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Abstract—There are at least three significant cost driving 

problems with the lamination of modern composite 
aerospace components. These problems are exaggerated 
for high production rate systems but affect all forms of 
automated fiber placement style lamination. 1) The amount 
and cost of capital equipment is extremely high. 2) The 
input costs are very high. 3) Autoclaves are huge and 
expensive and Airframers seem to dislike them a great deal. 
 
This paper’s topic will address the problems associated 
with item 1) Excessive capital equipment due to poor 
utilization of AFP equipment and the steps recently taken 
to increase it by a factor of at least 4. We will explain how 
the quality systems in place structurally hold our AFP 
equipment to such low utilization and explain how AFP4.0 
addresses these factors. AFP4.0’s main thrust maintains 
the safeguards that ensure acceptable laminations but 
automate the manual interventions that currently happen 

between each ply which are the cause of this low utilization. 

I. INTRODUCTION 

Even when our AFP machines and process perform 
perfectly, the utilization of the equipment remains very low and 
for some products is less than 25%.  And there is an odd 
relationship with utilization that is somewhat unintuitive.  The 
faster and more reliable the lamination equipment is, the lower 
the utilization.  We are at a point where if we were to possess an 
infinitely fast machine that made 100% perfect laminations 
every time, productivity would only increase a small amount due 
to an amazing amount of overhead built into the lamination 
process.   

For the purposes of this paper we have taken real data 
recorded over the past few years during the manufacture of real-
world composite aerostructures and it looks a lot like this: 

 

This is the floor-to-floor production details for a fuselage section 
for a twin aisle aircraft that we will call the “nose barrel”.  
AFP4.0 is a system that focus on the items not identified in 
Runtime.  Since most of the problems exists in a section of time 
that I call the Ply-by-Ply cycle, we will eliminate some of the 
overhead and focus only on the Ply-by-Ply cycle and that chart 
looks like this: 

 

Figure 2 – Ply-by-Ply Cycle distribution of time of a large-scale AFP 

part (>1000lbs).  This is the same as Floor-to-floor, but excludes 

ingress, egress, probing and first ply. 

This data removes the time used for bringing the lamination tool 
into the AFP cell, locating the tool and laminating the first ply.  
What remains is the Ply-by-Ply cycle.  

The past two or more years, Electroimpact has focused most of 
its R&D effort towards eliminating the overhead in the Ply-by-
Ply cycle and we are now able to create this same part in much 
less time.  For this effort we settled on the following tenets and 
goals: 

• Quality: Near perfect quality. The laminations 
produced on AFP4.0 systems will pass current quality 
standards 99+% without any manual intervention. 

• Reliability: Less than one process error per 
maintenance interval. A single maintenance interval on 
average contains about 10,000-14,000 tows on a 16 
lane AFP head. MSBF > 10,000. 

• Performance: Actual lamination time reductions by a 
factor of 2. Initial add at 4,000"/min, re-feed at 
3,000”/min, traverse 4,000"/min, cut 3,000"/min on a 
16 lane AFP head. 

• Utilization: Listed last, but by far the most important 
contributor to production gains. We are able to 
demonstrate utilization gains of 3x – 6x depending on 
the part type. 

 

Figure 1 – Floor-to-Floor distribution of time of a typical 

large scale AFP part (>1000lbs laminate).  



The new distribution of time looks like: 

 

Figure 3 – The same part as before Ply-by-Ply cycle time distribution.  

This chart shows a significant gain in utilization and a modest 

improvement in run-time.  Overall time to produce the part is reduced 

from 37 hours to 7 hours.  

We call this new philosophy and the technologies created during 
this effort AFP4.0…the 4th revolution of AFP.  

AFP4.0 systems will greatly impact the cost of producing high 
performance carbon fiber structures by both eliminating capital 
cost and recurring costs.   

Capital Costs: 

• ¼ of the AFP machine is required. 

• ¼ of the floor space is required. 

• Because less parts are in process, fewer lamination 
tools are required.  Lamination tools rival AFP machine 
in cost and this is a significant factor. 

Recurring costs: 

• ¼ of the operators are needed because their 
equipment is much more productive and less is 
required of them to get the job done. 

