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1  Introduction

There is increasing interest in developing robotic teams for 
collective construction [1]. Such robot teams have many 
potential applications, from the construction industry to 
disaster response to space exploration. Existing experimen-
tal mobile robotic systems have largely drawn from con-
cepts more typical in conventional construction, utilizing 
building elements such as rigid bricks, struts, or blocks [2, 
3]. Some recent work has explored the use of amorphous 
materials such as foams [4, 5] concrete [6], or on-site mate-
rials such as pebbles [7–9]. Some researchers have also 
developed tools for robotic manipulation of granular media 
through perception [10] or learning [11, 12].

A recent approach for construction embraces disorder 
in the configuration of the building elements, and there-
fore may be particularly well-suited for construction using 
mobile robots. This approach, termed aleatory architecture, 
suggests that structural stability can emerge via particle jam-
ming, rather than through precise placement of the building 
elements [13, 14]. In turn, aleatory structures can be “self-
healing,” and can be built in environments where utiliz-
ing predetermined blueprints and construction materials is 
impossible. Architects and designers have explored this new 
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Abstract
Robots capable of manipulating cohesive materials would be beneficial in a variety of complex construction tasks. To dis-
cover principles by which robotic systems can effectively manipulate entangled granular media, we develop a robophysical 
platform for interaction with media composed of u-shaped particles. This robotic platform uses environmental signals to 
autonomously coordinate excavation, transport, and deposition of material. We test the effect of material initial conditions 
by characterizing robot performance in two different material compaction states, and observe as much as a 75% change 
in transported mass depending on initial material compressive loading. This large difference suggests the functional role 
that properties such as packing and geometric cohesion play in excavation and manipulation. To better understand these 
properties, we develop an apparatus for tensile testing of the geometrically cohesive media, which reveals how entangled 
material strength depends strongly on initial compressive loading. These results rationalize the variation observed in 
robotic performance and point to future directions for better understanding robotic interaction with entangled materials.
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design paradigm in recent years, and have demonstrated that 
a variety of particle shapes and sizes can be utilized for cre-
ating rigid structures with little preplanning [15, 16].

Many aleatory structures that have been created thus far 
have relied on pouring or forming particles into molds [14] 
(Fig. 1A). Thus, these structures have often relied on human 
intervention for their creation. In contrast, robotic fabrica-
tion of aleatory structures remains a nascent research area 
[15]. Some recent works have explored the use of cable-
driven parallel robots for in-situ construction with non-con-
vex particles [17]; groups of fixed six-axis robotic arms for 
depositing granular aggregate and tensile elements to create 
jammed structures [18]; as well as a singular robotic arm on 
a mobile platform for laying rock and string into aleatory 
column structures [19].

We hypothesize that aleatory systems are well-suited 
for distributed collective construction by mobile robotic 
platforms (Fig. 1B): in particular, geometrically entangled 
materials are able to provide strong cohesive forces with-
out the requirement for adhesives or interstitial fluid [20–
23], making them suitable for repeatable manipulation and 
transport. Geometrically entangled materials generate an 
effective cohesion at the macroscopic level via their par-
ticles’ concave shape, as opposed to chemical cohesion at 
the microscopic level. We refer to such groups of interpen-
etrating particles as entangled “ensembles.” Additionally, 
because these entangled materials do not rely on interstitial 
fluid to provide cohesive forces, their material properties 
can be well-characterized in the laboratory setting.

Prior work has shown that longer entangled ensembles are 
weaker than shorter ones [24], and that ensemble strength 
is sensitive to particle geometric properties [22, 25]. More 
recent work has also explored their extensional rheology, 
demonstrating stick–slip behavior during tension caused 
by local yielding and rearrangement of particle entangle-
ments [24–26]. Still, many questions remain unanswered 
with regard to the behavior of these materials, including 
their response to external loading. Some recent work has 
demonstrated a stress-induced anisotropy [27], as well as 
compression and shear-driven jamming behavior [28]. Bet-
ter understanding these non-traditional material behaviors 
in an experimental setting will be important for developing 
strategies for material manipulation and transport.

