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ABSTRACT

Offline programming and hardware simulation has been undergoing rapid and dramatic changes as software
technologies have provided advanced capabilities. The application of simulation to verify specific autofastening operations
has become a timesaving capability to maintain production rates as well as avoid costly collisions and subsequent
downtime. Through the use of simulation, engineers can develop additional insight into the autofastening process,
including useful parameters that affect maintenance, cost, and cycle time reductions. The work documented here outlines
several advances that have been made including the software simulation methods developed and implemented, and the
resulting operational benefit achieved. Specific areas that are covered include operation tracking and reporting, predictive
wear for tooling, fastener-specific operations, tool path optimization.
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INTRODUCTION

Simulation of complex manufacturing operations has
evolved to become a necessary tool for production engineers
and machine programmers [1]. The use of virtual models to
simulate the operation of complex and expensive equipment
gives the engineer the ability to test, verify, and optimize
difficult operations offline without risking damage to
machines and parts.

The use of composite materials has driven the need for
more precise operations given the increasing cost associated
with the typical composite aircraft component. In addition, an
increase in requirements for production rates has driven more
automation from the fastening and drilling machine providers
[2,3]. This in turn has created demand for more programming
and verification.

With this increased production rate and automation comes
added requirements for quality assurance and checks [4].
Large aircraft assemblies that have over 10,000 drill and
fastener locations create the opportunity for errors at the point
of entry. These errors include duplicate operations, missing
operations, fastener deletions, incorrect fastener types, or
missing drill operations.

The purpose of this paper is to describe methods that have
been developed to provide engineers and programmers the
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ability to verify program operations at each point in the
assembly. In addition, these methods can provide the added
benefit of computing and predicting tooling parameters such
as drill life and cycle times for optimal replacement periods.

Our research objectives encompassed the creation of a
software capability that would provide engineers with
program verification, reporting on operations at each point,
and estimates of tooling wear. The implications of this work
have led to more robust programs and more knowledge of
tooling aspects, providing opportunity for optimal
manufacturing environment.

By focusing on software that simulates the operations of
the Broetje automated ring riveter in place at Spirit
Aerosystems, the research team was able to develop accurate
kinematic movements coupled with a visual system to
provide an off-line program creation and validation tool for
the Spirit programmers. Furthermore, by incorporating
knowledge of the engineering data from the part files, we
were able to determine the location and type of operation for
each fastener. Taken together, this information forms the
basis for an embedded tool that provides engineers with
reporting features to support quality audit procedures.
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BACKGROUND

The use of highly automated equipment such as complex
multi-axis drilling and fastening systems and robotic
placement facilities has driven production rates and allowed
for the reduction of human operations. Greater precision and
repeatability can be gained when deploying hardware to
support such operations. In addition, human operators are
removed from potentially dangerous operations in cramped
locations of integrated assemblies.

However, with the growth of automation techniques
comes the need for more efficient programming methods.
Activities such as development of machine instructions,
validation and verification of those instructions, collision
detection, and final QA of the program before deploying to
the physical operating environment all provide important
information before the physical part is engaged.

As aerospace structures increase in cost due to materials
and manufacturing steps, it is critical to avoid damaging
collisions between the end effector and the part surface.
Large assembly parts can include over 10,000 locations for
drilling and fastening, as prescribed by detailed engineering
drawings.

In addition, highly engineered, precise machines and
specialized end effectors represent capital assets whose
operating time must be maximized. To take an operating
machine offline for development testing purposes represents
a reduction in capacity and an inefficient use of a prime asset.

Earlier versions of robotics and automation equipment
could be manually programmed through activities such as
teach-pendant or manually controlled positioning [5]. These
methods are suitable for small, simple parts [6], but one is
quickly overwhelmed with the time consuming activity for
more complicated parts. Errors in the programming when
using manually guided hardware are frequent and one runs
the risk of part collision and/or missing fasteners or
operations.

