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ABSTRACT  

Equipment used for site investigation activities like drill rigs are typically large and heavy to provide sufficient reaction 

mass to overcome the soil’s penetration resistance. The need for large and heavy equipment creates challenges for 

performing site investigations at sites with limited accessibility, such as urban centres, vegetated areas, locations with 

height restrictions and surficial soft soils, and steep slopes. Also, mobilization of large equipment to the project site is 

responsible for a significant portion of the carbon footprint of site investigations. Successful development of self-

burrowing technology can have enormous implications for geotechnical site investigation, ranging from performance of 

in-situ tests to installation of instrumentation without the need of heavy equipment. During the last decade there has been 

an acceleration of research in the field of bio-inspired geotechnics, whose premise is that certain animals and plants have 

developed efficient strategies to interact with geomaterials in ways that are analogous to those in geotechnical engineering. 

This paper provides a synthesis of advances in bio-inspired site investigation related to the (i) reduction of penetration 

resistance by means of modifying the tip shape, expanding a shaft section near the probe tip, applying motions to the tip 

like rotation and oscillation, and injecting fluids and (ii) generation of reaction forces with temporary anchors that enable 

self-burrowing. Examples of prototypes that have been tested experimentally are highlighted. However, there are 

important research gaps associated with testing in a broader range of conditions, interpretation of results, and development 

of hardware that need to be addressed to develop field-ready equipment that can provide useful data for geotechnical 

design.  
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1. Introduction 

1.1. Motivation 

Soils such as dense sands and gravels, highly 

overconsolidated clays, and cemented layers have large 

penetration resistances, creating challenges for site 

characterization activities. Soil penetration is an energy-

intensive process that is usually accomplished through 

direct pushing, impact driving, or excavation. Fig. 1 

shows equipment typically used in geotechnical 

engineering activities to advance probes for site 

characterization, install piles, and excavate tunnels. In all 

these cases, the equipment is large in size, resulting in 

mobilization costs and logistics challenges that can have 

important impacts on engineering projects.   

The performance of in-situ tests that require inserting 

probes in the ground, such as the Cone Penetration Test 

(CPT), Dilatometer Test (DMT), Pressuremeter Test 

(PMT), and the installation instrumentation for 

monitoring sites, such as pore pressure transducers, 

inclinometers, and accelerometers, rely on penetrating or 

excavating soils. Thus, they require equipment that has 

enough reaction mass to overcome the soil’s resistance. 

For example, typical rigs used for CPT and DMT testing 

have masses ranging from 15 to 40 tons in order to reduce 

the likelihood of refusal that would result in termination 

of the sounding before the desired depth is reached. Use 

of such large equipment requires proper access to the site 

in the form of permanent or temporary roads or cleared 

areas, which can be a challenge in dense urban centres, 

vegetated areas, locations with height restrictions and 

soft surficial soils, and steep slopes. For example, 

temporary embankments must be built on the face of 

dams to provide access to rigs if the underlying soils are 

to be characterized or the dam instrumented. In addition 

to the economic impacts, mobilization of large rigs to 

project sites can be responsible for a significant portion 

of the carbon footprint. For example, over 50% of the 

energy spent in typical site investigation activities, such 

as a 30 m deep CPT sounding requiring mobilization of 

a 20-ton rig for 160 km, comes from mobilization of the 

rig (Purdy et al. 2022). Thus, reducing the external 

vertical reactions necessary to penetrate soils would 

allow for use of smaller equipment, which could make 

site investigation activities simpler and more efficient. 

This can be done either by reducing the penetration 

resistance of soils or by generating the required reaction 

force on-site through temporary anchors. 



 

Site investigation solutions have been developed to in 

part address the aforementioned challenges. For example, 

portable dynamic systems like the Dynamic Cone 

Penetrometer (DCP) (Escobar et al. 2016; Rollins et al. 

2021) and geophysical testing equipment (Jamiolkowski 

2012) can be more easily transported to the project site. 

However, despite the advances, these methods have 

limitations such as the shallow penetration depth for the 

former and the inability of providing various direct 

measurements of soil response and soil samples for the 

later.  
Much work has been devoted to the development of 

so-called self-burrowing site investigation technology, 

which requires no external source of reaction force to 

penetrate the soil. Such equipment would have clear and 

far-reaching benefits in geotechnics if it could be 

transported to the site in small vehicles or carried by hand 

and if it provided the data necessary for design. These 

benefits span from potentially lowering the costs and 

carbon footprint of site characterization activities to 

increasing the productivity and allowing for 

characterization of previously inaccessible sites. In the 

future, untethered self-burrowing tools could enable 

unprecedented capabilities, such as underground steering 

with tight turning radii. While significant work is still 

required for the development of field-ready technology, 

important advances have been made towards this goal, 

particularly in the last five years.  

1.2. Bio-inspiration 

Animals, plants, and bacteria interact with soils in 

ways that are analogous to those between soils and 

human-made objects. Specifically, these organisms 

penetrate, excavate, and transfer load to soils, and these 

processes are controlled by the same physical phenomena 

as geotechnical applications, including site investigation 

(Martinez et al. 2022). Biological strategies have evolved 

through the process of natural selection; thus, they are 

efficient, multifunctional, and adaptable (Vogel 2000). 

Translation of strategies from the biological to the 

engineering domain can be done in terms of different 

levels of abstraction: forms, which consist primarily of 

physical structures, behaviors, which are specific 

movements and mechanisms, and principles, which are 

the underlying phenomena and processes that enable 

forms and behaviors to work (Fig. 2) (Mak and Shu 

2004).  

The field of bio-inspired geotechnics seeks to 

understand the geomechanical processes involved in 

biological strategies to adapt them towards geotechnical 

applications. This field has had a major focus on 

development of site investigation solutions, as described 

throughout this paper. Fig. 3 shows organisms that have 

been used as sources of inspiration for these advances, 

including earthworms, razor clams, plant roots, wasps, 

bees, fish and lizards. Work in other areas has developed 

piles and soil anchors inspired by snakeskin, soil anchors 

inspired by tree roots, drilling equipment inspired by 

angel wing shells and birds’ beaks, and scour protection 

measures inspired by mangrove roots (Martinez et al. 

2022; Martinez and Tao 2024).  

