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Abstract— Group food retrieval in some ant species serves as
a useful paradigm for multi-robot collective transport strategies
that are decentralized, scalable, and do not require a priori
information about the payload. We investigate this phenomenon
in Aphaenogaster cockerelli in order to extract the ants’ roles
during transport, the rules that govern their actions, and the
individual forces that they apply to guide a food item to their
nest. To measure these forces, we designed and fabricated elastic
structures with calibrated stiffness properties, induced ants to re-
trieve the structures, and tracked the resulting deformations with
a camera. We then developed a hybrid system model of the ant
behaviors that were observed in the experiments. We conducted
simulations of the behavioral model that incorporate a quasi-
static model of planar manipulation with compliant attachment
points. Our simulations qualitatively replicate individual ant
activity as well as certain macroscopic features of the transport.

I. INTRODUCTION

While there are various approaches to cooperative robotic
manipulation, there are few decentralized approaches that are
applicable to large groups of mobile robots. Such approaches
can provide a greater degree of flexibility and robustness in
construction and manufacturing applications. Cooperative food
retrieval in ants is a striking example of a fully decentral-
ized manipulation strategy that is scalable in the number of
transporters and successful for a wide range of loads and
environments. This biological phenomenon offers inspiration
for the analogous problem in robotics: a group of robots is
tasked to manipulate an arbitrarily-shaped payload, which is
too heavy for a single robot to move, to a target destination
without a priori knowledge about the payload or obstacles in
the environment. The robots must rely on local sensing and no
explicit communication in order for the strategy to be scalable.

To extract the rules that govern ant transport behavior and
better understand the mechanisms of successful collective
transport, we study this phenomenon in Aphaenogaster cock-
erelli (Fig. 1), a monomorphic ant species that is common in
the deserts of the southwestern United States. To the authors’
knowledge, this is the first work that investigates the mechan-
ics of cooperative transport in ants. We fabricate elastic two-
dimensional structures that we use as vision-based ant force
sensors and videotape ant retrieval of the structures. Using
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Fig. 1. From left to right: A. cockerelli ants retrieving a piece of fig and an
elastic structure (springs are outlined for clarity), described in Section III-A,
and a SCARAB differential-drive robot [15] equipped with a single-actuator
gripper with passive compliance.

the video data, we quantitatively illustrate salient features of
ant transport, including the emergence of consensus. We then
develop a dynamic and behavioral model of ant transport in
a step toward implementation on robotic platforms such as
the one in Fig. 1. We validate the model by reproducing the
observed characteristics of transport through simulations.

II. LITERATURE REVIEW

A. Collective transport in ants

Group retrieval has evolved independently many times in the
ants, but it is developed to much higher levels in some species
than in others [6]. Groups can lift more weight per worker
than solitary carriers, enhancing the colony’s efficiency at food
collection. The small colonies of A. cockerelli are skillful at
group retrieval [5]. When a solitary forager finds an item too
large for her to move, she summons a team of nestmates
within a few minutes. They quickly make off with the food,
pre-empting competitors whose mass recruitment abilities and
greater aggression would otherwise allow them to displace the
relatively timid A. cockerelli.

Collective transport is a stigmergic process in the sense that
the medium of communication between ants is the progress
of the transport itself [22]. The tractive resistance of the prey
stimulates orientational and positional changes by the ants and
recruitment behavior [21], [23]. Transport has been observed
to consist of an “uncoordinated” phase in which ants arrive at
the prey, either by chance or via recruitment, and pull on it in
all directions, followed by a “coordinated” phase during which
a preferred direction emerges from the ants’ exertions and
transport occurs [12]. The phase transition has been attributed



to spatial rearrangements [16], a decrease in number of ants,
realignments and rotation of the prey [23], and tensions acting
as positive feedback when associated with success [12].

