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Abstract: Composite structures in aeroplanes are often thin-walled and lightweight, resulting in
significant compliance, which presents a handling and assembly challenge due to the associated part
deformations. In order to counteract these deformations, the parts are held in their specified geometry
using stiff and correspondingly heavy fixtures or jigs. Mobile industrial robots are very versatile and
widely used in industrial volume production, but they are limited in their payload capacity. High-rate
production of large aerospace modules requires highly automated flexible assembly processes. The
approach presented in this paper is to combine mobile units with lightweight assembly jigs that have
the capability of deformation compensation. The subject of the study is a high-rate assembly process
for flap modules using an Autonomous Industrial Mobile Manipulator (AIMM) and a lightweight
end effector. The end effector has a shape compensation function, implemented by an integrated
Stewart platform, which enables the compensation of manufacturing tolerances as well as gravity
effects. The compensation function is used in a closed loop and counteracts shape deviations by
appropriate fixture shape adjustments. The paper reports on the conceptual design of the assembly
scenario, the design of the end effector, its realization and the successful experimental demonstration
at 1:1 scale.

Keywords: Autonomous Industrial Mobile Manipulator (AIMM); mobile robot; compliant struc-
tures; lightweight assembly jigs; tolerance compensation; flap-modules; Stewart platform; final
assembly line

1. Introduction/Motivation

In order to increase the efficiency and decrease the cycle time of the aeroplane assembly,
it is desirable to increase the size of the pre-assembled components delivered to the final
assembly line. Bigger components allow for less steps, which reduces the cycle time. Due to
their greater size, they tend to deform significantly under their own weight, which makes
the assembly difficult.

While robot technology is increasingly finding its way into industrial manufacturing
and production, the Autonomous Industrial Mobile Manipulator (AIMM), a fusion of a
mobile platform and a robotic arm, plays a particular role here. In the development of
AIMMs, Germany is well ahead of China and the USA, accounting for almost one-third
of developments [1]. In the last decade, a number of such mobile platforms have been
developed as prototypes, of which most are small or medium-sized platforms for factory,
warehouse logistics or in the context of service robotics. So far, however, they have not been
widely adopted in industrial production, especially not in large-scale assembly processes.
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Yet in a production environment such as the aerospace industry, the use of mobile platforms
is desirable [2].

Parts for aircrafts are commonly compliant due to their light weight and therefore thin-
walled design. These compliant parts are particularly challenging to handle. Both compliant
and non-compliant parts suffer from manufacturing deviations leading to deviations from
the part’s nominal shape. Additionally, compliant parts also change their shape significantly
according to acting forces. These forces are mainly introduced by gravity and the fixture
holding the part. Since gravitational forces are acting according to the mass distribution of
the part and the forces introduced by the holding fixture are acting on individual points
or small areas, the part can never be expected to be in its intrinsic shape when held in a
fixture; therefore, it is the main objective of the fixture to ensure that the joining features
are within their specified shape.

Figure 1 shows the handling of an A350 XWB wing cover as an example of the
state-of-the-art in the handling of compliant structures. The common approach is to use
high-stiffness assembly jigs made of steel to ensure the geometry of the part to a high level
of precision. These jigs have one major drawback. Due to their enormous weight they
cannot be moved by industrial robots. It would be possible to design AIMMs with custom
kinematics allowing for the transport of these jigs; however, these custom kinematics would
be more expensive and less flexible compared to AIMMs using of-the-shelf industrial robots;
therefore, a significant reduction in the weight of the jigs is needed in order to allow AIMMs
to handle and assemble compliant parts.

Figure 1. Assembly jig for the A350 XWB wing cover as an example for current approaches to
assembling compliant structures [3].

This paper proposes a novel approach facilitating a light assembly jig, which allows
the jig to be handled by a common AIMM. The proposed jig ensures the part’s geometry,
not with the common approach of employing high stiffness, but with active deformation
compensation consisting of actuators and sensors in a control loop. Since the jig is moved by
the robot, it is referred to as an end effector in this paper. Utilizing the proposed lightweight
end effector, AIMMs are able to assist in all assembly steps of compliant components. In this
paper, the mounting of an A320’s flap module to the wing’s rear spar is used as a case study
for the assembly of compliant structures (see Figure 2). The flap module consists of the flap
body itself and its supports. Since the flap supports contain the actuators and kinematics
needed to move the flap, they account for a significant portion of the flap module’s weight.
In order to join the flap module to the aircraft’s wing, studs at the tip of the flap supports
need to be aligned to and inserted into holes in the wing’s rear spar while compensating
for the deformations of the flap.
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Figure 2. Proposed flap-module assembly scenario featuring an AIMM and a lightweight end effector
with shape compensation functionality.

