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number of ply shapes. All four solutions are designed for 
prepreg that is covered with a stiff backing paper. The aim 
of the paper is to analyze and compare the four solutions. It 
can be concluded that the most versatile solution is a dual-
arm robot equipped with simple end effectors. The dual-arm 
solution presents a possibility to control the pick-up and lay-
down motions that make peeling motions possible, which is 
advantageous when picking material that has tacked to the 
pickup surface.

Keywords Composite material · Prepreg · Automation · 
Layup · Pick and place · End effector

1 Introduction

With the increased use of carbon fiber reinforced plastic 
(CFRP) in the aerospace sector follows a natural quest for 
more rational manufacturing processes. In aerospace appli-
cations, a common form of material for the manufacturing 
of composite structures is prepreg, i.e. fibers pre-impreg-
nated with thermoset resin. Composite manufacturing using 
prepreg is dominated by two technologies for automated 
layup: automated tape layup (ATL), which deposits wide 
prepreg tape onto a mold, and automated fiber placement 
(AFP), which deposits several narrower tapes at the same 
time. In aerospace applications there are however many parts 
like ribs, spars and brackets that are too small or have too 
complex a shape to be efficiently manufactured using ATL 
or AFP [1]. Geometrical features like double curvature, tight 
corners and steep ramps are challenging for ATL and AFP 
[2], and small parts are difficult to realize due to the minimal 
course length [3]. ATL and AFP require high-cost capital 
equipment as well as expensive materials [4], and the pos-
sible productivity of a machine is much dependent on the 
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size and complexity of the manufactured part. Small parts 
require a lot of machine starting and stopping that yields low 
productivity [5]. As an alternative to ATL and AFP, auto-
mated “pick and place” systems have been presented. These 
systems pick prepreg plies, cut from a wide roll of material, 
and place them onto flat layup surfaces or contoured molds. 
Although less expensive than AFP and ATL, implementation 
of pick and place systems has so far been unsuccessful in 
industry, and there are no commercially available alterna-
tives to ATL and AFP for automated composite manufactur-
ing [6]. The reason for the lack of industrial implementation 
has not been sufficiently investigated, but published results 
in the field of automated prepreg handling indicate that pro-
jects aim to automate layup onto contoured molds [7–11]. 
This, together with Elkington’s [12] conclusion that layup 
of prepreg on a contoured mold is probably too complex to 
be automated using existing technologies, may indicate that 
the problem needs to be deconstructed in order to create 
truly efficient systems. As a result, manual manufacturing 
methods are commonly employed to manufacture products 
with complex shapes and products with low manufacturing 
volumes. In manual operations, 40–60% of the manufactur-
ing cost can be associated with the cutting and handling of 
prepreg plies [13].

Instead of placing plies directly on the contoured mold 
it is in some cases possible to decouple layup and form-
ing into a two-step process where a flat laminate is laid up 
and then formed using vacuum forming, hot drape forming 
or sequential forming techniques. This simplifies the layup 
process and the design of the automated solution while still 
reducing a substantial amount of the manual labor otherwise 
employed. Working with industrial partners from the Swed-
ish aerospace industry, a number of products for example, 
ribs and different forms of beams, where this two-step pro-
cess is used have been identified.

The flat laminates can be laid up using ATL, AFP or pick 
and place systems. However, there are cases where ATL and 
AFP cannot be used due to technical limitations. There are 
also cases where it is technically feasible to lay up a laminate 
using ATL or AFP, but where these two technologies are 
unsuitable from an economic standpoint because the geome-
try of the laminate yields a low productivity for ATL or AFP 
layup. Due to the lack of alternatives for automated layup 

using pick and place systems, manual layup of laminates is 
a common approach in these cases.

1.1  Objective and aim

This paper presents four cases where four different solutions 
have been designed to pick cut plies from a flat storage area 
and stack them to a flat laminate ready for forming. The 
four solutions have been developed as part of three different 
research projects. The aim for each research project has been 
to develop cost-effective manufacturing cells for the general 
process outlined in Fig. 1. The objective, shared by the four 
solutions, is to provide automated alternatives for the layup 
of laminates that meet the quality standards that apply for 
manual layup of similar products, and that can match the 
manual layup rate. The research projects have been carried 
out in collaboration with industrial partners in the aerospace 
industry, who have provided the industrial cases for the 
research projects. Therefore, the solutions have been devel-
oped for different products with different ply books.

