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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 

Robotic pick and place processes require the workpieces to be prepositioned and aligned to a fixed pose. This ensures the accurate grasping, but 
lacks flexibility and efficiency. Camera based solutions are available for simple workpieces, but no simple solution exists for complex ones. We 
offer a universal software, that determines the stable equilibrium poses of the workpiece from 3D model, and renders the top view image of it. 
This image can be compared to one captured by a single camera setup to determine the workpiece position and orientation in realtime for robotic 
application. The results are validated applying drop test simulation. 
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1. Introduction 

Robotic workcells are used widely in all major industries. 
One common use of these robots is pick and place process on 
assembly lines, which relies on highly constrained workpiece 
poses. A frequent problem is locating objects on the line. There 
are applications where the pose of the target object is well-
defined—e.g. pre-assembled objects—however there are cases 
where the objects to be grasped can be found in varying 
positions as stated in [1]. In such situations it would prove 
highly beneficial if the position and orientation of the 
workpiece could be precisely calculated even with a relatively 
inexpensive and simple camera setup. In this article we propose 
a pose calculating method, with a multitude of benefits, such as 
simpler part feeder and orienting systems, faster lead times, and 
lower sensor and processing costs. 

Some image processing solutions rely on constant object 
pose. If position noise can be modelled, for example the one 
caused by wind outdoors as Juntao et. al. [2], or the pose can 
be calculated by known features in Jiménez et. al. [3], the 
grasping accuracy may improve. The position also can be 

calculated utilizing a depth and an RGB camera after a manual 
training process seen in [4,5,6], but these methods lack 
flexibility needed for adapting to a new workobject, and noises 
that cannot be modeled. 

A progressive approach could be the use of Deep Neural 
Networks (DNNs) for object classification by utilizing an 
RGB-D or even 3D camera, because well trained networks can 
take advantage of such fine and complex data. The usability of 
this approach was tested and evaluated by Giulia et. al. [7], 
which was promising but not robust enough. Experiments were 
conducted using depth cameras by Xi et. al. [8] with around 
68% accuracy. Also, the training time of these networks can be 
really high, while they lack flexibility when the dataset is 
expanded, requiring retraining. 

In the following section, we specify the problem. Section 3 
covers the theoretical background while Section 4 covers the 
actual method of our solution. In Section 5 we detail our efforts 
and experience with the measurement of the restitution of 
coefficient for our validation. Section 6 describes the validation 
process, as well as the results of it. Section 7 concludes the 
paper, and briefly looks on some possible improvements. 
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that cannot be modeled. 

A progressive approach could be the use of Deep Neural 
Networks (DNNs) for object classification by utilizing an 
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really high, while they lack flexibility when the dataset is 
expanded, requiring retraining. 
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covers the theoretical background while Section 4 covers the 
actual method of our solution. In Section 5 we detail our efforts 
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coefficient for our validation. Section 6 describes the validation 
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2. Problem statement 

The pose recognition or aligner systems currently in use lack 
flexibility needed for fast workpiece switching, as well as 
accuracy regarding the pose of a more complex concave object. 
Recognition speed is also a main factor, as high response times 
obstruct the grabbing of a moving object. These solutions may 
also need an operator dedicated solely to them, but their high 
price and complexity could also prove to be sub-optimal. 

The aim of this paper is to create a method to calculate top-
down view images of a workpiece with corresponding 
transformation matrices in equilibrium poses. We strive to 
provide a competitive alternative to the currently used methods 
and surpass their productivity in most aspects. It is assumed, 
that the 3D triangle mesh model of the workpiece is given. 

As most of the workpieces involved in the pick and place 
processes are uncomplicated parts, consisting of only one 
material, they can be treated as homogeneous. When we are 
considering stability in an industrial context, unstable 
equilibria do not provide essential information, because in a 
mechanically dynamic environment they never rest in an 
unstable pose. Therefore, the focus of our research is finding 
only the stable equilibria. 