Following the literature review, the paper starts the conceptual development of the
end effector with the identification of sensors and algorithms for the identification of the
shape deviation of parts. This section is followed by a detailed description of the assembly
process of the flap modules. The thorough understanding of the assembly process lays the
foundation for the development of a detailed concept for the end effector. Based on this
concept, the end effector is developed and built up. In order to prove the overall concept,
the testing of the end effector concentrates on its mechanical aspects since the needed
sensors and the control loop for the automatic deformation compensation can be replaced
by manual measurements and control. The mechanical tests show the actuators capability
to deform the flap and its capability to join the flap module to the aircraft’s spar.

2. Usage of Robots and Mobile Robots in the Assembly of Compliant Structures

In order to meet the accuracy requirements in the assembly of compliant aircraft
structures it is state-of-the-art to use jigs to hold the compliant parts in place and ensure
their geometry [4]. These jigs are commonly heavy-duty steel structures. Due to their size
and weight, their transport takes a lot of effort (see Figure 1). Furthermore, they occupy
a large storage area near the final assembly line since every assembly step needs its own
jig. The costs for these jigs limit the possibility of individualization of the aeroplanes
during production. These facts lead to a demand for adjustable and highly automatable
production and assembly strategies [4]. One approach for more automation is the usage of
mobile robots.

One of the main limitations in the usage of industrial robots, and especially AIMMs, is
their maximum payload. In order for AIMMs to handle compliant parts, new lightweight
jig concepts are needed, since the jigs need to be light enough to be used as an end effector
of the AIMM; therefore, the established approach to ensure the part’s geometry and pose
with very stiff and rigid jigs cannot be continued.

Mei presents a review on flexible fixtures [5]. He shows that the position and the
geometry of a part can be ensured by smaller and therefore lighter fixtures containing
actuators and sensors. These sensors and actuators form a closed control loop to ensure the
parts pose and geometry. This allows for a dramatic reduction in stiffness and therefore
weight of the fixture; thus, it is possible to use flexible jigs as end effectors by stationary
robots or AIMMs.

The assembly of large compliant structures for aeroplanes is commonly divided into
two steps:

• The first step is the assembly of parts creating components, commonly known as
assembly;



Machines 2022, 10, 291 4 of 19

• The second step is the alignment and joining of the components creating the aeroplane
is commonly known as integration.

The main difference between those two steps is found in their location and timing. The
assembly of components is performed prior to final assembly in independent production
lines, whereas integration of the components is performed in the final assembly line. Since
the modifications of components in the final assembly line are very costly, quality control
of the components and parts has to be conducted in the assembly step, thus allowing for an
efficient final assembly of the aircraft [5].

Current research on the usage of robots handling large-scale parts and components in
the production of aircraft concentrates mainly on shell segments for fuselages.

Weidner builds a scaled end effector for the installation of fuselage segments to a
fuselage under construction. He uses linear actuators equipped with suction cups on a
metal frame to grab and deform the shell. A laser tracker is used to check the position
and shape of the segment. Additionally, he uses force sensors to limit the induced stresses
within the segment. Since the actuators only allow for linear movement, not all deviations
of the part’s geometry can be removed. Experiments show that the end effector is able
to ensure the needed geometry within a 2 mm boundary. The positioning accuracy is not
tested [6,7].

Bock uses a similar end effector but concentrates on the shape of the shell prior to the
application of stiffeners. His end effector distinguishes itself from Weidner’s by the usage
of CFRP as the material for the main structure and a 3D camera for the evaluation of the
shape. His results show that 3D cameras are able to generate very detailed information
regarding the shape and shape deviation from the target shape. The large residual shape
deviation after nine iterations of shape measurement and active deformation suggests
either a too low stiffness of the main frame, too low actuation forces or stroke or not enough
control ability of the shape due to the configuration of the linear actuators [8].

Ramirez presents a fixture for fuselage shells utilizing Stewart platforms instead of
linear actuators for actuation. He shows that it is possible to actively deform a shell to
sub-millimeter accuracy [9,10]; however, he uses a steel main frame, which is probably too
heavy in order to be moved by an AIMM.

Due to the potential severeness of accidents when using AIMMs to handle flap mod-
ules in close proximity to humans, safety aspects have to be taken into account in the
automation concepts. Since safety in human–robot collaboration is still a field of ongoing
research, it often poses a bottleneck in the usage of AIMMs in production environments [11].
Following the state-of-the-art in human–robot collaboration, it seams feasible to combine
manual control for tasks that contain safety risks and only automate tasks that pose neg-
ligible risks. One widely adopted method to reduce the risk is to separate human from
robotic workspaces with fences or light curtains that stop or alter the robots movement
when crossed [12].

3. Sensors and Methods for the Determination of Pose and Geometry of Parts
and Components

For the proposed assembly process, 3D sensors fulfill two tasks. They are needed
to close the control loop in order to compensate deformations due to gravity and they
are needed to align the component to the partly assembled aeroplane in order to join the
component to the plane. Mei proposes three applicable sensor systems for these steps [5]:

• A 3D camera generating point clouds;
• Indoor Global Positioning System (iGPS);
• Laser tracker.

