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Abstract— Assembly of large structures requires large fixtures, often referred to as monuments. Their cost and massive
size limit flexibility and scalability of the manufacturing process.
Numerous small mobile robots can replace these large structures and, therefore, replicate the efficiency of the assembly
line with far more flexibility. An assembly line made up of
mobile manipulators can easily and rapidly be reconfigured to
support scalability and a varied product mix, while allowing for
near optimal resource assignment. The challenge to using small
robots in place of monuments is making their joint behavior
precise enough to accomplish the task and efficient enough to
execute subtasks in a reasonable period of time. In this paper,
we describe a set of techniques that we combine to achieve
the necessary precision and overall efficiency to build a large
structure. We describe and demonstrate these techniques in
the context of a testbed we implemented for assembling a wing
ladder.

I. I NTRODUCTION
A popular approach in industry for assembling largescale structures is to establish assembly lines that use large,
mounted fixtures to provide precise positioning of parts,
relative both to other parts and to the tools used in the
assembly. While these lines are efficient, the permanence
of these fixtures requires costly infrastructure and results
in an assembly space that is not adaptable to changes in
demand for different product lines. In addition, the lines are
vulnerable to issues that arise during assembly and frequently
result in the entire line being delayed until they can be
resolved. To address these drawbacks, we are investigating a
new approach to assembly where the fixtures and the tooling
are all onboard coordinated mobile robots. The mobility of
the robots allows for rapid reconfiguration of the assembly
space, which means better adaptability to meet changing
product demand and the ability to work around line issues.
The primary challenge to replacing mounted fixtures with
tooling on small mobile robots is achieving the precision
required to reliably assemble the products. Positioning the
mobile robots and the parts to millimeter accuracy is difficult
due to the uncertainty in both the environment and the
controllers of the robots. In addition, complex coordination
is needed to get the robots, the parts, and the tools at the
right place at the right time for each step in the assembly.
We have built a demonstration facility to explore the
efficacy of assembling large structures with a number of
heterogeneous mobile robots. We have developed a sequence
of coordinated behaviors that accomplishes an example
assembly task by combining four component techniques:
i) mobile manipulator hardware design, ii) fixture-free positioning, iii) multi-robot coordination, and iv) real-time
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dynamic scheduling. In this paper, we present each of these
techniques, describe how they contribute to the precision and
efficiency of assembly, and discuss how the techniques can
be sequenced to achieve precise, efficient assembly of largescale structures.
The long-term goal of this work is to create a rigorous
framework for rationally sequencing these techniques to
achieve the necessary precision for assembly in the most
efficient sequence (see Figure ??) . After working through
the details of our current multi-robot assembly example, we
propose a generalized framework to accomplish similar tasks
that employs a “funnel” [12] or sequential composition [1]
concept in which multiple controllers are sequenced together
to mitigate uncertainty.
II. R ELATED W ORK
Assembly planners create a graph [26], [27] that encodes
the order of motion operations and the geometric constraints
ensuring that each motion can be executed. Typically, the part
must move in contact with other parts in the subassembly,
so an assembly can be viewed as a sequence of compliant
motions [13] where a transition from one compliant motion
to another occurs at a change in contact state. Often, a
planner uses a graph, called a contact state graph, as well
as knowledge of the parts’ geometries to determine the
sequence. [11], [14], [6]. Much effort has been dedicated
to automatically generating the contact state graph [7], [15],
[28].
Regardless of the choice of sequence planner, the overall
system must be able to accurately align the part for final
assembly, which is often quite difficult when the part’s pose
has uncertainty. Here, compliant motions can be used to
minimize this uncertainty through a sequence of compliant
motions [12], [17]. In our work, we use compliance (i.e.,
springs) to achieve compliant and force-controlled execution
and assist in part localization. Previous work has used passive
compliance to account for misalignment between a robot and
task constraints [24]. Series elastic actuators [18] introduced
compliance to reduce shock loads and enhance force control
accuracy and stability. We have found from our previous
research that passively compliant mechanisms can improve
precision without losing performance. If a part contacts a
structure prematurely, it will comply to the shape of the
contact area without causing damage. By taking advantage
of known features in a given structure, passive compliance
is both a precise and fast operation to position a part.
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Our work to date has assumed the existence of a hierarchical assembly planning graph, and this process description,
which dictates both the order in which parts should arrive
for assembly and the coordinated sequence of actions that
must be carried out to successfully join specific parts, has
driven the design characteristics of the robots required to
execute assembly subsequences. The robots that we created
are sometimes referred to as mobile manipulators because
they combine aspects of both mobile robots and manipulator
mechanisms [22]. While some systems [9] use multiple
mobile manipulators to manipulate a single object, we are
not aware of a multi-mobile manipulator system that was
designed for assembly. As such, prior multi-robot mobile
manipulators typically assume that all poses of the robot is
known at all times, at least with respect the mobile bases.
We believe new mobile manipulators must be created
because existing systems either contain more degrees of
freedom than necessary or lack the payload to carry out the
assembly task. This is because mobile manipulators were
not originally conceived to carry out coordinated assembly.
To design these new systems, our work is inspired by i)
the tool-design for assembly work [25], which developed
a tool representation that includes the tool’s use-volume,
i.e., the minimum space that must be free in an assembly
to apply the tool, and ii) [5], which presented a detailed
approach for modeling tools, selecting tools, and generating
tool movements. Their work allowed tools to be modeled as
articulated devices.
III. M ODULAR M OBILE M ANIPULATOR ROBOT S YSTEM
The work described in this paper uses assembly of airplane
wings as a motivating application, but we believe the ideas
are general to assembly of many large structures such as
ships, large construction vehicles, and trains. To date, we
have focused on two tasks: coordination of two robots to
insert ribs into a partially-assembled wing ladder and sensorbased coordinated motion of two robots to carry a flexible
skin panel. The rib-insertion task and larger ladder assembly
process (the focus of this paper) involve moving ribs (the
cross-wise pieces) into place between two spars (the long
length-wise pieces). In our testbed, the spars are 10 feet long
and accommodate 5 ribs; the ribs vary in length (the spars are
not parallel) but average about 3.5 feet and weigh about 20
pounds. The spars have L-brackets spaced every two feet, to
which the ribs need to be attached. There are three 3/8 inch
diameter holes on either end of the rib that must be aligned
with corresponding holes on the L-bracket. The alignment
tolerance is about a millimeter.
The robots are 30-inch diameter, 3-wheeled omnidirectional bases, designed at CMU. Each robot carries a manipulator module specialized for the role it plays in the assembly
task (examples of these mobile manipulators can be seen in
Figures 1, 2, 3, and 4). The bases, which have payloads
of several hundred pounds, all have on-board computation,
communications, sensors, and power to support themselves
and the manipulator modules they carry. Sensors used in