• HVAC costs for the clean room will be 
significantly reduced because the volume of the 
room can be reduced significantly.  

II. PLY-BY-PLY CYCLE 

The focus of AFP4.0 is identifying the various steps in the 
Ply-by-Ply cycle.  We broke them down in to the following 
categories: 

• RunTime – this is what you want, the machine is 
running programs to add carbon to the part. 

• Head Change and Tune:  Our systems often have 
multiple AFP heads.  For large parts like the 2500lb 
nose barrel, this is typical.  This category accounts 
for the time required to perform a head change 
when the head exhausts its supply of carbon fiber.  

• Inspection/Rework: Time spent by operators and 
inspectors to perform manual rework and take and 
record inspection related data. 

• QA buyoff: In some cases a 3rd party is required to 
transfer the inspection data to the company quality 
document. 

• Process Error Recovery:  Time spent getting the 
machine ready to go after some sort of process 
error.  Process errors include items like: missing 
tow, jammed tow, roller wrap, failed cut and other 
items.  

The Ply-by-Ply process looks like the flow chart below: 

 

Figure 4 – need to add “inspection” to this flow chart for the final 

submission. 

The problem with the AFP3.0 Ply-by-Ply cycle is that even 
if RunTime were to be eliminated, most of the part processing 
time would still remain.   

The AFP3.0 Ply-by-Ply cycle requires significant manual 
interventions between every ply for inspection and QA tasks.  
Because our equipment has improved so much over the past 15 
years this overhead manual intervention is the most significant 
time segment of the production of the part.   

Another other factor that greatly impedes part production is 
the amount of time spent recovering from process errors.  This 
is due to two factors.  1) there is no preventative maintenance, 
only reactive maintenance and 2) lack of diagnostic tools to 
identify out of service limits indications before they cause 
problems on the part.   

Finally, in past systems there is a legitimate quality issue.  
Since the machines simply didn’t produce laminations that met 
quality parameters every ply, some rework was required 
occasionally between plys.   

 



III. AFP4.0 PLY-BY-PLY CYCLE 

The goal of AFP4.0 is to eliminate, as much as practical, these 

overhead items identified above.  

 

With the addition of a handful of technology items we can 

implement a new Ply-by-Ply Cycle and it looks like this: 

 
 

For AFP4.0 the following technologies and goals must be 

achieved: 

• Automatic real-time ply fill assurance (inspection) 

o Tow End 

o Lap/Gap 

o FOD 

• Increase quality of lamination so that we pass the ply 

inspection 99% of the time. 

• Improve the process head with a focus on reliability 

and ply quality.  

• Develop a process maintenance interval and 

diagnostic tools to eliminate process errors during 

lamination.  

By achieving the above easily identifiable goals and 

technologies, we can eliminate most of the overhead that 

occurs between plys.   

 

We think of a technology triad when we describe the AFP4.0 

system and it looks like this: 

 
Figure 5 – the technology triangle of AFP4.0.  Like a 3-legged stool, 

if any leg is removed, the system tips over.  It is not AFP4.0 if any of 

these technology items are removed.  

IV. THE TOOLS OF AFP4.0 

The goals of AFP4.0 can be achieved with the development 

and perfection of 3 items. Plyfill Assurance (real time), a 

better process head by improving the heater and the tensioning 

system and finally a planned maintenance system. 

A. Plyfill Assurance (realtime) 

In 2015 Electroimpact began development of a fully automatic 

ply inspection system.  It was completed in 2018 when it passed 

Boeing’s rigorous qualification.  This was detailed in a previous 

paper by Cemenska et al [1].  The problem with this system is 

that it isn’t real-time.  The inspection of tow ends (or ply 

boundaries) took on average about 5 minutes while the average 

ply lamination time was only about 7 minutes.  We needed a 

new sensor to detect tow end placement. The advantage of our 

inspection system is the main architecture exists and is at TRL9.  

If we can feed it data in realtime, it will perform in realtime. 

 

With the development of the ServoCreel in Owen Lu’s paper 

[2] we stumbled into the ability to predict tow placement using 

only the inputs from systems that already existed on the head.  

