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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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Deep rolling is often used as a finishing step after cutting because of its beneficial influence on surface and subsurface properties, which lead to 
an increase in performance and lifecycle behavior. This manufacturing process is suitable to reduce roughness and to induce compressive 
residual stresses. As thermal effects only play a minor role in the deep rolling process, it is possible to link the resulting residual stresses to the 
analytically determined internal process loads. The boundaries of these relationships are investigated on hardened AISI 4140 using different 
mechanical loads and overlap factors. 
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1. Introduction 

Nomenclature 
ap depth of cut [mm] 
db ball diameter [mm] 
dw workpiece diameter [mm] 
f feed [mm] 
Fw deep rolling force [N] 
p deep rolling pressure [MPa] 
p0 maximal pressure [MPa] 
rk radius of contact [mm] 
u overlap factor [-] 
vc cutting speed [m/min] 
vr tool speed during deep rolling [m/min] 
η efficiency coefficient of the compressor system 
 angle of measurement direction [°] 
 

σeq,max maximum equivalent stress [MPa] 
σ1 principal residual stress [MPa] 
σ2 stress perpendicular to the principal stress [MPa] 

1.1 Deep rolling and its influence on workpiece properties 

Residual stresses significantly influence the functional 
behaviour of a machined component including static and 
dynamic strength. Due to thermal and mechanical loading, 
relaxation of residual stresses decreases their effect [1,2]. 
Compressive residual stresses show beneficial effects on the 
fatigue strength of metallic alloys. These positive effects, as 
well as other properties, can be altered by surface treatment. 
Common used techniques are laser peening, deep rolling or 
shot peening [3]. Juijerm and Altenberger compared 
influenced surface and subsurface properties, i.e. the induced 
first order residual stresses, dislocation densities, increase of 
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first order residual stresses, dislocation densities, increase of 
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microhardness and surface roughness of machined parts using 
laser peening, deep rolling and shot peening. This comparison 
resulted in a comparable maximal residual stress of all three 
methods and a beneficial roughness (Rz < 1 µm under certain 
conditions) using deep rolling processes [4]. The resulting 
effects of deep rolling on hardened AISI 1060 are reported by 
Abrão et al. [5]. The underlying principle of grain refinement, 

flattening of roughness peaks and the residual stress state is 
depicted in Figure 1. For modification of rotational symmetric 
workpieces, deep rolling using hydrostatic tools can also 
provide economic benefits compared to laser or shot peening. 
Because it is possible to mount these tools on a conventional 
lathe, no transfer to external machines is necessary [6]. Newer 
research and industrial practice lead to the development of a 
combined turning and deep rolling tool. Using these tools has 
economic and quality advantages because it removes the 
additional deep rolling step and improves the surface quality. 
When processing hardened steels using this hybrid tool, it is 
possible to adjust the relative position of the ceramic rolling 
ball to the cutting edge and therefore smoothen the roughness 
peaks created by the turning process [7, 8]. An additional 
benefit lies in the turning-induced process heat, which creates 
a similar effect to deep rolling at elevated temperatures as 
performed by Juijerm and Altenberger [9]. 

1.2 Internal mechanical load and its influence on residual 
stresses 

The formation of residual stresses during machining is 
influenced by the magnitude of thermal and mechanical loads. 
Because most manufacturing processes generate both, thermal 
and mechanical loads, the predictability of residual stresses 
induced by manufacturing processes is only possible on a 
limited scale. The ability of leading research institutes to 
induce targeted residual stresses was tested in a Round Robin 
collaborative work by Jawahir et al. [2]. This test showed a 
high deviation when comparing the machined parts to the 
target value. The low predictability of residual stresses leads 
to the use of mainly empiric models that may show a high 
accuracy for the tested cases but have a low general validity. 
In the last years, researchers worked on methods to predict the 
surface integrity by changing the perspective from the simple 
description of process parameters (i.e. feed, cutting speed) to 
the thermal, mechanical and chemical loads [10]. 
Meyer & Kämmler investigated the influence of the deep 
rolling process on the induction of residual stresses [11]. They 
used the information of the external load (deep rolling force) 

