.80 2,68 < 0.0001 
     Distance between oscillations 1026.90 2,68 < 0.0001 
     Amplitude*Distance between        

oscillations 
263.06 4,68 < 0.0001 

     Oscillations*Distance between 
oscillations 

117.95 2,68 < 0.0001* 

Amplitude*Oscillations*Distance 
between oscillations 

41.55 4,68 < 0.0001* 

 

Table 42: Results of Tukey’s HSD test comparing peak head force by amplitude 

 

 
 
 
 
 
 
 
 

 
Table 43: Results of Tukey’s HSD test comparing average head force by amplitude 

Amplitude -
Amplitude 
 

Difference Std. 
Error 

T Ratio P-value 95% CI 
Lower 

95% CI 
Upper 

5 10 -14.53 1.30 -11.21 <0.0001 -17.64 -11.43 
5 15 -24.79 1.30 -19.12 <0.0001 -27.90 -21.69 
10 15 -10.26 1.28 -8.04 <0.0001 -13.32 -7.20 

 
 
 
 
 
 

Amplitude -Amplitude 
 

Difference Std. 
Error 

T 
Ratio 

P-value 95% 
CI 
Lower 

95% 
CI 
Upper 

5 10 -37.42 7.29 -5.13 <0.0001 -54.90 -19.94 
5 15 -89.34 7.29 -12.25 <0.0001 -

106.82 
-71.86 

10 15 -51.93 7.18 -7.24 <0.0001 -69.12 -34.73 
5 10 -14.53 1.30 -11.21 <0.0001 -17.64 -11.43 
5 15 -24.79 1.30 -19.12 <0.0001 -27.90 -21.69 
10 15 -10.26 1.28 -8.04 <0.0001 -13.32 -7.20 
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Table 44: Results of Tukey’s HSD test comparing total head work by amplitude 

Amplitude -
Amplitude 
 

Difference Std. 
Error 

T Ratio P-value 95% CI 
Lower 

95% CI 
Upper 

5 10 -10.52 0.53 -19.85 <0.0001 -11.79 -9.25 
5 15 -22.74 0.53 -42.89 <0.0001 -24.01 -21.47 
10 15 -12.21 0.52 -23.42 <0.0001 -13.46 -10.97 

 
 
Table 45: Results of Tukey’s HSD test comparing peak head force and total head work 
by number of oscillations per oscillation phase (no significant interaction was found 
between number of oscillations and average head force) 

 
 
Table 46: Results of Tukey’s HSD test comparing peak head force by distance between 
oscillation phases 

 

 
 
 
 
 

 
Table 47: Results of Tukey’s HSD test comparing average head force by distance 
between oscillation phases 

Distance 
between 
oscillations 

-Distance 
between 
oscillations 
 

Difference Std. 
Error 

T Ratio P-value 95% CI 
Lower 

95% 
CI 
Upper 

2 4 3.07 1.30 2.37 0.05 -0.03 6.18 
2 8 -1.86 1.28 -1.46 0.32 -4.92 1.20 
4 8 -4.93 1.30 -3.80 0.0009 -8.04 -1.83 

 
 

Variable Oscillation -Oscillation 
 

Difference Std. 
Error 

T 
Ratio 

P-value 95% 
CI 
Lower 

95% 
CI 
Upper 

Peak  
head 
force 

1 2 -16.44 5.92 -2.78 0.0071 -28.26 -4.62 

Total 
head 
work 

1 2 -9.48 0.43 -22.02 <0.0001 -10.34 -8.62 

Distance 
between 
oscillations 

-Distance 
between 
oscillations 
 

Difference Std. 
Error 

T Ratio P-value 95% 
CI 
Lower 

95% 
CI 
Upper 

2 4 15.14 7.29 2.08 0.10 -2.34 32.62 
2 8 24.50 7.18 3.41 0.0031 7.31 41.70 
4 8 9.36 7.29 1.28 0.41 -8.12 26.84 
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Table 48: Results of Tukey’s HSD test comparing total head work by distance between 
oscillation phases 