There has been some debate over the existence of coopera-
tion among ants during transport. On one hand, ants often ap-
pear to behave as though they were isolated, at times pulling on
the load in opposite directions. Indeed, they frequently exhibit
the same behaviors in solitary transport and group transport
[21], [23]. However, the concurrent behaviors of multiple ants
during group transport produces some cooperative features:
groups can move prey significantly faster [2], develop higher
mean power [23], and exert greater forces than single ants [21].
The consensus is that this apparent collaboration does not arise
from conscious deliberation, learning, or communication, but
is rather a juxtaposition of uncoordinated individual forces on
the prey with a strong component toward the nest, the common
destination of the ants [12].

B. Multi-robot transport systems

Many approaches to cooperative robotic manipulation rely
on centralized or leader/follower schemes that require knowl-
edge of the load geometry and possibly the contact forces
[17]. Several decentralized manipulation schemes have been
developed for motion and force control of a payload by a
fixed group of robots in an obstacle-free environment [8],
[13], [17], [20], [24]. Groups of two robots only were used
for experimental verification [8], [17], [24], and [8] requires
communication among platforms. Other decentralized multi-
robot transport approaches include object closure and caging,
which compose the robot behaviors of approach, surround, and
push in order to geometrically enclose and move an object in
a predictable manner [4], [19]. An ant-inspired decentralized
approach to multi-robot box pushing, in which robots switch
between simple behaviors in response to locally sensed cues,
is presented in [9].

III. ELASTIC VISION-BASED FORCE SENSOR

A. Design

Preliminary trials were conducted with plastic disks, which
were coated with fig paste to induce retrieval. A group of about
15 ants was able to transport a disk of mass m = 1.6 g and
diameter d = 4.6 cm. The ants were better at transport when
the perimeter of the disk had small tabs, measuring 2 mm long
and 0.5 mm wide, for their mandibles to grasp. More than 20
ants participated in carrying a larger disk, with m = 3.4 g and
d = 6.9 cm, although they were not as effective as the group
carrying the smaller disk.

Using these dimensions as guidelines, we developed and
tested several planar elastic structures. Each consisted of a
circular load ringed with several springs that were tipped with
thin tabs (see the labels on the structure in Fig. 2a). In all
of the structures, some ants gripped the springs themselves
rather than the tabs; however, their contributions to the spring
deflections did not seem significant since most ants gripped
the tabs and bars, which were smeared with fig paste.
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Fig. 2. (a) Elastic structure 2 with labels. (b) General pseudo-rigid-body model
of a spring on the structure (see Section III-D).

The first prototype (m = 1.3 g, d = 8.5 cm) was laser cut
from 0.75-mm-thick Lexan material. A group of 12-15 ants
carried the structure effectively, but they produced negligible
spring deformations, even when several ants pulled on one
spring. To obtain measurable deformations, we switched to
fabricating 3.2-mm-thick structures out of the soft material
polydimethylsiloxane, or PDMS (see Section III-B). We chose
PDMS for its mechanical compliance, manufacturability, and
biocompatibility [26]. When pulled by ants, a second prototype
(m = 2.6 g, d = 4.5 cm) and a structure we will call
structure 1 (m = 2.3 g, d = 6.1 cm) showed significant
spring deformations in the radial and tangential directions,
respectively, but not in both directions. For structure 2 (m =
1.6 g, d = 7.7 cm), we modified the spring geometry, shown in
Fig. 2b, to have more similar radial and tangential stiffnesses.
The lengths of the spring members in mm are l1 = 9.8,
l2 = l4 = 11.9, l3 = 5.6, l5 = 10.9, and the spring width
is h = 0.8 mm. Since the µ for PDMS is relatively large
regardless of surface, we chose to reduce this quantity in
structures 1 and 2 by applying DuPontTM Teflon R© tape to
the bottom of the loads.

