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Autonomous Sheet Pile Driving Robots for Soil Stabilization

Nathan Melenbrink:2 and Justin Werfél

Abstract—Soil stabilization is a fundamental component (Fig. 1). The robot is designed to carry a payload of sheet
of nearly all construction projects, ranging from commercial  piles into a target setting and drive them into the ground in
construction to environmental restoration projects. Previous sequence, producing a sturdy wall that could, e.g., reduce
work in autonomous construction has generally not considered . ' . N
these essential stabilization and anchoring tasks. In this work erPS'O” from waves along a Shorgllne or ash oods in an
we present Romu, an autonomous robot capable of building arid environment. Romu uses a V|brat0ry hammer to effec-
continuous linear structures by using a vibratory hammer to  tively insert sheet piles into granular media, and makes use
drive interlocking sheet piles into soil. We report on hardware  of jits own weight to help drive piles to greater depth without
parameters and their effects on pile driving performance, = needing to carry excessive additional mass for that purpose.
and demonstrate autonomous operation in both controlled . .
and natural environments. Finally, we present simulations in We characterize the effects of m_eChan.'Cal parameters on the
which a small swarm of robots build with sheet piles in depth and extraction force of driven piles, and demonstrate

example terrains, or apply an alternate spray-based stabilizing a pile-driving sequence in a natural environment.

agent, and quantify the ability of each intervention to mitigate We envision Romu operating in multi-robot teams to
hydraulic erosion. increase the speed and robustness of the pile-driving task
|. INTRODUCTION in a large-scale setting. In simulation, we present a simple

. - - - . .. __control algorithm based on following topographical contours,
Pile driving, the task of sinking posts or similar bUIIdIngand evall?ate its effect in an erosign s?cegnarpi)o showing that

elements rmly into the ground, is a ubiquitous part of., . . A
. . . : it signi cantly reduces soil displacement and overall loss.
nearly every construction project. Piles provide foundation

support, hold back soil during excavations, and in general 1. RELATED WORK

increase stability where surface soil is not stable. In thg grobotics

construction industry, pile driving is an extremely energy- i

intensive process carried out by skilled human workers using Ardiny et al. have conducted a recent survey of research
particularly heavy-duty machinery. on autonomous robots for construction automation [4]. While

Sheet piles, interlocking linear building elements madéh's survey includes a wide variety of construction tasks,

from bent sheet material (typically steel) and driven verticall;?nOSt of these projects are limited to highly structured lab-

into the earth, are used in a variety of contexts. In urbafjratory environments, and do not consider anchoring into
construction, they form retaining walls allowing for pre-the ground. Napp and colleagues have demonstrated con-

foundation excavation. They provide slope stabilization irf'Uction of ramps conforming to unstructured terrains using
uneven terrain, used in contexts like highway construction‘?‘.mOrphous materials [5], [6]. A few researc_h projects have
In ecological applications, they can aid with restoration Ofiemonstrated novel construction tasks outside of controlled

degraded environments in the form of check dams (Walgnvironments, such as the Digital Construction Platform
anchored in the ground that mitigate erosion by slowin resehtgd bly Keatmgi] et al. [.7]’ and the B&rObOt teamdf%r
water velocity during storm surges) [1], as well as addressi k.prlntlngl arge—jcakekceramlc sltruhcturesd errons(}rateb y
problems associated with sea level rise such as erosi ic et al. [8]. Hurkxkens et al. have developed robots

inundation, and salinity intrusion by forming structures suclﬁor autonomous soil manipulation for landscaping scenar-

as bulkheads, perpendicular groins, offshore breakwaters, ;Jllg?cci t.hough thgy do not consider introducing manufactured
seawalls [2], [3]. uilding materials [9]. Beardsley et al. have demonstrated the

Introducing automation into sheet pile driving could reBeachBot, an autonomous robot that rakes large-scale user-

duce costs and enhance safety for this critical constructi eci ed_ drawings into at sand, using a ducial system for
ocalization [10].

task, as well as increase opportunity for interventions (e.
for ecological protection or restoration) in environments. Construction
where h“maf? presence is challenging. In this paper we tStructures made from interlocking sheet piles are used
present a design and prototype for a novel autonomous sh?e

: L or a variety of applications in the built environment (Fig.
pile driving robot, namederramanus ferromurusr Romu . N :
2). Common methods for pile driving in commercial con-

This work was supported by the Wyss Institute. struction include drop hammers, jackhammers and vibratory
lWyg,s Institute for Biologically Inspired Engineering, Harvard University, hammers. The latter, which use eccentric weights to generate
Cambridge, MA 02138, USA vibrations, are particularly effective with small-cross-section

2|nstitute for Computational Design and Construction, University of . . - . .
Stuttgart, Germany piles like sheet piling and with granular soils. More recent

nathan.melenbrink@wyss.harvard.edu innovations include acoustic pile driving, which uses the



Fig. 1. Vision for Romu operating in a natural setting. Having installed the three piles it carries in one payload as the start of an erosion barrier, it heads
for a supply cache to reload.