Distance 
between 
oscillations 

-Distance
between
oscillations

Difference Std. 
Error 

T Ratio P-value 95% CI 
Lower 

95% CI 
Upper 

2 4 18.10 0.53 34.15 <0.0001 16.83 19.38 
2 8 22.29 0.52 42.74 <0.0001 21.04 23.54 
4 8 4.18 0.53 7.89 <0.0001 2.91 5.45 

Table 49: Mean peak force and work for the head and shaft at amplitudes of 0, 5, 10, and 
15 degrees 

0 degrees 5 degrees 10 degrees 15 degrees 
Peak force 
     Head 0 90.19 128.07 179.92 
     Shaft 49.39 60.16 50.14 41.05 
     Total 49.39 150.35 178.21 220.97 
Total work 
     Head 0 5.03 15.35 28.38 
     Shaft 3.15 3.53 3.01 2.22 
     Total 3.15 8.56 18.36 30.6 

Table 50: Mean peak force and work for the head and shaft at 2cm, 4cm, and 8cm 
between oscillation phases, and 0cm (no oscillation phase) 

0cm 2cm 4cm 8cm 
Peak force 
     Head 0 146.74 133.40 119.53 
     Shaft 49.39 56.46 47.03 46.82 
     Overall 49.39 203.20 180.43 166.35 
Total work 
     Head 0 29.86 11.94 7.20 
     Shaft 3.15 3.17 2.64 2.88 
     Total work 3.15 33.03 14.58           10.08 

Figure 17 presents a set of 3 factor graphs showing the peak forces, average 

forces, and total work experienced by the head of the robot for the different parameters of 
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amplitude, number of oscillations per oscillation phase, and distance between oscillation 

phases. Amplitude, number of oscillations, and distance between oscillation phases had 

significant main effects on the peak force experienced by the head (amplitude, F2,68 = 

75.97, p < 0.0001; number of oscillations, F1,68 = 7.70, p < 0.0071; distance between 

oscillation phases, F2,68 = 5.93, p = 0.0042), Post hoc analysis through Tukey’s HSD 

indicated that the peak head forces increased with increasing head oscillation amplitude 

with each pairwise difference being significant (see table 42). Tukey’s HSD also revealed 

that the peak head forces experienced by the head during a 1-oscillation phase were 

significantly lower than those experienced during a 2-oscillation phase (see table 45). The 

peak forces experienced by the head with a 2cm distance between oscillation phases were 

significantly higher than those experienced by the head with an 8cm distance between 

oscillation phases (see table 46). 

Amplitude of oscillation and the distance between oscillation phases had a 

significant effect on the average head force (amplitude, F2,68 = 184.03, p < 0.0001; 

distance between oscillation phases, F2,68 = 7.35, p = 0.0013). Tukey’s HSD showed that 

the average head force increased with increasing amplitude, with each pairwise difference 

being significant (see table 43). The average head force at a 4cm distance between 

oscillation phases was significantly lower than the average head force at an 8cm distance 

between oscillation phases (see table 47). 

Amplitude, number of oscillations, and distance between oscillation phases had 

significant main effects on the total work done by the head (amplitude, F2,68  = 923.34, p 

< 0.0001; number of oscillations, F1,68 = 484.80, p < 0.0001; distance between oscillation 
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phases, F2,68 = 1026.90, p < 0.0001) There was a significant interaction between 

amplitude and the oscillation number on the total head work (F2,68 = 39.80, p < 0.0001), a 

significant interaction between amplitude and distance between oscillation number on 

total head work (F4,68 = 263.06, p < 0.0001), a significant interaction between oscillation 

number and distance between oscillation phases on total head work (F2,68 = 117.95, p < 

0.0001) and a significant interaction between amplitude, oscillation number, and distance 

between oscillation phases on total head work (F4,68 = 41.55, p < 0.0001). Tukey’s HSD 

revealed that the total head work increased with increasing amplitude, with each pairwise 

difference being significant (see table 44).  Total head work done at an oscillation 

number of 1 was significantly lower than that done at an oscillation number of 2 (see 

table 45). Tukey’s HSD indicated that the total head work increased with distance 

between oscillation phases, with each pairwise difference being significant.  

