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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. 
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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 

Mechanical deviations induced by working conditions are always ignored in assembly analysis due to the rigid body hypothesis of parts. This 
paper presents a study of the deviations resulting from the actual working conditions. Finite element analysis (FEA) is conducted to simulate the 
deviations occurring in assemblies, in which the point-cloud geometry representation of deformed parts is adopted to enable the calculation of 
small displacements by means of relative positioning. The simulated deviations are incorporated in manufacturing deviations to determine the 
functional requirements based on Jacobian-torsor model. The approach is finally illustrated by a practical example. 
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1. Introduction 

Tolerance analysis is performed in manufacturing to predict 
the quality of an assembly when the tolerances have been 
assigned to its components. A proper analysis result can be the 
guidance for industries to optimize parameters in design. The 
dimensional and geometric variations of each part in assembly 
have to be limited by tolerances to ensure not only a 
standardized production but also a conformation to the 
functional requirements assigned on the whole assembly. To 
calculate the accumulated error resulting from a stack-up of 
dimensions and tolerances, two aspects have to be paid 
attention to, namely tolerance representation which determines 
the meaning of the applied tolerance specifications, and 
tolerance propagation which is the process for determining the 
cumulative variation possibilities among two or more features. 
In the literature, a variety of models are proposed to carry out 
a tolerance analysis of an assembly, i.e., Variation model [1], 
TTRS model [2], Matrix model [3], Vector loop [4], Jacobian 
model [5], Torsor model [6], Jacobian-tosor model [7], 
GapSpace [8], T-Map model [9], Deviation domain [10], 

Polytopes [11] and Skin model shapes [12], among which 
Jacobian model is well-known for tolerance propagation from 
part to part in assembly, and the Torsor model is  an easy-to-
use model to represent the constraints of tolerances by screw 
parameters. In order to overcome the disadvantages of the 
Torsor model in representing the deviation propagation, the 
Jacobian model has been integrated into it, making the Unified 
Jacobian-torsor, which is quite suitable for complex assemblies 
containing a large number of joints and geometric tolerances. 

A hypothesis is normally made on these models that the 
different parts are modelled as infinitely rigid solids. However, 
in actual working conditions, many factors such as temperature, 
force, gravity, wear and friction may result in a difference in 
dimension, angle and shape. Taking the turbine as an example 
[13], when the turbine is operating, a flux of hot gases (about 
1000°C) is sprayed from the combustion chamber. Under the 
high temperature, clearances and dimensions of geometric 
features are obviously different from their static condition, thus 
reducing the system reliability. S. Benichou et al. [14] integrate 
thermal dilatation in function tolerancing. Stuppy adds 
deformation deviation in a crank mechanism [15]. G. 
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Jayaprakash et al. [16] consider the effect of thermal and inertia 
on optimal tolerance value of components in design. Walter et 
al. account for deviations from manufacturing discrepancies or 
operation-dependent deviations into the simulation analysis 
[17].  Junkang Guo proposes a model to equivalently represent 
the elastic mating surfaces with geometric variation and 
deformation [18]. Moreover, Corrado presents a 
comprehensive study of tolerance analysis for rigid part with 
manufacturing signature and operating conditions [19].  

 FEA simulation, as a virtual tool, is commonly used to 
obtain the actual deformations in a designed mechanical part 
caused by all of its operational loads. Typical FEA software 
includes ANSYS Mechanical, ABAQUS, Romax, I-DEAS, 
CAST3M, and SIMULIA. The deformed shapes represented 
with a set of points are associated by the least squares method 
and the variation error is evaluated as the transform matrix 
between the associated surface and the nominal surface [20, 
21]. Alternatively, analogous analysis is conducted on the 
inputs and outputs to derive the mathematical relation between 
variations and loads [22]. In this paper, an approach is proposed 
to conduct deviation propagation and accumulated error 
calculation with consideration of both manufacturing error and 
deformation error in assembly based on the Jacobian–torsor 
model. Finite element analysis is performed on nominal model 
and displacement of every point of parts under the effect of 
working condition is obtained. The relative positioning of this 
deformed geometry and its corresponding nominal model gives 
the small variation torsor which is then integrated into the 
Jacobian–torsor model to obtain the functional requirement. 