Laser trackers are an established technology for large parts and high demands in
accuracy; however, they are expensive and impractical, since the laser beam between the
tracker and the corresponding reflector cannot be intersected while measuring. iGPS offers
a large measuring area, does not need a clear line of sight and has mediocre accuracy. On
the other hand, 3D cameras offer smaller measuring spaces compared to iGPS and laser
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tracker systems and can reach sub-millimeter accuracy in the measurement of individual
points. With point clouds, it is possible to determine geometric features with a higher
accuracy compared to individual point measurements. This is achieved by evaluating a
large number of points; therefore, it is often possible to use affordable sensors. Hence, 3D
cameras represent a promising sensor for integration into the end effector for the assembly
of large compliant parts.

Since the proposed assembly process is part of the final assembly, all delivered flaps
can be excepted to be within the allowed tolerance ranges due to inspection prior to the
delivery to the final assembly line. Thus, it can be assumed that all deformations larger
than the allowed tolerances are either due to gravitation or induced forces from the jig.

Experiences from geometric product specification (GPS) standardization and recent
research efforts on tolerance show that only the distinction between the real workpiece,
its abstract and conceptual model (skin model) and the virtual representation of this
abstract model allows a proper understanding of geometric deviations [13]. Schleich [13]
calls the connection between real and virtual world “twinning”, but does not provide
a concrete methodology. Lartigue and Thiebaut [14] present an approach to identify
geometry deviations of flexible components. With the help of an additional measurement
of support forces of the component, the stress-free and therefore undeformed component
shape can be determined via a modified finite element method. Since finite element (FE)
calculations for large models typically involve considerable computational effort, Lin [15]
provides approaches that significantly reduce the computational effort. Another approach
by Thiebaut [16] uses a reduced number of measurement points from a point cloud to
optimize the computational cost of his modified FE formulation. Söderberg [17] goes one
step further and creates a combination of variational calculus and quality control into
an autonomous model for quality optimization. He calls this concept “digital twin for
geometry assurance”; however, all approaches require a robust registration method to
register measurement points, which are usually in the form of point clouds, to CAD models
in order to determine component deviations.

Registration is the process of aligning point cloud data to a CAD model in order to
find the coordinate transformation between both. The registration problem is commonly
formulated as a least-square minimization problem [18]. Various approaches have been
proposed in this area, as reviewed in [19], either in an iterative form [20,21] or as a method
with a direct solution. In the latter case, a solution is obtained using, e.g., singular value
decomposition [22,23] and unit-/dual- quaternions [24,25]. A qualitative comparison of the
algorithms in terms of accuracy and robustness was investigated in [26]. Recent algorithms
use statistical methods such as the Gaussian mixture model [26,27] or incorporate surface
registration and 3D reconstruction algorithms [28–35]; however, in most applications, the
iterative closest point (ICP) algorithm has become the standard fitting method due to its
simple formulation and computational efficiency [27,36–38]. A general problem with ICP is
sensitivity to measurement errors, data artefacts and point cloud density. These problems
can be traced back to the general solution of the ICP formulation, which is based on a least-
square minimization method. Special filters such as outlier removal [39] or de-noising [40]
provide an improvement; however, in some cases, ICP still leads to unreliable fitting results,
especially for complex shapes such as curved surfaces [41].

In summary, it can be stated that there are powerful algorithms available to deter-
mine the deformation of a part using tolerancing methods and the pose of the flap in
regards to the airplane using ICP registration approaches; therefore, both the active defor-
mation compensation and the assembly are expected to be efficiently automatable using
3D cameras.

4. Case Study: Fully Equipped Flap with Flap Supports

The flaps of an aircraft represent a particularly challenging component for the as-
sembly of compliant structures and are therefore used as a case study within this paper.
Flaps combine a slender and tapered design with a lightweight construction leading to
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high compliance with mass concentration at the flap supports leading to large weight-
induced deformations.

At the moment, flap systems are mounted in two steps. The assembly starts with the
flap supports. They are mounted to the rear spar of the wing and contain all the linkages
and actuators. The second step of the assembly consists of the mounting of the flap to the
flap supports.

Similar to that mentioned in the introduction, it is desirable to increase the efficiency of
the flap assembly by preassembling the flap supports to the flap prior to the final assembly
line. By doing so, the cycle time within the final assembly line can be reduced. The
preassembled flap system is also called a fully equipped flap. For the integration of the
fully equipped flap to the aeroplane’s wing, it needs to be positioned precisely to the rear
spar of the wing (see Figure 3). In order to mount the flap support on the spar, four tapered
studs are attached at the tip of it. These studs need to be aligned precisely to bolt holes in
the rear spar of the wing for the integration. After a proper alignment, the fully equipped
flap is lifted vertically and the tapered studs are slid into the bolt holes. The assembly of
the fully equipped flap ends with the replacement of the tapered studs by proper bolts.
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The positioning and joining of the studs is quite challenging due to the gravity-induced
deformations of the equipped flap (see Figure 4). The weight of the fully equipped flap
ranges between 300 kg to 400 kg, with the flap weighing ≈ 60 kg and the flap supports
weighing ≈ 150 kg each. Due to this deformation, the studs of both supports are not parallel
and insertable to the bolt holes with a simple linear movement performed by a crane. This
leads to the need for applying forces and moments to the flap in order to counteract the
gravity-induced deformations.