 

Discussion 
 

The fact that an increased amplitude leads to an increase in the peak and average 

forces experienced by the rotating head, may reflect the fact that the head is moving a 

greater distance and therefore dealing with a larger amount of material. Similarly, total 

head work may increase significantly with an increase in amplitude (p < 0.0001) for the 

same reason. This is somewhat complicated by the interactions between parameters 

however, as can be seen above.  

The peak force increases significantly with an increase in oscillation number (p = 

0.0071), while the average force does not (p = 0.10). Total head work increases 
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significantly, which is not surprising because 2 oscillations per oscillation phase means 

that the head is rotating twice as much as 1 oscillation per oscillation phase. A possible 

explanation for the increase in peak force with a 2-oscillation phase could be that loose 

material collapses from the roof and/or walls of the excavated cavity after the first sweep, 

causing the second sweep to have to compact more material into a previously compacted 

wall.  

 When the head completes an oscillation phase every 2cm, the peak force on the 

head increases significantly (p = 0.0031) compared to the 8cm distance (where the 

oscillation phase begins the sequence, followed by a single continuous push). The peak 

force on the head at a distance between oscillation phases of 4cm appears to be 

intermediate between that experienced by the head at 2cm and 8cm, and is not 

significantly different from either. Because of the history dependence properties of damp 

granular media (Schiebel et al., 2020), it could be that the head rotations, when occurring 

at a distance of 2cm from one another, are packing material into an area that had been 

compacted by the previous head sweep. Since granular media is subject to jamming 

(Stone et al., 2004; Kang et al. 2018), another possibility is that the head rotations 

occurring after the movement of the shaft (as would happen for the second phase of the 

4cm distance and all but the first of the 2cm distance) are taking place into material that 

has been jammed by the forward motion of the shaft. The average force follows a 

somewhat different trend, increasing significantly from a distance of 4cm to a distance of 

8cm (p = 0.0009), but showing no significant difference between the average force at a 
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distance of 2cm to either that of a 4cm or 8cm distance. Overall, the average head force 

does not show a clear, consistent trend (see figure 17).  

There is an overall decrease in peak shaft force associated with the increased 

amplitude of the head sweeps after an amplitde of 5 degrees, though the difference is only 

significant between 5 and 15 degrees. There is a decrease in shaft work at a head 

amplitude of 15 degrees when compared to 5 and 10 degree amplitudes.  This suggests 

the possibility that more material is being excavated in front of the intruder when the 

head is making a wider sweep. For amplitudes of 5 and 15 degrees, the decrease in shaft 

peak force appears to be consistent with an increase in amplitude, for distances of 2cm 

and 8cm between oscillation phases. The exception is the peak shaft force at a distance of 

4cm and a head oscillation number of 2.  At an amplitude of 10 degrees, the trend is 

much less linear. At one oscillation, both peak shaft force and work decrease sharply 

from a distance between oscillation phases of 8cm to 4cm, and then rise again at a 

distance between oscillations of 2cm.  

A possible explanation is that there are competing effects on force and work. 

Increasing amplitude decreases shaft peak force and work overall, but as mentioned 

above damp granular media is subject to hysteresis (Schiebel et al., 2020) and there may 

be some interactions with packed media from the previous head oscillation when the 

penetrator is making these head movement phases closer together. Possibly, material is 

being pushed into the previously packed wall and causing it to buckle inward. This would 

also explain the increase of force and work experienced by the head. The region just 

behind the head of the robot, while covered with a plastic skin, left a small gap between 
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the head and the shaft so that the head could rotate. This left a space that could, under 

pressure, be buckled inward.  

At a lower head amplitude of 5 degrees, there might be less of this interaction, 

while at the higher amplitudes there may be more of an interaction. However, the 

increase in the force and work experienced by the shaft as a result of this interaction 

might be offset by the larger excavation made by higher head amplitudes. An amplitude 

of 15 degrees might cause a large enough advantage to counteract the loss entirely, while 

an amplitude of 10 degrees might be too high to avoid it but not high enough to 

counteract it at the lowest distance (2cm) between oscillations. 