The reminder of this paper is organized as follows. Section 
2 provides a review of the Jacobian–torsor model, and the 
solutions of obtaining deformation variation as well as 
integrating it into the unified Jacobian–torsor model are 
presented. Section 3 demonstrates this method by a case study. 
Section 4 draws the conclusion. 

2. Tolerance analysis based on Jacobian-torsor 

2.1. Jacobian-torsor model 

In the assembly process, the accumulated error of functional 
requirement is determined by propagation and stack-up of all 
deviations. The unified Jacobian-torsor model introduced by 
Desrochers et al [7] is a method that combines two models, i.e., 
the Jacobian model and the Torsor model which are effective 
for tolerance propagation and tolerance representation 
respectively. 

The small displacement torsor (SDT) model uses screw 
parameters including three translational vectors and three 
rotational vectors to represent small displacements of a feature 
within its tolerance zone. Jacobian matrix is used to map all 
SDT from their local origin to the point of interest. Once the 
constraints of typical features are established to transform 
different forms of tolerances into variable domain of SDT, the 
final error can be achieved through error propagation process 
by the Jacobian matrix. Therefore, Jacobian–torsor model can 
be expressed as follows: 

     FR J FE                                                                         (1) 

where the functional requirement (play, gap, clearance) 
represented by [FR] is the translational and rotational vectors 
of general assembly.  [FE] is the small displacement torsor 
related to each function element. [J] is a Jacobian matrix 
expressing a geometrical relation between a [FR] vector and 
corresponding [FE] vector which can be expressed by: 
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where [𝑅𝑅0
𝑖𝑖 ] = [𝐶𝐶1𝑖𝑖𝐶𝐶2𝑖𝑖𝐶𝐶3𝑖𝑖] represents the local orientation of ith 

frame with respect to 0th frame that is the global reference 
system; [𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃] = [𝐶𝐶1𝐶𝐶2𝐶𝐶3]𝑃𝑃𝑃𝑃𝑃𝑃 , 𝐶𝐶1𝐶𝐶2𝐶𝐶3  represents the 
directional change of tolerance with respect to the three 
coordinate axes of frame i;. [𝑤𝑤𝑖𝑖

𝑛𝑛] =

[
0 −𝑑𝑑𝑑𝑑𝑖𝑖𝑛𝑛 𝑑𝑑𝑑𝑑𝑖𝑖𝑛𝑛

𝑑𝑑𝑑𝑑𝑖𝑖𝑛𝑛 0 −𝑑𝑑𝑑𝑑𝑖𝑖𝑛𝑛
−𝑑𝑑𝑑𝑑𝑖𝑖𝑛𝑛 𝑑𝑑𝑑𝑑𝑖𝑖𝑛𝑛 0

] is a skew-symmetric matrix, 

indicating the positional changes for frame n with respect to 
frame i . In 𝑤𝑤𝑖𝑖

𝑛𝑛  , 𝑑𝑑𝑑𝑑𝑖𝑖𝑛𝑛 = 𝑑𝑑𝑥𝑥𝑛𝑛 − 𝑑𝑑𝑑𝑑𝑖𝑖, 𝑑𝑑𝑑𝑑𝑖𝑖𝑛𝑛 = 𝑑𝑑𝑑𝑑𝑛𝑛 −
𝑑𝑑𝑑𝑑𝑖𝑖, and 𝑑𝑑𝑑𝑑𝑖𝑖𝑛𝑛 = 𝑑𝑑𝑑𝑑𝑛𝑛 − 𝑑𝑑𝑑𝑑𝑖𝑖.  
The functional requirement [FR]  at assembly level can be 
derived from above equations.  

2.2.  Integration of deformation  

During a practical working situation, the multiple fields that 
are applied to single parts or assembly, such as temperature 
filed and force field, result in geometric errors and dimensional 
changes in size, direction and magnitude in spatial six degrees 
of freedom. Taking the bourdon tube in Fig.1 as an example, a 
bending load is imposed on it during its working condition. As 
a consequence, the whole bourdon tube tilts to the side of the 
load. The larger the bending load, the bigger the bending 
deflection. The point clouds of the deformed tube shape can be 
obtained through FEA simulation that takes all the effects of 
working conditions into consideration. 