1.3. Paper scope 

This paper highlights research in bio-inspired site 

characterization that has been performed in the last 

decade towards the development of self-burrowing 

probes. Section 2 of this paper focuses on strategies to 

reduce the penetration resistance, which involve 

modifying the shape of the probe tip, expanding a shaft 

section near the tip, applying motions to the tip such as 

rotations and oscillations, and injecting fluids. In certain 

cases, the results show that the penetration resistance, and 

thus the required reaction force, can be decreased by a 

factor as high as 10 compared to direct static pushing. 

Section 3 centres on the analysis of self-burrowing 

probes, which through temporary anchors can generate 

the required reaction force to advance deeper into the 

soil. However, there are important interactions between 

the probe sections that control the probes’ self-burrowing 

capabilities. The final section provides a review of the 

burrowing prototypes developed to date which and 

outlines research needs for transitioning this technology 

from the laboratory to the field.  

Figure 1. Geotechnical equipment for soil penetration and excavation: (a) rig for CPT and DMT testing, (b) hammer 

for pile driving, and (c) boring machine for tunnel construction.  

Figure 2. Levels of abstraction for translation of 

strategies from the biological to the engineering 

domain (adapted from Mak and Shu 2004).  

  



 

2. Reduction of penetration resistance 

Invasive site investigation activities require inserting 

a probe or sampler into the ground, typically done by 

static pushing (e.g., CPT and DMT soundings), impact 

driving (e.g., SPT), and excavation (e.g., borings), all of 

which require a rig to provide the reaction forces. In 

contrast, animals and plants have developed strategies to 

penetrate soils without external sources of reaction force 

by addressing the high penetration resistance of soils (qc) 

through various strategies. This section highlights recent 

work in geotechnics that has focused on decreasing the 

penetration resistance mobilized at both shallow and 

deep depths.  

2.1. Tip shape 

It has been long recognized that the shape of the tip 

of a probe or pile influences the resistance that is 

mobilized during penetration. Experience in the field has 

led to the understanding that flatter tips mobilize greater 

qc than sharper ones (Durgunoglu and Mitchell 1973; 

Lobo-Guerrero and Vallejo 2007; Tovar-Valencia et al. 

2021). This is evident in the design of in-situ testing 

tools, where the standard CPT probe has a conical tip 

with an apex angle (α) of 60° and the standard DMT 

probe has a sharper blade-like tip to protect the probes 

and decrease the reaction force magnitude needed for 

insertion. In contrast, most piles have a flat tip to 

maximize the transfer of load at the base. This trend has 

also been recognized in the field of biology, indicating 

that “streamlining” has been developed in the heads of 

sand-diving lizards, stingers of honeybees and 

mosquitoes, and egg-laying organs of wasps to reduce the 

penetration resistance in soils and other substrates like 

wood (Kong and Wu 2009; Ling et al. 2016; Cerkvenik 

et al. 2017; Bergmann and Berry 2021). 

The tip shapes that are most common in geotechnical 

engineering are either flat or conical, likely due to their 

symmetry and easy of machining. The earlier work by 

Durgunoglu and Mitchell (1973) and Koumoto and 

Houlsby (2001) provides analytical solutions indicating 

that qc increases with tip apex angle (α), tip surface 

roughness, and soil friction angle in both cohesive and 

cohesionless soils. While there is general agreement in 

these studies and later published data regarding the 

reduction in qc with α, the relationship between 

penetration resistance and tip shape depends on other 

factors such as depth, soil type, and soil density.  

Hunt et al. (2023) performed penetration tests on 

sands using Discrete Element Modelling (DEM) 

simulations and centrifuge tests. The results indicate that 

for a given penetration depth, qc increases as α is 

increased (Fig. 4a-4d). This relationship can be 

quantified with a logistic equation with the following 

form, where the qc is normalized by that mobilized by a 

tip with an α of 60° (qc,60°):  
 

𝑞𝑐

𝑞𝑐,60°
= 𝐴 +

(
𝑞𝑐,𝑚𝑎𝑥
𝑞𝑐,60°

−
𝑞𝑐,𝑚𝑖𝑛
𝑞𝑐,60°

)

1+(
𝛼

𝐼
)
−𝑘     (1) 

 

where qc,min and qc,max are the maximum and minimum 

values of the relationship between qc and α, A is taken as 

the minimum qc,i/qc,60° value, and k and I are fitting 

parameter that controls the rate of change and inflection 

point of the function, respectively. These results also 

indicate that the increase in qc diminishes as the depth is 

increased, with increases from a tip with an α of 30° to a 

flat tip ranging from 50% to 100% for a shallow 

penetration depth equivalent to 2 probe diameters 

(Z/Dprobe = 2) to increases between 25% and 50% at a 

Figure 3. Biological adaptations for soil burrowing: (a) Marine worm in photoelastic material showing radial 

expansion of its tip and relaxation of effective stress ahead of tip (Dorgan et al. 2005), (b) schematic of dual anchor 

and local soil softening used by razor clam (Trueman 1968; Dorgan 2015), (c) photograph of root and simulation of 

radial growth of root relaxing stresses ahead of tip (Savioli et al. 2014), (d) SEM image of wasp ovipositor (Ghara et 

al. 2011) and reciprocal motion mechanism used to penetrate substrate (Cerkvenik et al. 2017), (e) honeybee stinger 

(Sahlabadi and Hutapea 2018), (f) top and side views of sand lance fish from CT Scan (Bizarro et al. 2016), and (g) 

photographs of lizard heads (Bergman and Berry 2021) 

  



 

depth of 5 probe diameters (Z/Dprobe = 5). In fact, greater 

increases in depth to a Z/Dprobe of 15 in the centrifuge 

tests results in negligible increases in qc with α. The 

results from other studies agree with these trends, with 

Fig. 4e showing an increase in qc with α and Fig. 4f 

showing a reduced increase with α as the penetration 

depth is increased.  

DEM simulation results shed light on the mechanisms 

leading to the change in qc with α. Local meso-scale 

measurements of vertical and radial effective stresses and 

particle displacements from Hunt et al. (2023) and Borela 

et al. (2021) show that greater apex angles increase soil 

stress magnitudes more and induce greater vertical 

displacements at locations directly below the tip (Fig. 5a 

and 5c), while smaller apex angles cause greater 

increases laterally around the tip accompanied by greater 

horizontal displacements (Fig. 5b and 5d).  These results 

indicate that the blunter tips push soil down as they 

penetrate like a rigid punch and qc is largely a result of 

normal stresses acting on the probe tip. In contrast, the 

sharper tips push the soil radially away from the tip like 

an advancing wedge, where the qc originates mostly from 

frictional resistances at the soil-tip interface.  