The manipulation of cohesive materials represents a par-
ticularly challenging task, as it requires tearing or separating 
some subset of particles from a larger entangled ensemble, 
and subsequent (or simultaneous) re-forming or consolida-
tion of that subset of particles for transport and/or deposi-
tion. Because of the complex nature of these interaction 
mechanics, the principles by which geometrically cohesive 
materials need to be manipulated, and by which they can 
then be utilized to form structures, remain unknown. For 
example, which types of manipulation strategies result in 
successful separation of material? Similarly, what are effec-
tive methods for re-strengthening cohesive materials once 
separated? And lastly, how should agents decide if and 
where to begin excavating materials?

In this work, we develop strategies for robust manipula-
tion of geometrically cohesive materials. We do so by build-
ing a robophysical platform [29] capable of autonomously 
excavating and transporting geometrically cohesive media. 
We study trends in excavation performance during autono-
mous operation for various material preparation states. We 
then seek to understand the robotic performance trends and 
test strategies for material manipulation via material ten-
sile testing, and demonstrate a strong correlation between 
external loads and subsequent tensile strength in entangled 
materials. The results from this robophysical study have 
implications for the future design of individual robot manip-
ulation strategies, as well as for the future deployment of 
robotic teams.

2  Robophysical platform for interaction 
with cohesive media

2.1  Methods: design of robophysical platform and 
testing environment

Our robotic agent for manipulating cohesive granular media 
is a 3D-printed modified minimal locomotor design (length 
and width = 32 cm, height = 18 cm) (Fig. 2). The robotic 
agent has five Dynamixel AX12A motors: two 2-DoF front 
limbs equipped with 3D-printed nylon “claws” and one 
motor driving a pair of rear 3D-printed “whegs” [30] that 
are equipped with rubber treads for traction. An external 

Fig. 1  Aleatory architectures and 
robotic construction. A Example 
of an aleatory structure realized 
through geometrically entangled 
Z-shaped particles, each 14 cm 
along their length. Adapted from 
[14]. B Concept for robot teams 
building aleatory structures

 

1 3

   35   Page 2 of 12



Robot excavation and manipulation of geometrically cohesive granular media

shell comprised of hexagonal plates protects internal elec-
tronics from particle ingress. The robot is battery powered 
and utilizes a suite of sensors for navigation and material 
sensing, which are described in Appendix A .

We use u-shaped particles (office staples) as geometri-
cally entangled media in this work [22]. Each particle has a 
length of 12 mm along its longest axis and two perpendicu-
lar segments of length 6 mm. We detached approximately 
500,000 staples from one another using acetone to dissolve 

the binding adhesive. The resulting material is capable of 
forming amorphous 3D load-bearing structures without the 
need for chemical or capillary cohesion.

The robot operates within a constructed “arena” and uses 
lights to coordinate movement between an “excavation 
zone” and “deposition zone”. The details of this arena setup 
are described in Appendix B. The robotic agent's microcon-
troller executes a finite state machine (FSM) based on the 
testing environment described above (a full description of 
the FSM is provided in Appendix C). The FSM embodies the 
different behaviors needed for the robotic agent to excavate 
material, transport it to the deposition site, and finally return 
to the excavation site to repeat the process. The robot trans-
ports small mounds of entangled particles, which we term 
“pellets.” The transitions between behaviors are governed 
by environmental signals in the form of fixed light sources 
and object proximity information, which are detected via 
onboard sensors. The deposition process involves a search 
algorithm to find existing piles on which to deposit pellets, 
with the goal of creating emergent structures from cohesive 
material; this search process is also described in Appen-
dix C. However, in this work, we focus specifically on the 
mechanics of interaction required to tear and separate mate-
rial during the excavation process.

2.2  Results and discussion

2.2.1  Excavation and material manipulation strategy

The robot manipulates geometrically cohesive material 
using a set of interlocking jaws, which allow the robot to 
penetrate and engage small regions of a staple ensemble 
(Fig. 3). These jaws are 3D printed and are actuated by a 
single Dynamixel AX12A motor. The process of removing 
pellets of material from a larger mound requires repeated 
large stressing events, or application of large tensile forces, 
which are stronger than what the jaws alone could provide. In 
order to successfully separate pellets from the larger ensem-
ble, we implement an excavation procedure, illustrated in 
Fig. 3. We discover that a sequence of initial material sens-
ing and horizontal separation, followed by repeated verti-
cal and horizontal tearing (using the limbs and rear whegs, 
respectively), enables material separation. By engaging the 
limbs during the excavation procedure, the robot effectively 
weakens the connection between the pellet within the jaws 
and the rest of the mound, thus allowing the robot to remove 
a subset of material and transport it elsewhere.