3. Approach 

Currently no complete solution exists for industrial pose 
identification utilizing the calculation of stable equilibria, 
therefore our work revolved around finding state of the art 
methods for the sub tasks and implementing them. This whole 
compact package is one of the main advantages of the solution. 

Before calculating stable equilibrium poses, the necessary 
and sufficient conditions of stability is reviewed based in 
particular on [9]. Accordingly, the algorithms for finding stable 
equilibria can be divided into three classes. The first option is 
calculating the gradients of the object in a 3D polar coordinate 
system, as seen in [10]. The second widely used approach is 
based mostly on geometrical transformations, as it consists of 
projecting the center of mass of the object to the plane of each 
facet (triangle face of a convex polyhedron), and checking if it 
is located inside the triangle, used also by Várkonyi et. al. [11]. 
Finally, the stable poses can be determined by projecting the 
surface of the object from its center of mass, to the surface of a 
sphere, which has a radius of 1. Then by analyzing the gradient 
fields of two functions which represent geometrical properties, 
the stable equilibria can be calculated, as well as their capture 
regions introduced in [12,13]. 

As stated in Section 1, there are various methods for 
calculating stable equilibria. For our work we used the second 
one, because it utilizes graphical transformations, which 
provide clear, easy to understand process and representation for 
the stable poses of the object. 

The disadvantage of using this method is that it applies a 
finite graphical model, instead of mathematical functions to 
describe a 3D object, which may produce false positive stable 
equilibrium poses (detailed description see in Section 4.). 

When working with a highly complex concave body, it is 
advised to calculate them beforehand using their convex hull, 
because for a body it is only possible to rest on the ground, with 

points and edges that intersect the convex hull. As a result, only 
an object’s convex hull is representative when searching for 
stable poses. Without reference to convexity it is important to 
note that every real world object has an infinite number of 
equilibrium points [14]. Also, coarse surfaces can provide a 
huge number of stable and unstable equilibrium points. This 
produces micro equilibria, which must be merged, resulting in 
a single stable or unstable pose [15]. 

After determining the stable poses of an object, we validate 
the results with drop test simulations. This requires a physical 
collision model see [16,17], utilizing either an inelastic or a 
perfectly inelastic material model. 

On the basis of the validation data, the entire solution can be 
reviewed and optimized. For example, applying pose statistics 
as in [18,19] could yield a faster process, as it highlights the 
poses which have the highest probability of resting on the 
horizontal surface. 

4. Method 

The algorithm, generating the transformation matrices and 
the desired images from the 3D triangle mesh model of the 
workpiece, consists of 9 steps: 
1. loading the model to program, 
2. calculating the model’s convex hull, 
3. calculating the center of mass of the convex hull, 
4. projecting the center of mass to the plane of each facet, 
5. making intersection tests between the projections and the 

facets of the convex hull, 
6. expanding the found equilibrium facet to every other facet 

that belongs to the same stable pose, 
7. calculating transformation matrix for the stable poses, 
8. rendering top-down view images of the model in 

equilibrium poses, 
9. exporting images and transformation matrices. 

Fig. 1. (a) the loaded model in 3D space; (b) wireframe view of the convex 
hull, center of mass is represented by a white dot, the edges belonging to 
different stable poses are color coded, and one equilibrium facet is shown 
before expanding it; (c) color coded equilibrium faces on the convex hull;  

(d) color coded poses on the original model 
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The model loading is done with the ASSIMP [20] library, 
which supports many 3D formats, and excels the alternatives in 
ease of use. A model is handled as a triangle mesh. The 
rendered image of a model can be seen on Fig. 1a. as an 
example. 

After the model has been imported, it must be converted to 
its convex hull for the calculations. This is done by the CGAL 
[21] library, which has fast implementations for each computer 
graphics transformations. Also, the ASSIMP input ensures a 
triangulated concave surface, which can easily be converted to 
a triangulated convex one. 

The model’s center of mass (white dot on Fig. 1b) is 
determined by discrete volumetric integration. The solution 
presented in [22] is a fast and accurate implementation in C, for 
which we created a C++ wrapper and customized it for the 
actual task. 