Number of head oscillations had no significant direct effect either on peak shaft 

force or on total shaft work, suggesting that one sweep of the head is enough to excavate 

a cavity and that more than one is unnecessary. The effect of distance between oscillation 

phases on shaft forces and work is more complicated, as it was with the head data. Peak 

shaft forces at distances of 2cm and 4cm were significantly different from one another, 

and those at distances of 2cm and 8cm were significantly different from one another.  

However, there is no significant difference between the peak forces of the control group 

and any of the distances. Total shaft work is only significantly different between 

distances of 2cm and 4cm. A possible explanation for this nonlinearity could be the same 

competing interactions mentioned above.  

Because of the increase in force and work that occurs with a decreasing distance 

between head oscillations, there may be a minimum distance between oscillation phases 

below which there is no advantage in the strategy in terms of force or work reduction for 
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an organism with a similar body plan. This could relate to the geometry of the rotating 

head. The head of the robot in this case had a length of 7.5cm from base to tip. A shorter 

head might allow for shorter distances between oscillations without there being an 

interaction between newly excavated and previously excavated substrate. Also, a 

narrower head would push less material backwards than the bullet-shaped head here, 

which expands in width from tip to base.  

When the force and work of the head and shaft are taken together, it can be seen 

that head movements in all cases lead to a total increase of the peak force and the total 

work of the push. As mentioned in chapter 3, this could be related to the specific head 

geometry of the robot used here. In theory, a head with a smaller surface area would 

require less force and less work to excavate the space in front of the robot, although of 

course there would be a consequent decrease in the amount of material excavated. 

Penetration forces are sensitive to geometry (Bergmann and Berry 2021; Mishra et al. 

2018), and as mentioned earlier, amphisbaenians appear to have specific geometries 

correlated with specific oscillation strategies (Gans 1968). This suggests that a general 

bullet-shaped head does not experience the same interactions with the media as a 

burrowing organism with a wedge-shaped head employing the side-to-side 

oscillationstrategy. This would be an interesting area for future study.
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 CONCLUSION 

While different substrates will probably always exhibit slightly different 

mechanical properties due to differences in particle shape and size (Bergmann & Berry 

2021), the more lightweight and less logistically problematic crushed expanded perlite 

may be a suitable substitute for sand in lab experiments of this type given that proper 

caution is taken in generalizing results. If so, this could be distinctly advantageous in 

performing research in the future, as the limitations of mechanical systems would be 

lessened and the time required for doing repeated tests would be decreased (considering 

that a testing area needs to be entirely emptied and re-filled for each individual trial). 

While perlite exhibited some differences from sand during the testing, it is uncertain to 

what extent it compares to other substitutes that have been used in previous research. 

Also, since burrowers in natural habitats encounter different substrate types worldwide, it 

raises some questions about the generalizability of data across these habitats. Differences 

between the mechanics of the robot’s penetration through perlite and sand could suggest 

mechanical differences that burrowers experience, and thus explain changes in strategy 

noticed in some individual amphisbaenians (see Gans 1960). Alternatively, it could 

represent a scaling effect that is not apparent at smaller amplitudes for head movements 

in perlite. There is a need for research investigating the reasons for differences in 
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substrate behavior at a physical level, a specific area of focus being the sudden transition 

to higher forces in sand with an increased amplitude of head movements. 

In the case of this robophysical model, head movement doesn’t seem to help in 

penetration when looking at the forces and work involved overall (that is, the sum of 

force and work including both head and shaft). In the few conditions in which head 

movement does reduce shaft force or work, the benefit is not enough to compensate for 

the force and work needed to move the head. This could suggest that the head movements 

mimicked here are employed by organisms for reasons other than force or work reduction 

in burrowing, such as sensing areas of varied compaction in the soil through which they 

are moving (Sharpe et al. 2015), hunting prey (Gans 1968), or constructing permanent 

tunnels for later use (Gans 1968). Amphisbaenians are known to construct permanent 