To test the assembly process on a full scale, a fully equipped flap is needed. Since the
fully equipped flap alone would exceed the payload of the available AIMM, it needs to be
adapted in order to leave headroom for the end effector. Since the stiffness of the flap has a
major impact on the forces needed for bending, no major changes on the flap body itself
can be made. The used flap body is described in [42–44].
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At the moment flap systems are mounted in two steps. The assembly starts with the
flap supports. They are mounted to the rear spar of the wing and contain all the linkages
and actuators. The second step of the assembly consists of the mounting of the flap to the
flap supports.

Like mentioned in the introduction it is desirable to increase the efficiency of the flap
assembly by preassembling the flap supports to the flap prior to the final assembly line. By
doing so the cycle time within the final assembly line can be reduced. The preassembled
flap system is also called fully equipped flap. For the integration of the fully equipped flap
to the aeroplane’s wing it needs to be positioned precisely to the rear spar of the wing (see
Figure 3). In order to mount the flap support on the spar four tapered studs are attached at
the tip of it. These studs need to be aligned precisely to bolt holes in the rear spar of the
wing for the integration. After a proper alignment the fully equipped flap is lifted vertically
and the tapered studs are sliding into the bolt holes. The assembly of the fully equipped
flap ends with the replacement of the tapered studs by proper bolts.
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to the need for applying forces and moments to the flap in order to counteract the gravity
induced deformations.
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The needed reduction in weight is mainly realized in the construction of simplified
lightweight flap supports. For maximum weight reduction, 2D mock-ups are used to
represent the flap supports (see Figure 5). They resemble the shape of the original A320
flap supports and provide a light mounting possibility for the mounting studs. In order to
hold the flap with the end effector and to transfer the actuation forces into the flap body,
L-shaped brackets are attached to the bottom of the flap.

Figure 5. Lightweight demonstrator of fully equipped flap with spar representative.

5. Concept for the Assembly of Flaps Using an AIMM

The following section describes the proposed usage of an AIMM for the integration
of a fully equipped flap with flap supports. The process starts with the transport of the
fully equipped flap module to the final assembly line of the aeroplane by the AIMM. The
transport will be controlled manually by an employee. Automatic movement of the AIMM
for the transport of the flap would be desirable, but due to the potential severeness of acci-
dents and since the safety of human–robot collaboration is subject to ongoing research [45],
the manual approach for the transportation seems most efficient.

The automatic assembly process starts after the employee has moved the flap to a
position close to the desired mounting position. As described in the introduction, the flap
assembly’s shape differs from its nominal shape for two main reasons. The first one is
manufacturing deviations, which can be assumed to be within tolerances since the flap
will have been checked prior to the delivery to the final assembly line. The second one is
elastic deformations due to gravitational load and forces from the handling jig. Since these
elastic deformations are commonly bigger than the allowable tolerances, they need to be
compensated by the jig prior to integration.
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The common approach to ensure the flap’s geometry is the usage of a very stiff jig,
which forces the flap into an integratable shape. This approach is not feasible for AIMMs
due to payload limitations (see Figure 1). To comply to this limitation, a lightweight
end effector for the flap handling with an actuator-driven deformation compensation is
developed (see Section 6). The end effector consists of a light and therefore compliant main
beam, actuators and sensors for the automatic deformation compensation and means to
grab the flap supports in order to securely hold the whole flap assembly (see Figure 6).

As stated in Section 3, 3D cameras will be used to determine the flap’s shape and pose.
The number and position of the 3D cameras has a big impact on the automatic assembly
process and is therefore discussed first. As stated before, the integration process ought
to be flexible and therefore it is best to accommodate all needed sensors within the end
effector. The only position from which both the flap geometry and the mounting surfaces
can be assessed with one camera would be high above the flap, which is impractical. This
leads to the need for several 3D cameras. In order to fuse the individual measurement
into one point cloud, the coordinate transformations between the sensors must be known;
however, since the main beam of the end effector must be assumed to be compliant, the
coordinate transformation between the individual sensors will change depending on the
loads. If the field of view of the individual 3D cameras overlaps, it could be possible to
calculate the current coordinate transformation using registration algorithms; however,
these algorithms need characteristic shapes, which are scarce in aerodynamic surfaces;
therefore, the registration will probably be prone to errors.
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All of these challenges can be avoided by considering that all components delivered
to the final assembly line will be within their tolerances; thus, only the joining surfaces of
the flap and the wing attachment area need to be aligned [5]. This allows for the usage of
the wing spar as a reference for the deformation compensation. This approach has two
main advantages. First of all, only two sensors are needed. Each sensor measures the
relative position of the flap support studs with respect to their corresponding mounting
holes within the spar. This allows for a convenient placement of the sensors within the
main beam of the end effector and for low-range sensors. Secondly, the alignment of the
studs and the bolt hole pattern will be better. Wings are compliant and suffer from elastic
deformations; thus, the spar will deform differently depending on the state of assembly
and the configuration of the aeroplane. At first glance, this contradicts the usage of the spar
as a reference for the active deformation compensation, since it introduces errors within
the shape measurement of the flap; however, this approach will ensure a better alignment
of the mounting points to each other, since the deformations of the spar are accounted for
without additional effort; therefore, it is very efficient only to evaluate the relative positions
of the bolt holes and the studs for each side of the flap independently.