The projection of the center of mass is done with simple 3D 
vector equations. The intersection test utilizes a barycentric 
coordinate system, which greatly simplifies the calculation 
process. The projected point is connected to the triangulated 
facet’s vertices, this cuts the triangle to 3 pieces, these piece’s 
area ratio produces then the point’s 3 barycentric coordinates. 
Hence a projection is inside the triangle if its barycentric 
coordinates are not less than 0 and not more than 1. The 
coordinates can be calculated by solving an equation system 
(1), where the matrix contains the Descartes coordinates of 
triangle vertices, 𝝀𝝀 vector contains the barycentric coordinates, 
and the 𝒑𝒑 vector points to the projected point. 

 
 
  (1) 
 
 

 
If a projection is located inside a facet triangle, then it is a 

stable equilibrium facet. For example, the one shown on 
Fig. 1b. The next task is finding all the other facets belonging 
to this pose. There are two requirements, which a facet must 
satisfy in order to classify as an additional stable facet of a pose: 
 It must have one or more shared vertex with a stable facet. 
 Its facet normal must be equal to the equilibrium facet’s 

normal. 
The expansion is done by a recursive algorithm, which 

checks first the neighboring facets, if they have an equal face 
normal. In the event of a match the algorithm checks the 
neighbors as well and does so, until no new stable facet is found 
in a step. The expansion results can be seen on Fig. 1c. 

After the stable poses have been located, the next step is to 
calculate their 4x4 dimensional transformation matrices, which 
contain the necessary rotation and translation for them to rest 
on the horizontal XZ plane (as we used OpenGL, Y was the 
vertical axis). Each triangle is transformed onto the plane 
vertex by vertex, and the combination of these partial 
transformations results in the final matrix. 

These matrices are then used to produce the resting top-
down views for each stable pose, which is rendered using our 
custom Shader and OpenGL programs, and exported to the 
desired image format. Also, the matrices are saved in text 
format. 

Table 1. Stable pose calculation results. 

 
Tests were conducted on the 3D models of four workpieces, 

(see Fig. 3). The number of original and convex hull vertices, 
as well as the running times can be seen on Table 1. Because 
of the sufficient simplification of the model, the calculations 
run fast. 

5. Experimental measurement of restitution coefficient 

Drop tests are based on mechanical collision simulations 
and can produce the stable poses as a resting face of a drop. Our 
goal with these tests is not to validate the algorithm introduced 
in the section before—as stable poses are not correlated—but 
to test multiple collision models for pose statistics. That is why 
instead of only using perfectly inelastic models, we simulate 
inelastic collisions as well. 

Inelastic collision can be described with a restitution 
coefficient, which shows the percentage of kinetic energy 
stored in the object after collision. Note that this coefficient 
applies to object pairs that take part in the process, not only to 
the test object. It is not only a material property, as shape can 
also affect the results hugely. 

There are models to approximate the coefficient of 
restitution, but the margin of error is high due to the diversity 
of shapes. The most common approach is to measure the 
coefficient for every object, that one wants to work with. It can 
be done using real world drop tests, and evaluating the results 
based on (2), where ℎ is the maximum bounce height after a 
collision, and 𝐻𝐻 is the drop height. 

 

𝐶𝐶� = ��
�

     (2) 

Fig. 2. The measurement setup 

Workpiece name Original vert Convex hull vert Time (s) 

Metal batten 2610 98 5.26 

Concave workpiece 27000 504 17.29 

L bracket 5124 175 5.96 

90 degree bracket 3828 150 6.16 
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Fig. 3. The workpieces used in drop tests 

To record and measure the drop tests, we used an HD 
camera, with the sampling rate of 30 fps. The drop surface was 
a 3 mm thick poly-methyl methacrylate (PMMA) sheet. The 
surface was covered with a 1 mm thick silicone layer. This 
layout proved to be robust, while adequate dampening is also 
provided. Behind the drop surface there was a height scale, with 
millimeter resolution. The camera was positioned to be 
perpendicular to the scale to minimize distortion. The structure 
of the measurement setup can be seen on Fig. 2. We conducted 
tests for 4 objects, see Fig. 3. Each one was dropped 25 times, 
Table 2. contains the main results. 