Figure 4. Relationship between normalized penetration resistance and cone apex angle from (a) and (b) DEM 

simulations, (c) and (d) centrifuge tests, and (e) and (f) literature (data from Hunt et al. 2023). 

Figure 5. Meso-scale measurements of effective stresses (a) directly below and (b) laterally around penetrating probes 

with varying cone apex angle (data from Hunt et al. 2023) and particle displacement fields around a probe with an apex 

angle of (c) 90° and (d) 15° (data form Borela et al. 2021). 



 

2.2. Expansion of a shaft section near the tip 

High penetration resistances are a problem for the 

sprouting seeds of plants because the weight of the seed 

is the only reaction force available for growing roots. If 

the former is greater, the seed is lifted from the ground or 

the root is unable to penetrate the soil. To overcome this 

issue, roots have been observed to grow radially near the 

tip when they encounter a stiff soil layer, a process that 

has been shown to result in a reduction of the penetration 

resistance (Fig. 3c) (Barley 1962; Wilson et al. 1977; 

Bengough et al. 2011). Several species of earthworms 

and polychaetes (i.e., marine worms) have been observed 

to use a similar behavior, where a section of the worm 

close to the tip is expanded (Fig. 3a). In cohesive soils, 

this expansion can open a crack at the tip of the burrow 

due to tensile stress concentration, while in cohesionless 

soils it causes a relaxation of effective stresses (Dorgan 

et al. 2007; Dorgan 2015). In both instances, this reduces 

the strength of the soil at the burrow tip, causing a 

reduction in penetration resistance.  

Research in geotechnical engineering has exploited 

this mechanism of expansion-aided reduction in 

penetration resistance. Chen et al. (2021) conceptualized 

a probe that consists of an anchor that can be radially 

expanded to a given expansion magnitude (EM) with a 

length of L and located a distance H behind the conical 

tip (Fig. 6a). Self-burrowing DEM simulations were 

performed on this probe in a virtual calibration chamber 

at a vertical effective stress of 100 kPa, showing 

reductions in qc when the anchor is expanded. Fig. 6b 

shows the time history of qc during initial insertion of the 

probe in a sand specimen (termed the CPT stage) 

followed by expansion of the anchor (termed the AE 

stage). In the figure, the time is normalized such that the 

CPT stage takes place from 0 to 1 and the AE stage takes 

Figure 6. (a) Schematic of the self-burrowing probe simulated in DEM, (b) time history of penetration resistance 

during CPT advancement and anchor expansion, and (c) changes in penetration resistance due to anchor expansion 

and subsequent tip advancement (data from Chen et al. 2024). 

Figure 7. State of stress around a self-burrowing probe at the end of anchor expansion: (a) map of particle contact 

force magnitudes and (b) difference in mean effective stresses between the end of the cone penetration and anchor 

expansion stages, showing the decrease in stresses around the probe tip (data from Chen et al. 2022). 



 

place from 1 to 2. This reduction in qc is greatest for 

probes with anchors closer to the tip (i.e., smaller H), 

greater length, and greater expansion magnitude, as 

shown in Fig. 6c. The simulation results provide further 

evidence of the state of stresses around the probe, where 

the maps of particle contact forces show stress 

concentrations around the probe tip and anchor at the end 

of the AE stage (Fig. 7a). The difference in mean 

effective stresses (p') between the CPT and AE stages 

better highlights the effect of the anchor expansion, with 

decreases greater than 250 kPa at locations around the 

probe tip and increases greater than 250 kPa radially 

around the anchor (Fig. 7b). Similar reductions in qc as a 

shaft section is expanded have been reported in other 

studies, including Savioli et al. (2014), Ma et al. (2020), 

and Huang and Tao 2020).  

A third stage is performed in these simulations where 

the tip is advanced after the anchor is expanded (termed 

the TA stage). When the tip is advanced to distances 

greater than about 0.1 m, the qc is fully remobilized to the 

same magnitude measured during the initial CPT stage 

(Fig. 6c). This indicates that the reduction in tip 

resistance is temporary, but also shows that with 

sufficient tip advancement the CPT qc value can be 

obtained, thus allowing for use of existing methods for 

estimation of soil properties and geotechnical design (e.g. 

Mayne 2014; Lehane et al. 2020).  

A prototype that uses the principle of expansion of a 

shaft section near the tip has been developed by Naziri et 

al. (2024), which provides experimental validation of the 

reduction in qc. The prototype has a membrane 

immediately behind a conical tip, which can be expanded 

significantly, as shown in Fig. 8a. Experimental results 

of shallow soundings in sand show a reduction of about 

50% in qc in comparison to a control CPT test (Fig. 8b), 

where the sharp drops take place during expansion of the 

membrane. After subsequent penetration, the qc 

magnitudes do not mobilize to values close to those 

during the CPT test, likely due to the large expansion 

magnitude of the membrane. The work involved in the 

penetration process indicates that the bio-inspired probe 

uses more energy due to the expansion of the membrane 

(Fig. 8c). In contrast, Huang and Tao (2020) performed 

DEM simulations of a probe with a similar configuration 

but smaller expansion magnitude and found a slight 

decrease in the total work with respect to a CPT test. 

These results show that expansion of a probe section 

behind the tip can be used to decrease the penetration 

resistance, and thus the required reaction mass of the 

equipment. However, depending on the magnitude of 

shaft expansion, the energy used may increase. 

2.3. Tip oscillations 

In addition to radial expansion of a region near the 

burrow tip, marine worms (i.e., polychaetes) have been 

observed to oscillate their heads from side to side. This 

strategy has been hypothesized to also help reduce the 

penetration resistance by pushing the soil laterally away 

from the burrow tip (Dorgan 2018). This strategy was 

Figure 8. (a) Prototype of a probe with an expanding shaft section behind the tip (adapted from Naziri et al. 2024) 

and comparison of (b) penetration resistance and (c) work between soundings performed with the bio-inspired probe 

and a CPT probe (data from Naziri et al. 2024).  