B. Fabrication

The elastic structures were fabricated using the transfer
molding procedure shown in Fig. 3. The process started with
the fabrication of molds of the structure shape. The substrate
used for the mold was acrylic (Lucite International) because
of its strength, elasticity, and ease of manufacturing. A flatbed
laser cutter (Universal Laser Systems X-660) was used to cut
the negative structure features (Fig. 3a). Then the mold and a
5 cm × 5 cm glass plate were silanized by vapor deposition of
(tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane for 1h
at room temperature in a vacuum chamber, and the mold was
fixed on the glass plate.

The PDMS elastomer base (Dow Corning, MI) was poly-
merized by mixing 10:1 (w/w) ratio with curing agent. The
solution was stirred and degassed under vacuum for 20 min,
and the mold was filled with the viscous solution. Excess
solution was scraped off the surface of the mold with a clean
razor blade (Fig. 3b). The polymer was cured for 2h at 80◦C
on a hot plate (Fig 3c). Once cured, the structure (Fig. 2a)
was carefully removed with a pair of tweezers.



Fig. 3. Elastic structure fabrication process.

C. Calibration

The calibration setup uses a micro/macro manipulation ap-
paratus to create a lookup table of applied force vs. spring tip
displacement. The load of the structure is clamped to an acrylic
mount such that one spring is in the appropriate configuration.
This mount is attached to a motorized rotary stage (New
FocusTM), which is mounted on a H107 ProScanTMII xy stage
with 1 micron repeatability, step size of 5 microns, and travel
of 10.16 cm × 7.62 cm. A needle, which is attached to a load
cell (Transducer Techniques R©) in compression configuration
and allowed to rotate freely, is inserted into the bar at the tip
of the spring. Using an automated routine, the stage moves
to predetermined locations on a rectangular grid, and a force
measurement is taken using the load cell at each location. To
determine the radial spring force, the longitudinal axis of the
spring is aligned parallel to the axis of the load cell. After
the routine has swept the entire grid, the spring is returned
to its rest configuration and rotated with the rotary stage 90◦

clockwise so that its latitudinal axis is aligned with the load
cell in order to measure the tangential forces. Half of the
grid is swept in that configuration so that the load cell is in
compression. The spring is then rotated 180◦ counterclockwise
so that the other half of the grid is swept.

D. Model

We develop a simple model of the springs that can be used
to quickly estimate their radial and tangential stiffnesses and
to design a spring geometry with desired stiffness properties.
Since the springs consist of flexible members that can undergo
large deflections, we apply a pseudo-rigid-body model, which
describes the behavior of compliant mechanisms [7].

Fig. 2b shows the most general case of the spring model
for structure 2. Each member i is represented as a rigid
beam attached at a pin joint, where a torsional spring with
spring constant ki models the beam’s resistance to deflection.
Since the members are fixed-fixed segments, we define ki =
2γKθEI/lj [7], where j = 1 for i = 1 and j = 2 otherwise.
Here γ = 0.85, Kθ = 2.68, E is Young’s modulus, and I is
the moment of inertia of the beam. Let ∆θi be the angular
displacement of beam i from its undeflected configuration.
The moment at each pin joint is Ti = −kiΨik̂, where
Ψ1 = ∆θ1,Ψ2 = ∆θ2 − ∆θ1,Ψ3 = ∆θ2 − ∆θ3,Ψ4 =
∆θ4 −∆θ3,Ψ5 = ∆θ4 −∆θ5.

We define three cases of the applied force F in polar
coordinates, given in Table I. We use the principle of virtual
work to solve for the force-displacement relations. In each

TABLE I
SPRING MODEL PARAMETERS FOR DIFFERENT LOADING CONDITIONS

F θ1 θ2 θ3 θ4 θ5 I
1 Frer, θ = 0 0 θq 0 2π − θq 0 {2,...,5}
2 Fθeθ, θ ≥ 0 0 θq θq − π