Table 2. Drop test results. 

Workpiece name Material Drop height (cm) Cr (-) 

Metal batten Cu alloy 50 0.288 

Concave workpiece Cu alloy 100 0.207 

L bracket Al alloy 100 0.241 

90 degree bracket ABS polymer 100 0.275 

 
The measured coefficients of restitution showed high 

deviation values. This was caused by the concave nature of 
these objects, as landing on a flat surface leads to significantly 
lower bounce height, than on an acute-angled vertex. 

6. Validation of the solution 

The software was run on a PC equipped with an Intel Core 
i7 920 @2.67 GHz CPU, 8 GB of DDR3 @1333 MHz 
memory, and a NVidia GTS 450 GPU. 

The first step is to calculate the stable poses of the models 
of these workpieces with the algorithm introduced in Section 2. 
Then drop test simulations are conducted, using 𝐶𝐶� = 0 
(perfectly inelastic) and the measured values. Each simulation 
consists of 5000 drop tests with the original model. The results 
are shown on the 3D model (see Fig. 4.), with warmer colors 
representing more landings on the specific area. These areas 
can be defined by checking intersection with the horizontal 
plane point by point, or per each facet. The colors on Fig. 4. are 
almost identical, because the frequency values are close. The 
results are also exported to a csv table, containing each 
equilibrium point and how many times the object landed on 
them. The two orange rectangles on top of the batten, and the 
two red ones seen on the bottom, are only edges in real life. 
This way in these poses the body has a 4-point support, hence 
these are stable equilibrium points. That is caused by the curved 

surfaces of the object, so instead of planes only equilibrium 
edges exist in those poses. 

To validate the algorithm, the number and location of the 
calculated stable poses must be compared to the results of the 
simulation (see Table 3.). The coefficient of restitution only 
affects the occurrence frequency of poses, so for the 
comparison only perfectly inelastic collisions were used. 

Table 3. Drop test results. 

Workpiece name Nr calc Nr sim Type I Type II 

Metal batten 4 4 0 0 

Concave workpiece 12 5 7 0 

L bracket 6 4 2 0 

90 degree bracket 7 5 2 0 

 
The observed errors can be classified as false positive (Type 

I error), when the program finds a stable equilibrium in a point, 
which does not belong to any stable pose, and as false negative 
(Type II error), when it deems a point unstable although it is 
stable. There must not be Type II errors, because that means 
the program cannot fulfil its function. Type I errors are only 
causing slight inconveniences and their numbers can be 
reduced. 

 

Fig. 4. The stable poses and their occurrence frequencies calculated by the 
drop test simulation system 
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The number of Type II errors were 0 for every workpiece, 
so the algorithm found all the stable poses. On the contrary, 
Type I errors show up almost every time. This can be traced 
back to various causes. 

The first one is the finite approximation of the curves, which 
creates seemingly stable 3-point supports (triangle), where in 
reality only a 2-point support (a line) exists. These false 
positives tend to be located near the unstable equilibria of the 
object. Also, as seen in Table 3., more complex and concave 
models produce more Type I errors. This correlates with 
containing more curved surfaces. 

The second cause is model inaccuracy. For example, the 
model of the second workpiece was created by 3D scanning, 
and due to a minimal signal noise, some planes were not flat 
enough, producing curved surfaces, which—in the end—leads 
back to the first problem. The convexity of that noise does not 
matter, as its convex hull will be convex and curved, though a 
higher noise may cause Type II errors. 

Using these error feedbacks various improvements were 
applied to the original method. The problems caused by 3D 
scanning could be mitigated with modifying the expansion 
algorithm. Instead of pure equality, the normal vector of a 
neighboring facet must be inside a small range. This has to be 
carefully chosen, because a wide range would only increase the 
occurrence of Type I errors, but with careful calibration, the 
small differences on a flat surface can be bridged. 