Figure 9. (a) Particle contact forces during tip oscillations and (b) comparison of penetration resistance during 

penetration with oscillations and a CPT sounding (data from Zhang et al. 2023).  



 

implemented by Zhang et al. (2023) and Chen et al. 

(2024a) on DEM simulations of multi-cycle self-

burrowing probe in sands of varying density at shallow 

depths. These simulations use the balance of vertical 

forces acting on the probe to determine whether it can 

self-burrow and advance deeper into the soil or it reaches 

refusal, as described in Section 3.3. Fig. 9a shows the 

particle normal contact forces acting on the probe tip 

during penetration with tip oscillations, showing the 

concentration of forces on the sides of the tip as it is being 

moved laterally. Comparison of the penetration 

resistances during penetration with oscillations to those 

mobilized during CPT penetration show significantly 

smaller values for the former. In fact, CPT penetration 

reached the penetration resistance refusal limit of 0.53 

kN at a very small penetration distance of 0.06 cm (Fig. 

9b), while the probe with tip oscillations continued to 

mobilize values well below 0.45 kN for greater 

penetration distances (Fig. 9c). In this data, the higher 

values correspond to stages when the tip coincided with 

the probe’s longitudinal axis, while the lower values 

correspond to stages when the probe was fully extended 

laterally.  

2.4. Rotary motion 

Several organisms have been observed to apply rotary 

motion while burrowing, such as the self-burying seeds 

of the common stork’s bill plant (Evangelista et al. 2011; 

Jung et al. 2014). The seeds have awns that are sensitive 

to humidity, causing them to rotate under high humidity 

conditions. Similarly, the angled worm lizard actively 

rotates its head back and forth during burrowing (Gans 

1968). In both instances, the rotary motion helps decrease 

the penetration resistance, allowing the organisms to 

further penetrate the soil.  

Penetration simulations at shallow depths in DEM 

were performed by Tang and Tao (2022), showing the 

sharp decrease in qc as the angular velocity (ω) is 

increased (Fig. 10). The authors show a reduction of over 

80% for an ω of 400 rpm. Similar reductions in 

penetration resistance have been measured in 

geotechnically-focused studies, such as those involved in 

the rotary jacking of straight and screw piles (e.g., Sharif 

et al. 2021; Cerfontaine et al. 2023).   

Another DEM study performed rotary CPT 

simulations in a virtual calibration chamber with an 

applied effective stress of 200 kPa (Yang et al. 2024). 

This study shows a similar decrease in qc with increased 

Figure 10. Simulation results of rotary penetration 

with varying angular velocities (data from Tang and 

Tao 2022).   

Figure 11. Results of DEM simulations of rotary penetration as a function of the cone relative velocity: (a) tip 

resistance, (b) torque, (c) stress acting on the cone surface, and (d) work done (data from Yang et al. 2024).  



 

angular velocity, where the authors expressed it in terms 

of the ratio of the cone’s tangential to vertical velocities  

(relative velocity = ωr/v, where r is the probe radius and 

v is the probe vertical velocity) (Fig. 11a). This was 

accompanied by an increase in the mobilized torque 

mobilized by the cone (Fig. 11b). The simulation results 

show that the decrease in qc is in part due to a reduction 

on the normal stress acting on the cone surface as the 

relative velocity is increased (Fig. 11c), which challenges 

previous analytical solutions (e.g.,  Bengough et al. 1997) 

and indicates that the rotary action decreases the strength 

of the soil located adjacent to the probe tip. 

Quantification of the work involved in the rotary 

penetration process (Fig. 11d) shows that it stays 

relatively constant at relative velocities smaller than 

about 1, while the qc decreases by about 15%. However, 

further increases in relative velocity which further 

decrease qc result in sharp increases in the total work 

done.  

2.5. Root-inspired helical motion: 

circumnutations 

Plant roots have developed a range of strategies to 

penetrate soils more efficiently. In addition to the ones 

described in Sections 2.2 and 2.4, the roots of many 

plants like rice, thale cress, pea, and maize have been 

observed to have a bent tip and grow into the soil 

following a helical path (e.g., Taylor et al. 2021; 

Simmons et al.  1995; Kim et al. 2016). This motion is 

referred to as circumnutations in the biological literature 

and has been shown to help in avoidance of obstacles 

(Taylor et al. 2021) and reduction of penetration 

resistance (Del Dottore et al. 2017). Design of a bio-

inspired probe that can be used to investigate the effect 

of circumnutation-inspired motion (CIM) in soil 

penetration is shown in Fig. 12, showing the idealized 

design, experimental prototype, and paths of the probe tip 

with different relative velocities (defined above, i.e., 

ωr/v). Geometrical parameters of the probe include the 

bent angle (δ) of the tip and length of the bent portion 

(L1).  

Shallow penetration experiments performed with the 

probe shown in Fig. 12c attached to a robotic arm show 

sharp reductions in the penetration force (Fz) as the 

relative velocity is increased in sands of varying relative 

density and overconsolidated clay (Anilkumar and 

Martinez 2024; Anilkumar et al. 2024) (Figs. 13a and 

13d). The probe used for these experiments had a δ of 10° 
and a L1 equivalent to one probe diameter; however, the 

trends reported here been verified for different δ and L1 

values.  As shown, at relative velocities greater than 1.5 

π, the Fz decrease to magnitudes that are less than 85% of 

those mobilized during a CPT sounding with a probe with 

the same diameter. The torque increases initially as the 

relative velocity is increased, then decreases or maintains 

constant values with additional increases (Figs. 13b and 

13e). The calculated total work of penetration is shown 

in Figs. 13c and 13f, showing limited increases at small 

relative velocities followed by sharper increases, 

following a similar trend as shown for the rotary 

penetration in Fig. 11. These results show that a relative 

velocity of about 0.25π produces a decrease greater than 

50% in the penetration force while only increasing the 

work done by about 25%. This could have important 

implications for site characterization, as the reduced Fz 

would allow performing the sounding with smaller 

equipment whose mobilization to the site would have 

smaller environmental and economic impacts. 