We called this system RIPIT (realtime in-process inspection 

technology).  RIPIT is a technology, but it is also an 

architecture.  This architecture allows us to receive inputs and 

accurately record the event in space and time.  By using only 

the inputs used on the AFP head we are able to achieve realtime 

tow end placement measurement with 100% reliability and the 

following uncertainty: 

 

|μ +/- 2σ| < 0.10" 

 

This is a significant achievement and good enough for many 

applications, however, its accuracy could be better, and it 

lacked the ability to collect lap/gap data and FOD.  But because 

the RIPIT architecture can receive inputs from 3rd party 



detectors such as topographical sensors like the laser-

profilometer we can add sensors to detect these features.   

 

A significant advantage of developing an architecture like 

RIPIT is that it allows us to use these 3rd party sensors.  3rd party 

developers have massive R&D budgets and are continually 

improving these sensors.  We’ve identified and implemented a 

3rd party sensor that allows us to measure the following features 

with the listed accuracies in realtime: 

 

Tow end placement: |μ +/- 2σ| < 0.04" 

Gaps: 

 Mean error less than .005” 

 Standard deviation less than .005” 

 Repeatability standard deviation less than .003” 

 .007” < detection size < tow width / 2 

Laps: 

 Mean error less than .010” 

 Standard deviation less than .010” 

 Repeatability deviation less than .003” 

 .015 < detection size < tow width / 2 

FOD: .1” x .1”  x .05” (tall) 

 

 

B. Process Head: 

 
Figure 6 – AFP4.0 AFP head with 3 key technologies, VSSL 

(individual lane IR laser heat, ServoCreel & RUC) 

 

The process head needed two main improvements to achieve 

our goals in AFP4.0.  These goals are much higher quality of 

lamination, this means perfect tow tack and tow placement and 

reliability.  The two biggest contributors to lack of quality and 

reliability are the heating system and the tension system.   

 

The tension system was addressed first.  We call this 

development the Servo Creel. Basically, the ServoCreel 

replaces a pneumatic tensioning system with passive payout 

with a high-performance servo motor driving each bobbin.   

This system was implemented in time for the 2nd round of 777x 

rate equipment and enjoys significant time in production.  The 

servo creel significantly reduces the tension spike that occurs 

during spool acceleration and the potential for slack during 

spool deceleration.  The AFP process requires infinite 

acceleration and deceleration of the tow during the add and cut 

events.  The older servo pneumatic system saw tension spikes 

of 10lbs during the add event and nearly 0 tension during the 

cut. This greatly affected the tow placement accuracy and 

tension reliability.  If tension is lost during the cut event, tow 

can jump off of a redirect and cause the tow to jam along the 

tow path. The ServoCreel eliminates this problem and now tow 

tension is controlled within a tight range of .5lbs and 1.5lbs.  

The tow never sees zero tension.  The tow tension profile during 

acceleration is always the same and in a tight range creating a 

much more accurate tow placement during the add.  

 

The newer, and more significant development is the multi-lane 

laser system.  Each lane of tow now has its own IR laser heater.  

We call the system the Variable Spot Size Laser (VSSL). This 

system offers significant advantages over the previous IR bulb 

heater and other implementations of IR laser heat.  The amount 

of energy focused on the laminate is highly controllable and 

only applies to the specific tow being placed.  This remedies 

many issues with fiber placement and allows us to use the same 

process head to place a wide variety of AFP materials that 

require a wide range of heating profiles.  We can place 

thermoplastic, dryfiber and thermoset tow with the same 

system.   

 

The VSSL solves all tow tack issues.  This means that tow tack 

at the start, middle and cut sections of the laminate is identical.  

This is because the heat control on/off time is in the order of 

10s of micro-seconds and the intensity of heat is tightly coupled 

to the speed of payout and updated every 1 ms of interpolation 

which is the capability of the CNC servo loop.  

 

The VSSL solves roller wrap issues.  During partial courses 

(where less than all tows are being fed) only the active tows that 

have made it to the nip point are being heated.  In contrast to 

the IR bulb system, even if only 1 tow is being fed, the entire 

course width is being heated, including bare roller and substrate 

that is outside the 1 lane.  Hot substrate and hot rollers can cause 

roller wraps.  The following images shows the 1:1 correlation 

of heater elements on and tows active: 

 



 
Figure 7 – series of images showing the 1-to-1 relationship of IR laser 

heater and tow being fed.  

