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As part of the spar assembly process, the machines must
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Electroimpact and Boeing are improving the efficiency and
reliability of the Boeing 777 spar assembly process. In 1992,
the Boeing 777 spar shop installed Giddings and Lewis spar

machines with Electroimpact Inc. EMRD (Electromagnetic
Riveting) technology. In 2011, Electroimpact Inc. began
replacing the original spar machines with next generation
assembly machines. The new carriages incorporate a number
of technical improvements and advancements over the
current system. These technical advancements have
facilitated a 50% increase in average cycle rate, as well as
improvements to overall process efficiency, reliability and
maintainability. Boeing and Electroimpact have focused on
several key technology areas as opportunities for significant
technical improvements.

INTRODUCTION

The Boeing 777 ASAT2 (Automated Spar Assembly Tool)
spar line, located in Everett Washington, is comprised of four
assembly jigs and four automated fastening machines made
by Giddings and Lewis in 1992, each dedicated to one of the
four 777 spars. Electroimpact is implementing four new
fastening machines to replace the existing units. During this
process several opportunities for technological improvements
were highlighted.
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traverse a radial portion of the box-way which follows a
bend, or ‘kick’ in the 777 spar. The legacy machines are
unable to traverse this section at the standard cutting traverse
of 400 Inches per Minute, and instead must slow considerably
during the kick motion. The new machines utilize the high
speed positioning capabilities of the Fanuc 307 controller, as
well as using a kinematic routine written by Electroimpact to
facilitate motion through the kick of at least 400 IPM.

Machine accuracy during spar assembly is highly critical,
especially in areas where reference holes (or ‘K’ holes) are
drilled and later used to position aircraft components.
Compensation accuracy, and more importantly, flexibility
was a key focus during the project. In addition to this, the
new carriages take advantage of a linear magnetic distance
coded scale which provides exceptional accuracy, reliability
and flexibility, enabling the operator to home the machine
anywhere along the 30m long spar jig.

Finally, a critical development goal was to use the latest
technology to enhance the usability of the new system in an
attempt to improve overall process efficacy. These
enhancements include a high resolution digital camera system
and an advanced graphical Human Machine Interface.

The new ASAT?2 carriages produced by Electroimpact can be
seen in Figure 1.
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The current ASAT2 fastening machines can achieve an
average cycle rate of 4 fasteners per minute. This figure is
averaged across the range of different fastener types installed
by the machine. In testing, the new ASAT2 machines have
achieved an average rate of 6 fasteners per minute, an
increase of 50%.

Figure 2 and Figure 3 show the twin fastening heads of the
new carriages aligned, as well as the process tools (EMB,
Drill, EMR from left to right). Also note the elongated
nosepieces which reach past structural components of the
spar to access fastener locations.

Figure 4 demonstrates how the fastening heads interact with
the spar components, in this case the upper and lower chord,
and the web.
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Figure 1. Next generation ASAT2 machine.
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THE SPAR ASSEMBLY PROCESS

The 777 spars are assembled from three primary structural
components, two cords (longitudinal L shaped sections) and a
web that spans between the two chords, along with other
stiffeners and rib posts. Each spar is fastened with
approximately 3,500 fasteners in a mix of slug rivets,
threaded bolts with nuts and bolts with swaged collars. The
Electroimpact machines are comprised of a pair of carriages
running on the existing box-way, and are equipped with a
20K RPM Fisher MFW-1412 drill spindle, EMR's, EMB
(Electromagnetic Bolting Tool), hole-probe, nut runner and
BUCA (Back-up Clamp Assist) probe.

A typical machine process consists of synchronized motion of
the two carriages to the fastening location, sensing of the spar
position using the BUCA probe, clamping, drilling of the
hole, measurement of the hole diameter, insertion of the
fastener, swaging of the fastener in the case of a rivet,
swaging of the collar in the case of a lockbolt or torquing of a

nut in the case of a threaded bolt. Figure 3. Fastening heads of the ASAT2 machine.
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Figure 4. Fastening heads interacting with the spar
components.

KICK NAVIGATION

The Boeing 777 front spar has an 8.3 degree inflection point
at approximately 1/4 of the way from the wing root end. This
inflection or ‘kick’ presents some kinematic challenges for
the machine that fastens the components of the spar together.
Giddings and Lewis opted to use a curved section of rail
which bends through the same angle as the spar itself, and
subsequently the new carriages would have to navigate the
kick using a mechanically similar system.

The challenge for the new system was to improve speed,
accuracy, and reliability of the carriage motion through the
bend. A key requirement was that the new system would be
able to traverse the bend at an increased speed of 400 Inches
per Minute.

The motion of each carriage through the bend is controlled by
a pair of linear servo trim axes referred to as “Beta” axes.
These servo axes are capable of moving the corners of the
machine as it traverses the bend. The motion through the kick
has essentially three modes. Firstly, the machine enters the
kick but the tool point is still located in a straight portion of
the spar. Here a single Beta axis moves in order to keep the
machine straight. The second mode occurs when the tool
point enters the kick. Both Beta axes now move to rotate the
tool point through a 740mm long, 8.3 degree radial path. The
third mode happens when the tool point has completed its
path along the curved part of the spar, but the lagging corner
of the machine is still in the kick. In this mode, one Beta axis
moves to keep the carriage straight until it has completely
moved out of the kick. Figure 5 demonstrates how the Beta
axes move from their nominal positions in the straight portion
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of the spar, to a different position when moving through the
kick.

Figure 5. Dry and wet carriage transition through the
spar inflection.

The paths followed by the beta axes are each governed by
five piecewise functions. The closed loop form solution of
these equations is very complex, involving dozens of terms. It
was found that these functions could be approximated by
lesser order polynomials with a high degree of accuracy. A
second order polynomial approximation of the beta axes
motion yields a result that matches the theoretical path by
within 0.001".

The positions of the beta axes are governed by these
quadratic polynomials. A software routine developed by
Electroimpact running on the CNC processor continually
reads the position of the machine along the spar (X axis) and
using these quadratic equations it provides updated positions
for the two Beta axes. At higher X axis speeds however, this
algorithm was insufficient to keep the Beta axis positions
from lagging behind. This resulted in poor tool path control
and the potential for damage to the structure and bearings.

In order to achieve high traverse speeds through the kick, a
‘look ahead’ function was used to predict the required Beta
axis position at some time in the future depending on the
current X axis traverse speed. This look-ahead feature is also
used to establish how fast the Beta axes need to be moving in
order to arrive at the correct location, at the correct time. A
differential smoothing function was used to prevent small
fluctuations in measured X axis position from creating
instability in the velocity control loop. This control
methodology enabled the machine to smoothly transition
through the kick at up to 400 IPM.

COMPENSATION PARADIGM

Effective and flexible machine alignment is critical on any
modern aircraft assembly tool. The need for accurate tool-
point positioning is further magnified on a machine which
uses independent positioning systems for each head, as is the

case for the ASAT2 machine. Documents
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