DEM simulations of shallow CIM penetration have 

shown a similar evolution of the penetration force, 

torque, and work with relative velocity (Chen and 

Martinez 2023). These simulations also show the 

differences in soil deformations as a result of CIM 

penetration in sands at shallow depths, where Fig. 14a-

14c shows a spatial map where each particle’s color is 

proportional to its displacement. CPT penetration 

produces a shallow failure in which a conical wedge of 

soil is lifted. The path of the probe tip is evident in the 

particles with large particle displacements for CIM 

penetration with 0.25π, while CIM penetration with 2π 

produces a more uniform mixing of the particles. The size 

of the soil wedge that is lifted during penetration 

decreases as the relative velocity is increased, suggesting 

that the soil disturbance is decreased. However, these 

trends should be verified at greater depths where the 

failure mechanism does not reach the soil surface. 

Particle contact normal forces are presented in Fig. 14d-

Figure 12. (a) Path of penetration of a plant root, (b) idealized design of a prototype probe that applies 

circumnutations-inspired motion, (c) photograph of a prototype probe, and paths of the probe tip with a (d) small and 

(e) large relative velocity.  



 

14f, showing a clear reduction in magnitude as the 

relative velocity is increased. The contact normal forces 

in  the vicinity of the probe tip for the CIM 2π case are 

80% smaller than those generated during CPT 

penetration (Chen and Martinez 2023).  

2.6. Soil fluidization by fluid injection  

Different organisms inject fluids in saturated soils to 

temporarily increase the pore pressures and thus reduce 

the penetration resistance. These include the southern 

sand octopus, Pacific sandfish, and several clam species 

that eject water jets from their body (Trueman 1967; 

Winter et al. 2012; MacDonald 2015; Montana et al. 

2015). This strategy has also been implemented in 

geotechnical engineering to install piles (e.g., Passini et 

al. 2018; Passini and Schnaid 2015). With regards to self-

burrowing probes, Naclerio et al. (2021) performed tests 

on a device that penetrates a dry sand deposit while it 

injects air at varying rates. As shown in Fig. 15, the 

penetration resistance decreases as the air flow rate is 

increased. However, the data shows a sharp increase in 

penetration force at a critical depth that increases with 

flow rate. While not explicitly discussed by the authors, 

Figure 13. Mobilized vertical penetration force, torque, and total work for tests on (a) – (c) sand of varying relative 

density and (d) – (f) oversoncolidated clay and loose sand.  

Figure 14. (a) – (c) Particle displacements and (d) – (f) particle contact forces during CPT and CIM penetration.  



 

this depth likely corresponds the overburden stress limit 

at which a given air flow rate is able to fluidize the sand.  

3. Anchoring and self-burrowing  

A probe’s ability to successfully self-burrow hinges 

on the balance of resistance and reaction forces acting on 

it. The former typically consist of the penetration 

resistance at the tip and friction along the body of the 

probe, while the latter consist of both frictional and 

bearing forces acting along the probe’s body mobilized 

largely by anchors that are temporarily deployed. This 

section summarizes research advances focused on the 

development of anchoring forces, interactions between 

the anchor and tip, and the assessment of the factors 

influencing the self-burrowing capabilities of probes.  

3.1. Feasibility of self-burrowing 

Analytical methods have been used to determine that 

probes can in theory self-burrow in a wide range of 

conditions relevant to geotechnical site characterization. 

In the simplest case, a self-burrowing probe can be 

idealized as having a cylindrical anchor that can be 

radially expanded to mobilize a limit radial pressure (PL) 

and a conical tip that mobilizes a qc as its advanced, as 

shown schematically in Fig. 16a. The reaction force 

consists of friction on the anchor surface that depends on 

the PL magnitude, anchor’s length (L), and expanded 

diameter (De), while the resistance force consists of the 

penetration resistance at the probe tip that depends on the 

qc magnitude and the probe diameter (D). A balance of 

vertical forces acting on the probe leads to the following 

equation, indicating the ratio of anchor length to probe 

diameter required to initiate self-burrowing: 

 
𝐿

𝐷
=

𝑞𝑐

4(1+𝜀)𝜏
     (2) 

 

where ε is the expansion ratio of the probe (i.e., (De-D)/D, 

assumed as 20% in this work) and τ is the shear stress 

acting on the anchor surface. It is noted that this analysis 

ignores the bearing pressure mobilized at the top surface 

of the anchor as well as the friction mobilized along the 

probe shaft sections that are not expanded.  

Martinez et al. (2020) performed cylindrical cavity 

expansion simulations using the ASCEND code (Jaeger 

2019) which incorporates the MIT-S1 constitutive model 

(Pestana and Whittle 1999) to determine PL and qc values 

in clean sand, silty sand, silt, and clay. The simulation 

results on sand show an increase in qc/PL ratio with a 

decrease in the state parameter (i.e., increase in density), 

which based on Eq. 2 lead to L/D ratios between 2.0 and 

4.5 (Fig. 16b). The results in clay yield qc/PL values that 

increase with overconsolidation ratio (OCR) and L/D 

between 3.0 and 4.2 (Fig. 16c). While the results for the 

silty sand and silt agree with those in clay and sand, they 

are not shown here for brevity. Interestingly, the L/D 

ratio of clam shells, which are the animals that most 

closely  resemble the idealized probe geometry analysed 

by  Martinez et al. (2020), ranges between 2.0 and 9.0, all 

of which are predicted to allow for self-burrowing based 

Figure 16. (a) Schematic of pressures acting on a self-burrowing probe analyzed using cavity expansion theory. Ratio 

of tip resistance to limit pressure and ratio of length to diameter of probe required for self penetration in (b) sands of 

varying initial state parameter and (c) clays of varying overconsolidation ratio (data from Martinez et al. 2020).  

Figure 15. Results of penetration tests with varying flow 

rates of air injection (data from Naclerio et al. 2021).  



 

on the cavity expansion results. Overall, the cavity 

expansion analysis indicates that a probe with an anchor 

that has a length of about 5 times the probe base diameter 

and is expanded 20% can mobilize sufficient reaction 

forces to advance the tip forward in a wide range of soils 

and depths, which is supported by a review of calibration 

chamber and in-situ test results also presented by 

Martinez et al. (2020). However, there are important 

interactions between the probe’s anchor and tip that 

influence the self-burrowing performance, as described 

in the following sections.  