to calculate the internal load of the workpiece. As chemical 
and thermal aspects can be neglected, the load can be assumed 
to be only mechanic. Therefore, they approximated the 
maximum equivalent stresses σeq,max using Hertzian equations 
according to Johnson [12]. While this approach is not new and 
has been performed previously [13], the novelty lies in the 
comparison between the maximum equivalent stress and the 
maximum residual stress. By using different ball diameters 
(db1 = 6 mm, db2 = 13 mm) of the deep rolling tool, they select 
the deep rolling forces Fw to match σeq,max for both ball 
diameters. This leads to similar residual stress magnitudes for 
both ball diameters. However, this research leaves open, if it 
is possible to determine the depth information of this 
maximum. The influence of the feed/overlap on the resulting 
residual stress profile is also uncertain. Because the contact 
area between workpiece and tool differs with changing 
process loads, it is useful to use the overlap factor instead of 
the feed to compare the contact area between the deep rolling 
tool and the workpiece [8]. The overlap factor is a unitless 
factor, which describes the relation between workpiece 
material that has been in contact with the deep rolling tool and 
material without contact, as depicted in Figure 2. A negative 
overlap results in unmachined material. 
The contact radius can be calculated using Hertzian contact 
mechanics under the assumption of a contact between spheres, 
r and E are calculated according to [12,13]: 
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Using a rotating workpiece, the overlap factor can be 
calculated by: 
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In summary, there are still further investigations needed 
concerning the comparability of maximum equivalent stresses 
on materials with different mechanical characteristics. The 
influence of the feed and the overlap factor is not tested yet, 
and there is no knowledge of the predictability of the depth of 
the residual stress maximum using the internal load. Therefore, 
this paper uses Hertzian contact mechanics to compare 
internal loads and residual stress depth distributions on 
hardened AISI4140. There will also be variations of the 
overlap factor u and on the deep rolling pressure p.  

Figure 1: Influence of deep rolling on subsurface properties [1] 

Figure 2: Schematic explanation of the overlap factor u 
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2. Experimental setup 

The experiments were conducted using a CNC-controlled 
Gildemeister CTX 520 L lathe. The cylindrical workpieces 
are made of AISI 4140, which has been quenched and 
tempered to a hardness of 50 HRc. The workpiece diameter is 
59 mm. Because of the heat treatment induced corrosion, the 
samples were prepared by turning using SNMN 12048 
carbide inserts with vc = 100 m/min, ap = 0.25 mm and f = 0.1 
mm. The deep rolling experiments were performed using an 
ECOROLL HG6 tool with a ball diameter of db = 6.35 mm. 
The pressure p was varied between 5 to 40 MPa in four steps. 
The feed was chosen to achieve overlap factors of u = -0.15, 
0.55, 0.78. For the initial planning, the deep rolling force Fw 
was estimated by:  

2

2
bw

dF p     
 

     (3) 

Because of systematic losses of the compressor system, the 
resulting force decreases. Therefore, the forces were measured 
by using a Kistler 9121 dynamometer, as depicted in Figure 3, 
to determine the efficiency of the compressor system. Based 
on the theoretic deep rolling force, the contact radius is 
calculated according to (1). The process parameters are 
depicted in Table 1. Using four pressure steps and three 
overlap factors, a total of 12 samples was machined. 

After the deep rolling experiments, the residual stress depth 
profiles were determined using a Seiffert XRD3000P X-Ray 
diffractometer using CrKα radiation. This diffractometer can 
reach an accuracy of ± 10 MPa on ferrous materials under 
ideal conditions (flat surface, small grain size, no texture). 
These conditions are not fulfilled for the used samples, 
because they have a curved surface and after deep rolling, a 
texture has to be expected. Therefore, a lower accuracy is 
expected. The measurements have been performed using three 
angles in relation to the radial direction ( = 0°, 45°, 90°) to 
determine the principle stress and its direction. The depth 

information was gathered using electrochemical polishing to 
remove material layers. 