The small displacement variations induced from 
deformations can be regarded as a relative positioning problem 
between deformed surfaces and their corresponding nominal 
surfaces (see Fig.2). The relative positioning of two surfaces is 
solved based on an optimization problem with “best-fit” 
requirement. The implemented algorithm aims at minimizing 
the distances between any point on one surface and the 
corresponding closest point of the other surface by iteratively 
adjusting the transformation matrix. The variational torsor (∆) 
due to the deformation  can be defined by six components, 
including three translational components represented as ∆𝑢𝑢, ∆v 
and ∆w and three rotational components represented as ∆α, ∆β 
and ∆γ, as seen in Eq.(3). 

   = ; ; ; ; ;u v w                                                       (3) 
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Fig.1. (a) Bourdon tube model; (b) Load diagram; (c) Total deformation of part. 
(d) Internal deformed surface 

 

Fig.2. Deformed and nominal surface of Fig.1(d). 

 

Fig.3 The  relative positioning framework 

The deformed surface in Fig.1d is taken as an example to 
illustrate the process of obtaining variational torsor for 
deformed part in Fig.1c based on relative positioning method. 
The framework of the method is shown in Fig.3. The whole 
process can be divided into three steps: 
Step1: Search for the corresponding point pairs of two surfaces. 
Based on Delaunay triangulation, for every point of the 
deformed shape A, the corresponding point on its nominal 
feature B is determined as the point that has the minimal 
Euclidean distance: 

; arg min
iA j i jB B j A B                                                        (4) 

where  𝐵𝐵𝐴𝐴𝑖𝑖  means the corresponding point in feature B for 𝐴𝐴𝑖𝑖, 
as depicted in Fig.4. 

 

Fig.4. Determination of point correspondences 

Step2: Define objective functions. The objective function is 
defined as the minimization of the squared sum of Euclidean 
distances between all points of deformed surface and their 
correspondences in the nominal surface, as shown in Eq.(5):  

2

1
min

i

N

r i t A
i

f T A T B


                                                         (5) 

where N represents the number of points on the deformed 
surface. 𝑇𝑇𝑟𝑟 =[∆α; ∆β; ∆γ] is the variational rotation vector and  
𝑇𝑇𝑡𝑡 = [∆𝑢𝑢; ∆𝑣𝑣; ∆𝑤𝑤] is the variational translation vector. 
Step3: “Best-fit” solution. An adequate algorithm has to be 
chosen in this step to return the optimal variational torsor. This 
can be performed by minimizing the objective function  in Step 
2 employing an active set, sequential quadratic programming 
(SQP) or iHLRF algorithms [23]. 

The obtained deformation torsor brings about small changes 
to the local coordinate system associated with the part. As a 
consequence, functional element FE in Eq. (1) varies as well. 
Then we have parameters in Eq. (2) as: 

   '
0 0
i i

xi yi ziR R C C C                                                                   (6)                                              

where [𝐶𝐶𝑥𝑥𝑥𝑥] is a transition matrix that rotates ∆α around the x 
axis on frame i. It can be computed as follows. 

  
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In the same way, we can get [𝐶𝐶𝑦𝑦𝑦𝑦] and [𝐶𝐶𝑧𝑧𝑧𝑧] that separately 
represent transition matrices around the y and z axis on frame 
i with angles ∆β and ∆γ. 
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Due to the fact that 𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃′describes the directional change 
of tolerance with respect to the frame i’ in working condition, 
it can be deduced as: 

        1 1
'PTi PTi xi yi ziR R C C C                                                  (9) 
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Considering the translational variations, the                                                                                                    
𝑑𝑑𝑑𝑑𝑖𝑖

𝑛𝑛 , 𝑑𝑑𝑑𝑑𝑖𝑖
𝑛𝑛  and 𝑑𝑑𝑑𝑑𝑖𝑖

𝑛𝑛 can be deduced as:  
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                                              (10) 

Substituting the above three parameters in 𝑤𝑤𝑖𝑖
𝑛𝑛 , we obtain 

𝑤𝑤𝑖𝑖′
𝑛𝑛′. Then combining Eqs. (6-10), the Jacobian matrix can be 

defined as: 
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Besides,  [FE] can be rewritten as:  