3.2. Direction-dependant friction 

Direction-dependant friction, or frictional anisotropy, 

has been reported in many organisms to enable 

burrowing and locomotion. This strategy is enabled by 

the asymmetric shape of snake ventral (i.e., belly) scales 

(Gray and Lissmann 1950; Marvi and Hu 2012), small 

thorn-like structures within the awns of seeds (Kulić et 

al. 2009), and spike-like features in certain worms call 

setae (Merz and Edwards 1998). While direction-

dependant friction has not been fully exploited with 

regards to self-burrowing technologies for site 

characterization, it would enable increased skin friction 

during anchorage and reduced friction resistances during 

advancement. Direction-dependant friction has already 

been applied towards soil-structure interfaces for 

applications in piles, soil anchors, and geosynthetics, 

showing its feasibility and robustness in a range of soil 

conditions, overburden stresses, and even in the field ( 

Martinez et al. 2019; O’Hara and Martinez 2022; 

Martinez et al. 2024; Gayathri and Vangla 2024). For 

example, Fig. 17 shows the ratio of skin friction 

mobilized during pullout to that during insertion of 

snakeskin-inspired soil anchors tested in the field by 

Martinez et al. (2024), which decreases with asperity 

height. As shown, the skin friction during pullout can be 

up to three times that during compression, highlighting 

the potential benefit to self-burrowing probes.   

3.3. Tip advancement 

Numerical simulations of self-burrowing probes 

consider the full complexity of the process, including the 

forces acting on all the sections of the probe and the 

interactions between them. Simulations have shown that 

in the same way that the penetration resistance decreases 

as the anchor of a self-burrowing probe is expanded, as 

previously described in Section 2.2 and shown in Figs. 6-

8, the radial pressure on an expanded anchor decreases as 

it is loaded upwards (Chen et al. 2021; Chen et al. 2022; 

Huang and Tao 2020). These interactions are driven by 

arching within the soil and changes in principal stress 

directions.  

Chen et al. (2021) and Chen et al. (2022) performed 

DEM simulations on the probe previously shown in Fig. 

6a in a virtual calibration chamber under a vertical 

effective stress of 100 kPa. These simulations provided 

measurements of the evolution of the tip resistance and 

the radial pressure acting on the anchor’s circumferential 

surface area (Pa) and the bearing pressure acting on the 

anchor’s upper edge (Pb) (Fig.18). In the figure, the 

simulation time is normalized such that 0 to 1 indicates 

the initial penetration stage (CPT), 1 to 2 indicates the 

expansion of the anchor while the tip remains stationary 

(AE), and 2 to 3 indicates the tip advancement stage (TA) 

Figure 17. (a) Six-inch long sections of snakeskin-inspired soil anchors with different asperity heights and (b) ratio 

of skin friction mobilized during pullout to that mobilized insertion.  

Figure 18. Self-burrowing DEM simulation results 

showing the evolution of tip resistance and anchor 

pressures during the initial insertion (CPT), anchor 

expansion (AE), and tip advancement stages (TA) (data 

from Chen et al. 2021). 



 

in which either the tip is moved downwards or the anchor 

is moved upwards based on a balance of vertical forces 

acting on the probe. During this stage, the section that 

mobilizes the smallest force moves. The results show the 

mobilization of qc during the CPT stage. In the AE stage, 

qc decreases gradually as the Pa and Pb pressures are 

mobilized during anchor expansion. In the TA stage, Pa 

and Pb remain constant at normalized times smaller than 

2.5 during which the tip is advanced downward while the 

anchor remained stationary because the total reaction 

force was greater than the resistance force. A sudden drop 

in Pa and an increase in Pb take place at a normalized time 

of 2.5 when the anchor begins moving upward. At the end 

of the TA stage, the qc magnitude remobilizes to values 

close to those during the initial CPT stage. 

The trends in the pressures acting on the probe are 

explained by the reduction in particle contact force 

magnitudes at locations around the anchor and the 

increase in contact force magnitudes at locations behind 

the anchor (Fig. 19a). The changes in soil stresses can be 

better visualized by taking the difference in p' magnitude 

between the beginning and end of the TA stage. The 

spatial map of Δp' presented in Fig.19b clearly shows the 

relaxation that takes place around the anchor and the 

loading that takes place behind the anchor and below the 

tip. These changes in soil stresses are heavily influenced 

by the distance between the tip and anchor, anchor length, 

and anchor expansion magnitude (previously defined in 

Fig. 6a), which dictate the self-burrowing ability of the 

probe during the TA stage. The self-burrowing ability 

can be quantified by means of the self-burrowing 

distance, defined as the difference between tip and 

anchor displacements (ΔD). Positive ΔD values indicate 

net tip advancement to greater depths while negative 

values indicate net lifting of the probe (i.e., refusal 

conditions). The self-burrowing performance increases 

as the tip-anchor distance is decreased, anchor length is 

increased, and expansion magnitude is increased (Figs. 

20a-20c).  

In an effort to further increase the self-burrowing 

ability, Chen et al. (2024b) performed simulations on a 

probe with two anchors with varying spacing (S) (Fig. 

21a). The simulation results show that the anchors 

Figure 19. State of stress around a self-burrowing probe at the end of tip advancement: (a) map of interparticle contact 

force magnitudes and (b) difference in mean effective stresses between the end of the anchor expansion and tip 

advancement stages (data from Chen et al. 2022).  

Figure 20. Self-burrowing distance during the TA 

stage for probes with varying (a) tip-anchor distance, 

(b) anchor length, and (c) anchor expansion 

magnitude (data from Chen et al. 2021).  



 

influence each other, where the radial and bearing forces 

on the front anchor at the end of the TA stage (Fa2 and 

Fb2, respectively) decrease as the spacing is decreased 

(Fig. 21b-21c). However, the radial and bearing pressures 

on the back anchor (Fa1 and Fb1, respectively) are largely 

independent of S. These trends are explained by the 

particle displacement fields, showing significant overlap 

in the zones with large displacements around the closely-

spaced anchors, while this overlap greatly reduces as the 

spacing is increased (Fig. 21d-21e). This influences the 

self-burrowing performance, with the self-burrowing 

distance increasing with inter-anchor spacing (Fig.  22a). 

Synthesis of the results from Chen et al. (2021) and Chen 

et al. (2024b) can be used to identify the probe 

configurations in terms of inter-anchor spacing, tip-

anchor distance, and expansion magnitude that lead to 

successful self-burrowing from those that lead to refusal, 

as shown in Fig. 22b.  