Fig. 1. The yellow spars support the black ribs forming the ladder. Here,
a rib-carrying robot is bringing a rib into its final position.

Fig. 2.

Omnibases

the current system include accelerometers, cameras, lasers,
potentiometers and limit switches.
The behaviors, algorithms, and framework developed to
support the rib-insertion task is the focus of the rest of
this paper. The task begins by having the rib-carrier robot
approach the end of the wing ladder assembly, carrying a rib
length-wise (Figure 1). The robot rotates to enable it to move
between the spars with sufficient clearance. Concurrently,
the spar-catcher robot aligns a temporary fixture (Figure 3)
with the spar cap and then slides along the spar cap until
it detects the L-bracket (via a limit switch), at which point
it engages a brake to provide a rigid target for the rib. The
rib carrier then approaches the target using a guarded move,
i.e., a move that stops when the “guard” is triggered. The
“guard” sensor is an accelerometer attached to the target.
The accelerometer signal is processed by the spar-catcher
robot, which communicates with the rib carrier to trigger
the “guard.” Passive compliance is used to handle the small
amount of movement after contact, due to latency caused by
the signal processing and communications.
Having hit the target, the system uses a camera mounted on
the rib carrier to determine where the rib is along the target
(by calculating the percentage of the target not obscured by
the rib). The rib carrier backs up a few centimeters, rotates to
point at the corner where the L-bracket meets the spar, and
then drives towards that point until, once again, the targetmounted accelerometer indicates that contact has been made.
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Fig. 3.
Spar catcher, on the other occluded side of the yellow spar, is
about to engage with the sparcap in order to register the black and green
feature against the L-bracket in the spar.