Table 1: Parameters based on theoretical deep rolling force Fw,th 

p [MPa] Fw,th [N] rk [mm] σeq,max,th [MPa] uth [-] 

5 158 0.1303 4452.4 -0.15; 0.55; 0.78 

10 316 0.1642 5609.7 -0.15; 0.55; 0.78 

30 950 0.2368 8090.5 -0.15; 0.55; 0.78 

40 1276 0.2606 8904.8 -0.15; 0.55; 0.78 

3. Results 

3.1. Efficiency of the compressor system 

Figure 4 shows the measured deep rolling forces in 
comparison to the theoretical forces. The forces were 
measured with three repetitions for every pressure stage. The 
deviation was in a range of ± 5 N. Error bars would therefore 
not be visible in the figure.  

This measurement shows an efficiency of η = 0.7875 for 
the compressor system. The deviation between theoretical and 
measured forces also causes changes regarding the process 
load, the radius of contact and the resulting overlap depicted 
in Table 1. The resulting new parameters are shown in Table 
2.  

Table 2: Process parameters based on measured Fw 

p [MPa] Fw,meas [N] rk [mm] σeq,max [MPa] u [-] 

5 131 0.1202 2486.6 -0.22; 0.5; 0.75 

10 244 0.1512 3052.0 -0.22; 0.5; 0.75 

30 763 0.2191 4463.1 -0.22; 0.5; 0.75 

40 994 0.2404 4877.4 -0.22; 0.5; 0.75 

Figure 3: Experimental setup 

Figure 4: Comparison of theoretical and measured deep rolling forces 
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In summary, there are still further investigations needed 
concerning the comparability of maximum equivalent stresses 
on materials with different mechanical characteristics. The 
influence of the feed and the overlap factor is not tested yet, 
and there is no knowledge of the predictability of the depth of 
the residual stress maximum using the internal load. Therefore, 
this paper uses Hertzian contact mechanics to compare 
internal loads and residual stress depth distributions on 
hardened AISI4140. There will also be variations of the 
overlap factor u and on the deep rolling pressure p.  

Figure 1: Influence of deep rolling on subsurface properties [1] 

Figure 2: Schematic explanation of the overlap factor u 
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3.2. Influence of the overlap factor u on the residual stress-
depth distribution 

One aim of this paper is to determine the influence of the 
overlap factor u on the residual stresses. Figure 5 shows the 
residual stress depth in the three measured directions (σφ = 0°, 
σφ = 45°, σφ = 90°) and the principal stresses (σ1, σ2) for a deep 
rolled sample using p = 5 MPa and u = -0.22. It is visible, that 
the principal residual stresses match σφ = 0° and σφ = 90° with 
minor deviations. This result is representative for all measured 
samples. Therefore, the following analysis uses the principal 
stresses.  

The maximum equivalent stress σeq,max was calculated 
according to Hertz [12]. The contact is estimated as a sphere-
sphere contact, which is the closest possible approximation 
[14]. Considered here are the measured forces, the workpiece 
and tool diameters and the material properties of the 
workpiece and the tool. The tool parameters are chosen based 
on the specifiactions given by the manufacturer. The 
workpiece parameters are estimated based on the data sheet. 
The used parameters are listed in Table 3. 