3.4. Multi-cycle self-burrowing 

It is unlikely that an anchor that remains at a constant 

depth will provide sufficient reaction force to continue 

advancing the tip because the penetration resistance will 

in most cases continue increasing with depth. Therefore, 

a probe that can perform multiple self-burrowing cycles 

needs to have a minimum of two anchors. This motion is 

inspired by the dual-anchor burrowing strategy used by 

razor clams, which are highly efficient burrowers 

reaching depths beach sands as high as 70 cm in a few 

seconds (Trueman 1967). During burrowing, the razor 

clam first expands its shell to form a back anchor that 

allows the foot (i.e., tip) to penetrate the sand. Then, the 

foot is radially expanded to form a front anchor and the 

shell is contracted and then moved forward, allowing the 

clam to burrow deeper (Fig. 23a).  

Figure 21. (a) Schematic of a probe with two anchors, (b) and (c) mobilized radial and bearing forces by the two 

anchors as a function of inter-anchor spacing, and spatial map of induced particle displacements with an S equivalent 

to (d) 2 and (e) 6 probe diameters (data from Chen et al. 2024b).  

Figure 22. (a) Self-burrowing distance during the TA stage for probes with varying inter-anchor spacing and (b) tip 

advancement ability as a function of inter-anchor spacing, tip-anchor distance, and expansion magnitude (data from 

Chen et al. 2024b).  



 

Zhang et al. (2023) and Chen et al. (2024a) performed 

shallow self-burrowing DEM simulations in sands of 

varying densities on a probe that implements a razor 

clam-inspired strategy, as shown schematically in Fig. 

23b. The probe’s motions are controlled by the balance 

of forces acting on it, such that it can only move to greater 

depths if the anchor reaction force is greater than the 

penetration resistance. The simulations demonstrated 

two important challenges for self-burrowing (i.e., net 

movement of the tip and anchor shown by a distance δz,t, 

as shown in Fig. 23b): the decrease in radial pressure 

acting against the anchor once it is loaded and the high 

magnitude of penetration resistances. Self-burrowing 

was only possible if the shaft was continually expanded 

to maintain a constant radial pressure (to avoid the 

reduction previously shown in Figs. 18 and 19) and if the 

tip oscillated to decrease the penetration resistance (as 

shown in Figs. 9a and 9b).  

Fig. 24a shows the evolution of forces acting on the 

probe, where Qz is the total penetration force, Fz is the 

total reaction force, Fr,t is the radial force acting on the 

anchor near the probe tip, and Fr,s is the radial force acting 

on the back shaft anchor. As shown, the Qz magnitude 

remained significantly lower than Fr,s due to the tip 

oscillations and the continued expansion of the back 

anchor. Once the tip is advanced a given distance (i.e., 

3.5 cm in the first self-burrowing cycle and 7.5 cm in the 

second and third ones, Fig. 24b), the back anchor is 

contracted resulting in a drop in Fr,s, the anchor near the 

tip is expanded resulting in an increase in Fr,t, and then 

the back anchor is retracted forward. It is noted that in 

these simulations the relatively small self-burrowing 

distances (i.e., in order of cm) are limited by the 

computational cost of the simulations, rather than by the 

self-burrowing ability of the probe. Quantification of the 

work done during the different stages of the simulation 

show that oscillation of the tip accounts for about 60% of 

the work done by the end of the simulation, expansion the 

front and back anchors accounts for about 20% and 13%, 

respectively, and advancement of the tip downwards 

accounts for less than 10% (Fig. 24c) (Chen et al. 2024b). 

When compared to a CPT sounding in which all the work 

done is due to the penetration resistance and the friction 

along the shaft, the self-burrowing probe does about 25% 

more work (Zhang et al. 2023). Further investigation 

focused on fine-tuning the probe motions to enable self-

burrowing while minimizing the work done could 

improve the energetic efficiency. Nonetheless, these 

results show that self-burrowing at shallow depths is 

possible from a geomechanical point of view with a small 

amount of additional work, which would likely be much 

smaller than the energy required in mobilizing a 

conventional rig to the project site.   

Figure 23. (a) Stages in the burrowing of a razor clam (adapted from Trueman 1967; Zhang et al. 2023) and (b) 

schematic of multi-cycle self-burrowing stages and associated forces acting on a bio-inspired probe (adapted from 

Chen et al. 2024a).  



 

4. Self-burrowing prototypes, challenges, 
and implications in practice 

Several burrowing prototypes have been developed in 

the fields of geotechnics and robotics during the last 

decade. This section first provides a review of recent 

work to show the rapid advances that have been made to 

date. Finally, the paper is concluded with discussion of 

the research needs and challenges that need to be 

addressed to transfer the developments in self-burrowing 

technologies from the laboratory to the field.  

4.1. Self-burrowing probe prototypes 

Prototypes that fluidize soil have been shown to 

successfully burrow in the laboratory and the field.  

Winter et al. (2014) developed a razor-clam inspired 

device that is designed to fluidize the surrounding soil by 

dynamically cycling its foot up and down and shaft in and 

out (Fig. 25a). The device was tested in the field in a 

marine mudflat, in which it required an applied external 

force of about 180 N to burrow to a depth of 200 mm. 

When tested in the laboratory in glass beads, it was able 

to self-burrow (i.e., without an external force) to a depth 

of almost 300 mm. The test results indicate that the 

RoboClam uses between 80% and 900% more energy to 

reach the same depth than statically pushing an object 

with the same diameter. Naclerio et al. (2021) developed 

a burrowing robot that is inspired by plant roots which 

grow only at their tips, burial of octopi which fluidizes 

the sand at the seabed by a fluid jet, and asymmetry of 

the head of sandfish lizards to allow for steering (Fig. 

25b). This prototype was tested in a dry clean sand and 

used air for fluidization, as previously described in 

Section 2.6 and Fig. 15. It was able to burrow vertically 

to depths up to 35 cm at a velocity of 2 cm/s as well as to 

burrow horizontally at a depth of 8 cm for 60 cm at a 

velocity of 2 cm/s. While both these prototypes 

successfully burrowed in soils, the reliance on 

fluidization by dynamic action or fluid injection likely 

limits their performance at greater depths and in cohesive 

soils.  