Fig. 4.

The rib carrier then moves in an arc to “close the door,”
stopping when a limit switch on the target is contacted, which
indicates that both ends of the rib are now flush with the Lbrackets. Again, the passive compliance in the rib carrier
module (aluminum disks below the rib carrying mechanism
in Figure 1) enables the system to compensate for small
amounts of overshoot.
Finally, the system aligns the holes in the rib and Lbracket. Two cameras mounted on the spar catcher head
provide high-resolution images of two of the holes in the
L-bracket. The system collects background images of the
holes prior to the arrival of the rib carrier and compares them
against images taken with the rib in place to determine the
degree and direction of overlap between the bracket holes
and the rib holes. The data from both images are used
to determine how to move a 4-bar linkage that supports
the rib (Figure 4) in order to reduce the overlap. This
servoing continues until the holes are adequately aligned,
at which point a person can insert cleco fasteners without
any resistance. The robot then lowers the tooling that holds
the rib (which mechanically unlocks the fingers that hold the
rib in place), and it drives out of the wing ladder to receive
another rib and begin the task anew.
The broader problem of moving parts (ribs and spars) by
robots from storage areas to assembly stations to achieve
an efficient overall ladder assembly process is considered
in simulation (Figure 5). Movement tasks are dynamically
allocated to robots as assembly of wing ladders proceeds at
multiple assembly stations. Robot movements are scheduled
so that parts arrive just in time to support their insertion, thus
minimizing overall assembly time while also minimizing
traffic congestion.
The rib insertion assembly sequence and broader ladder
assembly process combines the four component techniques
presented in the introduction. Global and relative positioning
is used to move the robots into positions where they are ready
to begin the assembly task. The temporary fixture and the
robot compliance that are used in the guarded move step employ both passively compliant hardware and actively compliant sensing and control. The execution of the individual steps
and the logic to switch between them represent intelligent
behavior assembly strategies. Component behavior assembly

Fig. 5.

Final visual servoing step to align holes.

Simulation of the broader ladder assembly process.

strategies are assigned to robot teams and coordinated in
space and time using real-time, dynamic scheduling. Starting
with the mechanical components, each of these techniques
is described in more detail in the following sections.
A. Mechanism Design: Mechanical Features and Passive
Compliant Devices
1) Omni Robot Bases (PF3-30): Each mobile manipulator
is built upon the same mobile base. The bases are 30 inches
in diameter and are driven by three omni-directional wheels
that can currently carry up to 300 pounds each. Omnidirectional robot are needed because the mobile manipulators
require enhanced maneuverability in tight spaces as the
assembly is being formed. Each robot base is divided into
four distinct layers: (1) the motor controllers and power
modules including lithium batteries, (2) the computational
layer, which is based on high speed Intel quad-i7 CPUs, (3)
network connections and sensor preprocessing modules, and
(4) task-specific tooling. The first two layers are common
among all of the robots, while the third and fourth layers
are customized according to the assigned role of a particular
robot.
In addition to this layered robot architecture, there are several hardware extensions that are used for global localization.
This localization hardware consists of a sensor package and
a fiducial harness designed to be easily sensed by a matching
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Fig. 6.

Spar catcher.

sensor package on the other robots. The current localization
hardware is identical between robots, allowing us to use a
single harness design, but the system can be extended to
support any number of different harnesses. The details of
the harness and sensor package are the following:
a) Fiducial Harness: The fiducial harness is a set of panels
mounted to the robot to form a hexagonal profile. A
hexagonal profile was chosen as a compromise between
maximizing the number of distinct corners and flat edges
viewable at a time, while minimizing wasted space on the
round PF3-30. A unique AprilTag [16] fiducial is mounted
on each flat segment of the harness for each robot.
b) Sensor Package: The sensor package comprises planar
laser rangefinders and cameras. We use one Hokuyo
UTM-30LX (270◦ FOV) planar laser rangefinders and
one Microsoft LifeCam USB webcam (70◦ FOV), though
this number could be increased for greater sensing coverage. The sensors are mounted at the corners of the
fiducial harness hexagon, with unfilled sensor mount
points occupied by sensor dummies to avoid gaps in the
profile. Assuming that the environment has relatively flat
floors, the sensor package senses the horizontal profile
of each robot at the elevation of the fiducial harness.
Feedback from the PF3-30’s wheel encoders are also used
in the localization system.
2) Spar Catcher: The spar catcher is a PF3-30 base on
which is mounted a long compliant arm and a compliant
gripper coupled with a complex fixture and sensor package
(Figure 3). In essence, this robot is an intelligent hook that
can blindly attach itself to a spar and then align itself by
several simple discrete motions: (1) pull back to square up
gripper under compliance, (2) move left to contact assembly
feature, and (3) lock position with a braking mechanism.
The main role of the spar catcher is to emplace a temporary fixture (called a “rib target”) that is used to help position
the rib. The spar catcher also acts as a sensor platform to
detect ribs when they approach and assist in the final visualservoing alignment step.