For the bolt hole pattern in the spar, four holes for each flat support with step bores
with 17.2 mm and 13.7 mm in diameter are chosen. Into these holes, the corresponding
tapered bolts at the tip of the flap supports must be inserted. The diameter of the bolts is
12 mm. This leads to the requirement for the 3D camera and the algorithm to identify the
relative positioning of the joining features with sub-millimeter accuracy.
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The spars deformation in the final assembly line will be significantly lower than
within flight and the manufacturing tolerances are checked prior to the integration process;
therefore, the introduced loads to the flap will be well within the specifications of the flap.

Additional benefits can be prospected when adjusting capabilities within the flap-
module kinematic (e.g., eccentric bushings) are pre-installed adequately in order to assure
the correct final flap position. If this is already achieved within the assembly procedure,
additional trimming operations to adjust gaps between flaps and the wing or flap-tip
position for example, can be minimized.

This realization leads to the proposed deformation compensation and alignment
process consisting of two steps. In the first step, the fixed side of the flap is aligned precisely
and the movable side is aligned roughly. The first alignment step is achieved by the AIMM’s
industrial robot and ends with the studs of the fixed side in a position ready to be inserted
into the bolt holes. A precise alignment of both sides with the AIMM’s robot arm is not
possible due to the deformation of the flap. In the second step, the actuators of the end
effector are used to bend the flap in a way that the studs of the movable side of the end
effector align to the corresponding bolt hole pattern. This bending leads to no additional
significant assembly stresses since the flap is mainly bent back to its original shape without
gravitational loads.

When both sides are aligned only a movement upwards of the end effector in the
direction of the studs is needed in order to join the flap component to the aeroplane. As a
summary, the automatic assembly consists of these six steps:

• A fully equipped flap module is picked up by an AIMM using the end effector;
• AIMM and end effector can be used for logistics;
• Manual rough positioning of the flap in reference to the wing spar;
• Automatic fine positioning of the fixed side of the flap;
• Automatic deformation compensation using 6-DOF actuation;
• Automatic assembly.

6. Development of the End Effector

In order to test the concept from Section 5, it is mandatory to build an end effector. As
described, sensors are only needed to find the relative position of the bolt hole patterns in
the spar to the studs of the flap supports. Since 3D cameras and algorithms for the detection
of these simple geometric features from point cloud data are readily available, it can be
safely assumed that the task of the automatic alignment is possible if the end effector is able
to deform the flap module. Therefore, the development of the end effector concentrates
on the mechanical aspects only, leaving the topic of automatic alignment open for further
work. The following section describes the development of the end effector without the
integration of sensors, limiting the later testing of the end effector to manual control.

The Kuka KMR Quantec 150 with a dynamic payload of 150 kg is used as our test
robot. If the center of gravity of the end effector is close to the flange of the robot arm of the
AIMM, a load up to 180 kg is possible, limiting the robot to quasistatic speeds. Considering
the weight of 75 kg of the flap with the flap support mock-ups and the the maximum
allowable weight of the AIMM, the end effector’s weight is limited to 105 kg. The final end
effector is shown in Figure 7.
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The design of the end effector follows the concept from the previous section. Due to
the weight limitations, it is rational to start the construction with the biggest and therefore
potentially heaviest part; thus, the main beam is designed first. The main design criteria
of the main beam, aside from its weight, is its stiffness, since the forces applied by the
actuators in order to bend the flap also act on the main beam. Figure 8 shows a simplified
model of one half of the end effector deforming the flap. This model allows us to estimate
a minimum stiffness of the beam. The actuators create a moment M. This force lead to a
deformation of both the flap (x f ) and the beam (xb). The deformation depends mainly on
the stiffnesses c f of the flap and cb of the beam.

xb =
M
cb

x f =
M
c f

(1)

These equations can be rearranged:

x f =
cb
c f

xb (2)