Table 3: Parameters used for the calculation of σeq,max  

Property Tool Workpiece 

Diameter db = 6.35 mm dw = 59 mm 

Young’s modulus E = 420 GPa E = 210 GPa 

Poisson Ratio ν = 0,3 ν = 0,3 

 
Figure 6 shows the influence of the overlap factor on the 
relation between the maximum equivalent stress and the 
maximum of the residual stresses without information of the 
depth. The graph on the left illustrates the influence on the 
principle stress while the right shows the influence on 2. 
While the results for the positive overlap factors show similar 
trends, especially regarding the perpendicular stress, the 
negative overlap factor of u = -0.22 deviates. In general, the 

form of the trend lines differs from those determined by 
Meyer & Kämmler [11]. A possible explanation could lie in 
the heat treatment induced ([11]: 27 HRc,  this paper 50 HRc) 
different mechanical properties. Because the heat treatment 
does not only influence hardness but also the yield Rp0.2 and 
maximum tensile strength Rm, the relationship between σeq,max 

and these values changes. With the resulting higher yield 
strength of the samples used in this paper, it is also possible to 
induce higher residual stresses.  
  

However, these results show, that a certain overlap factor is 
necessary to reach a stable introduction of residual stresses. It 
is necessary to perform further experiments to find the lowest 
necessary overlap. It should also be mentioned, that a negative 
overlap factor is unrealistic and would not be performed in a 
production scenario, because the surface roughness would 
have a high magnitude. 

3.3. Comparison of the depth information and shear stresses 

In the last paragraph, the maximal residual stresses were 
correlated to the maximal equivalent stresses. This knowledge 
could for example be used to predict the maximal residual 
stresses when using different ball sizes. However, these 
processes would still produce differences in the depth of this 
residual stress maximum. The possibility to additionally 
adjust the position residual stress maximum is a key step 
towards the adaption of the surface integrity to different load 
scenarios. The shear stress τ is calculated according to 
Johnson [12, 15]: 

2

0 21zz
k

zp
r


 

   
 

         (4) 

 
1

2
1

0 2

11 1 tan 1
2

k
yy

k k

rz zp
r z r

 


    
          

    
(5) 

zz yy                (6) 

When considering τ in comparison to σ2, the principle stress, 
as depicted in Figure 7, it can be seen that the maximum shear 
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stress is in a depth position near the residual stress. However, 
the overlap factor u also influences the position of the residual 
stress maximum.  

From this data, it can be considered, that it is possible to 
estimate the residual stress maximum by calculating the shear 
stress τ and using its maximum. However, a variation of the 
overlap factor alongside with the variation of the deep rolling 
pressure leads to a variation of the resulting residual stress-
depth profile – especially for the lower pressure stages 
(p = 5 MPa, p = 10 MPa). This should be considered for the 
design of deep rolling processes. 

4. Conclusions and outlook 

The aim of this research lies in the description of residual 
stresses based on the internal process loads of the deep rolling 
process. Additional information is gained by the consideration 
of systematic losses of the compressor system, which 
improves the accuracy of the analytic prediction of the deep 
rolling force Fw. Also observed is the influence of the overlap 
factor u on the process signature of deep rolling processes. It 
is shown, that this factor should also be considered as an 
influence on the resulting residual stress. It was also shown, 
that the maximum shear stresses  has a similar distance to the 
surface as the residual stress maximum. 
These findings are gained using a ball diameter of 
db = 6.35 mm. Additional research should be performed using 
different ball diameters db in order to prove the generality of 
these findings. The knowledge of the magnitude and position 
of the residual stress maximum based on the process load can 
be used to tailor the manufacturing according to the load 
during the lifecycle of the machined part.  
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3.2. Influence of the overlap factor u on the residual stress-
depth distribution 

One aim of this paper is to determine the influence of the 
overlap factor u on the residual stresses. Figure 5 shows the 
residual stress depth in the three measured directions (σφ = 0°, 
σφ = 45°, σφ = 90°) and the principal stresses (σ1, σ2) for a deep 
rolled sample using p = 5 MPa and u = -0.22. It is visible, that 
the principal residual stresses match σφ = 0° and σφ = 90° with 
minor deviations. This result is representative for all measured 
samples. Therefore, the following analysis uses the principal 
stresses.  