Lastly, we observe that separation alone through tear-
ing is not sufficient for material transport. As a result of 
the excavation process, the separated material is often less 
cohesive, leading to dropping of individual particles during 
transport. To address this concern, we introduce a final step 

Fig. 3  Illustrations of robot excavation strategies. Depiction of excava-
tion sequence, including grasping and tearing of geometrically entan-
gled media

 

Fig. 2  Image of the robophysical platform used in this work. We use 
this robotic agent to study the manipulation and transport of geometri-
cally cohesive granular material, which can be used to inform future 
engineering design. The entangled material, robot jaws and claws used 
for material manipulation, as well as the sensors and cameras used for 
navigation, and protective shell are labeled
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2.2.2  Evaluation of performance

We evaluate the performance of the robot excavating and 
transporting material with three metrics: average cycle time, 
excavation success rate, and total material transported. The 
first two metrics are computed through manual video pars-
ing. Within each cycle, excavation success is determined 
through the oblique camera: if the agent breaks off mate-
rial from the excavation pile and retains at least one quarter 
of the jaws’ capacity (≈3  cm3) by the end of its turning 
maneuver, it is marked as an excavation success (Figure 
4A). Once a trial is complete, we gather the material at the 
deposition site and weigh it, providing a final performance 
metric. These methods quantify robot performance across 
trials and help characterize the challenges associated with 
cohesive material manipulation.

2.2.3  Excavation performance

We first characterize the robot’s performance to understand 
which strategies result in successful material manipula-
tion. In an initial set of experiments, we replicate trials with 
repeatable material characteristics to identify both success-
ful material transport as well as failure modes. We prepare 
the arena such that piles of staples are shaken from ≈ 0.3 
m above the arena floor, ensuring that individual staples or 
very small groups fall within a fixed rectangular region (1.2 
× 0.3 m) adjacent to the wall. Over two hours, the robot 
performs cycles of excavation and deposition (Fig. 5A). As 
shown in Fig. 5B, the number of pellets excavated grows 
approximately linearly in all five trials tested. However, late 
in the trials, we observe the emergence of a failure mode 
in the excavation process: when the robot has completed 
multiple cycles of tearing, backs away from the pile, and 
still senses material within its jaws, the algorithm infers 
that material has been separated and the robot switches to 
transport. However, depending on the relative strength of 
the staple ensemble, the material within the jaws may be 
“stretched” but still attached to the main ensemble via strong 
tensile forces.Thus, in these scenarios, the robot is unable to 

to the excavation procedure which repeatedly re-compacts 
the separated material using the jaws, creating a cohesive 
pellet that can then be transported. The number of cycles 
needed to remove the pellet from the mound varies with the 
size of the pellet, the material packing state, and the local 
topology of the mound. Given that these conditions are 
highly variable and can change over time, the robot does not 
perform a fixed number of excavation procedures. Instead, 
the robot runs this protocol until the jaws are unable to fully 
close after the robot has backed away from the mound. This 
condition is measured using the Dynamixel motor’s internal 
encoders, which indicate whether the jaw angle is greater 
than a threshold of ≈30o. This state signifies that material 
is in the jaws and that the robot has successfully removed a 
“pellet” from the mound.

Fig. 5  Robotic excavation and 
deposition cycles. A Depiction of 
robot path in its testing environ-
ment, during a cycle of excava-
tion and deposition. B Number of 
pellets excavated over time for five 
trials. Asterisks indicate excavation 
failures

 

Fig. 4  Depiction of robot excavation performance. A Robot excava-
tion success, in which a pellet of material is formed and transported. B 
Excavation failure, in which the material excavated is either dropped 
or not separated from the larger ensemble
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particles fall within the fixed region adjacent to the arena 
wall. In the “pushing” mode, the same number of staples are 
instead scattered across the entire arena area, and then are 
pushed to be contained within the same rectangular region. 
The volume fractions of portions of staples from each of 
these preparations were 0.072 ± 0.005 and 0.117 ± 0.002 
for pushing and scattering, respectively. Notably, pushed 
conditions have fewer staples per unit cell than the scattered 
case. We hypothesize that the disturbances which occur 
during pushing alter the media strength, and thus these two 
preparation modes probe the sensitivity of manipulation 
performance to material characteristics.