The aim of the paper is to compare the solutions and 
highlight the benefits and drawbacks of different approaches 
to handling prepreg, and to relate these to the specific chal-
lenges encountered in automated prepreg handling in aero-
space manufacturing. The challenges and requirements for 
the four systems are presented in Sect. 2.

2  Challenges and requirements

In order for the four systems to be successful, they must 
manage the challenges and requirements outlined below:

• Material properties of prepreg are challenging. Unidirec-
tional (UD) prepreg is highly anisotropic and has a low 
structural rigidity, and the prepreg tack (i.e. the stickiness 
of the material) is a major challenge [8, 14].

• High-quality requirements must be met, especially for 
systems targeting the aerospace industry. There are 
requirements on contamination-free handling, positional 
accuracy of placed plies, requirements for gap/overlap, 
fiber angles, wrinkles and other deformations [7, 13–17].

Fig. 1  Outline of the manufacturing process, with decoupled layup and forming, that the four presented solutions are developed for
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• The systems must be designed to handle a multitude of 
ply shapes and sizes [14].

• The automation solutions should be suitable for low and 
medium production volumes.

• The systems must be designed to work with the process 
for automated backing paper removal, as presented in 
Sect. 2.2.

2.1  Quality requirements

Detailed quality requirements on a flat laminate might dif-
fer slightly depending the application and the customer of 
the final product. However, the four solutions for automated 
layup are designed to comply with the following qual-
ity requirements. No overlap between adjacent plies are 
allowed and the maximum gap between plies is approxi-
mately 2.5 mm. The tolerances for fiber angle deviations 
are generally ±3° on short distances and ±2° on distances 
over circa 300 mm. Out-of-plane wrinkles are not allowed, 
but a certain waviness, that is less than one ply thick, can 
be accepted. The manufacturing process is not allowed to 
add any foreign objects to the laminate or to contaminate 
the prepreg material. For example, pieces of backing paper 
must not be left in the laminate.

2.2  Backing paper removal

The four presented solutions are designed to handle unidi-
rectional aerospace-grade prepreg containing carbon fibers 
impregnated with epoxy resin, and with one side protected 
by a stiff backing paper and the other side uncovered. The 
low rigidity of UD prepreg as well as the tack are particular 
challenges to address when designing systems for automated 
prepreg handling. Buckingham and Newell [8] point out 
that keeping the backing paper during handling improves 
the rigidity of the handled material as well as protects the 

prepreg from contamination. Lifting the prepreg with the 
protective backing paper attached also provides a contact 
surface that does not stick to the grippers. However, keep-
ing the backing paper introduces the need for an automated 
removal system. In the four cases below, the backing paper 
is removed using a process more thoroughly described in 
[18]. The main steps in the process are:

1. Pick up a cut prepreg ply from the cutting surface with 
the backing paper facing upwards.

2. Initiate a separation between the prepreg and the back-
ing paper by bending one corner of the ply using exter-
nal equipment.

3. Place the prepreg ply on the laminate and consolidate 
the ply so that it sticks to the layup surface or to the 
previously placed plies.

4. Lift the backing paper at the corner where the paper and 
prepreg are separated in Step 2. A vacuum cup lifts the 
paper and a mechanical clamp locks it in place.

5. Remove the backing paper in a peeling motion.

The second process step affects the possible design of the 
end effectors used for the handling of the prepreg plies as it 
requires access to a corner of each ply. The backing paper 
removal process has been tested in three of the four cases. 
In Cases 1 and 2, the equipment to grip the backing paper 
has been integrated in the end effector used during material 
handling (left in Fig. 2), while in Case 4 the equipment has 
been designed as a separate end effector, as shown to the 
right in Fig. 2.

3  Pick and place using an end effector with rigid 
zones (Case 1)

The end effector in Case 1 is developed to handle a lim-
ited ply book of 27 different plies, where the smallest ply 

Fig. 2  Left gripper for removing backing paper integrated in end effector from Case 2. Right a separate end effector for removal of backing 
paper from Case 4
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is approximately 155 × 300 mm2 and the largest is approxi-
mately 250 × 430 mm2. Figure 3 illustrates how the shapes 
of the different plies relate to each other if they are arranged 
on top of each other. This shows all the ply shapes that the 
end effector must be able to handle. The different colors of 
the ply outlines illustrate different fiber orientations (45°, 
90° and 135°) and the purple rings show the distribution of 
the 14 vacuum suction cups.

