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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 

The direct fabrication of miniaturized polymer components by Additive Manufacturing (AM) processes is a remarkable method at the micro 
dimensional scale. However, the measurement of complex micro products and the evaluation of the related uncertainty are still particularly 
challenging and necessary in the micro AM field. In the DTU, a proprietary Vat Photopolymerization machine able to produce micro features 
has been designed, built and validated. This study evaluates the capability of the machine in terms of printed dimensions and the corresponding 
uncertainty assessment. For this purpose, two test parts with micro features of different geometries and dimensions have been designed and five 
samples of each test part have been printed. The dimensions of the micro features have been evaluated for quality control capability assessment 
and to stablish procedures for verification of AM machines. 
© 2018 The Authors. Published by Elsevier B.V. 
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1. Introduction  

The group of technologies addressed as Additive 
Manufacturing (AM) technologies differentiate for being able 
to produce parts directly from a 3D CAD model, by building 
them layer by layer. Recent improvements in AM materials and 
technologies resulted in a rapid growth of AM processes in the 
industry, not only for rapid prototyping but also for the 
production of final parts. One of the biggest advantages of AM 
technologies is that they are able to produce complex 
geometries without the need of tooling. This allows decoupling 
the part manufacturing cost from the complexity of its 
geometries [1] and to provide customized products with short 
development cycles [2]. 

Nevertheless, the AM relevance in the industry is limited by 
the processes accuracy, repeatability and reproducibility. 
Communicating and assessing the dimensional and geometric 
accuracy of an AM machine is challenging, mainly in micro 

scale features. The study presented in [3] proposes a new 
approach by combining current tolerancing practices with an 
enriched voxel-based volumetric representation of AM 
machine to conquer the boundaries of standard methods. 
Another study [4] focuses on geometrical quality assessment of 
AM product. In contrast, the work presented in this article 
studies the capability and performance of the AM machine 
when printing micro features. 

The AM technologies can be divided into seven groups: 
binder jetting, directed energy deposition, material extrusion, 
material jetting, powder bed fusion, sheet lamination, and vat 
polymerization [5]. From them, Vat Polymerization (VP) 
methods are considered scalable methods, because they can be 
applied in normal-size and micro-size manufacturing [6]. The 
AM machine subject of this study is a proprietary VP machine 
able to produce features in the micrometer range. In this work, 
the performance and capability of the machine is evaluated by 
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geometries without the need of tooling. This allows decoupling 
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Nevertheless, the AM relevance in the industry is limited by 
the processes accuracy, repeatability and reproducibility. 
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accuracy of an AM machine is challenging, mainly in micro 

scale features. The study presented in [3] proposes a new 
approach by combining current tolerancing practices with an 
enriched voxel-based volumetric representation of AM 
machine to conquer the boundaries of standard methods. 
Another study [4] focuses on geometrical quality assessment of 
AM product. In contrast, the work presented in this article 
studies the capability and performance of the AM machine 
when printing micro features. 

The AM technologies can be divided into seven groups: 
binder jetting, directed energy deposition, material extrusion, 
material jetting, powder bed fusion, sheet lamination, and vat 
polymerization [5]. From them, Vat Polymerization (VP) 
methods are considered scalable methods, because they can be 
applied in normal-size and micro-size manufacturing [6]. The 
AM machine subject of this study is a proprietary VP machine 
able to produce features in the micrometer range. In this work, 
the performance and capability of the machine is evaluated by 
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producing, measuring and characterizing two test parts, having 
features with different geometries and sizes. 

In this article, firstly, the VP machine subject of the study is 
introduced, as well as the printing and post processing 
procedure. Then, the design of the test parts is described, the 
measurement procedure and the uncertainty calculations are 
explained. Afterward, the results are presented. Finally, 
conclusions are deduced.  