After five trials of approximately two hours for both the 
scattered and pushed material states, we analyze the propor-
tion of successful excavation over two hours as a function 
of the initial material states. The robotic agent has limited 
sensing capabilities and there is wide variability in material 
states; as a result, the robot does not successfully remove 
material each time it exits the excavation area. Thus, we 
denote whether material is successfully removed at every 
cycle, and observe that more pellets are excavated success-
fully over time in the scattered condition (Fig. 6A). In turn, 
we find that the excavation probability is dependent on ini-
tial material preparation (Fig. 6C). In the scattered condition, 
the robot successfully removes material with a probability 
of 0.96 ± 0.04, whereas in the pushed initial condition, this 
likelihood decreases to 0.77 ± 0.03. We observe statistical 
significance in excavation success between conditions with 
p = 0.00054. Despite these differences in excavation prob-
abilities, we see little statistical difference between the dis-
tributions of cycle times for each initial material state (Fig. 
6B), with scattered and pushed cycles taking 3.3 ± 1.2 and 
3.5 ± 1.5 min, respectively.

We observe 75% more mass transported in the scattered 
condition than the pushed condition (Fig. 6D); however, this 
discrepancy in performance is not reflected by the difference 
in excavation success. Instead, we observe a 25% higher 
excavation success rate in the scattered condition than the 
pushed condition. This discrepancy could be explained by 
differences in transported pellet size and mass, or differ-
ences in relative density of the transported material between 
these two states.

In summary, these results demonstrate that robot manipu-
lation performance is highly sensitive to material properties. 
Further, we hypothesize that the significant discrepancies 
in performance may be attributed to variation in material 
strength between the two preparation states. In the “pushed” 
preparation mode, compression or other disturbance to the 
media may lead to different material behavior than in the 
“scattered” case, resulting in wide variation in excava-
tion performance. We further investigated this dependence 

separate the material within its jaws for transport. Eventu-
ally, the material slips out of the jaws during the attempts to 
turn, and we denote these instances as excavation failures, 
as shown in Fig. 4B (denoted with asterisks in Fig. 5B).

Because we observe most excavation failures occur late 
in the trials, we hypothesize that repeated cycles of excava-
tion may disturb and compress the material over time, lead-
ing to a relative strengthening via entanglement of particles. 
The robot is only able to sense the volume of material it has 
grasped, and not the force required to tear away that mate-
rial. As a result, the robot is unable to respond to changes 
in material tensile strength over time. Thus, we hypothe-
size excavation failures are more likely to occur later in the 
trial, when the material has higher tensile strength. These 
results suggest the possibility of a compression-dependent 
strengthening of entangled media, which we explore via 
controlled variation in material properties.

2.2.4  Effect of material properties on robot behavior

We next test our prior hypotheses and further investigate 
how material properties impact the excavation process. We 
conduct two sets of experiments in which we prepare the 
material at the excavation site in one of two methods: “scat-
tering” and “pushing.”

In the “scattering” preparation mode, identical to the 
prior section, piles of staples are shaken such that individual 

Fig. 6  Pellet excavation performance for two material preparation 
states. A Number of pellets excavated over time for five trials of 
each tested material condition. Asterisks indicate excavation failures. 
B Cycle times for all trials, compared between scattered and pushed 
material states. Plus signs indicate outliers. C Comparison in mean 
excavation success over two hours between scattered and pushed 
material states. D Comparison of total transported mass of material at 
the end of trials for both scattered and pushed states
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each compression value, manually resetting and compress-
ing the staples the desired distance before each tensile test. 
Note that in this apparatus, the staple ensemble is not pulled 
to full separation – in future experiments, measuring tensile 
forces during full extension may reveal further properties of 
these entangled materials.

3.2  Material testing results

For small initial compressions, tensile forces increase with 
strain but are locally non-monotonic (a trial at 10% com-
pression is shown in Fig. 8). This trial includes local yield 
events which lead to momentary decreases in tensile force; 

of entangled media behavior on prior loading via tensile 
experiments.