The vacuum suction cups are divided into nine zones that 
can be individually controlled. Several zones are turned on 
in order to lift a single ply. The distribution of the vacuum 
cups and the division into zones was made as a tradeoff 
between as few cups as possible to reduce the complexity 
of the end effector and the need to provide enough grip and 
stability to the prepreg during handling.

All vacuum cups are mounted on the same height and 
they are attached to a rigid bracket, providing a very low 
level of compliancy and no possibility to alter their posi-
tions in operation. The end effector is also equipped with one 
additional vacuum suction cup and a mechanical clamp that 
are attached on one of the sides (seen to the right in Fig. 4). 
This extra gripper is used to remove the backing paper. The 
total weight of the end effector is 7.3 kg.

4  Pick and place using an end effector 
with retractable zones (Case 2)

This case is part of a larger manufacturing cell where the 
robot used for stacking the flat laminate (with fiber angles of 
0°, 45°, 90° and 135°) is also used for the preceding cutting 
of the prepreg plies. The whole cell is explained in more 
detail in [19]. The end effector and the robot used for the 
stacking and handling are shown in Fig. 5.

The  p ly  s izes  range  f rom approximate ly 
150 × 80 mm2–700 × 300 mm2, and the gripper is designed 
to handle 11 different plies with fiber angles of 45° and 135°. 

The vacuum cups are arranged in six retractable zones that 
can be used separately or in combination to adapt to the 
current ply shape so that no vacuum cups come in contact 
with adjacent material during pickup and lay down. In total, 
35 vacuum cups mounted on spring levelers are assembled 
on the end effector. The end effector is V-shaped, with a 
90° angle between the two surfaces with the vacuum cups, 
in order to decrease zone complexity and the need for tool 
changes. The end effector includes a roller for consolidating 
the plies in the laminate once they have been placed, and a 
gripper that is used to remove the backing paper. The weight 
of the end effector is approximately 39.6 kg.

5  Pick and place using a reconfigurable end 
effector (Case 3)

The two solutions presented in Cases 3 and 4 are part of 
the same manufacturing cell, and they have been designed 
to handle the same plies but use two different end effec-
tor designs to do so. In both cases, the end effectors are 
designed to handle 12 different plies covering the four major 

Fig. 3  Illustration showing all the ply shapes that the end effector 
must be able to handle

Fig. 4  End effector with rigid zones (Case 1)

Fig. 5  The end effector used in Case 2
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fiber directions, 0°, 45°, 90° and 135°. The smallest ply is 
approximately 300 × 500 mm2, while the largest is circa 
400 × 1100 mm2. In addition to handle the 12 plies in the 
ply book the end effectors in Case 3 and 4 have been devel-
oped to allow for changes in the ply book and to be able to 
accommodate additional plies. In Case 3 a reconfigurable 
end effector has been designed. The end effector has three 
rows with three vacuum suction cups on each row. One row 
has a fixed position, one row can be retracted if it is not in 
use and one row can be moved linearly and tilted to a desired 
angle. The width of the movable row can be changed by 
extending the distance between the two outer suction cups 
in the row. All nine vacuum cups are mounted on spring 
levelers. The end effector is shown in Fig. 6.

The end effector includes a PLC and servo controllers 
that control the positions of the movable rows of vacuum 
cups, as well as turn them on or off. The weight of the end 

effector is approximately 13 kg. Examples of plies that can 
be handled using the different positions on the end effector 
are shown in Fig. 7.

6  Pick and place using a dual‑arm robot (Case 4)

In Case 4, a dual-arm Motoman SDA10 robot is used to 
handle the same prepreg plies that are described in Case 
3. In the manufacturing cell the dual-arm robot is used for 
both prepreg layup and sequential forming of an Ω-shaped 
beam. More information about the manufacturing cell and 
the sequential forming can be found in [20]. For the prepreg 
handling, the two robot arms are equipped with the same 
type of end effectors with vacuum cups for holding the 
prepreg plies, as shown in Fig. 8. They also include rollers 
for consolidation. The three vacuum cups are mounted on 
spring levelers and their positions on the end effector are 
fixed. The robot has a possible payload of 10 kg per arm, and 
the end effectors weigh approximately 2.7 kg each.