2. Digital Light Processing 3D Printing Method and Post 
Processing Procedure 

The principle of vat photopolymerization is that of a liquid 
photopolymer resin contained in a shallow vat and, by mask 
projection in the ultraviolet spectrum, geometries and features 
are fabricated through selective photo-initiated crosslinking of 
the resin [7] [8] to form solid matter, following a layered 
fabrication method [9] [10]. The applied method employs a 
Digital Light Processing (DLP) based video projector that 
contains a micro-opto-electro-mechanical mirror array and a 
Digital Micromirror Device (DMD), to modulate a collimated 
UV light source, which is subsequently focused to an imaging 
plane placed on the bottom surface of a transparent vat. The 
light engine of the machine tool is based on a LUXBEAM RS 
WQ WQXGA projector and equipped Projection Lens LRS-10 
P/N 6501980 with x1 magnification. This projector has a DMD 
with a 2560x1600px array and an image plane size 20.736 x 
11.664 mm (7.56 μm pitch). The printing area for this machine 
was about 20 × 11 mm2. The vertical stage of the machine tool 
are based upon GTen spindles with zero backlash couplings 
and an error of e300 = ±8 μm. The machine employs ISEL 
LFS-12-10 precision steel shaft guide rails with pillow blocks 
and the vertical stage assembly is resolved into 0.4 μm 
increments at the encoded positioning accuracy limit. Fig. 1 
shows the experimental setup used in this work. The desired 
geometry is built up layer by layer by modulating image masks 
corresponding to a sliced representation of the fabricated 
geometry as the vertical stage of the machine moves upwards, 
and thus, the workpiece is created layer by layer. This method 
of vat photopolymerization is an evolution of stereolithography 
[9] which allows for more control on the process. 
Consequently, uniform layer thickness is achieved [11] [12].  
 

 

Fig. 1. Experimental set-up DLP 3D printer. 

The machine subject of this study is a proprietary machine 
that allows the user to choose some machine settings like, 
exposure time, light intensity and the resin type. In the previous 
work [13] [14], influence of printing parameters settings was 
evaluated. The parts were produced with an industrial 
photopolymer that maintained its structural integrity while 
exposed to very low (-45 °C) and high (225 °C) temperatures. 
The printing range of the machine allows printing just one test 
part at a time and the printing time of each of the test parts 
proposed in this study is about thirty minutes. The selected 
parameters for this study are listed in Table 1. 

Once the printing process is finished, the part is adhered to 
the build plate. It is necessary to unscrew the build plate from 
the machine in order to safely remove the part using a scraper. 
At this point, the sample is covered by the remaining liquid 
resin, and, thus, it must be cleaned with isopropyl alcohol 
(IPA). Then, the part is dried with pressurized air and placed in 
a light oven with a diffuse UV light with an irradiant flux 
density of 300 W/m2 for about 80 minutes, to complete the 
curing of the photopolymer. 

Table 1. Experimental conditions. 

Parameter / unit Selected value  

Layer thickness / µm 25 

Light intensity / mW 1.75 

Photopolymer resin FTD red resin  

Printing resin temperature / °C 23 

3. Micro features design 

In order to find out the replication of the 3D printing micro 
features, in terms of dimensional accuracy of the parts, two test 
parts (Fig. 2) were designed to cover different geometries in the 
micro scale. The two test parts are similar, differing only in the 
features geometry; each test part has only one type of geometry: 
box or cylinder. The features are organized in a matrix of 20×6. 
All the elements in the same column are equivalent and in the 
rows the features are ordered in decreased size from left 
(1.5 mm in diameter—width) to right (6 µm in diameter—
width). Therefore, in each sample, there are 20 batches of 
features of each size and each batch (column) has six equivalent 
features. All the features have the same height, 500 µm, and 
they are placed in a base of 12 mm × 12 mm × 2 mm3. 