3  Entangled material characterization

3.1  Methods: material tensile test apparatus

To test the effects of initial loading on the strength of geo-
metrically entangled materials, we construct a materials 
testing apparatus (see Fig. 7). The setup enables controlled 
compressive loading of a staple ensemble, as well as sub-
sequent tensile stress on this ensemble. A single axis load 
cell (CALT DYLY 30 Kg S-Beam Load Cell) measures ten-
sile forces during pulling, and linear motion is generated 
via a lead screw and stepper motor (Nema 23). We mea-
sure force-strain relationships of a staple ensemble (1  kg 
of material distributed across a 26 × 10.1 × 11.7 cm3 
open top box), for different initial conditions. Staples are 
originally scattered in a subset of the box and are manu-
ally compressed various distances (0, 1.25, 2.5, and 5 cm) 
to a final staple sample length of 18.9 cm. T-shapes, which 
are embedded in the box during staple scattering, are pulled 
apart via the lead screw assembly for a distance of 6.4 cm, 
and forces are recorded with the load cell and an amplifier 
chip (HX711) to an Arduino Uno. We perform three tests for 

Fig. 9  Force-strain relations for staple samples with different initial 
compressions. Three different initial compressions are shown, with 
values indicated in the colorbar. Means and standard deviations over 
three trials are represented with solid lines and shaded regions, for 
each of the three compression values tested. (Sidebar) Two images of 
scattered (blue) and pushed (purple) material samples show that previ-
ously compressed staples are less likely to be geometrically aligned, 
and thus, are more entangled

 

Fig. 8  Single trial tensile testing data. (Left) Sample force vs. strain 
relationship for a single trial of a staple ensemble with 10% initial 
compression. (Right) The corresponding photos of the staple ensem-
ble at different strain values. Direction of loading during tensile testing 
experiments is indicated

 

Fig. 7  Diagram of staple testing apparatus. (1) Staples are initially 
scattered in fixed area defined the position of a linear slider. (2) Linear 
slider is used to manually compress the staple sample, and the slider is 
subsequently returned to its initial position so that the staple ensemble 
can later be expanded. (3) The rightmost embedded T shape is trans-
lated linearly, and the load cell records tensile forces
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consistency observed in excavation of pellets during the 
“scattered” trials, in that tensile forces remain low across 
strain values (throughout the separation process). In con-
trast, if the “pushed” material is compressed during prepa-
ration, our results suggest that not only will the excavation 
process require more tearing force, but there will be greater 
variability in these forces, especially at high strain or once 
the material has been initially “stretched.” As a result, our 
robotic platform may have been capable of initial material 
separation, but due to the entanglement elicited by initial 
compression, very large tensile forces were still present in 
the ensemble which led to occasional excavation failures in 
the “pushed” scenarios. We posit the frequent excavation 
failures observed during these trials may be attributed to this 
unusual compression-dependent strengthening of entangled 
materials.

4  Conclusion & future work

We developed a robophysical platform capable of manipu-
lating and transporting geometrically entangled media. This 
agent represents one of the first mobile platforms to suc-
cessfully tear and manipulate highly cohesive media. We 
demonstrated that the robot can operate autonomously over 
several hours, basing decisions only on local environmental 
inputs. We also studied how robot performance was affected 
by the properties of the geometrically cohesive particles, 
and showed that preparation of entangled media signifi-
cantly affected overall excavation performance.

We observed several unexpected behaviors in this work. 
For example, we observed that “pushing” of scattered 
U-shaped particles resulted in a decrease in volume fraction 
by 39% relative to the baseline “scattered” state. We also 
observed that previous compression of a staple ensemble 
resulted in up to a 108% increase in force required to tear the 
material. These results highlight that, in addition to packing 
density and particle shape [31–34], other aspects such as 
particle entanglement [26, 35, 36] and alignment [37–40] 
may be necessary to characterize the behavior of entangled 
granular media. Future work should expand upon the ten-
sile testing trials performed here to inform more effective 
robotic excavation sequences and jaw geometries for known 
material properties.

Robotic teams capable of achieving complex construc-
tion tasks would be of value in engineering and science. 
For example, recent NASA missions such as the Artemis 

we hypothesize these events correspond to bending or 
breaking of entangled contacts between individual staples. 
Such “local yielding” events occurring during tensile load-
ing have been observed in prior studies of entangled media 
behavior [24].