The solution is designed to grip the plies at the outer 
edges, and the switch between different ply geometries is 
realized by changing the relative position and pose between 
the two robotic arms using standard robot programming. 
Most robot motions are coordinated motions where one arm 
is following the other, but for the lay-down sequence and for 
some pick-up operations, the arms are moved separately. 
To remove the backing paper, the end effector at one of the 
arms is exchanged with a gripper using the same design with 
vacuum cup and mechanical clamp as in the previous cases.Fig. 6  The end effector used in Case 3

Fig. 7  Examples of ply shapes handled by the reconfigurable end effector in Case 3
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7  Evaluation and comparison

Layup tests confirmed that the solutions in Case 2–4 can 
fulfill the same quality requirements that apply to manual 
layup of similar products. For the tests, laminates were laid 
up using the automated solutions and the quality of each 
layer in the laminate was visually inspected by an operator 
with many years experienced in manual prepreg layup. The 
result was evaluated based on the requirements presented 
in Sect. 2.1. The main aim in Case 1 was to show proof of 
concept for the pick and place concept in combination with 
the automated removal of the backing paper. Therefore, no 
test series to evaluate the quality of the automated layup was 
performed in Case 1.

A comparison to highlight the benefits and drawbacks 
of the four different end effectors is presented in Table 1. 
Here, complexity denotes design complexity and considers 
the number of parts, movable parts, etc. Reconfigurability is 
connected to the ability to handle different ply geometries, 
and captures the effort needed to expand the end effectors’ 
capability to handle new ply shapes.

A low reconfigurability means that the end effector needs 
to be physically rebuilt to incorporate new plies. A recon-
figurable end effector makes the solution less sensitive to 
future changes to the ply book and makes it more capable 
to manufacture a wider set of products in the manufacturing 
cell. However, the reconfigurability is often a tradeoff to cost 
and complexity. Cost is simply the cost of the gripper. The 
category 3D layup denotes the ability to perform complex 
motions required for three-dimensional layup or sequential 
lay down or pickup. It should be noted that the comparison 
is relative.

The rigid end effector in Case 1 is inexpensive, has few 
parts but cannot be reconfigured without disassembly and 
reassembly. The end effector with retractable zones (Case 
2) has more parts and movable components, making it more 
complex and expensive than Case 1. It has to be rebuilt in 
order to manage more plies than it was designed for. The 
reconfigurable end effector of Case 3 has a lot of movable 
parts and a PLC, which increases the complexity. It can be 
reconfigured (within limits) to incorporate new ply shapes 
by reprogramming. All of the reprogrammable features 
however drive cost. The dual-arm solution in Case 4 uses 
very simple end effectors that themselves have a very low 
reconfigurability, but with the use of the dual-arm robot, the 
solution still has the benefits of Case 3 with added degrees of 
freedom, making the solution score higher on reconfigurabil-
ity. The end effectors themselves are simple and inexpensive, 
although the dual-arm robot is more expensive than a regular 
single arm robot of the same size. The dual-arm solution is 
the only one of the four solutions where the prepreg plies 
can be manipulated in 3D, making sequential lay down or 
pickup possible.

The four cases take different approaches to solve the need 
for two-dimensional reconfigurability. In Case 1, it is not 
possible to change the position of the vacuum cups in the 
end effector during operation. Switching between different 
ply shapes is realized by turning the vacuum cups on and off. 
In Case 2, the vacuum cups not corresponding to the cur-
rent ply are switched off and retracted. This allows picking 
the ply without touching adjacent material, and at the same 
time it simplifies access to one corner of the ply in order to 
separate the prepreg backing paper from the prepreg using 
external equipment. In Cases 3 and 4, the positions of the 
grip points are moved so that they match the ply geometry. 
In Case 3 it is also possible to retract a row of vacuum cups 
to avoid contact with adjacent material. Eliminating contact 
with adjacent material is an advantage, since contact with 
adjacent material during the pickup of a ply brings a risk 
for affecting the position of adjacent material, and thereby 
a risk for positional errors of this material once it is laid up.