3) Rib Carrier: The rib carrier is a PF3-30 base on which
is mounted a compliant rotary table that provides softness in
the yaw dimension of a gripped rib. In turn, the table is
connected by four compliant springs to provide softness in
the two remaining degrees of orientation (pitch and roll).
With this arrangement of compliant members, the rib
carrier can both manage and account for uncertainties in the
flatness of the manufacturing floor and the relative flatness of
the spars and the to-be assembled rib. However, the greatest
range of compliant motion is in the rotary table, which
manages and accounts for potentially gross uncertainty in
the robot’s orientation relative to the targeted assembly. If
the robot is misoriented, the rotary table simply winds up
under contact and measures the mis-orientation for corrective
motions.
The rib carrier also includes an active four-bar linkage,
driven by three motors (Figure 4) to do very fine positioning
of the ribs. Two of the motors lift and orient the rib (in the
plane of the rib), while the third motor is used to move the
rib side-to-side.

B. Fixture-free Positioning: Relative and Global Positioning
Robots cooperatively carrying large components cannot be
localized with overhead vision systems due to occlusion, and
the density of robots near the workspace may make it difficult
for robots to localize using environmental landmarks. Instead, we opt for an “environment-agnostic” approach where
robots sense only other robots. In our approach, robots collect
sensor data and process it onboard to identify and track
neighboring robots. The resulting relative pose estimates are
sent to a central server, where they are assembled into a pose
graph that is optimized to generate a consistent estimate of
all robot poses in a common global coordinate frame.
Data from the laser scanner and camera pass through
various stages and produce relative position measurements to
detected fiducial harnesses, which are fused in a local EKF
to produce a relative pose measurement for each observed
robot. AprilTag software1 is used to identify and measure
relative poses to AprilTag fiducials fixed to the fiducial
harnesses. Laser scanner point clouds are segmented, and
iterative closest point (ICP) scan matching is used to attempt
to fit segments to the known horizontal geometry of the
fiducial harness. When sufficient matches are found, ICP
also provides a relative pose measurement of the observed
robot. Laser and camera pose measurements are fused with
robot odometry in a local EKF, providing single relative pose
estimate for each observed robot. The estimates are sent to a
central server along with odometry information where they
are combined with relative pose estimates and odometry from
other robots to form a multi-robot pose graph as shown in
Figure 8. Globally consistent pose estimates for all robots are
generated using the g2o graph optimization package [10].
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1 http://people.csail.mit.edu/kaess/apriltags/

Fig. 7. Block diagram illustrating pipeline for localization system. Camera
and laser data are locally fused into relative pose estimates based on
observations between robots, and the results are relayed to a central server
where they are assembled into a pose graph, which is optimized to produce
globally-consistent pose estimates of all robots in the system.

Fig. 8. Illustration of how relative pose estimates and odometry measurements are fused into a multi-robot pose graph. Red arrows represent
odometry measurements for individual robots. Blue arrows represent relative
pose measurements generated by robots observing one another. These pose
estimates and measurements become edges in the pose graph, while the
poses of the robots at times when observations were made are the pose
graph nodes.