In order to ensure that the flap bends more than the beam, it can be shown that
the stiffness of the beam must be greater than the stiffness of the flap; thus, allowing
for reasonable certainty regarding the bending of the flap. The most important bending
direction is depicted in Figure 4 since the flap will be deformed in that way by the weight
of the flap supports. The flap’s maximum second moment of area is ≈2500 cm4 for these
movements; thus, the main beam needs at least the same second moment of area. Since
trusses offer an excellent stiffness-to-weight ratio, an aluminum truss is chosen. These
trusses are easily available since they are widely used in the event industry. The chosen
truss has a second moment of area of 3729 cm4, weighs 21 kg and is 3.5 m long.
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bending compensation. One is to neglect the bending line and bend the flap with a
rotational actuation only, which can lead to high internal stresses. The second one is to
design a mechanical mechanism, which moves on the needed trajectory and is actuated
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The second-most critical part is the kinematic for the bending of the flap. As stated
before, the lateral bending of the flap is most important; however, since the flap and the
main beam are bending in parallel, the compensation kinematic should move on a trajectory,
which bends the flap with minimal internal stresses. The shape and calculation of this
trajectory is expected to be quite complex, since the flap is made from non-isotropic CFRP
and the construction is statically overdetermined. This leads to several options for the
bending compensation. The first is to neglect the bending line and bend the flap with a
rotational actuation only, which can lead to high internal stresses. The second is to design a
mechanical mechanism that moves on the needed trajectory and is actuated by one actuator.
The third option is to build a kinematic with more than one degree of freedom and generate
the trajectory with computer numerical control. Since changes in the bending behavior of
the flap can easily be accounted for with the third option, it is therefore favorable.
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Parallel kinematics are known to offer higher stiffnesses, greater actuation forces and
lower weights than serial kinematics. Their main drawback is the smaller workspace;
however, since only a few centimeters of bending are needed, a parallel kinematic offers
the best option. A small study comparing different serial and parallel kinematics showed
that the chosen Stewart platform, based on the design of Stewart and Gough [46,47], offers
one of the lightest options while giving a lot of flexibility with its six degrees of freedom. It
is widely used, well documented and therefore easy to build. In order to save weight, it is
designed according to the expected loads and is built up from six electrical linear actuators.
Due to the lack of a model describing the bending behavior of the end effector holding
the flap, the sizing was determined using rough estimates based on beam theory. Only
load cases were regarded, which are needed to counteract the bending of the flap module
due to its own weight. For example, the opportunity to stretch the flap in longitudinal
directions or bending it around the vertical axis would have lead to significantly bigger
actuators and is not needed in order to counteract the bending due to the flap’s weight. The
calculations showed that the deciding factors for the actuators and their position are the
actuation forces, since only a few centimeters and often less than one degree of movement
are needed to counteract the flaps deformations. These requirements are fulfilled in every
considered configuration that is able to deliver the needed actuation forces. The actuators
are controlled by an external PLC. Since the goal of this paper is to prove the overall concept
the Stewart platform, in its current state, only performs simple rotational and translational
movements that are controlled manually. This limits the needed programming of the
PLC to the inverse kinematics of the Stewart platform. The bending behavior needs to be
accounted for in further research.

Due to the strong abstraction of flap supports in this paper, the gripper system is
not designed with the ability to grip the flap supports. Instead, flanges are bolted to
corresponding brackets, which are fixed to the flap body. The flanges are designed using
topology optimization in order to minimize weight. This reduces the weight dramatically
and allows for a good transfer of forces between the end effector and the flap. For a full-scale
demonstration, the addition of a gripping system is not expected to pose major challenges.

7. Capability of the End Effector to Bend the Flap

The testing of the end effector starts with the evaluation of its ability to deform the flap
body. The Stewart platform is able to move in six degrees of freedom (see Figure 9). Since
the actuators are not powerful enough to generate significant deformation of the flap when
moving translatory in x or z-directions and rotatory around y, these directions were not
investigated. A translation in y resembles a rotation around x and is also not investigated.
These exclusions lead to two remaining degrees of freedom of the Stewart platform, which
were investigated, namely a rotation around x and z.

Since there is no model implemented describing the bending behavior of the end
effector holding the flap jet, it is not possible to define the exact requirements regarding the
required bending in order to compensate the weight-induced deformations; therefore, this
section concentrates on finding the maximal deformation possible with the actual setup. At
the start of these experiments, the Stewart platform was not centered in its work space since
it was moved in order to be connected to the flap. From that starting point, the maximal
movable distance differs in all six degrees of freedom. It was at least ±36 mm in every
translatory direction and ±7.8◦ in every rotatory direction.
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The first experiment contemplated the ability to twist the flap body by the angle α
when the Stewart platform rotates around the z-direction (see Figures 9 and 10). The
rotation of the flap is measured with an MEMS-based inclinometer with an accuracy of
± 0.2◦ fixed to the flap supports in order to use gravity as an external reference. The
inclinometer was zeroed at the beginning of the experiments; therefore, 0◦ represents the
state without any induced twist. Figure 11 shows a linear relationship between the Stewart
platform’s rotation and the movement of the flap. The slope of the line is smaller than one
since the main beam bends as well, thus confirming the assumption regarding the needed
stiffness of the main beam in Section 6.