  
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where  𝑇𝑇𝐹𝐹𝐹𝐹𝐹𝐹 and 𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹 are the translational and rotational torsor 
components originated from applied tolerances.                                      

Once we have [𝐽𝐽]𝐹𝐹𝐹𝐹𝐹𝐹′  and [𝐹𝐹𝐹𝐹]𝐹𝐹𝐹𝐹𝐹𝐹′, the functional 
requirement  [𝐹𝐹𝐹𝐹]′ can be derived. The framework proposed to 
analyse the accumulated error for functional requirement with 
consideration of manufacturing error and deformation error in 
working condition is shown in Fig.5. For the first step, we 
consider the functional requirement due to manufacturing error, 
i.e., dimensional and geometric deviations. Since the key point 
is to obtain the variation torsor resulting from deformation, 
therefore, in the second step, the simulation is conducted and 
the deformations are retrived from the simulation result. This 
procedure includes the import of CAD models into FEA 
software, the definition of property, mesh and constrains, and 
the export of deformed point clouds and nominal point clouds 
for features. Then relative positioning approach is applied to 
yield the variational torsor. Finally, the components in rotation 
and translation will be used to modify the parameters in the first 
step. 
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Fig. 5. Procedures to calculate accumulated error for assembly  

3. Case study 

We shall now apply the proposed method for accumulated 
error calculation based on a simple mechanism, as illustrated in 
Fig.6. This assembly is made up of two parts: Support and 
Probe. The tolerances and dimensions are specified in Fig.7. 
The reference frames are in the middle of the tolerance or 
contact uncertainty zone. Then a connection graph is 
constructed to establish the dimensional chains, as depicted in 
Fig.8.The kinematic chain contains two internal pair (FE0,FE1) 
and (FE2,FE3), as well as one contact pair (FE1,FE2). The 
functional condition FR implies the control of the relative 
position between the end of Probe, which is accumulated by all 
tolerances of two parts and one joint, and the surface of the 
datum A. 

     

Fig.6. Example mechanism                              Fig.8. Connection graph 

 

Fig.7. Detailed drawing of assembly 

Table 1 summarizes the Jacobian matrices and torsors 
associated to the respective function element pairs identified in 
Fig. 8, and according to the procedures described in Section 2.1. 
The 𝐹𝐹𝐹𝐹0 taking only manufacturing error into account can be 
expressed in Eq. (13). 

Table 1. Jacobian and torsor details. 

Pair Jacobian Torsor 
 
 
IP1 

[
 
 
 
 
 1 0 0 0 −40 0
0 1 0 40 0 0
0 0 1 0 0 0

0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1 ]

 
 
 
 
 

 

[
 
 
 
 
 (0,0)

[−0.1/2, +0.1/2]
[−0.1/2, +0.1/2]

[0,0]
[−0.1/20, +0.1/20]
[−0.1/20, +0.1/20]]

 
 
 
 
 

 

 
 
CP 

[
 
 
 
 
 1 0 0 0 −40 0
0 1 0 40 0 0
0 0 1 0 0 0

0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1 ]

 
 
 
 
 

 

[
 
 
 
 
 (0,0)

[−0.33/2, +0.33/2]
[−0.33/2, +0.33/2]

[0,0]
[−0.33/20, +0.33/20]
[−0.33/20, +0.33/20]]
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IP2 

[
 
 
 
 
 1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1]

 
 
 
 
 

 

[
 
 
 
 
 [−0.1/2, +0.1/2]

[−0.1/2, +0.1/2]
[0,0]

[−0.1/30, +0.1/30]
[−0.1/30, +0.1/30]

[0,0] ]
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0.2650 0.2650

0.2150 0.2150
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0.0215 0.0215

FE FE FE
FR J J J

  
 
  

         
 
  
 
   

，

，

，

，

，

                         (13) 

An FEA simulation of the assembly is carried out on the 
nominal part model. The material properties are defined, 
together with a load that specifies a 100N force at the end of 
the Probe in –y direction and a fixed constraint on Support. The 
geometry and displacement of surfaces that are deformed by 
the force are simulated in ANSYS software (see Fig.9). The 
actual position and nominal position for each point of surfaces 
can be exported as their Cartesian coordinates respectively. 