2
θq + π θq − π

2
{2}

3 Fθeθ, θ < 0 θq θq + π
2

θq θq + 3π
2

θq {1}

case, we model the spring as a 1-DOF system with general-
ized coordinate θq and include a subset I of the torsional
springs, corresponding to members that display the most
noticeable compliance over the calibration displacement range.
We compare the force-displacement models to data from seven
calibration trials on the same spring. The calibrated forces are
obtained as x and y components and must be transformed into
Fr, Fθ beforehand. For cases 2 and 3, the Fθ measurements
are interpolated along the circles (x− l1)2 + y2 = (l3 + l5)2

and x2 + y2 = (l1 + l3 + l5)2, respectively.
1) Case 1: Let r denote the spring displacement from its

undeformed state. We solve for Fr in terms of θ2, which is
related to r geometrically:

Fr =
π/2− θ2

2l2 sin(θ2)

5∑
i=2

ki, θ2 = cos−1

(
r

2l2

)
. (1)

Using calibration data, the least squares estimate of E is
1.66 MPa, which is within the typical range for PDMS (360
kPa to ∼3 MPa) [1]. Fig. 4a shows that equation (1) closely
matches the calibration curve.

2) Case 2: We solve for Fθ in terms of θ2. Then from
l1 + (l3 + l5) sin θ2 = z cos θ, where z = ||z||:

Fθ =
k2

z − l1 cos θ
cos−1

(
z cos θ − l1
l3 + l5

)
, θ ≥ 0. (2)

As Fig. 4b shows, equation (2) matches the averaged calibra-
tion data fairly well. Note that the measured Fθ has much
greater variability than Fr.

3) Case 3: We solve for Fθ in terms of θ1, which due to
the constraints on the other members is equal to θ:

Fθ = k1θ/z, θ < 0. (3)

Fig. 4b shows that the model underestimates |Fθ| in this
case. A closer fit to the data can be achieved by multiplying
k1 by 5, as shown by the light dashed plot.

IV. EXPERIMENTS

A. Video recording of group retrieval

Experiments were performed in A. cockerelli’s natural Sono-
ran desert environment in South Mountain Park, Phoenix,
Arizona. Ants were induced to retrieve an elastic structure
placed approximately one meter from an active nest entrance.
The tabs at the ends of the springs were made attractive to the
ants by smearing them with fig paste. The structure was placed
on a flat wooden board (50 cm × 40 cm) lined with ivory copy
paper. This provided a smooth surface across which the ants
could drag the structure, as well as a featureless background
to aid in automated video tracking. A high definition video
camera (Panasonic HVX200 or Canon HG20) was fixed above
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Fig. 4. Experimental and theoretical force-displacement curves: (a) case 1, (b)
cases 2 and 3. Measurements are averaged over seven calibration trials. Error
bars show standard deviations.

the structure on the vertical post of a copy stand. Its field of
view encompassed a region of about 35 cm × 20 cm. A screen
blocked direct sunlight from this region, to avoid shadows that
could hinder video tracking. Fig baits in the vicinity of the
structure were used to attract foragers. Once an ant discovered
the structure, she soon initiated recruitment after unsuccessful
attempts at moving it herself. A group of four to six ants then
cooperated to move the structure toward the nest.

B. Video data image processing

In order to extract the structure configuration and the spring
deformations from the video recordings of the transport, we
tracked certain features of the structure, including the load
and the tips of the springs. We covered the load with a black
circular label marked with a small white circle offset from
the center. Using Swistrack [14], a general purpose vision
processing software, we used thresholding and blob detection
to label and track the load center and the dot. The load
orientation was obtained by comparing the relative position
of the centers of the dot and the load. The bar on each spring
was marked with a red, blue, or green label and was tracked
using similar methods. We calculated the deformation of a
spring from the position of its label, the load pose, and other
geometric quantities.

C. Results

1) Mechanics of transport: We found that typical structure
inertial forces were on the order of 10−4 mN, which was
negligible compared to the friction force on the structures,
µmg = 22 mN, where µ = 1.4 was measured from inclined
plane tests with the structures. This indicates that the struc-
tures undergo quasi-static motion. The structures were often

observed to move by stick-slip, which resulted in noisy data
on load speed, vl. The average ant force ||Fi|| was calculated
to be 10.5± 5.0 mN (sample size n = 10906); 99.1% of the
samples did not exceed 30.0 mN.