chitecture, named Syndicate [19], that we developed for a
previous project. Syndicate has capabilities to define datadriven behaviors and hierarchically defined tasks that can
be distributed amongst multiple robots. The tasks decompose into subtasks, bottoming out in tasks that activate and
deactivate goal-achieving behaviors (such as moving and
rotating the spar catcher until its limit switches indicate that
the end effector is aligned with the spar cap). Temporal
constraints between subtasks are represented using the Task
Description Language [20], an extension of C++ that includes syntax for task decomposition, temporal coordination,
execution monitoring, and error recovery. Exchange of data
is performed using IPC [21], an efficient publish-subscribe
messaging system that is cross-platform and cross-language
(while most of the system is written in C++, the vision
processing is in Python). Together, these tools enable us
to specify complex coordination strategies succinctly, and
enable them to be carried out efficiently, with only a small
latency in communications.
In addition, Syndicate enables us to flexibly define behaviors that can take advantage of robot resources and
availability. In the current system, for instance, the guarded
move behavior consists of one robot that moves and another
robot that senses some condition that acts as the guard.
The guards that we use are either accelerometers or limit
switches. The type of sensor being used and the robot on
which that sensor is mounted can be indicated at run time,
which provides for a large degree of flexibility. While we
currently do not change the mappings at run time, we do
use the same guarded move behavior in several different
ways, mixing and matching robots and sensors to get the
most effective behavior for achieving a particular subtask.
D. Dynamic Scheduling: Coordination at the Macro-Level

C. Multi-robot Coordination: Coordination at the MicroLevel
Assembly planning is done using a geometric model
of the wing parts and how they are supposed to connect
together, plus a rough model of the uncertainty in motion
and positioning of the robots. For instance, the amount the
rib carrier initially turns before moving between the spars
is calculated from the length of the rib being carried, the
minimum clearance between the spars up until the point
where the rib is to be inserted, and the uncertainty in the
global positioning system (plus some padding). Similarly,
the arc that the robot should take to ”close the door” is
calculated based on the robot’s current pose vis-a-vis the
right-side L-bracket, the length of the rib and the distance
between the two spars. This enables the system to emplace
spars anywhere along the ladder using the same algorithm
and, in fact, enables the system to be adaptable to a range
of other wing designs.
Successful execution of such behaviors requires the robots
to coordinate in passing information and being at the right
places at the right times. For efficiency, the robots move
concurrently, when feasible, pausing until each has achieved
its goal. This coordination is facilitated by a layered ar-

At the ladder assembly level, we take a dynamic scheduling approach to allocating transport, assembly, fixture and
assist tasks to robots, and coordinating their execution in
space and time. Our approach combines several basic concepts to reduce the overall uncertainty introduced by our
mobile assembly approach and retain manufacturing efficiency. First, we assume a structured factory floor, where
parts are transported from storage areas to assembly sites
along well-defined corridors. This assumption allows us to
manage interactions between robots exclusively at intersections and assembly sites, and promotes efficient overall traffic
flow. The corridor network also provides a structure for
decomposing part delivery and insertion tasks into sequences
of localized component behaviors (e.g., corridor segment
travel with following and queuing behaviors). To retain
flexibility in exceptional situations (e.g., a failed robot),
we advocate integration with contemporary path planning
techniques [23], [2] to temporarily reconfigure the corridor
network.
Second, we assume that basic traffic control protocols
are used to govern robot movements through intersections.
Using knowledge of this protocol together with a planning
model that accounts for both temporal and spatial constraints
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on part movement, it becomes possible to reliably predict
part delivery durations. This capability in turn, enables a
hierarchical planning approach, similar to that proposed
in [8], where robot plans are generated according to an
abstract model, and expanded closer to execution time when
uncertainty is reduced. In contrast, prior work in task allocation for mobile manufacturing has either assumed simpler,
homogenous (e.g., tress) assembly structures [30], [29],
where assembly mass computations can effectively drive
allocation decisions and prediction of part delivery durations
is not important, or mobile robot manufacturing applications
(e.g., cooperative painting of large structures) where robot
movement constraints can be reasonably ignored [4].
Third, part delivery and insertion plans are generated
dynamically as a function of the current execution state.
Exploiting an abstract assembly planning graph, a forward
look-ahead projection is repeatedly used to determine 1) the
earliest time at which a given assembly station will go idle
(i.e., waiting for the next part to arrive) and 2) the lead time
required to deliver the next part, and this look-ahead information provides a basis for scheduling “just-in-time” part
deliveries. The forward projection utilizes a state-dependent
shortest-path calculation to determine the most efficient path
for a given part to take at a given time, and a hedging
parameter is utilized to account for remaining durational
uncertainty. Timing the start of part delivery tasks for arrival
just when they are needed is advantageous in two respects:
planning decisions are made with the most current (and hence
most certain) information possible about the global execution
state, and traffic congestion on the floor is minimized as
a side-effect, which minimizes the uncertainty associated
with look-ahead prediction. As new tasks are allocated to
robot teams and scheduled, constituent subtask sequences are
communicated to Syndicate, and mapped to corresponding
behaviors for execution. As execution proceeds, results are
communicated back to the dynamic scheduler to update its
model of the current execution state.
IV. E XPERIMENTS
We ran a series of trials to help quantify the performance
of our rib-insertion system (minus the visual-servoing alignment behavior, which had not been completely integrated
at the time of the experiment). Each trial started about two
meters from the entrance to the spars at different left-to-right
distances from the center. The result of each trial was classified qualitatively, in terms of overall success/failure (i.e., did
the robots have to be stopped manually before completing the
final ”close the door” behavior) and quantitatively, in terms
of the final position of the rib with respect to the L-bracket.
25 trials were performed. A distribution of starting positions was chosen for the trials, ranging plus or minus 60 cm
from the center of the two spars and plus or minus 70 degrees
from facing towards the spars. 22 trials (88%) percent of the
trials were successful, as defined above. Two of the failures
were caused by the brake on the spar carrier not holding
sufficiently, and the rib pushed the target plate back and was