The Type I errors caused by curve approximation can be 
lowered by using more detailed models, but that also increases 
the complexity of the calculations and does not provide a full 
solution. A better approach is to set a minimum limit to the size 
of the stable surfaces. As these errors tend to be near unstable 
equilibria and produce smaller equilibrium surfaces, this 
solution can completely eliminate the rest of Type I errors. If 
the surface is still comparable to stable ones, their size can be 
lowered by generating a more detailed model. 

Drop test simulations can also find unstable equilibria, 
provided a reasonable coefficient of restitution has been set, 
and the number of drops is significantly higher than the 5000 
we used in the experiments. This is due to the rarity of landing 
and staying on an unstable equilibrium vertex, because every 
move from that pose points to a place with lower kinetic 
energy. The main reason for also conducting simulations with 
measured coefficients of restitution is pose statistics. 

6.1. Pose statistics 

Using pose statistics, the probability of landing on a specific 
face can be calculated. There are different models for 
calculating pose statistics, but only an approximation can be 
made. The main factors of resting probability are the potential 
energy while resting, the area of the face, and the coefficient of 
restitution. 

The calculator used is only inspired by pose statistics, as 
implementing a full model would produce even higher 
processing times. Instead only the potential energy of a pose 
and the coefficient of restitution is taken into consideration. 
The program can be adjusted by a variable—based on empirical 
knowledge—which controls the number of poses to process, 
ordered by potential energy. This provides a granted 

performance boost and can also result in ignoring Type I error 
poses altogether, but it must be noted that if not correctly 
handled, they can also take the spots reserved for the low 
energy stable equilibria. 

6.2. Discussion 

After evaluating the equilibrium calculation algorithm, we 
concluded that in case of highly complex models lacking 
curves, it finds all stable equilibria correctly. However due to 
the approximation errors, a more curved surface may cause 
false positive, and also false negative results. Further 
enhancements were made to decrease the number of Type I 
errors occurring. The validation process with drop tests shed 
light on the fact that, further analyzing the models from a pose 
statistical perspective would prove highly beneficial. The 
probability of resting on a certain face is correlated to its area 
and the potential energy of the model in such pose. In our case 
we only used the potential energy data in our equilibrium 
calculating solution. The program worked with all the three 
poses, which had the least potential energy since, according to 
our experience, their resting facets have the highest probability 
of being on the ground surface after a drop. 

The solution was also tested in a real life environment, the 
MTA SZTAKI smart factory introduced in [23]. The 
experiments conducted there also produced positive results, 
which supports the statement that our solution is a viable 
approach for the problems described in Section 2. 

7. Conclusion and future work 

Our aim was to offer a viable alternative to part feeding 
systems in robotic pick and place scenarios. We deduced that 
the most fitting solution would be to use image processing 
technologies powered by an enhanced dataset. We strived to 
produce such dataset, by calculating the equilibrium poses and 
faces of the workpiece. With the knowledge of the workpiece 
equilibria, the system could render top view images—in the 
equilibrium poses—of the object, paired with transformation 
data. After preprocessing these images, the object position 
could be calculated by comparing the image of a simple top 
view camera with this dataset [24]. 

One of the greatest benefits of our method is being an offline 
preprocessing step, creating a database of possible poses for 
every object. Although this calculation may take extra time the 
actual usage of the data will cut down on the number of possible 
sample artifacts for workpiece or object position determination, 
which greatly reduces the calculation time when applied in real 
time. 

We also had the opportunity to assess the limitations derived 
from the finite approximations used in computer graphics. To 
further analyze these limitations and their effects, an objective 
evaluation tool was developed. 

In the future we would like to decrease the rate of Type I 
errors even further and make it easier to handle them. This 
could be achieved by an adaptive algorithm, which sets the 
facet normal acceptance range based on the surface properties, 
and ties to identify unstable equilibria marked as stable. 
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Another solution could be implementing a pose statistics 
model directly to the program to help reducing Type I errors, 
as well as improving the speed of processing. 

The solution was tested in our smart factory containing few 
work cells, but a larger scale comprehensive case study would 
also prove beneficial. 
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