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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Polymer electrolyte membrane (PEM) fuel cells consist of hundreds of individual layers, which need to be precisely stacked onto each other in a 
pick-and-place process in order to ensure a functioning product. Common automated pick-and-place systems usually feature an external camera 
for position detection of the individual layers. However, an external position detection increases cycle time and reduces the overall efficiency of 
the assembly system. Thus, this approach presents a camera, which is integrated into a flat surface vacuum gripper to detect and measure the 
position of components on-the-fly while grasping. The camera makes use of the suction openings necessary for grasping itself. Incoming light is 
detected and an aperture photometry is being applied to the image. Different methods for the component position detection will be presented and 
compared to a precise stereo camera reference measurement for the components actual position. With the reference the measurement accuracy of 
the novel gripper configuration is derived. 
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1. Introduction 

Polymer electrolyte membrane (PEM) fuel cell vehicles 
offer a high range with short refueling times compared to other 
zero emission vehicles, which especially gains relevance for 
long haul transportation. To generate enough power a so-called 
fuel cell stack consists of up to 400 individual cells stacked onto 
each other and thereby connected among themselves in series 
[1]. Due to the high number of components fast processes with 
short cycle time are required. 

 
Nomenclature 

xAB,yAB  distance between points A and B 
φ  component rotation 
xCAM, yCAM calculated position of the component 
xGOM, yGOM measured position of the component 

2. State of the art 

A fuel cell stack is made of bipolar plates and membrane 
electrode assemblies (MEA), which create the repeating unit of 
a fuel cell. The bipolar plate is made out of thin metal or 
graphite and is responsible for gas distribution on the anode and 
cathode side as well as for internal cooling [2]. The MEA is 
made of a polymer electrolyte membrane (PEM) coated with 
catalyst (CCM, catalyst coated membrane). Designs vary [3], 
usually the CCM is framed in a subgasket with an anode and 
cathode gas diffusion layer (GDL) on opposite sides. These two 
components, bipolar plate and MEA, are the starting product 
for the fuel cell stack. In this particular stacking process both 
MEA and bipolar plate need to be stacked alternately. To avoid 
leakage and allow for a uniform pressure distribution it is 
mandatory to stack precisely [4]. Yet, with the MEA being 
made of thin foils, a mechanical alignment is not well suited 
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for the MEA and can cause jamming for the bipolar plate [5]. 
Therefore, the alignment in automated machines needs to be 
carried out by optical systems. Common process sequences 
include individual grasping of the components, a camera 
measurement and a corrected placement. In [6,7] an approach 
is presented to avoid separate process times included in a 
alignment process. The camera is mounted overhead at the pick 
station as well as at the placement station. With an AI approach 
the accuracy of the system is increased. However, it is 
mentioned, that the component’s structure limits further 
optimization. Both components, bipolar plate and MEA, do not 
lie flat. Shape deviation of the bipolar plate is caused by 
bending [8] and welding processes [9] whilst manufacturing. 
The MEA with its thin foils can also have shape errors due to 
residual stress whilst manufacturing or humidity change [10]. 
These characteristics cause the components to deform slightly 
whilst gripping and releasing that cause positioning errors. 
With the position measured whilst gripping these errors can be 
reduced. In [11] a method is described, that allows for an 
optimized utilization of the gripper inherent suction openings 
for position detection. However, the results are conceptual and 
have not been applied to an actual gripper.  

3. Concept of a camera integrated gripper 

In this paper we want to integrate an optical position 
measurement system into the gripper. Therefore a flat surface 
gripper will be utilized to gather information of the individual 
component’s position, with the choice of materials being 
limited due to electrostatic behavior and anti-stick coating of 
the surface. For this purpose, a hole pattern has been generated 
to support the position detection with a camera located in the 
inside of the gripper, as described in [11]. 

A flat surface gripper is manufactured and equipped with a 
vacuum generator. The gripper plate itself is manufactured by 
a 3D-printer as various patterns can easily be generated, 
however, in later iterations the manufacturing method might 
change to a better suited process to increase the accuracy of the 
hole pattern. The camera is mounted inside the gripper, with a 
transparent surface between the camera and the gripper surface 
to allow for a vacuum generation, as shown in Fig. 1. 

 

 

Fig. 1. Experimental setup for image acquisition (right) and obtained 
images (left)  

The internal camera has a resolution of 670 by 619 pixels 
in the investigated camera frame that measures 110 mm by 
100 mm, which equals to about 6 pixels per 1 mm. To generate 
reference measurements an additional measurement system 
(GOM ATOS Core) is included. Circular reference points are 
placed onto the component as well as onto the gripper. With 

GOM’s measurement suite a component inherent coordinate 
system can be derived from these points. In addition, the same 
method is applied on the gripper itself. Within the measurement 
suite the relative position and orientation of these two 
coordinate systems can be calculated. 

On this setup the components position is randomly changed. 
For each new position an image is made with both, the internal 
camera and the external GOM measurement system. For our 
analysis a total of 100 images were made. 