emplaced on the far side of the L-bracket. In the other failure,
the robot stalled during the ”close the door” behavior.
Each successful insertion took on average 88 seconds
(maximum of 108, standard deviation of 9.4). For the successful trials, the average distance from the desired position
of the rib was 0.68cm in the vertical direction (maximum
of 1.0cm, standard deviation of 0.32cm) and 0.77cm in the
horizontal direction (maximum of 1.0cm, standard deviation
of 0.30cm). The average gap between the top hole of the
rib and the right L-bracket was 0.86cm (maximum of 2cm,
deviation of 0.79cm) and that of the top rib hole and the
left L-bracket was 0.53cm (maximum 1.2cm, deviation of
0.40cm). In all successful cases, the bottom of the rib was
firmly pressed against both brackets. Note that all these
figures are significantly less than the precision of global
localization system. This demonstrates the utility of using
temporary fixtures and compliance in achieving precision
assembly. We can still further improve these results. The
current visual servoing implementation requires an initial
error of .8cm, which the “close the door” behavior provides
in more than half of our trials. In the near term, we will
either improve the visual serving to tolerate a 1cm initial
error, improve the “close the door” behavior to result in a
sub-centimeter accuracy, or both.
V. A P ROPOSED G ENERAL A SSEMBLY F RAMEWORK
The overall assembly sequence and each of the component
techniques described above provide an effective solution to
the example assembly task, however the sequencing and the
implementation of the components relied on the experience
and intuition of designers. It would be desirable to provide
a more general framework that can be used to inform the
creation of similar assembly sequences. In this section, we
propose such a framework based on the idea of “funneling”.
Typically, a manipulation task requires a sequence of actions
through which an object is oriented and re-oriented until
it arrives at a desired configuration. This strategy has been
investigated in the context of funnels: given a part and a set of
pose constraints, one can prescribe a controller to orient and
position a simple part through a sequence of actions [12],
[3]. An individual funnel can be viewed as a policy that
has a domain of initial configurations, a goal set of final
configurations, and a controller that directs motion from the
domain to the goal set. This idea was generalized to a concept
called sequential composition [1] where feedback controllers
are defined over local domains such that their action brings
the system to a goal set within the domain. One policy,
denoted by Φ, is said to prepare another if the goal set of
the first policy is contained (either wholly or partially) within
the domain of the second policy. A graph, called a prepares
graph, is formed where a node corresponds to a controller’s
domain and a directed edge from policy one to policy two
indicates the controller of policy one converges on a goal set
which is a subset of policy two. Once the prepares graph is
formed, a planner can search the graph for a path between a
node that contains the initial state and a node that contains
the overall goal state.
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Drawing inspiration from funneling and sequential composition, we believe that precision in our mobile framework
may be recovered by a sequence of operations, as opposed to
just one. Assume without loss of generality that the control
and sensor error of the mobile manipulator can be lumped
into one error term. Now, lets consider a series of examples
of rib insertion where the robot’s error increases. Starting
with a very small mobile robot error, we can prescribe a
controller for the robot to precisely line up with holes of the
rib and the bracket. The problem is, such a low-error mobile
manipulator is either impossible to build or too expensive
to purchase. Now, lets increase the error where the mobile
robot is able to drive the rib to the bracket, but lacks the
precision to line up the holes. Instead, the rib holder’s fourbar mechanism lines up the holes using visual feedback, i.e.,
the holes are lined up using visual servoing. Once more,
lets increase the error of the mobile robot, so that the rib
initially makes contact with the bracket, moves the rib along
the bracket until the holes are within some proximity of each
other, and then once again relies of visual servoing to finish
the task.
Often, the features of the assembly or those in the environment will not be of sufficient size to form a funnel. Lets
return to our example where we increase the lumped error
of the mobile manipulator. Now, the error is larger than the
characteristic length of the bracket, which means the robot
cannot reliably drive until it hits the bracket and then drive
along the bracket until the holes come into proximity of each
other. This is where the spar catchers come in. Since the
feature on the spar is too small for the robot to track, we
introduce temporary features. As can be seen in Figures 3
and 6, the temporarily deployed feature engages with the
spar, and enlarges the bracket feature size so that the error
of the mobile robot is smaller than the characteristic size of
the feature. In a sense, we formed mechanical funnels with
passively compliant features mounted on a mobile robot. We
also form “virtual” funnels using vision and range sensors,
also mounted on mobile robots. So, multiple robots will
cooperate to form a single funnel. The use of multiple
robots to create multiple funnels requires coordination among
robots, both at the micro-level to achieve the individuals tasks
and at the macro level to optimize the allocation of the tasks
to the robots and the robots’ movements.