2) Cooperative features of transport: Fig. 6 and 8 show
snapshots of recorded transports with structures 1 and 2,
respectively, as well as the evolution of the load configuration
over both trials. Fig. 5 shows the linear and angular speeds
of the load over time for the trial in Fig. 6. Fig. 7 displays
the sum of the ant interaction forces [10] for the trial in Fig.
8, each defined as the projection of the difference in forces
applied by two ants onto their relative position vector:

||Fintij || = (Fi − Fj) · (ri − rj)/||ri − rj || . (4)

This quantity is a measure of the degree of cooperation be-
tween two ants; it is zero when ants are perfectly cooperating.

We see evidence of an initial transport phase of low coordi-
nation among the ants followed by a more highly coordinated
phase, as has been documented in the literature on group
transport in ants (see Section II-A). Fig. 5 shows that structure
1 initially moves slowly on average, and then its speed sharply
increases to significantly higher values at t = 68 s. As
Fig. 6 reveals, the transition between these phases of speed
is initiated by the ants’ reorientation of the structure a few
degrees counterclockwise. The trial with structure 2 indicates
that the phases can also be characterized in terms of the sum
of the interaction forces, with the transition occurring as a
sizable reduction in this quantity. Fig. 7 shows that this sum
decreases to about half its initial value on average after t = 32
s. From the snapshots in Fig. 8, this increase in cooperation
is apparent in the reorientation of the ants to pull with larger
force components toward the nest during the second phase.

3) Load speed saturation with increased group size: Fig.
9 shows that three ants are needed to move structure 2, and
that when more than five ants participate in transport, there
is on average no increase in the load speed. This is due
to increased interference between ants during transport with
higher populations.

V. SIMULATION OF COOPERATIVE MANIPULATION

In order to simulate realistic motions of the elastic structures
that are caused by the ants, we use a planar manipulation
model that predicts the motion of an object similar in con-
struction to the structures. In developing the model, we assume
quasi-static motion, which was justified experimentally in
Section IV-C.1. In addition, we require that friction forces
on the springs exceed the spring restorative forces so that a
deformed spring cannot, in the absence of ants, cause the entire
structure to move.

The simulated object and its associated notation is shown in
Fig. 10. The position and orientation of a reference frame Ob
that is fixed to the load is (x, y, θ) in an inertial frame Ow. For
each spring j ∈ {1, ..., J}, we define a frame Rj at (xRj

, yRj
),

a point along the arc where the spring is attached to the load,
and a frame Pj at (xPj

, yPj
), a point at the tip of the spring.

The orientation of Rj in frame Ow is denoted by θRj , and
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the orientation of Pj is θPj
, which is set to the orientation of

frame Ow. We define a homogeneous transformation matrix

A(x, y, θ) =

cos θ − sin θ x
sin θ cos θ y

0 0 1

 . (5)

Then we can represent the configurations just described as
OwAOb

≡ A(x, y, θ), OwARj
≡ A(xRj

, yRj
, θRj

), and
OwAPj

≡ A(xPj
, yPj

, θPj
).

Using the notation in [18], we define the load twist in the
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inertial frame as

ξ̂load = OwA−1
Ob

OwȦOb
(6)

or in terms of the vector

ξload =
[
ẋ ẏ θ̇

]T
. (7)

Similarly, we can define the displacement of frame Pj from
its undeformed configuration in the frame Rj :

RjAPj
= OwA−1

Rj

OwAPj
, (8)

ξ̂sp,j = RjA−1
Pj

RjȦPj
. (9)

We model each spring j as a composition of an extension
spring and a rotary spring, resulting in a wrench wj in the
frame Rj with the following form:

Fj = −κτθsp,j
l

[
− sin(θPj+ θ)
cos(θPj

+ θ)

]
− κρ(l − lo)

[
cos(θPj+ θ)
sin(θPj

+ θ)

]
wj =

[
Fj

xsp,jFj,y − ysp,jFj,x

]
, (10)

where l = (x2
sp,j + y2

sp,j)
1/2 is the deformed length of the

spring, l0 is the free length of the spring, κτ is the rotational
torque constant, and κρ is the extension spring constant.