C. Ecology

A number of studies have looked at human interventions
in the environment aimed at soil stabilization. These can be
for purposes such as mitigating coastal erosion, stream bed
erosion, or deserti cation. Guyassa et al. have reported on
the utility of check dams (mostly built from stacked rocks
or other materials found on-site) for reducing erosion and
restoring vegetation in regions of Ethiopia prone to deser-
ti cation [17]. Xu et al. have quanti ed the impact of the
massive network of check dams in the Loess Plateau region
of central China, which promotes groundwater recharge of
arable land while mitigating deposition of sediments into the
Yellow River [18]. While there are examples of robotics in
environmental maintenance tasks such as hunting invasive
species [19], [20], the automation of built interventions in
the environment has remained largely speculative [21].

Fig. 2. Typical applications of sheet piling structures. In urban construction,
they form retaining walls allowing for pre-foundation excavation (top) [14]. I11. HARDWARE
They provide slope stabilization in steep or uneven terrain (bottom left)

[15]. In ecological applications, they are used for purposes like shoreline A prototype robot, Romu, was developed as a proof of
forti cation (bottom right) [16]. concept for these principles (Fig. 3). The robot is capable

of carrying a payload of 3 sheet piles, locomoting to a new

construction site, and installing the piles in sequence. The
changing natural frequency of a steel pile to facilitate drivingiles interlock to form a continuous wall (Fig. 4); by traveling
into the ground. For construction in the United States, theetween a construction site and a supply cache to reload,
Federal Highway Administration provides a manual withRomu could in principle construct a wall of arbitrary length.
practical guidelines for hammer attributes and operating pro- To drive sheet piles, Romu uses a combination of vibratory
cedures for sheet pile driving. It notes that these guidelingsitation and its own body weight. In common construction
are not universal and cautions against relying on thenpractices, a heavy mass (a “bias weight”) is suspended atop a
Suggesting that construction crews should instead primaribﬁven sheet p||e by machinery that must be heavy enough to
rely on empirical measurements of driving progress and altgbunterbalance it, which represents an inef cient distribution
their operation according to that on-site feedback [11].  of mass. Romu's morphology is unlike conventional pile-

While fully autonomous robots are not yet actively em-driving equipment in that it employs its own body weight (in

ployed in the construction industry, semi-automated assigrinciple up to 100%) towards downward force. Such weight
tants are beginning to be used. SAM100 and MULE aidlistribution is made possible by the fact that its four wheels
masons in bricklaying tasks [12]. The Silent Piler is a pileare mounted on vertical linear actuators (Fig. 3), which can
driving device that anchors into previously driven pilesretract to lower the robot's body and redistribute its weight
leveraging downward force to help drive the current pile [13]from the ground onto the pile.
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Fig. 4. (A) Dimensions of the custom sheet pile (mm). (B) Diagram of a
check dam composed of 5 interlocking piles. (C) Counter-rotating eccentric
weights mounted on the gripping mechanism. (D) Gripping mechanism
closing into one of the pile's notches.

Fig. 3. A diagram of Romu, highlighting its salient features. . . o
hammer surface that comes into contact with the pile is made

of steel to prevent wear and tear.
Romu also features an alignment gripper (Figs. 3, 5) which
% used to ensure the robot is aligned in the precise correct
sition prior to dropping a new pile from the hopper. This is
articularly important for ensuring that piles will interlock,

In addition to employing its own mass as a bias weight t
press piles into the ground, Romu is also equipped with
vibratory hammer. Vibratory hammers use a pair of counte(-
moqnted ec_cen.trlc masses to convert angular momentum i Qpecially as locomotion encoding in sandy terrains is even
vertical oscillations. The hardware parameters that 9oVeif<s reliable than usual.
pile driving performance are the eccentric weight, the rota- The robot's microcontroller allows for manual operation
ion frequency of the eccentric weight, and the bias Weigrgr an autonomous mode. All motors are powered by a single

[1.|1]' dQn. Iarge—spale ct:otnstructlotn prptjrt]acts, I LS, typical fotr14.8v battery, with the exception of the vibratory hammer,
pile-driving equipment to operate with eccentric moments .1, is powered by a separate 7.4V battery.