Our approach is to replace conventional robot systems and
large infrastructure with mobile manipulators to carry out
the assembly operation. Conventional robotic manipulators
have high precision because they are rigidly attached to the
ground and are made of heavy fixed objects that tend to be
invariant to dynamic parameters such as payload and speed.
Mobile manipulators do not enjoy the benefits of high mass
and rigid fixturing to ensure precision, and hence we need
to create mechanisms and control strategies for the mobile
manipulators so they can precisely mate parts for assembly.
Thus far, this project has been driven by experimentation,
engineering intuition, and the integration of other robotics
fields such as localization and software architectures for
robots. Through this experience, we have identified techniques that, when combined, mitigate the uncertainty in
precision and efficiency that is introduced by replacing the
permanent fixtures with mobile robots. While the efficacy
of these techniques has been born out only in the wingladder domain, ultimately, our goal is to create a design
framework where we can specify an assembly and then
produce a planner that directs the motions of all of the robots
and their manipulators to carry out the assembly process.
This design framework will be mediated by funnels, which
we seek to express in a sequential composition framework.
Sequential composition allows us to prescribe a complex
manipulation task, which requires precision, with a sequence
of intermediate motions, each reducing uncertainty in component directions.
In the longer term, we seek to extend this framework
to allow people and machine to cooperate and play to
their strengths in a manufacturing setting. When doing this,
one issue to consider is safety. Today, to maintain safety
for human operators, the overall environment is incredibly
well-structured. This includes human only and robot only
pathways to avoid unnecessary interferences and to simplify
motion planning algorithms. However, when humans must
share the workspace there needs to be clear warning lights
to indicate robot intentions but these necessary interactions
also need to have pinch points and other hazards designed
out.

VI. C ONCLUSION AND F UTURE W ORK
This paper describes the development of robotic technologies that enable a new vision of collaborative mobile
manufacturing by teams of robots. Of particular interest is the
assembly of large structures (e.g., aircraft, ships, construction
equipment) where in current practice, customized facilities
incorporating extensive infrastructure in the form of fixed
tooling, permanent fixtures, and special systems are built to
enable efficient, high-precision manufacturing of a specific
product. To increase capacity or to introduce new products
in these industries, tremendously expensive facilities must be
built, which can take years.
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