1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6x 10 3

*

Number of transporting ants, NT

v
l
(m

/s
)

Fig. 9. Average load speed vs. transport group size in the experimental trials
with structure 2 (dark gray bars) and simulation trials (light gray bars), which
are described in Section VII. Error bars show standard deviations. Experiment
sample sizes for NT = 4 − 9 are n = 561, 453, 4154, 2448, 1866, 182;
data for NT = 1 − 3 were obtained manually, and ∗ indicates that no data
were available. Simulation sample sizes for NT = 1− 10 are n = 1186594,
19971, 50522, 36362, 35459, 4956, 17700, 38777, 46289, 19234.

x 
x 

x 

x y 

O 

i

w 

θ

θn

nR(      )

R(     )n

F

(x  , y ) 

P 

R 

S 

S 

S 
y 

y 

y 

i

r

r

r

i

i

i

i

j

j

3

1

2

i

O b 

(x, y) 

ββ
β

β
β

π+β

π-β

π+β

2

222

2

___

___

___

-

Fig. 10. Notation used in Sections V and VI for a simulated elastic structure
with a transporting ant (two springs are shown).

To model friction, we use a finite support point approach
similar to the one in [3]. We assume that the object is
supported by three support points Si, i = 1, 2, 3, whose
coordinates are (xS,i, yS,i) in frame Ob. The friction forces
λt comprise an unknown 6× 1 vector:

λt = [λt,1 λt,2 λt,3]T , λt,i = [λt,i,x λt,i,y]. (11)

The friction cone at the ith support point with a known normal
force λn,i is denoted by FCi and is defined by Coulomb
friction: 0 ≤ ‖λt,i‖ ≤ µλn,i. We can write the 2× 1 velocity
vector of the support point for a load twist as:

vt,i =
[
1 0 −yS,i
0 1 xS,i

]
ξload ≡ Bi ξload. (12)

From Coulomb’s law, the friction forces are equal to µλn,i
and are opposite to the direction of slip, except if the slip is
zero, in which case the magnitude is indeterminate. This can
be written explicitly as:

λ t,i(ξload) ∈ arg min
λ i∈FCi

vt,i(ξload)Tλ i (13)

or in aggregate form,

λ t(ξload) ∈ arg min
λ i∈FCi

ξTloadB
Tλ, (14)

where BT = [BT
1 BT

2 BT
3 ].

We can determine the motion of the load by solving the
following max-min problem,

maximize
ξload∈Σ

minimize
λ t,i∈FCi

L(ξ, λ t) (15)

where L is the instantaneous power from the friction forces
and the wrenches caused by the spring deformations:

L(ξ, λ t) = ξTloadB
Tλ t +

J∑
j=1

ξTsp,jwj . (16)

VI. BEHAVIORAL MODEL

We developed a model of the ant transport behavior from
qualitative observations of the videos of transport trials. The
transport strategy is represented as a hybrid system with
probabilistic transitions between task modes. Fig. 10 illustrates
the notation that we use in describing the model.