The advent of 3D modeling introduced the ability to
create accurate models of workcells and the interactions of
the machines in the working environment. This level of
accuracy allowed for more refined development of collision
detection models, providing engineers with a way to route
toolpaths and operations more effectively. This modeling
capability also provided the basis for building accurate
representations of tooling and fixtures to support flexible
machine design. Current simulation software now allows
users to create automation programs in a virtual environment
and test the output of the program without engaging costly
hardware and parts before the program is verified. Figure 1
provides an example of such modeling software where a fully
integrated workcell is used to test programs.

As modeling technology matured, so also did the
simulation of the kinematics of the machines [7]. Knowing
the precise joint behaviors and having accurate inverse
kinematics for the machine drivers allowed for the execution
of the NC or robotic program entirely in virtual space.
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Coupled with the 3D models of the workcell, the
kinematically accurate models of the machines gave
engineers the ability to program, test, and correct operations
before reaching the production floor. Figure 2 demonstrates
the ability of the software to model and control each joint
angle and demonstrate the working envelope for reachability
studies as well as coverage and path planning for collision
detection.

Figure 1. Development of 3D modeling provided tools for
interference and collision detection.
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Figure 2. Advanced kinematics analysis coupled with
controller emulators provide a suitable environment for
off-line program development.

METHODS ENABLING ADVANCED
ANALYSIS

With the advent of software libraries for integration (such
as CAD data, object models, and discrete event information)

the use of simulation software for prm‘ﬂmﬁ‘ﬁt}g
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expanded into both a design and a predictive tool. Engineers
can now use simulation and kinematic models to design
machines and workcells for optimal performance (Figure 3).
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Figure 3. Advanced methods such as optimal placement
analysis and joint angle visualization have helped
engineers apply simulation software tools across the
design-to-verification spectrum.

In addition, rich CAD standards have allowed for the
seamless integration of engineering data, robotic models,
tooling, and additional fixtures into a fully operational virtual
workcell. This is a critical feature should one desire a
successful application of off-line virtual environments.
Typically the engineering information comes from one group,
tooling and fixtures from another, and the robot and
controller data from a third source. A key enabling advance
for building virtual workcells efficiently is the integration of
this information through standards and toolkits.

Similar to integrating geometric data, the off-line
programming software system serves as a platform that
contains kinematic models and end-effector dynamics
necessary for accurate modeling of tool paths with proper
joint speeds and linear motion. These kinematic models, once
integrated into a full-motion workcell, serve as the basis for
cycle time estimates and tool-path optimization.

Further analysis is enabled by the inclusion of additional
engineering detail into the part files. By extracting hole
placement, drill parameters, and fastener type (length,
diameter, etc) the simulation can match the actual operation
with the specified operation and report on variances in the
productions. Figure 4 illustrates the engineering model with
frames and locations of drill and fastener operations. The
model is shown mounted on the simulation of the Broetje
hardware.

Other enabling technologies include the ability to read
program code for incorporation and testing of virtual
environments. This code is typically developed by the
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programmer in other tools and provides an initial NC
program for testing. In the case of Spirit, the CSR
environment reads the NC programs developed by the
programmers and then creates the motions dictated by the
program. A virtual model of the Broetje ring riveter is
supplied with motion for the inner and outer anvils. The
programs developed for both drill and rivet are then executed
against that model to verify function for each step.

This combination of integrated geometric data, kinematic
models, and program import provides the engineer with a
design and development environment capable of program
creation, verification, and optimization. The following
sections outline a specific project that puts these enabling
technologies together in a way to provide production value
for automated fastening.

Figure 4. Engineering data that includes items such as
fastener detail enables virtual audit of operations.

DEVELOPMENT OF SIMULATION

As part of a working pathfinder for advancing the state of
production at Spirit Aerosystems (Spirit), a research team
comprised of engineers from Spirit and AC&E, Inc. began
investigating the use of an off-line programming and
simulation environment to verify automated fastening
operations as specified by in-house developed programs. The
existing software platform, CimStation Robotics (CSR®) [8],
was in use by Spirit engineers and AC&E worked to make
enhancements to the software to enable reporting of
operations and predictive estimates for tooling life. Figure 5
shows the operating end effector for the Spirit autofastening
system. The CSR simulation was developed to model this
assembly and provide a rapid way of feeding back program
verification to the engineer.
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