exceeding 100 rkg, frequencies exceeding 1500 RPM, and' . | sequence by which the robot extends an existing

bias weights in excess of 20 metric tons. Piles might need f interlocki h iles | ) N Ei
be driven to depths of 30 or 40 meters, especially if they WilicErUCture of interlocking sheet piles is described in Fig. 5 (see

b di ¢ load-beari . Whil i Iso Video 1). Romu is also able to begin new constructions
€ used in a permanent load-bearnng c_apacrcy. lle sca II%‘igmply by starting with Fig. 5 step (C) once it has determined

down these parameters for a miniaturized operation is n }] appropriate initial location

straightforward, the small-scale sheet piles that are installed '

by Romu could serve as a self-suf cient structure for erosion IV. PERFORMANCE
control. Physical erosion barriers come in a wide variety of | order to quantitatively characterize the robot's pile
shapes and sizes. The structures built with the current CUStvaing abilities, a testing arena was constructed. Natural
piles might be best suited to low-impact coastal forti cations, ariability in soil consistency presents a challenge for ob-
or as check dams in areas prone to deserti cation. taining repeatable experimental results in natural settings.
The custom sheet piles (Fig. 4) are made from 16 ga. shegterefore, the experiments for characterizing performance
steel, folded into an S-shaped pro le that allows for piles tavere conducted in an arti cial sandbox lled with coarse
interlock. While interlocking is not strictly necessary for thesand commonly found at home improvement retailers. When
applications of check dams or retaining walls, it is expected pile is driven into the sand, the sand becomes compacted
to improve the lateral load-bearing capacity of the structuren the vicinity of the pile. Such compaction would cause
Each pile features notches spaced in 12cm intervals, whigiibsequent piles to be more dif cult to drive. Therefore,
provide a surface to receive the downward force of thafter each trial the sandbox was inverted and shaken in
vibratory hammer. To drive a pile, Romu grips the notchegrder to restore the sand to an uncompacted state. Even in a
in its sides, activates the vibratory hammer, lowers its bodiylly uncompacted state, the resistance incurred when driving
12cm by retracting the four wheels' linear actuators, ungripghe pile increases with depth. The sandbox is 48cm deep,
the pile and raises its body, and repeats. The length gfough piles were never driven more than 40cm, to avoid
drivable piles is thereby limited only by the penetrabilityedge effects near the bottom of the sandbox. While the robot
of the soil and not by the robot's range of motion. was successfully demonstrated in an untethered state using a
The angled cut of the notches in the piles is intended teechargeable battery, it was tethered for performance trials.
facilitate the alignment of the gripping mechanism. Likewise, The performance measures considered were the depth to
the gripping mechanism features angled pads made of pliabdich a pile was driven and the force required to remove
material to improve alignment and better grip the pile. Whilét afterwards. Three series of trials were conducted in order
the robot body is mostly constructed of aluminum channetp evaluate the effects of changing eccentric weight, bias
the gripping mechanism is fashioned from custom-milledveight, and frequency of the vibratory hammer. The default
solid aluminum to minimize vibration damping, and thevalues (held constant while varying other parameters) were



Fig. 5. The full sequence by which the robot extends an existing structure of interlocking sheet piles is as follows (see also Video 1): (A) The robot
locomotes to a position such that its gripping mechanism28cm in front of the last pile in the structure. (B) The alignment gripper (red) closes around

the previous pile, aligning the robot more accurately with the existing construction, then releases. (C) The gripping mechanism retrieves a pile from the
hopper and releases it, allowing it to fall to the surface of the ground while interlocking with the previous pile. (D) The linear actuators raise the robot such
that its gripping mechanism is aligned with the next exposed notch in the pile. (E) The gripping mechanism closes, engaging with the notch in the pile.

(F) The vibratory hammer is activated while the linear actuators lower the robot chassis 12cm, pressing the pile into the sand. The gripping mechanism
then opens and the linear actuators raise the chassis 12cm, such that steps D-F can be repeated for as many notches as are on the pile. Once the pile i
driven to the appropriate depth, the chassis raises in order to clear the top of the recently driven pile. Driving of the next pile begins with step A.