We consider a population of N ants, each represented as a
point-mass agent governed by a kinematic model,

q̇i = ui (17)

where qi = [ri θi]T = [xi yi θi]T denotes the position of
a point associated with ant i and the ant’s orientation, both
in the inertial frame, and ui = [uxi u

y
i u

θ
i ]
T is the vector of

control inputs.
We model the ants as switching between two behavioral

modes, each corresponding to a different ui. In the behavior
Search for grasp point, an ant i moves toward the structure
in search of a protrusion to latch onto with its mandibles.
If the outermost tip of a spring enters the sensing range of
the ant and the spring is not already occupied by another
ant, the ant latches onto the spring with probability p1. Once
attached, the ant is in the Transport mode and pulls on the
spring in a manner that directs the structure toward its estimate
of the nest. The ant reverts to mode Search for grasp point
with a probability per time step p2,i(t), which is defined as a
sigmoid function of the magnitude of the force Fi(t) that the
ant applies to the spring at time t:

p2,i(t) =
(

1 + e−ζ(||Fi(t)||−0.5Fm)
)−1

, (18)

where Fm is a force close to the maximum force that the
ant can apply and ζ > 1. We chose a sigmoid function to
reflect the ants’ tendencies to release the spring more often
at large deflections and to occasionally lose their grip or lose
interest even at low deflections. The ants stop moving when
||r − rn|| ≤ ρ, where r = [x y]T and rn = [xn yn]T , the
position of the nest, for some small constant ρ.

A. Search for grasp point

We define vi and ωi as the forward linear and angular
speeds, respectively, of ant i. An ant’s estimates of the
structure position (x, y), given by (x̂, ŷ), are defined as values
of the random variables X̂ ∼ N (x, σ2) and Ŷ ∼ N (y, σ2),
where σ2 is a specified variance. These values are updated at
each time step. The ant’s desired orientation θdi is defined as



the angle of the vector from (xi, yi) to (x̂, ŷ). A proportional
controller is used to steer the ant’s orientation to θdi :

ωi = keθi , eθi = (θdi − θi) ∈ [−π, π] . (19)

A feedback linearization scheme is used to relate vi and ωi
to the linear velocities of (xi, yi). Hence the control inputs areuxiuyi

uθi

 =

 cos θi −r sin θi
sin θi r cos θi

0 1

[vi
ωi

]
, (20)

where r is a small offset distance along the longitudinal axis
of the ant.

B. Transport

An ant i in this mode is grasping the tip of spring j. The
ant pulls on its attachment point, whose coordinates are given
by (xi, yi) = (xPj , yPj ), with a force Fi. Let nfi be the unit
vector in the direction of this force. Also define nni as the unit
vector from (xi, yi) toward the nest coordinates, (xn, yn), and
nri as the unit vector from (xRj

, yRj
), to (xi, yi). The angles

of these vectors in the inertial frame are θi + π, θni , and θri ,
respectively. To navigate to their nest (i.e., determine θni ), ants
use visual landmarks and path integration with celestial cues
as a compass [25].

We observed that an ant grasping a spring will attempt to
rotate the load into an orientation in which the ant can pull
it while walking backward toward the nest. To emulate this
behavior, which has also been noted in [23], we specify that
at each time t, the ant can begin to reorient itself to any angle
between θmini (t) = θri (t)−β and θmaxi (t) = θri (t)+β, where
β ≤ π/2. Similarly to equation (19), a proportional controller
steers θi:

ωi = keθi , eθi = (θdi − (θi + π)) ∈ [−π, π] . (21)

Fig. 10 illustrates a division of the plane into three regions
that are bounded by light dashed lines; in the diagram, R(θ)
is the 2D rotation matrix. The desired orientation θdi at a given
time depends on which of the regions contains nni :

θdi =


θni if nri · nni ≥ cosβ

θmaxi if R(π+β
2 )nri · nni ≥ cos π−β2

θmini if R(−π+β
2 )nri · nni ≥ cos π−β2

(22)

The control inputs are defined as follows:

ui = [−vi cos θi − vi sin θi ωi]
T
. (23)