2◦

0◦
−2◦ inclinometer flap

flap support

z-rotation by Stewart platform

α

studs

Figure 10. Experimental setup for inclination measurement of the flap by a rotation around z-axis.
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Figure 11. Rotation of the Stewart platform and induced deformation of the flap.

The second experiment concentrated on the lateral bending of the flap. In order to
evaluate the shape of the flap, a string was strung along the length zf of the flap (see
Figure 12). The string serves as a straight reference for the measurement of the value v,
which indicates the bending of the flap by its distance to the string. The accuracy of the
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measurement is ±0.5 mm. In contrast to the proposed concept, the bending behavior was
not considered in the movement of the Stewart platform, since the required models are
complex and not needed in order to demonstrate the overall concept.
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Figure 13 shows the shape of the flap with a rotation of the Stewart platform around
the x-axis (see Figure 9). The reference shape emerges when the flap is initially mounted to
the end effector. In order to mount the flap it hangs on a crane as depicted in figure 4 and
the end effector is moved below the flap. The fixed side of the end effector is bolted to the
flap first. In the second step the Stewart platform moves in order to align the bolt holes at
the moveable side. Therefor the flap is not free from internal stresses in the reference shape.
In order to determine the maximum possible bending of the flap with the Stewart platform
used, the platform is rotated around the x-axis in positive and negative direction until the
actuators generate their maximum bending moment. It can be seen, that the flap can’t be
bend by negative rotation.
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Figure 13 shows the shape of the flap with a rotation of the Stewart platform around
the x-axis (see Figure 9). The reference shape emerges when the flap was initially mounted
to the end effector. In order to mount the flap, it hangs on a crane as depicted in Figure 4
and the end effector was moved below the flap. The fixed side of the end effector was
bolted to the flap first. In the second step, the Stewart platform was moved in order to align
the bolt holes at the moveable side; therefore, the flap was not free from internal stresses in
the reference shape. In order to determine the maximum possible bending of the flap with
the Stewart platform used, the platform was rotated around the x-axis in both positive and
negative directions until the actuators generated their maximum bending moment. It can
be seen that the flap cannot be bent by negative rotation.
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Figure 13. Deflection of the flap by a rotation around x-axis.

Experiments with an earlier version of the end effector (see Figure 14) show that a
low stiffness in the interfaces between the Stewart platform and the flap module can be
beneficial. In this earlier version, the interfaces connecting the Stewart platform to the main
beam and the flap are significantly less stiff. The deformation shown in Figure 15 was
generated without using the maximum actuator forces, since the corner elements connecting
the aluminum extrusions failed. Despite the lower forces, the maximum deformation v of
the flap is bigger than the deformation, which is generated by the stiff interfaces (4.5 mm
vs. 2 mm) (see Figures 13 and 15); therefore, it can be assumed that the low stiffness of the
interfaces allowed the flap to bend more closely to its deflection curve, lowering the needed
actuation forces.
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Figure 14. Early version of the end effector with lower stiffness and strength.
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Figure 15. Deflection of the flap by a rotation around x-axis and compliant interfaces.

Figure 16 shows the achievable bending with the stiffer interfaces when the Stewart
platform also moves translatory in the z-direction in order to better follow the deflection
curve of the flap. The translational movement of the Stewart platform is determined
iteratively by analyzing the actuator forces until the actuators reach their maximum forces.
The bigger deflection shows that accounting for the deflection curve of the flap leads to
bigger possible deformations when rotating in the negative direction.
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Figure 16. Deflection of flap with rotation around x-axis and translation in z-direction.

In summary, it can be stated that the end effector is able to bend the flap in all important
directions. The maximum deformation is limited by the actuation forces and can easily be
increased by using bigger actuators. Furthermore, it is shown that the deflection curve of
the flap must be accounted for. There are two options for this. One option is to move the
Stewart platform along the deflection curve and the other one is to reduce the stiffness of
the end effector.
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8. Testing of the Assembly of the Flap

Figure 17 shows the setup for the evaluation of the integration of the fully equipped
flap. The wing spar is represented by an aluminum extrusion profile fixed to a wall. The
bolt hole pattern is drilled into plates that are bolted to the extrusion.
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The experiments show, that the end effector is able to hold the fully equipped flap
securely and in any desired position (see Figure 18). When the flap is moved by the
industrial robot the end effector tends to swing significantly. The swinging can be reduced
by moving the flap slowly. The motion consist mainly of a rotatory movement around the
industrial robots wrist. It can easily be explained by the fact that the moment of inertia of
the end effector exceeds the industrial robot’s specifications. Therefore it can be avoided in
the future by using a bigger industrial robot. When the AIMM drives through the hangar
using its wheels no disturbing vibration are noticeable. Therefore only the industrial robot
needs to be replaced by one with a higher payload capability, which is needed anyway in
order to be able to carry a fully equipped flap with full scale flap supports.