The maximum equivalent stress σeq,max was calculated 
according to Hertz [12]. The contact is estimated as a sphere-
sphere contact, which is the closest possible approximation 
[14]. Considered here are the measured forces, the workpiece 
and tool diameters and the material properties of the 
workpiece and the tool. The tool parameters are chosen based 
on the specifiactions given by the manufacturer. The 
workpiece parameters are estimated based on the data sheet. 
The used parameters are listed in Table 3. 

Table 3: Parameters used for the calculation of σeq,max  

Property Tool Workpiece 

Diameter db = 6.35 mm dw = 59 mm 

Young’s modulus E = 420 GPa E = 210 GPa 

Poisson Ratio ν = 0,3 ν = 0,3 

 
Figure 6 shows the influence of the overlap factor on the 
relation between the maximum equivalent stress and the 
maximum of the residual stresses without information of the 
depth. The graph on the left illustrates the influence on the 
principle stress while the right shows the influence on 2. 
While the results for the positive overlap factors show similar 
trends, especially regarding the perpendicular stress, the 
negative overlap factor of u = -0.22 deviates. In general, the 

form of the trend lines differs from those determined by 
Meyer & Kämmler [11]. A possible explanation could lie in 
the heat treatment induced ([11]: 27 HRc,  this paper 50 HRc) 
different mechanical properties. Because the heat treatment 
does not only influence hardness but also the yield Rp0.2 and 
maximum tensile strength Rm, the relationship between σeq,max 

and these values changes. With the resulting higher yield 
strength of the samples used in this paper, it is also possible to 
induce higher residual stresses.  
  

However, these results show, that a certain overlap factor is 
necessary to reach a stable introduction of residual stresses. It 
is necessary to perform further experiments to find the lowest 
necessary overlap. It should also be mentioned, that a negative 
overlap factor is unrealistic and would not be performed in a 
production scenario, because the surface roughness would 
have a high magnitude. 

3.3. Comparison of the depth information and shear stresses 

In the last paragraph, the maximal residual stresses were 
correlated to the maximal equivalent stresses. This knowledge 
could for example be used to predict the maximal residual 
stresses when using different ball sizes. However, these 
processes would still produce differences in the depth of this 
residual stress maximum. The possibility to additionally 
adjust the position residual stress maximum is a key step 
towards the adaption of the surface integrity to different load 
scenarios. The shear stress τ is calculated according to 
Johnson [12, 15]: 
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as depicted in Figure 7, it can be seen that the maximum shear 
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stress is in a depth position near the residual stress. However, 
the overlap factor u also influences the position of the residual 
stress maximum.  

From this data, it can be considered, that it is possible to 
estimate the residual stress maximum by calculating the shear 
stress τ and using its maximum. However, a variation of the 
overlap factor alongside with the variation of the deep rolling 
pressure leads to a variation of the resulting residual stress-
depth profile – especially for the lower pressure stages 
(p = 5 MPa, p = 10 MPa). This should be considered for the 
design of deep rolling processes. 

4. Conclusions and outlook 

The aim of this research lies in the description of residual 
stresses based on the internal process loads of the deep rolling 
process. Additional information is gained by the consideration 
of systematic losses of the compressor system, which 
improves the accuracy of the analytic prediction of the deep 
rolling force Fw. Also observed is the influence of the overlap 
factor u on the process signature of deep rolling processes. It 
is shown, that this factor should also be considered as an 
influence on the resulting residual stress. It was also shown, 
that the maximum shear stresses  has a similar distance to the 
surface as the residual stress maximum. 
These findings are gained using a ball diameter of 
db = 6.35 mm. Additional research should be performed using 
different ball diameters db in order to prove the generality of 
these findings. The knowledge of the magnitude and position 
of the residual stress maximum based on the process load can 
be used to tailor the manufacturing according to the load 
during the lifecycle of the machined part.  
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