As shown in Fig. 9, for an uncompressed staple ensem-
ble, the tensile force increases at a constant rate with strain, 
across all strain values tested. However, for staple ensem-
bles which have been initially compressed (26.5% compres-
sion, for example), the force-strain relation has a slow initial 
rise, with a slope that increases markedly for strain >0.25. 
For strain less than ≈ 0.25, we observe comparable tensile 
forces across compression values, but as strain increases 
above this point, the behavior transitions and reveals the 
role of initial compression on tensile strength.

This behavior is further demonstrated in Fig. 10, which 
shows that larger initial compressions tend to increase ten-
sile forces; however, this increase is more pronounced at 
higher values of strain. For example, at strain = 0.3, the 
26.5%-compressed staple ensemble on average exerted 
34.4 ± 7 N of tensile force, nearly double the 18.2 ± 4.9 N 
registered by the uncompressed sample. In contrast, at 0.1 
strain, the 26%-compressed staple ensemble exerted 9.3 ± 
2.7 N of tensile force, comparable to the 5.6 ± 1.3 N from 
the uncompressed sample. In other words, the role of initial 
compression on material strength is most apparent when the 
material has begun to separate while in tension.

These results demonstrate the complex rheological prop-
erties of entangled materials, as they respond differently 
depending on prior loading. In the robophysical experi-
ments, the “pushed” material state has some initial compres-
sion (which likely varies throughout the material), while the 
“scattered” case has little to no initial compression. We posit 
that the behavior observed in our tensile tests points to the 

Fig. 10  Effect of initial compression on tensile force. Tensile force vs. 
various initial compression, for three different strain amounts, whose 
values are indicated in the colorbar. Error bars indicate standard devia-
tion over three trials for each combination of strain and initial com-
pression. The effect of initial compression on tensile strength is most 
evident at larger strain values
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substantial impact with the ground at the end of the motion, 
making it preferable while carrying material. To turn, the 
robot uses these same maneuvers but with only a single 
active limb (Fig. 11B). By choosing between maneuvers, 
the robot is able to effectively locomote in heterogeneous 
environments such as those created during transport of 
cohesive material.

Sensing modalities

The robot is equipped with a suite of sensors that receive 
environmental signals and guide subsequent behaviors. Both 
the Sparkfun ICM-20948 IMU and the Sparkfun VL6180 
time-of-flight rangefinder are used to inform locomotion 
maneuvers. The rangefinder indicates when an obstacle is 
in front of the robot, which triggers a reversing motion. The 
IMU is used to indicate when body motion (specifically, 
pitching) is impeded, which in turn triggers a crutch maneu-
ver. The Adafruit TCS34725 RGB color sensor enables the 
robot to react to fixed colored lights in its environment (such 
fixed environmental signals are used by other robotic swarm 
systems [58, 59]). Lastly, the robot is equipped with two 
systems to detect piles of previously deposited material that 
are independently operated by Dynamixel XL320 motors: 
the “antenna” and the 2-megapixel ArduCAM. The antenna 
uses the motor encoder to detect the height of piles 10 cm 
in front of the robot and serves as a form of short-range 

project have targeted constructing bases on the moon and 
other planets [41, 42]. However, transporting external mate-
rial to these locations is often too costly or prohibitive. 
Small mobile robots capable of building structures from 
lunar regolith or other found material could alleviate prob-
lems associated with material transport [43, 44]. Studies 
of lunar regolith samples have revealed complex particle 
shapes [45] with concavity [46], suggesting the potential 
viability of aleatory construction methods in extraterrestrial 
environments. Similarly, in remote or undeveloped loca-
tions on earth, robotic agents capable of constructing from 
resources in their local environments could reduce costs 
associated with construction equipment and shipping [47, 
48] or assist in disaster response through rubble removal 
and reorganization [49]. Finally, given that diverse organ-
isms [50–53] manipulate geometrically cohesive granular 
matter, insights from robophysical studies of robot swarms 
[54–56] can be used to develop hypotheses for collective 
biological construction. 