a bias weight of 24 kg, hammer speed 2100 RPM, and
eccentric weight 240 g (reduced to 120 g when varying bias
weight to avoid hitting the bottom of the sandbox). Each trial
was halted once the resistance of the sand could no longer be
overcome by the robot, causing one or more of the wheels to
lift off of the surface of the sand. The driven depth was then
measured (Fig. 6). The results indicate that increasing any
of the 3 parameters will result in approximately linear gains
in the driven depth over this range. However, turning the
hammer off (i.e., set to 0 RPM) results in drastically worse
performance, demonstrating the effectiveness of the vibratory
hammer compared to pressure alone. Measurements were
also taken of the upward force required to extract the
driven pile from the sandbox (Fig. 7). Increasing the valueSig- 6.  The driven depth of the pile as a function of each of three
of eccentric weight, bias weight, and vibration frequenc)E)arameters: eccentric weight, bias weight, and hammer frequency.
each resulted in approximately linear increases in the force
required to extract the driven pile. Over this range of depths,
we observed a roughly linear relationship between the driven
depth of the pilesl and the forcd= required to extract them:
F=(49N/cm}d 23 N (Fig. 8).
Using force plates, we found that the peak downward force
exerted by the robot using the vibratory hammer can easily
be twice its resting weight (Fig. 9).
In addition to these quantitative tests in a lab setting,
we performed trial experiments with Romu in a natural
environment, on a beach near Gloucester, Massachusetts
(Fig. 5; Video 1). The sand there proved to be considerably
more compacted than that in the lab sandbox, and with the
default parameter values, the robot was able to drive piles
only to a depth of 6-8 cm, approximately 1/4 of the depth
in the lab setting. (The piles shown at a greater depth in Fi ig. 7. The force.z required to extract a driven pile as a function of each of
1 were driven by hand.) Greater masses would allow drivingree parameters: eccentric weight, bias weight, and hammer frequency.
to greater depths with a future version of the robot.



thereby approximating contour lines. Robots install sheet
piles where this means turning more sharply (radius of
curvature< 14m); the motivation is that this puts dams in
places where runoff will concentrate. When robots reach an
edge of the terrain, they are removed and reintroduced at a
new random position on the opposite edge.

After all robots have laid 10m of piling (taken to be
the payload capacity), the terrain is subjected to simulated
hydraulic erosion, based on widely published algorithms
used in the computer graphics community, notably variations

Fig. 8. The relationship between driven depth and the force required {gn the method presented by Musgrave et al. [23]. This
extract the pile is roughly linear. ] P
process begins by seeding “rain” to each (x,y) vextex the
2.5-dimensional terrain mesh. For each iteration, a certain
amount or “ow” of water Dw, is transported from each
vertexv to any of its 8 neighboring vertices that happen
to be at a lower heightt. This quantity is expressed as:

Dw, = min(wy; (Wy+ hy)  (Wy+ hy))

Vertices on opposite sides of a sheet pile are not con-
sidered neighbors (we assume no water can ow through
a check dam). For each vertex, &\, are summed and
normalized, such that each neighboring vertex's @w,
is proportional to its angle of decline from vertex Each
Fig. 9. Force plate readings, sampled at 2000Hz, showing the downwa‘%wJ is subtracted fronw, and adde_d tovy. OtherW|_se, In
force exerted by the robot with and without the vibratory hammer (bia¢he absence of any outbound ow (i.e., the vertex is a local
weight 30kg, eccentric weight 240g, hammer speed 2100 RPM when onjninimum), a fraction of the sediment suspended in the water
at vertexv is deposited. The sediment carrying capacitpf
the ow Dw, is the product of its magnitude and a carrying
V. SIMULATION capacity constank.. If Dw, is carrying less than capacity,
Romu is intended to be operated as part of a decentralizedil is eroded from the terrain and carried by the ow. If
collective. The kinds of environmental issues that it is suitethe ow carries more than capacity, it must deposit sediment
to address (e.g., coastal erosion and deserti cation) ate the terrain. Sediment levels at sites on the edges of the
very large-scale and spatially diffuse, and would thereforterrain are held constant to avoid edge effects. The above
bene t from the parallelism afforded by the swarm approactsteps are applied to each vertex of the terrain, modeled as
Furthermore, the ability to autonomously perform coordia mesh with a 500 500 resolution. Results on 3 different
nated building activity without requiring centralized controlterrains (averaged over 5 trials each) are reported in Table I.
presents a considerable advantage, especially in large-scéediment Lost” is the cumulative measure of all sediment
operations in remote regions where reliable network commdhat is transported off of the terrain due to hydraulic erosion,
nications are dif cult to implement. while “Sediment Displaced” is measured as the sum of the
In many cases, a given watershed region would be betteegative displacement of each vertéx= max(Q;v 9,
served by a multitude of small check dams distributetvherev is the initial height of the vertex andis the height
throughout the region than a single large structure at the baif the vertex after the erosion routine.
tom of the watershed [22]. With a considerably smaller form Table | shows that this check dam intervention can retain
factor than conventional construction equipment, machinery 50% of the soil that would otherwise be washed away. A
at the scale of Romu could provide more targeted solutiorsgni cant amount of sediment is still redistributed within
with lesser site impact than currently available alternativesthe terrain, however, carried down from higher points to pile
We hypothesize that a collective of distributed autonomousehind the dams.
robots, each using only local information, would be able to In some applications, an alternate intervention may be
make terrain interventions yielding a quanti able reductiorpreferred: e.g., using a less permanent material than steel
in erosion. We developed a custom simulation environmend form a bio-scaffolding that degrades as vegetation is
as a rst exploration to test this hypothesis. Simulations takeestored, or by spraying a liquid binding agent to increase
place in a 100m 100m terrain, generated at a 25% slopesoil cohesion in selected areas. Such interventions are com-
(14 ) and randomized with Perlin noise (Fig. 10). In eachmonly used to stabilize soil on gentler slopes, affecting a
simulation, 10 identical robots are initialized with randomgreater surface area but less capable of slowing runoff. We
positions and orientations. When traversing the terrain, robotslditionally simulated such an approach with hypothetical
adjust their steering in order to maintain a constant elevatiombots (dubbedlerramanus conferumino) carrying a spray