Expanding the capability of the four end effectors to han-
dle more ply shapes than they were originally designed for 
requires different levels of rework. Adding new ply shapes 
that do not match the existing zones of vacuum cups will, 
in Cases 1 and 2, require a rebuild of the end effector. Con-
sidering the retracting function in Case 2, this end effector 

Fig. 8  The two end effectors used in Case 4

Table 1  Comparison between 
the four end effectors

Complexity Reconfigurability Cost 3D layup

End effector with rigid zones Low Low Low No
End effector with retractable zones Medium Low Medium No
Reconfigurable end effector High Medium High No
End effectors for dual-arm handling Low High Low Yes
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will be more complex to rebuild than that in Case 1. The end 
effector in Case 3 can be programmed to allow new plies, but 
the ability to handle different geometries is limited, since it 
is only possible to move one row of suction cups in a linear 
direction and change the width of one row. Adding plies with 
geometries or sizes far from the ones that the end effector is 
originally designed for will require substantial redesign of 
the end effector. In Case 3, an expanded capability for the 
end effector to manage more ply geometries will lead to a 
more complex end effector design. The most versatile solu-
tion in terms of 2D reconfigurability is the dual-arm system, 
which relies on simple end effectors whose relative positions 
are reprogrammed to pick different plies.

None of the four solutions has been specifically designed 
for three-dimensional layup. However, the ability to move 
the two robot arms independently in Case 4 allows the solu-
tion to adapt to different three-dimensional geometries. This 
capability also makes sequential lay down possible, as illus-
trated in Fig. 9. A sequential lay down, where one side is 
put down before the other, reduces the risk for entrapped 
air in-between two prepreg layers, especially when handling 
long plies.

A sequential motion can also be used when picking up 
material. During the tests of the end effector in Case 2 it was 
difficult to remove the prepreg plies after cutting because 
the tacky prepreg surface had formed a strong bond with 
the surface on the cutting table. The same phenomenon was 
noted in the cell used for Cases 3 and 4, where the laminate 

was held in place on a vacuum table during the removal of 
the backing paper. The laminate stuck to the surface of the 
vacuum table and was difficult to remove. Lifting prepreg 
plies or laminates that have tacked to a surface straight up, 
i.e. vertically, has shown to be an unreliable approach. In 
Case 2, the end effector was moved straight up (perpendicu-
larly) from the cutting surface at low speed and in intervals 
with short pauses between the movements to allow for the 
prepreg ply to gradually detach from the surface. It proved 
to be an unreliable approach as it requires overcoming the 
adhesive bond between the surface and the whole surface of 
the ply at once. Some prepreg plies, mostly the large plies, 
did not detach from the surface. An alternative approach was 
tested using the dual arm robot: one of the arms started to 
lift one end of the laminate in a peeling motion, gradually 
overcoming the adhesive bond between the prepreg laminate 
and the vacuum table. This was shown to be a more effective 
approach to remove prepreg that had tacked to a surface.

8  Discussion

The four cases employ two different approaches to grip point 
distribution. In Cases 1 and 2, the vacuum cups are distrib-
uted over the surface of the handled ply. A large number of 
vacuum cups provides a higher total lift force for the end 
effector. However, in Cases 1 and 2, the lift force was some-
times not enough to remove prepreg plies that had tacked to 

Fig. 9  A dual-arm approach makes it is possible to perform a sequential lay down of a ply