Figure 17. Mobile robot with end effector integrating the equipped flap to the rear spar.

The experiments show that the end effector is able to hold the fully equipped flap
securely and in any desired position (see Figure 18). When the flap is moved by the
industrial robot, the end effector tends to swing significantly. The swinging can be reduced
by moving the flap slowly. The motion consists mainly of a rotatory movement around the
industrial robots wrist. It can easily be explained by the fact that the moment of inertia of
the end effector exceeds the industrial robot’s specifications; therefore, it can be avoided in
the future by using a bigger industrial robot. When the AIMM drives through the hangar
using its wheels, no disturbing vibrations are noticeable; therefore, only the industrial robot
needs to be replaced with a higher payload capability, which is needed anyway in order to
be able to carry a fully equipped flap with full-scale flap supports.

Figure 18. Mobile robot holding the flap in assembly position.

As described in Section 5, the integration of the fully equipped flap starts with the
alignment of the studs on the fixed side of the end effector to their corresponding bolt holes
using the industrial robot.
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Following Section 6, the alignment of the studs is performed manually by eyeballing.
In order to be able to insert the studs into the bolt holes with a linear movement, the studs
must coincide with their corresponding bolt holes. Experiments show that it is possible to
align the studs on the fixed side within a couple of minutes with an iterative approach using
the robots control panel to move the end effector and the flap as a whole. The alignment is
considered complete when the tips of the studs are centered within the spar’s bolt holes
and the surfaces containing the studs and bolt holes are parallel. Within this alignment
step, the movable side was also aligned roughly in order to ease the following steps.

After the alignment of the fixed side, the next step is to compensate the bending of the
flap using the Stewart platform. This is performed by aligning the studs on the movable
side of the end effector to their corresponding bolt holes using the Steward platform. This
process is performed similarly with one difference. Instead of the robot’s kinematic, the
Stewart platform is used for alignment, thereby compensating the bending of the flap and
aligning the joining feature in one step. This process was also performed manually within
a couple of minutes.

After proper alignment, the integration is completed by the insertion of the studs into
the bore holes with a linear motion of the industrial robot. The studs enter the bore holes
smoothly and without any jamming. Due to the limited accuracy of the manual alignment
by eyeballing without the use of measuring devices, it can be expected that an automatic
alignment will also provide the needed accuracy.

The smooth fit of the studs is assisted by the low stiffness of the AIMM and the flap
support mock-ups. Only small forces are needed to move the studs horizontally and the
combination of step bores and tapered bolts helps to provide these small correctional forces.
It is not possible to clarify conclusively if the studs would fit as well as shown if the AIMM
and flap support mock-ups would be stiffer. The same effect applies for the positioning
of the industrial robot. There is a risk that the assembly process would work worse if the
required bigger industrial robot and full-size flap supports are used since both will be
stiffer. Nevertheless, these risks seem manageable, since the full-scale flap supports contain
locating and floating bearings as mounting points, which act similar to a low stiffness in
the structure itself. Further, the robot’s stiffness can be lowered by means of impedance
control [48]; therefore, the assembly of real fully equipped flap modules with AIMMs
seems possible.

9. Conclusions

In summary, this paper shows that the integration of fully equipped flap modules to
an aeroplane’s wing spar with AIMMs is possible.

Within the scope of the paper, a concept for the mounting of fully equipped flap
modules to a wing spar using AIMMs is presented. In order to test the concept, a mock-up
of a fully equipped flap, a wing representative and an end effector were constructed. The
deformation compensation capabilities of the proposed end effector were demonstrated in
bending experiments. The proposed method to ensure the flap’s geometry using a Stewart
platform and the aircraft’s spar as a reference was also experimentally confirmed. Assembly
experiments show that the insertion of studs from the fully equipped flap module into bolt
holes of the wing spar works smoothly; thus, showing the capability of AIMMs to assemble
large compliant structures.

For further research, a thorough investigation of the bending behavior of the whole
system is needed. Regarding the shape compensation, a model to predict the deflection
curve of the flap body is needed in order to account for it when deforming the flap. This
model allows us to lower the internal stresses in the flap and the needed actuation forces;
therefore, the model needs to describe the coupled bending behavior of both the flap and
the end effector. A simple model is desirable since it has to be calculated in real time. As
shown in Section 7, a lower stiffness of the end effector lowers the needed precision of
the model; therefore, it is favorable to find a method to determine the minimum required
stiffness of the end effector prior to the development of the bending model.
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Furthermore, the automatic alignment of the flap needs to be implemented and tested.
Approaches are described in Section 3. Since a lower stiffness of the industrial robot has a
decreasing effect on the needed accuracy for the positioning of the flap, it seems rational to
investigate the use of impedance control for stiffness adjustment.
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