Fig. 10. A randomly generated terrain (Terrain A as reported in Table 1), before and after erosion simulations, when subjected to 4 different treatments:
(A) no intervention, (B) “Check Dams”, where each robot's payload consists of 10m of interlocking steel piles as described in the previous section, (C)
“Spray”, where each robot's payload contains enough soil binding agent to cover 10m, and (D) “Spray 10x”, where payloads are suf cient to cover 100m.

agent. Soil binding agents counter the process of erosion ireed for a “machine ecology”, a study of the relationships
a different way than rigid piles. Musgrave et al. present Between custom purpose-built autonomous machines and the
soil softness constars, which de nes the rate at which environment. (The vision of such an ecology inspires the
soil will be subtracted fronv and converted to transportabletaxonomic naming scheme of the robots presented in this

sediments, which is carried byDw;: paper.)
SCJ)‘ r s+ K While Romu is able to consecutively drive piles in un-
=St St K(Gs s) compacted sand, the sand found in natural environments is

In our implementation, we replace the soil softness constat least partially compacted and anisotropic, and in our pilot
Ks with variable softnes$, = max(;1 B,), whereBy is the trials in such an environment we found the driving ability
amount of binding agent deposited at verteya vertex with 10 be much more limited. In order to perform effectively in
a softness of 0 will not allow any subtraction of sediment. & natural environment, the eccentric and bias weights would
Robots using this spray agent in place of metal chedreed to be increased. However, the factors by which those
dams, each applying the spray again over a distance of 10Rarameters should be altered will vary as a function of the
can be expected to be less effective at reducing erosion (Tal§eeci ¢ environment and application in which Romu 2.0
1). However, a potential advantage of a sprayed binding ageyyeuld operate. We therefore intend to work with ecologists
is that a quantity covering a larger area can reasonably ke identify promising speci ¢ applications for which we can
carried in a single payload. The last column in Table | show&djust the design parameters.
that if robots carry enough spray to apply over a linear Historically, construction equipment has been designed
distance of 100m, soil displacement is reduced comparégcording to ergonomic constraints for human operators.

to the check dam intervention. One advantage of autonomy is the ability to disregard these
constraints and re-conceptualize the scale and scope of

TABLE | ecological construction tasks. For example, the ideal solution

EFFECTS OF HYDRAULIC EROSION ON SEDIMENTM) for some erosion prevention tasks might be a single Romu-

like robot at ten times the size of the current prototype, while

Intervention: ~ None  Check Dams  Spray 10xSpray another context might require a swarm of hundreds of robots
A Sed. Lost 119 64 14 110 06 88 15 at one-tenth the current size in order to adequately minimize
Displaced 5B 421 10 481 12 387 19  gediment displacement.
B Sed. Lost 67 38 06 64 03 49 10 : . .
Displaced 49 403 06 446 03 377 15 We hope that this and further demonstrations of machine
C  Sed. Lost B 29 04 55 04 43 09 ecology will inspire ecologists and other environment pro-

Displaced 5B 421 12 479 08 390 23  fagsjonals to conceptualize the maintenance and construction
tasks that could be performed by swarms of task-specic
autonomous robots.

VI. DISCUSSION

Research has only recently begun to indicate the tremen- ACKNOWLEDGMENTS
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