tunnels (Gans 1968) and the advantages of having done so may be so great that the initial 

cost of construction is negligible. A permanent tunnel may be necessary for some 

activities, such as respiration and foraging (Gans 1968; Lowie et al. 2021). Furthermore, 

a permanent tunnel can be re-used. Any cost involved in constructing a given length of a 

tunnel would become less in proportion to the advantages gained each time that section of 

tunnel is used. Therefore, the selective pressures on an organism might be more closely 

related to its overall ability to construct the tunnel (i.e., being able to generate enough 

force) rather than optimizing the effort required to do so. These factors could have 

implications in terms of bio-inspiration, and would serve as a further caution that patterns 

observed in nature do not always confer an obvious engineering advantage from a human 

standpoint (Martinez et al. 2022). 
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Also, the side-to-side head movements explored in this thesis have been observed 

to occur specifically among those amphisbaenians with a laterally flattened keel-shaped 

head, and not among those with differently shaped skulls like the rounded shape here 

(Gans 1974; Hawkins et al. 2022). Moreover, the keel shape and side-to-side combination 

has developed among species of different clades of amphisbaenians independently 

(Hawkins et al. 2022), which suggests the likelihood of some clear advantage to the 

morphology-kinematic coupling. I would hypothesize that a distinct side-to-side strategy 

is not employed by amphisbaenians that do not have this specifically shaped head 

because this strategy is not advantageous when not paired with the specific head shape. 

An investigation into head geometry and kinematic strategies would be a very interesting 

area of future study. The experiments conducted here, in addition to employing only one 

(non-biologically-inspired) head shape, also tested a limited range of the conceivable 

kinematics (i.e. three head oscillation amplitudes, two oscillation ratios, and three 

distances between oscillation phases). Meanwhile, the amount of moisture content in the 

substrates was not varied, leaving questions about how these variables would play out at 

other degrees of moisture. Investigations exploring other ranges of these variables are 

warranted. 

The hydraulically-actuated robophysical model used here is, to the best of my 

knowledge, a unique design for burrowing experiments. It has advantages for submerged 

burrowing experiments, as described in chapter 2. However, a hydraulic mechanism 

comes with unique limitations. One such limitation is that any leakage of hydraulic fluid 

causes the force transfer to deviate from the ideal 1:1 relationship. While leakage was 
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monitored and corrected for as much as possible, the possibility of tiny, unnoticed 

leakage occurring cannot be entirely ruled out. For the trials involving simultaneous head 

motion coupled with shaft penetration, leakage could lead to a degree of uncertainty in 

the oscillation ratio (for example, if the shaft were lagging slightly because of air in the 

system). A similar limitation is inherent with physical compliance in the components 

used, and with changes in fluid viscosity based on temperature fluctuations. Limitations 

such as this should be considered in the future if a similar hydraulically-actuated robot is 

employed. Feedback from a potentiometer corrects for such uncertainty in the rotation of 

the head, but a similar feedback system for the shaft could be helpful.   

A similar limitation has to do with the uncertainty surrounding the mechanics of 

wet granular media. The motor settings required to temporally synchronize the head and 

the shaft, in the case of simultaneous head rotation-shaft penetration trials, had to be 

determined experimentally. Proper synchronization assumes that the substrate mechanics 

were the same for each trial. Any fluctuations in the mechanics of the substrate (such as 

pockets of higher density) could possibly influence the timing of shaft or head 

movements. The sieving technique was intended to prevent such inhomogeneity, and 

such fluctuations in timing noticed during the trials were small (+/- approximately 2s). 

But a solution to correct for this would be desirable in future experiments. 

The hydraulic system used here can serve as a starting point for other 

robophysical models that need to transfer large forces to a penetrator with a limited 

diameter, and with a high degree of accuracy. Use of an electric motor in the robotic 

penetrator itself would be impractical without significantly scaling up the size of the 
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robot and thus increase the required forces. A pneumatic system might avoid this, but 

because of the compressibility of air would make it difficult to determine the position of 

the robot while submerged. An alternative model might be used in which the penetrator is 

suspended from an arm attached perpendicularly to the shaft to a driving mechanism 

above (as in Sharpe et al. 2015), but this would change the geometry of the intruder. 