Appendix A: Details of robophysical 
platform design and sensing strategy

The robot is equipped with a 5400 mAh 7.4 V LiPo battery, 
which directly powers the OpenCM9.04 microcontroller, 
and feeds into a Pololu Step-Up Voltage Regulator U3V70A 
set to 11.1 V for the motors. Under normal operation, to 
move forward or backward, the robot rotates its rear whegs. 
However, periodically, the system will instead use its limbs 
to propel itself forward in either a “crutch” or “sweep” 
maneuver. These maneuvers consist of a stride and swing 
phase (Fig. 11A) where the limb tip is in contact with the 
ground during the stride and is raised off the ground during 
swing. We use directionally compliant limbs, similar to that 
described in [57], to simplify the control needed for obstacle 
negotiation during the swing phase without impeding the 
thrust generated during the stride phase.

During the “crutch” motion, both limbs’ roll motors are 
fixed to point outwards while the second motors rotate each 
limb 180°, which constitutes a stride motion. This results in 
the robot moving forward while pitching upwards and even-
tually landing back on its chassis. This maneuver serves 
to free the robot from any potential obstacles encountered 
during material transport. During the “sweep” motion, the 
motors on each limb are coordinated such that the stride 
length is maximized while the robot body maintains a fixed 
angle with respect to the ground. This maneuver provides 
less net propulsion than a crutch but it results in a less 

Fig. 11  Illustrations of robot locomotion strategies A View of the 
spring-loaded directionally compliant joint attached to the claw assem-
bly. Both the stride (protraction) and swing (retraction) phases are 
illustrated. B Schematic of the robot arm motion in red and resultant 
turning motion in blue
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Appendix C: Details of robophysical 
platform finite state machine

The robotic agent is equipped with a finite state machine 
(FSM) (Fig. 13) based on the testing environment described 
in the prior section. The robot follows instructions encoded 
by the FSM, in order to excavate material, transport it to the 
deposition site, locate an existing deposit, and return to the 
excavation site to repeat the process. The transitions between 
behaviors are governed by environmental cues, which are 
detected by sensors as described in Section Appendix A. 
Turning is initiated after successful excavation or deposi-
tion and is only stopped once the RGB sensor detects a local 
maximum in the desired color value. Once the robot is mov-
ing towards the excavation site (blue), it will begin the exca-
vation procedure until it detects that material has remained 
within its jaws.

While the robot is moving to deposit, it takes a picture 
using the ArduCAM and searches for a pile by counting the 
number of “dark” pixels (below a threshold) that exist in a 
column, for which two disconnected “bright” regions (max-
imum intensity) are also present. The robot then chooses 
the largest group of connected columns within an image. 
This method amounts to looking for the two LED strips that 
define the excavation site (the bright regions) and searching 
for shadows (dark pixels) that correspond to piles of staples 
(Fig. 12C). The robot then turns towards the largest group 

sensing. The ArduCAM provides long-range sensing in the 
form of 320x240 monochrome images, which allows for 
basic vision methods that can detect piles over 10  cm in 
front of the robot. Overall, these sensors allow the agent to 
reliably locomote in obstacle laden scenarios and respond 
to environmental signals in the form of color or material 
deposits.

Appendix B: Details of robophysical 
platform experimental setup

To explore strategies for manipulating and transporting 
cohesive material, we construct an arena (length = 1.8 m, 
width = 1.2 m) with colored lights serving as environmen-
tal signals to guide the robot (Fig. 12A). The excavation 
and deposition areas are denoted with blue and red lights, 
respectively, and the arena is enclosed with blackout cur-
tains to avoid outside interference. IR webcams provide an 
overhead view and a close-up view of the excavation area 
(Fig. 12B1 and B2). Each trial begins with an initial seed 
pile that the agent detects. The robot then deposits mate-
rial over the next 2 hours, after which the trial ends and we 
weigh the total amount of material transported.

Fig. 12  A Side view of the testing 
arena with colored lights. The 
excavation site, with a staple pile 
covering its base, is lit with blue 
LEDs; the designated deposit wall 
is lit with red LEDs. The initial 
seed pile is situated along the 
deposit wall. B1-2 Images from 
the ceiling and front night-vision 
camera. C Images taken by the 
ArduCAM which are used to detect 
existing piles
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the excavation site, thus completing one cycle of material 
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