VII. COLLECTIVE TRANSPORT SIMULATION

We simulated transport scenarios with different numbers of
ants and springs on the elastic structure. The configurations
of the structure and the ants are updated at each time step
using the dynamic manipulation model in Section V and the
behavioral model in Section VI. The simulated structure has
the dimensions and weight of structure 2, with spring constants
κτ = 4.52 × 10−4 Nm

rad and κρ = 0.664 N
m obtained from the

spring model in Section III-D. We selected p1 = 0.2 and β =
60◦ to emulate the observed ant behavior and Fm = 20 mN

to achieve maximum ant forces near the experimental value
of ∼ 30 mN (see Section IV-C.1). We also set k = 10 s−1,
r = 2 mm, ζ = 100, and σ2 = 0.01. The ants initially have
uniformly randomly distributed positions and orientations. All
ants start in Search for grasp point mode, in which they move
at vi = 0.08 m/s, which was estimated from video data. The
nest is located at (0.2 m, -0.17 m).

Fig. 12 shows snapshots of a simulation with four ants and
four springs and the resulting load trajectory and orientation,
and Fig. 11 gives the corresponding load speeds and sum of
interaction forces over time. We also conducted trials with one
ant/one spring, five ants/ten springs, and ten ants/ten springs.
In the simulations, the average ant force ||Fi|| was 5.0± 5.1
mN and the maximum force was 36.5 mN (sample size n =
520057), which are comparable to the experimental values.
The interaction force sum in Fig. 11 varies over a similar
range to the sum in Fig. 7. Fig. 9 shows that the simulations
produced average vl that were fairly close to the observed
vl for NT = 3 − 9. In addition, the figure illustrates that
the simulations reproduce the effect of diminishing increases
in average vl with larger transport populations, although the
speed may not have saturated yet at NT = 10.

The simulations replicate not only the successful transport
of the structure to the nest, as shown by the trajectory in Fig.
12, but also the distinctive property of a phase transition to a
higher degree of coordination among individuals. The speed vl
in Fig. 11 displays a similar trend to the experimental vl in Fig.
5: a phase of low average speed with relatively small peaks
is followed by a phase of increased speed. In the simulation,
this transition is also marked by increased angular rotation
of the load, as shown by the plot of ωl. While the sum of
the interaction forces in Fig. 11 does not obviously signal the
phase change as it does in Fig. 7, it displays a sharp reduction
around t = 83 s that coincides with the jump in vl. The
snapshots in Fig. 12 show that the the transporting ants are
arranged in a less cooperative pose in the first phase than in
the second, as occurs in the snapshots of the experiments.

VIII. CONCLUSION

We have presented a study of the mechanics of cooperative
prey retrieval in A. cockerelli ants based on experimental
trials with vision-based force sensors. The data show that
this distributed transport system is characterized by an initial
disordered phase that transitions to a coordinated phase of in-
creased load speed and a higher degree of cooperation among
the transporters, as well as a plateau in the progress of the
task after a threshold population is reached. We developed a
quasi-static dynamic manipulation model and an ant behavioral
model based on observations and incorporated these models
into a simulation that replicates the experimental phenomena.

In future work, we would like to conduct further ex-
periments to extract the ants’ changing roles, examine the
mechanics of lifting during transport, and investigate the role
of sustained interaction forces in helping to avoid obstacles and
overcome deadlocks. Another objective is the implementation
of the ant-like cooperative transport strategies on the robots in
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time for the simulated trial in Fig. 12. Vertical lines indicate the times of the
snapshots.
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Fig. 12. Snapshots of simulated ant transport (top two plots); load position
and orientation (bottom). In the top two plots, ants that are attached to the
tips of the springs are in Transport mode, the other ants are in Search for
grasp point mode, and the nest is indicated by the circle at (0.2 m, -0.17 m).

Fig. 1. The dynamic manipulation model has been adapted
to these robots and validated in [11]. The implementation
will require decentralized approaches for locating attachment
points on an object, such as through a vision-based method;
grasping these points firmly; agreeing on the target destination
through a consensus algorithm if it is not preprogrammed;
and navigating toward this location while avoiding obstacles
and other robots. While ants can sidestep, the robots are
nonholonomic and so they cannot imitate these maneuvers,
which must be taken into account in their motion control.
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