452 Prod. Eng. Res. Devel. (2017) 11:445–453

1 3

a surface. The cause of this was that the vacuum used to hold 
the ply during cutting, also created a strong bond between 
the tacky ply and the cutting surface and the longer time 
that the ply was left before being picked up, the stronger the 
bond. If the end effector in a solution cannot pick up prepreg 
that has tacked to a surface, one solution is to change the 
properties of the surface used during cutting or layup or 
to use some sort of release function, for example air blasts 
using compressed air. This however might disturb the posi-
tion of the ply. Another solution is to cover the side fac-
ing down during cutting with a plastic film but this requires 
yet another automated removal process. The large number 
of vacuum cups and the distribution of the cups across the 
entire ply surface, provides good support and fixation of 
the ply during handling. This makes the end effectors from 
Cases 1 and 2 interesting solutions for handling other types 
of materials, such as woven fabrics and auxiliary material 
like plastic films with lower rigidity than the prepreg in 
combination with a backing paper. In Cases 3 and 4, fewer 
vacuum cups are used and the grip points are only distrib-
uted along two of the ply edges. Fewer grip points make it 
possible to design simpler end effectors with fewer parts 
and less weight. These solutions provide less lift force, but 
tests have shown that the grip is sufficient to handle prepreg 
plies unless the plies have tacked to a surface. The solution 
in Case 4 can be used to lift prepreg plies that have tacked to 
a surface because the dual-arm robot can perform a peeling 
motion that gradually overcomes the adhesive bond between 
the prepreg and the surface.

The end effectors in Cases 3 and 4, where only a few grip 
points at the outer edges are employed, show the importance 
of adapting the position of the vacuum cups to the ply geom-
etries but also to the fiber direction. UD prepreg is stiff along 
the fiber direction, but folds easily in the direction perpen-
dicular to the fibers. Even though the backing paper makes 
the ply more rigid, a corner can easily bend down outside 
the outer grip point, as illustrated in Fig. 10. This brings a 
risk that the prepreg corner folds during layup.

When using a dual-arm solution gripping at the edges 
there is a risk that the prepreg ply slightly droops between 
the two end effectors, as shown in Fig. 11. This is particu-
larly evident for long plies. In order to avoid the droop caus-
ing problems during layup a sequential lay down approach 
can be used. This prevents the middle of the ply from stick-
ing to the layup surface before the outer edge, which can 
lead to bubbles or wrinkles.

The dual-arm solution has been shown to be a versatile 
system, but some problems with limited reachability have 
been noted while testing the solution. The operational range 
of the system is limited by the need for coordinated motions, 
where the relative positions of the end effectors are main-
tained. The largest plies in the ply book were sometimes 
difficult to position due to reachability problems. In Case 

2, the large and bulky end effector limits reachability and 
accessibility. In all the cases, the method used for peeling 
off the backing paper also drives the need for robot reach, 
as the gripper picks up one corner of the ply and then has 
to perform a peeling motion from one side across the ply 
and far beyond the other edge of the ply. This is particularly 
evident for long plies. The need for robot reach has not led 
to limitations in the cases using single-arm robots, but has 
been noticeable for the dual-arm solution. Instead of using 
the dual-arm setup used in Case 4 it is possible to use two 
single-arm robots working together to realize a larger work 
range, i.e. enabling the handling of larger plies.

9  Conclusions

This paper has presented and compared different solutions 
for picking prepreg plies from a flat surface and stacking 
them on a flat laminate. The four solutions are four different 
types of end effectors:

• End effector with rigid zones
• End effector with retractable zones

Fig. 10  Ply corner bending down outside the outer grip points, which 
poses a risk during layup

Fig. 11  Long plies droop between the two end effectors used in Case 
4
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• Reconfigurable end effector
• End effectors for dual-arm handling

The four cases employ two different approaches to grip 
point distribution; distributed grip points and edge gripping. 
Solutions where the grip points are distributed across the 
surface provide good support and fixation during handling. 
However fewer grip points gripping at the outer edges of the 
plies allow for simpler end effector designs with less com-
ponents and lower weight. As these solutions provide less 
support and fixation, the position of the grip points have to 
be carefully adapted to ply geometries as well as fiber angles 
and long plies might droop between grip points. Gripping 
at the edges also simplifies the design of systems that can 
adapt to new ply shapes, as fewer grip points have to be 
rearranged.

Designing solutions where reconfigurability is built 
into the end effector, as in the case of the end effector with 
retractable zones and the reconfigurable end effector drives 
complexity and cost of the end effectors. In the dual-arm 
solution, the end effectors are simple, inexpensive and have 
low reconfigurability. Instead, the reconfigurability of this 
solution is achieved by using two manipulators, i.e. the dual-
arm robot. This approach allows for simple end effector 
design but requires a more complex solution for manipulat-
ing them. The added degrees of freedom in the dual-arm 
solution also provides the ability to control the pick-up and 
lay-down motion making peeling motions possible, which 
simplifies picking up prepreg that has tacked to a cutting or 
a layup surface.
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