Other prototypes have mostly been tested in 

laboratory conditions. Ortiz et al. (2019) developed a 

device that uses the dual anchor strategy combined with 

tip oscillations (Fig. 25c). The prototype was able to 

burrow horizontally in an idealized material composed of 

polypropylene pellets at a depth of 5 cm for a distance of 

10 cm. Bagheri et al. (2024) developed one of the largest 

devices reported in the literature, with a diameter of 27 

cm and length of 20 cm which uses tip rotation with an 

auger tip (Fig. 25d). The prototype was able to self-

burrow downwards in dry glass beads for distances of 

about 200 mm at velocities between 12 and 1 mm/s, with 

greater rotation speeds leading to greater burrowing 

velocities. Zhong et al. (2023) built a cylindrical robot 

that combines the effects of tip shape and rotary motion 

to enable horizontal self-burrowing. The device is 

equipped either a conical or auger shape which is pushed 

Figure 24. Evolution of (a) forces acting on probe, (b) tip and back shaft displacements, and (c) work done during a 

self-burrowing simulation with three cycles in medium-dense sand (data from Chen et al. 2024a).  



 

forward by a linear actuator, while the back end of the 

device has a flat tip (Fig. 25e). The device burrowed for 

about 9 cm at a depth of 15 cm in dry glass beads.  

Borela et al. (2021) developed a prototype that has 

one anchor that is radially expanded and a section that is 

elongated axially to push the tip forward (Fig. 25f), 

which most resembles the probe simulated in DEM (Fig. 

6a). The device was buried to depths between 315 and 

365 mm in dry Hostun sand and was only able to advance 

its tip by a maximum distance of 8 mm. The small tip 

advancement achieved by this prototype clearly 

highlights the challenge associated with the high 

penetration resistance magnitudes involved in static 

pushing. Indeed, it appears that to successfully self-

burrow, a probe needs to either decrease the penetration 

resistance or use a larger source of reaction force, such as 

a rig or anchor(s) with large dimensions. The former 

strategy may be the most feasible for self-burrowing; 

however, it precludes obtaining a tip resistance value 

equivalent to the CPT qc for which established methods 

exist to estimate soil properties and perform geotechnical 

design. In this case, the probe could be used to install 

instrumentation or obtain samples, while new 

relationships for engineering use would need to be 

developed.  

4.2. Perspectives on future research needs 

and challenges 

This concluding section provides some perspectives 

on future research needs and challenges that need to be 

addressed to develop self-burrowing technology that is 

field-ready for geotechnical site investigation. Self-

burrowing site investigation equipment or equipment that 

can be transported in light weight vehicles can bring 

significant benefits for geotechnical design, construction. 

However, while important advances have been made in 

the last decade towards this goal, Section 4.1 highlighted 

the significant gaps between the capabilities of the 

current prototypes and conditions that are relevant to 

geotechnical site characterization. The following aspects 

need to be addressed to transition the technologies to the 

field. In doing so, advances to the fundamental 

understanding in machine-soil interactions, soil behavior, 

and animal and plant locomotion will be achieved. 

Soil types: With a few exceptions, most of the work 

to date has considered sandy soils, likely due to 

computational and experimental challenges. The 

mechanisms of penetration resistance reduction and 

anchorage should also be evaluated a broader range of 

natural soils, including clays, silts, and gravels.   

Limited depth: While some of the numerical analyses 

have considered greater overburden pressures, all 

experiments performed to date have been at depths 

smaller than 0.5 m. Evaluation at greater depths is needed 

to fully characterize the efficiency and identify 

limitations of the bio-inspired strategies. 

Anchorage: A large proportion of the work has 

focused on the reduction of penetration resistances. 

However, less emphasis has been placed on the 

mobilization of anchorage forces that can be maintained 

at a wide range of depths. This work would be largely 

geotechnical in nature, focusing on load transfer and soil 

failure mechanisms.  

Energy efficiency: While reducing the size or need of 

mobilizing a rig to the site would greatly reduce the 

energy spent, the efficiency of the bio-inspired 

penetration processes in isolation is typically smaller 

than static pushing. Research that fine tunes the bio-

Figure 25. Self-burrowing prototypes that employ different mechanisms: (a) fluidization, (b) fluidization and tip 

eversion, (c) tip oscillations and radial expansion, (d) rotary motion, (e) rotary motion and extension, (f) tip and 

anchor. 



 

inspired processes can lead to increased efficiency in 

addition to successful self-burrowing.  

 Estimation of soil properties and use in engineering 

design: It is likely that successful self-burrowing will 

require use of processes that reduce the magnitude of 

penetration resistance, eliminating the readings of 

established in-situ tests (e.g., CPT qc, fs, and u2) for which 

design methods have been calibrated. Research should be 

undertaken to develop correlations between readings 

with bio-inspired penetration strategies (i.e., with 

circumnutations or tip oscillations) and established in-

situ test readings. Alternatively, the use of self-burrowing 

technologies could be limited to the installation of 

instrumentation or retrieval of soil samples.  

Integration with site investigation equipment: Once 

the technology has been developed and the capabilities 

proven, the new tools need to be integrated with existing 

site investigation equipment and components (e.g., 

electronics, drill rods, hydraulic actuators) to facilitate 

adoption by industry. In addition, standards need to be 

developed to ensure accuracy and reproducibility.  

Cost and practicality: The new tools need to be 

economically competitive in comparison to established 

in-situ testing tools, and the processes involved in the 

performance of the tests need to be practical to ensure 

appropriate productivity in the field.  

Soil proofing: All of the bio-inspired strategies 

involve moving parts to reduce the penetration resistance 

or generate anchorage. Keeping soil out of hinges, 

connections, and points of relative motion will 

necessitate design of dynamic seals to ensure durability 

and continued use of the equipment. It is likely that this 

research will necessitate collaboration between 

mechanical and geotechnical engineers.  

Communication and power: Self-burrowing tools can 

either be tethered or untethered. The former is similar to 

the state of practice, where both the data and power are 

transmitted through cables. The later opens a host of new 

capabilities, such as underground steering, but it involves 

significant challenges in the transmission of data through 

the soil and power provided by batteries for soundings 

that are sufficiently deep. These advances will likely be 

in the fields of electrical and mechanical engineering.  
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