3.1. Image pre-processing and hole identification 

Before further image processing, the camera is calibrated 
with a chessboard. In order to make a position measurement the 
individual holes of uncovered parts of the gripper need to be 
acquired. There are several options for hole recognition mostly 
based on Canny-edge algorithms and Hough transformation 
[12]. However, these algorithms mainly make use of gradients 
in brightness and therefore require a certain minimal size and 
light intensity. In contrast aperture photometry has been used 
in astronomy very early and allows for a highly precise 
determination of star center points in the sky, even with a width 
of solely a couple of pixels [13]. Since the required image 
evaluation must fulfill similar functions this concept is adopted. 

3.2. Points matching 

In addition, to be able to further calculate the exact positions 
the uncovered hole pattern is compared to the CAD files with 
regard to their respective x- and y- coordinates. The 
comparison between camera image and the CAD-file is 
implemented with a perspective-3-point algorithm as described 
in [14]. This way it is possible to correlate single pixel points 
with their respective coordinates obtained from CAD data. 

4. Image analysis 

The relationship between the camera coordinate system and 
the gripper coordinate system is shown in Fig. 2. With the given 
method of reference measurement on the rather thin foil the 
components edge on the outside cannot be used as reference.  

 

 

Fig. 2. Coordinate systems 
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Both, GOM (D) and the camera (A), feature a static origin, 
which is not located on the same spot. However, the distance 
between those stays the same and there is no rotation between 
the two. Additionally, both GOM and the camera are able to 
measure the components position on different characteristic 
traits: The camera measures the corner position (B) whereas 
GOM makes use of individual markers (C). Based on the 
components coordinates (eGOM) their distance (xCB, yCB) stays 
the same, but when calculated in the camera coordinate system 
(ecam) the angle of rotation (φ) has to be taken into 
consideration, as seen in equation (1).  

 
𝐶𝐶𝐶𝐶 = 𝐶𝐶 + 𝑥𝑥𝐶𝐶𝐶𝐶𝑒𝑒𝑥𝑥,𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑦𝑦𝐶𝐶𝐶𝐶𝑒𝑒𝑦𝑦,𝐺𝐺𝐺𝐺𝐺𝐺 
       = 𝐶𝐶 + (𝑥𝑥𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) + 𝑦𝑦𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑))𝑒𝑒𝑥𝑥,𝑐𝑐𝑐𝑐𝑐𝑐

+ (𝑥𝑥𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑) − 𝑦𝑦𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑))𝑒𝑒𝑦𝑦,𝑐𝑐𝑐𝑐𝑐𝑐 
 

(1) 

 
Although being constant throughout all the images the 

distance from C to B is unknown and therefore needs to be 
calculated based on the experimental data. With DC being the 
same distance as DA + AB - CB the following equations can 
be set up: 

 
𝐷𝐷𝐷𝐷⃗⃗⃗⃗  ⃗ = 𝐴𝐴𝐴𝐴⃗⃗ ⃗⃗  ⃗  −  𝐶𝐶𝐶𝐶⃗⃗⃗⃗  ⃗ 
 

(2) 

𝑥𝑥𝐺𝐺𝐺𝐺𝐺𝐺
𝑦𝑦𝐺𝐺𝐺𝐺𝐺𝐺

=  𝑥𝑥𝐴𝐴𝐴𝐴
𝑦𝑦𝐴𝐴𝐴𝐴

+ 𝑥𝑥𝑐𝑐𝑐𝑐𝑐𝑐
𝑦𝑦𝑐𝑐𝑐𝑐𝑐𝑐

+ 𝑥𝑥𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) + 𝑦𝑦𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑)
𝑥𝑥𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑) − 𝑦𝑦𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) 

 

(3)  

𝑥𝑥𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑥𝑥𝑐𝑐𝑐𝑐𝑐𝑐 = (𝑥𝑥𝐴𝐴𝐴𝐴, 𝑦𝑦𝐴𝐴𝐴𝐴, 𝑥𝑥𝐶𝐶𝐶𝐶, 𝑦𝑦𝐶𝐶𝐶𝐶)
∗ (1,0, sin(φ) , cos(φ))𝑇𝑇

 
𝑦𝑦𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑦𝑦𝑐𝑐𝑐𝑐𝑐𝑐 = (𝑥𝑥𝐴𝐴𝐴𝐴, 𝑦𝑦𝐴𝐴𝐴𝐴, 𝑥𝑥𝐶𝐶𝐶𝐶, 𝑦𝑦𝐶𝐶𝐶𝐶)

∗ (0,1, cos(𝜑𝜑), −sin(𝜑𝜑))𝑇𝑇 

(4) 

 
With equation (4) a least-square approximation can then be 

performed to obtain the unknown values xAD, yAD, xCB and yCB 
based on both, the GOM Measurement (xGOM, yGOM) and the 
camera measurement (xCAM, yCAM). 