Because of the cohesiveness of damp media, such a change in geometry could have a 

significant influence on the outcome.   

Pieces of the mechanism that were under high loads during operation (such as the 

gear train, load cells, and connecting pieces between the load cells and pistons) were the 

most susceptible to failure during this process. These could be replaced with metal pieces 

in the future: metal gears and load cells, and possibly custom-machined or cast pieces for 

connecting pieces. This might enable a larger scope of parameters to be tested. It is vital 

to use the proper hydraulic tubing to connect driving and actuating pistons. In addition to 

adding unnecessary compliance and therefore inaccuracy to the system, I found that using 

tubing with too low of a pressure rating lead to an expansion around the couplings on the 

pistons that allowed small leaks to occur over time. Once the proper tubing was 

determined (which can be done through a calculation of the pressure in the system), these 

leaks were greatly minimized. Once the proper tubing is selected and suitably durable 

materials are found for components, the force output of the machine could theoretically 

be greatly increased by adding more gears to the gear train (although doing so would also 

greatly decrease the speed at which the machine operates). The diameter of the robot was 

constrained by the diameter of commercially available pistons. It is possible that custom-
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machined pistons of a smaller diameter could be used, thus allowing for a smaller robotic 

penetrator.  

Nonetheless, in its current state the robot is capable of generating high forces, and 

can be tuned for a versatile range of testing. Heads can be easily removed and replaced, 

allowing for tests of different head morphologies and different morphology/kinematic 

couplings (such as side-to-side head oscillations coupled with a wedge-shaped head). The 

robot can be reoriented to test head oscillations in different axes (for example, vertical 

rather than horizontal head movements). Different oscillation patterns can be 

programmed besides those examined here. The flexible plastic sheathing covering the 

robot could be replaced to explore the results of different skin types (for example, 

different coefficients of friction related to different materials, or different morphologies 

using a combination of 3D printing and silicone molds). The same model can also be 

used as-is to explore dry substrates, and different soil types. Finally, the robot is a 

simplified model of a limbless, burrowing squamate. In this case, I used it to explore 

hypotheses concerning amphisbaenians, but it could be used to explore hypotheses 

concerning other organisms of a similar body plan as well.  

Throughout this thesis, important questions regarding the physics of locomotion 

through granular media and the biology of amphisbaenians and similar burrowers have 

been raised, providing intriguing directions for future research. For example, the lack of 

reduction in force and work overall may point to alternative hypotheses concerning the 

purpose of the side-to-side behavior. Or, it could indicate that the kinematic strategy 

alone is not an advantageous behavior, and that a specific head shape is required for force 
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or work reduction. Exploration of this second area could indicate future directions for 

bioinspired engineering. Additionally, the investigation of morphology-kinematic 

combinations such as this could help to shed light on biological questions concerning 

squamates. For example, the phylogeny of amphisbaenians is not fully understood, either 

in their relation to squamata as a whole, or in their relation to other members of the clade 

(de Fraga et al., 2022; Kearney, 2003). Part of the difficulty is the homoplasy of features 

such as head shape (de Fraga et al., 2022; Kearney, 2003), and molecular data has 

confirmed that distinct skull shapes are indeed often homoplastic in amphisbaenians 

(Kearney, 2003.; Mott & Vieites, 2009). Thus, it is uncertain which morphologies are 

basal. Gathering data concerning the evolutionary advantage of specific head 

morphologies and behaviors might help in determining specialization among lineages. 

Overall, my thesis works toward advancing our understanding of burrowing in 

damp granular media by limbless squamates, more specifically by testing hypotheses 

concerning amphisbaenian behavior. These are neglected areas of inquiry. The use of 

lightweight perlite as a testing substrate could make experimentation with wet granular 

media more accessible for laboratory research, although the results of this thesis suggest 

that caution be used when interpreting results across different substrates. Overall, the 

robot constructed and used here was demonstrated to be useful for gathering data, and 

can be a starting point for a variety of areas of future research. 
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