 

The VSSL eliminates heat transfer to the tow handling elements 

along the tow path because no heat is radiated other than to the 

nip point of the active tow.  The incoming tow protects the 

compaction roller from heat and no heat is projected onto the 

substrate or the compaction roller when the tow is not active.  

Furthermore, the heater body is water cooled.  

 

C. Planned Maintenance 

Even a perfect fiber placement head needs service.  Thermoset 

resin systems tend to transfer resin and fuzzballs onto contact 

points along the tow path.  Dryfiber is excellent at creating 

fuzzballs.  The only system that does not dirty up the tow path 

is thermoplastic.  However, thermoplastic is the least used 

system in fiber placement and still a planned maintenance 

system is required to ensure the add, cut and clamp modules are 

performing to a standard.   

 

The current implementations of AFP in nearly every factory 

lack a preventative maintenance plan.  These installations 

instead favor a reactive maintenance plan.  Typically, the 

machine is operated until a tow jams, a cutter fails, or the tow 

path becomes so filthy that accurate tow placement devolves to 

the point of failing inspections even if the tow came out of the 

head and the lamination was completed without a stoppage.  

 

Besides no predetermined maintenance interval, head cleaning 

is often done on the AFP head itself.  Operators and maintainers 

will clean module components by tipping them upside down for 

access and visibility.  They then wash the tow path contact 

elements and cutters with a solvent.  This leaves the 

components sticky and the resin-rich solution finds its way deep 

into the actuating elements of the module.  The solvent 

evaporates leaving a sticky resin behind.  Besides a 

maintenance interval, a maintenance procedure and cleaning 

method is required.   

 

Cleaning is not the only item that needs to be addressed in our 

maintenance interval.  Our goal is to assure that when the 

maintenance function is complete that the AFP head is restored 

to a known standard.  Each tow has its own actuators for the 

clamp, cut and add. Each of these actuators must perform to a 

minimum standard.  A test interval and a set of diagnostic 

devices to test each of these actuators are key components in 

our maintenance cycle. 

 

1) Devloping a Systematic Maintenance Interval 

 

During the testing of AFP4.0 we developed a maintenance 

interval and the diagnostic tools to determine that the 

add/cut/clamp modules were working properly.   

 

Determining the maintenance interval is easy but involves 

laying up a fair amount of carbon fiber.  We purchased over 

$100,000 of BMS8-276 and created a layup that has a similar 

tow count and average course length of a typical large carbon 

aerostructure.  We then used only 4 of our 16 lanes to increase 

the events by a factor of 4 to perform this layup.  This proved 

to be an accurate way to determine the required maintenance 

interval and minimized the cost of raw material required to test 

our system.  This layup resembled the iconic SR71 planform. 

 

 
Figure 8 – SR 71 AFP4.0 test part.  Although a flat tool, the buildups 

present very challenging lamination features with bridging, short tows, 

tall cliff edges, minimum gaps and partial courses.   

For parts that are manufactured using BMS8-276 we 

determined the following maintenance interval was required: 

 

1. After any lane reaches 2,500’ of tow placed, the 

triangle piece & scoop assembly must be exchanged 

with a clean one.  This is approximately a ½ head load 

and the task only takes 10 seconds.   

 

2. At the end of every head load the following items need 

to be exchanged: 

a. Cut modules. 

b. Triangle piece & scoop assembly. 

c. Add-rollers. 

 

3. Every 24 hours of operation a full module cycle needs 

to be completed.  The module cycle is a process and 

system that provides a method to return the business 

item components to a standard and known working 

state.   

 

2) Module Cycle 



 

The Module Cycle was developed during our AFP4.0 

investigations.  This cycle includes cleaning and diagnostics 

equipment.  There are three significant devices in the module 

cycle: 

 

1) Dishwasher – an ultrasonic tank filled with JetClean 

1000 and a custom rack. 

2) Blade Tester – a device that measures the blade profile 

and determines if it is sharp enough to be reused. 

3) Module Tester – a data-logging device that actuates 

every pneumatic actuator and measures the response 

time and standard deviation of the response.   