4.1. Method one: best-fit through the edge points 

The image is split into two regions of interest. With one the 
horizontal line is calculated, with the other one the vertical line 
is calculated. The calculation itself includes ten rightmost 
points for the vertical line and ten upmost points for the 
horizontal line. The intersection of those two lines then is 
considered as the x- and y-position of the component (xCAM, 
yCAM). This method is limited to rectangular objects or at least 
shapes with piecewise straight lines in it. Only the visible 
points are included, thus, the shape of the component always 
exceeds the actual size. This is due to the fact that the true edge 
of the layer is located directly next to the visible points. In 
Fig. 3 the approach is shown for a horizontal line with the 
visible points marked black and the four upmost points circled 
in red and the assumed edge position as a dashed line. In 
general, this approach is only suitable for small angles of 
rotation, since the regions of interest have fixed positions. 
 

 

Fig. 3. Schematic illustration for the assumed edge position (method one) 

4.2. Method two: best-fit through visible and invisible edge 
points with perpendicularity condition 

In this approach, the invisible points are included in the 
calculation. Since the x- and y-position of all suction holes is 
predefined, covered ones can easily be located with the 
perspective-3-point algorithm. On this basis, the edge detection 
can be improved due to the true position of the layer’s edge 
between invisible and visible suction holes (points). Similar to 
the previous method, ten visible points are used each for the 
calculation of the vertical and horizontal lines. This now also 
offers the chance to predict layer edges between visible and 
invisible points. 

All visible points are separated into ten intervals 
beforehand, ensuring the correct detection even for strongly 
rotated layers (Fig. 4). In addition, one invisible point for each 
interval further decreases the error of detection. Thus, twenty 
points are regressed describing the assumed edge position. 
Moreover, both the horizontal and vertical line are defined as 
perpendicular. Consequently, the total regression error is 
minimized simultaneously. The intersection of the vertical and 
horizontal line determines the x- and y-position of the 
component (xCAM, yCAM). 

 

 

Fig. 4. Schematic illustration for the assumed edge position acquisition 
(method two) 

4.3. Method three: best-fit through the edge points with 
perpendicularity condition and brightness consideration 

Regarding method two, brightness considerations are not 
included in the calculation of the edge detection. Yet, 
especially partly covered holes at the considered corner give 
highly accurate information about the components edge 
position as seen in Fig. 5 with completely illuminated points 
marked yellow and partly illuminated points marked red. For 
this reason, method two was expanded by a weighting factor in 
accordance with the flux of a single hole. Thus, those points are 
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rewarded which have a reduced brightness and are only 
partially shielded by the layer, since these are very likely to be 
below the edge of the layer. 
 

 

Fig. 5. Camera image with full illuminated holes (yellow) and partly 
illuminated holes (red) 

5. Results 

The three methods presented are implemented with the 
displacement between the coordinate systems A and D being 
calculated (xAD, yAD) as well as the distance between A and B 
(xGOM, yGOM) via a least-square approach based on equation (4). 
With the results the difference of the right-hand side and left-
hand side of equation (3) is calculated and the standard 
deviation for the corresponding x- and y-values are derived. 
The results including coefficients of determination are shown 
in Table 1. 

Table 1. Comparison of results for the different methods 

 Method one Method two Method three 

xAD - 91.30 mm -93.02 mm -93.47 mm 

yAD - 75.67 mm -85.22 mm -84.94 mm 

x 4.92 mm 7.24 mm 7.64 mm 

y 0.09 mm 9.57 mm 9.29 mm 

r² 48.09 mm² 11.13 mm² 9.93 mm² 

deviation (x) 0.343 mm 0.247 mm 0.244 mm 

deviation (y) 0.603 mm 0.225 mm 0.199 mm 

 
With method two more accurate results can be obtained 

compared to method one if comparing the standard deviation. 
In comparing the offset values it becomes clear, that there is 
systematic offset, as the position is always calculated too close 
to the visible points. With the herein presented approach the 
offset cannot be directly calculated, however xGOM and yGOM 
values suggest so. For method three the standard deviation of 
the errors is slightly smaller compared to method two, mainly 
due to some outliers as shown in Fig. 6. 

The faulty results and outliers in method three are caused by 
non-homogenous illumination, therefore undermining the 
strategy. Possible development could utilize the brightness of 
neighboring suction openings, as it is very unlikely that there is 
a high variation in openings next to each other. When 
comparing it to the camera resolution of about 6 pixels per 
1 mm the results show that there is nearly no lack of accuracy 
despite the non-transparent suction plate in between. 

 

 

Fig. 6. Comparison of errors in x- and y-direction for the presented 
methods 

6. Conclusion  

With the gripper presented it was possible to determine the 
components position relative to the gripper while grasping. As 
the measurement takes place during gripping and does not 
require for a separate measurement station the cycle times in 
pick-and-place processes can be reduced. However, for the 
application in fuel cell stacking the accuracy needs to be 
improved. With these experimental findings the generation for 
the patterns can be enhanced further, allowing for a higher 
precision. 
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