4. Measurement and uncertainty evaluation procedure 

This investigation was carried out using a focus variation 
microscope (Alicona Infinite Focus), using a 5× magnification 
lens for visual inspection and a 10× magnification lens (pixel 
witdh 883 nm × 883 nm) to perform the measurements. The 
smallest printed features having the right shape and the smallest 
printed feature regardless of the shape have been evaluated by 
visual inspection. The boxes are considered to have the right 
shape when, despite of the rounded edges, orthogonal straight 
lines can be observed. Similarly, the cylinders are considered 
to have the right shape, when their roundness is higher than 0.8. 
The printed parts are opaque and of red colour. The measurand 
is the height of the pillars in the third column, with a nominal 
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diameter (width) of 840 µm, as shown in Fig. 2. The 
microscope measuring settings were the following: 900 μs of 
exposure time, 25 % of contrast, 200 nm of vertical resolution 
and 3 μm of lateral resolution. The software used to post-
process the data was SPIP [15]. 

 

 
Fig. 2. Drawing of the test part (a) box and (b) cylinder 

This study focuses exclusively on the analysis of the 
dimensions in Z-axis, that is, the height of the pillars. The 
reason for this is that the dimension is measured and calculated 
using exactly the same procedure for boxes and cylinders, 
regardless of the base geometry. 

The expanded uncertainty of the measurements has been 
calculated, as well as the repeatability and reproducibility of 
the machine. The expanded uncertainty U has been calculated 
with a coverage factor k=2, which corresponds to an 
approximate confidence level of 95 % (see Equation 1). The 
uncertainty model was inspired in the ISO Standard 15530-3 
[16]. 

22
wcs uukU +=  ;          2=k                           (1) 

The contributor ucs is the combined uncertainty, estimating 
the variability of the measurements due to the measurement 
instrument. It was evaluated on measurements of a calibrated 
standard as follows: 

2222
nbpccs uuuuu +++=                                 (2) 

where uc is the uncertainty stated in the calibration certificates 
of the reference. up takes into account the random factors 
affecting the measurements and it is calculated by taking 
repeated measurements of the reference. ub is the effect of the 
temperature on the references, in this case this term was 
negligible due to the fact that all the experiments were carried 
out in a metrology laboratory with low temperature variation 

(20-22 °C) and, in addition, the material of the reference had a 
very low thermal expansion coefficient. Finally, the contributor 
un is the measurement noise of the measuring instrument and it 
is calculated by the subtraction method [17]. 

The contributor uw is related to the components under 
investigation and has two contributors (see Equation 3): urepr 
includes the variability of the manufacture of the DLP AM 
machine. uwt takes into account the effect of the temperature on 
the parts, negligible in this case because all the processes have 
been carried out in a temperature-controlled laboratory. 

22
wtreprw uuu +=                                 (3) 

Repeatability (urepeat) and reproducibility (urepr) of the 
process were inspected respectively in one batch and several 
batches of production. Then, a good estimation of this 
quantities can be obtained by ‘quadratic’ subtracting an 
estimation of the variability due to the measurement instrument 
uinstr, as shown in Equations 4 and 5 [18] [19]. 

22' instrrepeatrepeat uuu −=                                 (4) 

22' instrreprrepr uuu −=                                 (5) 

The contribution of the measurement process, uinstr, is 
calculated by taking ten repeated measurements of the same 
dimension of the same feature and, then, calculating its 
standard deviation, considering a normal distribution. u’repeat is 
calculated as the standard deviation of the measurements of the 
same dimension in different features of the same batch, 
considering a uniform distribution. Finally, u’repr is calculated 
as the standard deviation of the measurements of the same 
dimension in different features of different batches. In order to 
evaluate the reproducibility, five samples of each test part have 
been produced in different printouts. 