   

 

 
Figure 9 – The module cycle.  The main technology supporting our 

maintenance cycle.   

 

Adherence to this planned maintenance program during the 

manufacture of the OceanGate submarine hull and all of our 

AFP4.0 test parts significantly reduced process errors during 

lamination.  In our testing our AFP system delivers mean-strips-

between-failure (MSBF) more than 50,000.  That means less 

than 1 process error for every 50,000 tows placed.   Adherence 

to this maintenance cycle yields a significantly more reliable 

process, but also a higher quality lamination.  This higher 

quality lamination has more accurate tow placement, 

significantly less FOD, and eliminates snagged tow ends (due 

to non-ideal cut).  Some of this success can be attributed to 

improvements in the process including the VSSL, ServoCreel, 

better cooling and other items not listed.  

 
Figure 10 – a 6000lb carbon hull, the OceanGate hull was produced 

at our test facility in Mukilteo, WA. Here the submarine is on it’s 

way to dive the Titanic.  

 

 

V. CONCLUSION 

In 2020 the Electroimpact AFP group was able to meet our 

AFP4.0 goals in a series of part builds.  Some of these tests were 

included in a series of live-streams that we titled “AFP4.0 – 

AFP Mastered” and can be found on our YouTube page.  

During these livestreams we placed 100s of thousands of strips 

of BMS8-276 and we never had a single process failure or 

inspection failure.  Because of the COVID restrictions we used 

the livestream function in YouTube to substitute for live in-

person demonstrations and reached out to a much wider 

audience.  

 

AFP4.0 identifies the nearly universal overhead that exists 

across the industry.  Even though much of this overhead only 

takes a few minutes, it is required for every ply.  With the 

average lamination time per ply improving to under 10 minutes 

even for very large structures, these overhead items have a 

significant impact on machine utilization.   

 

AFP4.0 proposes a modified Ply-by-Ply cycle and technologies 

to support it.  AFP4.0 is comprised of three key technology bins 

– Automated Plyfill Assurance, Process Head Improvements 

and Planned Maintenance.  There is interplay between each of 

these technology bins and elimination of any of them will 

degrade performance of the system a great deal.  

 

To test our theories and develop our technologies, our AFP 

team developed a difficult lamination that tests most critical 

elements of an AFP layup.  We call this the SR-71 

demonstrator.  The number of actuations and average tow 

length are on the order of what we see on large composite 

aerostructures.  We get the high actuation count by using only 

4-lanes of our 16-lane AFP head.   

 

To demonstrate and develop our AFP4.0 system, we completed 

on the order of 20 SR71 laminations and one OceanGate hull 

using every element of the AFP4.0 system and we were able to 



produce statistics that meet our goal of 75% utilization.  

Furthermore, in our quest to improve the process quality and 

reliability with the ServoCreel, VSSL and Planned 

Maintenance system, our lamination rates improved 

significantly.  We used data from these extensive builds to show 

how this would affect a typical twin-aisle nose barrel.  The 

results show a 5.5x increase in productivity during the Ply-by-

Ply cycle.  Putting the time charts of AFP3.0 and AFP4.0 next 

to each other illuminates the significant improvement: 

 

 
Figure 11 – Parts manufactured using the AFP4.0 system can be 

produced 5.5 times faster and equipment features utilization of 75%, 

nearly a 4x improvement over past AFP3.0 system.  
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VII. Definitions/Abbreviations  

AFP - Automated fiber placement  

Tow - A single strip of carbon fiber  

Lane - The path for a tow  

Layup - Deposited carbon fiber  

Ply - A layer of layup  

Feed-rate - Speed of layup  

Inspection - Observe the as-made part surface and determine 

if rework is necessary  

Rework - Manually or automatically correcting defects in the 

layup  

Gap - A space between parallel adjacent tows  

Lap - An overlap between parallel adjacent tows  

Ply Boundary - Tow ends and edges of a ply  

FOD - Foreign object debris  

Defect - A misplaced tow or tow end, missing tow, FOD  

Laser Projector - Hardware that projects laser lines onto the part 

LASERVISION - A laser projector that can also capture camera 

images Profilometer - A laser sensor that measures surface 

profile 