5. Results 

The printed samples have been evaluated, firstly, by visual 
inspection in the microscope and, then, the height of the 
features in the third column has been measured. Fig. 3 shows 
the printed samples for both designs, on the left side the whole 
sample and on the right side the magnification of the selected 
area. As it can be observed, the number of printed features is 
the same in both test parts, being the 11th column the last 
column printed, with a nominal width/diameter of 84 µm. 
Regarding the test part with boxes, the box shape changes to a 
cylindrical shape from the 7th column (nominal width of 266 
µm), due to the machine incapacity to print the right edges.  
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Fig. 3. Images of the printed features: (a) box (b) cylinder 

The height of the features has been measured and the 
average value and the expanded uncertainty of the dimension 
have been calculated, as well as the repeatability and 
reproducibility of the machine. The nominal height of all the 
features is 500 µm (Fig. 2). Each sample contains six 
repetitions of the same feature in each column (one batch), to 
assess repeatability. Moreover, five samples of each test part 
have been printed in different printouts, to assess 
reproducibility. In Fig. 4(a) the average height of the boxes of 
each batch has been represented, the error bars represent the 
repeatability, being ±11 µm the highest one. Similarly, in 
Figure 4(b), the average height and repeatability of each batch 
has been represented for the cylinders, being ±5 µm the highest 
repeatability. The average height of the boxes, taking into 
account all the batches is 396 µm, with an expanded uncertainty 
(k=2) of ±27 µm and the reproducibility of the machine for this 
dimension is ±14 µm. Similarly, the average height of the 
cylinders is 437 µm, with an expanded uncertainty (k=2) of 
±18 µm and the reproducibility of the machine for this 
dimension is ±9 µm. The calculation of the expanded 
uncertainties for the boxes and cylinders height and their 
contributors is described in Table 2. Because the dimension 
subject of this study is the height, the contributors have been 
evaluated only in Z-axis. Manufacturing by vat 
photopolymerization is a process chain that involves three main 
stages. The additive manufacture of geometry, the post-print 
cleaning of the geometry and the post-print curing of the 
geometry in order to ensure that no residual uncured resin is 
left on the manufactured components. Besides, each time prior 
to the printing the calibration and referencing was applied. 
Each stage might slightly affect fabrication of the features and 
batches were printed in different days. The variation of the size 
might be due to the printing procedure that involve in the 
manufacturing process.  
 

 

Fig. 4 Height measurement for (a) box and (b) cylinder 

Table 2. Expanded uncertainty calculation for the height.  

Uncertainty Source Justification Z-axis contribution 
[µm] 

Uncertainty of the 
reference (uc) 

According to the 
calibration certificate 0.1 

Instrument 
repeatability (up) 

Ten repeated 
measurements of the 
reference 

0.2 

Thermal variation on 
the reference (ub) 

Low CTE and controlled 
temperature - 

Background noise of 
the instrument (un) 

Experimentally measured 
according to [17] 0.015 

Calibrated standards 
(ucs) 

According to Equation 2 0.45 

  Boxes Cylinders 

AM machine 
reproducibility (urepr) 

Considering five different 
batches 13.72 9.21 

Thermic variation on 
the sample (uwt) 

Low CTE and controlled 
temperature - - 

Sample (uw) According to Equation 3 13.72 9.21 

Expanded Uncertainty 

k=2 (U) 
According to Equation 1 27 18 

6. Conclusion  

In this study, the performance and capability of a proprietary 
DLP AM machine has been evaluated. For this purpose, two 
different test parts have been designed. Each test part has 
features of one geometry, boxes or cylinders, in different sizes, 
being the smallest feature 26 µm wide, while the nominal 
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height of all features is 500 µm. Five samples of each test part 
have been printed, in order to evaluate the repeatability and 
reproducibility of the machine. For both geometries, the 
smallest printed feature has a nominal size of 84 µm and in the 
case of the boxes, the smallest feature having a square base has 
a width of 266 µm, then, the base becomes circular. The 
average height of the printed boxes is 396 µm, with an 
expanded uncertainty (k=2) of ±27 µm and the average height 
of the cylinders is 437 µm, with an expanded uncertainty (k=2) 
of ±18 µm, while the nominal height of both features is 500 
µm. 
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