 

Fig.9. (a) FEA for Support; (b) FEA for Probe. Note that the deformations in 
figures are expressed in millimeter (mm). 

Taking the cylindrical surface in Fig.9b as an example, the 
point clouds for deformed and nominal surfaces can be derived 
in Fig.10. Assuming that A = {A𝑖𝑖 ∈ R3, 𝑖𝑖 = 1,2 … … , N}  and 
B = {B𝑖𝑖 ∈ R3, 𝑖𝑖 = 1,2 … … , N}  are these two point clouds, 
where N represents the number of meshed nodes generated in 
ANSYS, the variation from A to B can be expressed as:  

r tB T A T                                                                         (14) 

where 𝑇𝑇𝑟𝑟  is the rotational components and  𝑇𝑇𝑡𝑡   is the 
translational components.   

 

Fig.10. Correspondence for Probe. 

Following the three steps of relative positioning, 
corresponding points in nominal surface are identified (see 
Fig.10), and the objective function is defined (see Eq. (15)) and 
minimized to give an optimal variational torsor. 

 
,

min ,B
r t

r tT T
f T A T                                                                   (15) 

Subject to  lb ≤ 𝑇𝑇𝑟𝑟 , 𝑇𝑇𝑡𝑡 ≤ub 

In Eq.(15), lb and ub are vectors of the lower and higher limit 
defining the variations in six degrees of freedom and can be 
represented by 𝑙𝑙𝑙𝑙 = [−1, −1, −1, −inf, −inf, −inf]; 𝑢𝑢𝑢𝑢 =
[1,1,1, inf, inf, inf]. 

Several algorithms can be used to solve this optimization 
problem. In this paper, sequential quadratic programming (SQP) 
is adopted and the obtained solutions of deformation variations 
in Fig. 9(a-b) are listed in Table 2. 

Table2 Torsor variations result from deformation 

Pair IP1 IP2 
 
 
Variations(∆) 

[
 
 
 
 
 −0.0016

−0.0163
−3.7425𝐸𝐸 − 04
−2.4997𝐸𝐸 − 04
−1.3584𝐸𝐸 − 07
1.8849𝐸𝐸 − 04 ]

 
 
 
 
 

 

[
 
 
 
 
 −0.0015

−0.2886
0.0377

−0.0030
−7.1821𝐸𝐸 − 07
1.9409𝐸𝐸 − 04 ]

 
 
 
 
 

 

It should be noted that the translational variations of IP1 and 
IP3 have influence on parameters 𝑤𝑤𝑖𝑖

𝑛𝑛  and then affect the 
Jacobian matrices. According to Eq. (12), functional element 
vectors should be modified due to the effect of rotational 
variations on reference frames. The functional requirement 
𝐹𝐹𝐹𝐹1considering manufacturing error and deformation error can 
be therefore computed using Eq. (1), the result is compared 
with 𝐹𝐹𝐹𝐹0  that ignores the deformation in working condition. 
The comparison result shows that the limit of x-translation 
increases from ±0.8100 mm to ±0.8169 mm while the limits of 
y and z-translation drop from ±0.2650 mm and ±0.2150mm to 
±0.2649mm and ±0.2148mm, respectively. It is obvious that 
the variations in y and z are small compared to changes in x-
axis. The deformation makes no difference in accumulated 
rotation error. For better illustration of the method, we make 
another experiment by imposing a 200 N force on Probe in –y 
direction. The result of functional requirement is shown in Eq. 
(17), the tendency of variation is consistent with that of 𝐹𝐹𝐹𝐹1in 
Eq. (16), and the deviation of 𝐹𝐹𝐹𝐹2 from 𝐹𝐹𝐹𝐹0 is nearly twice as 
that of 𝐹𝐹𝐹𝐹1 from 𝐹𝐹𝐹𝐹0. The benefit of this solution for tolerance 
analysis is that actual working condition is considered and 
integrated into the Unified Jacobian-Torsor model to increase 
the accuracy and reliability of the results.  

 
 
 
 
 
 

1

0.8169, 0.8169

0.2649 0.2649
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0.0050 0.0050
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0.0215 0.0215
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 
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 
  
 
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，

，

，

，

，

                                                      (16) 

 
 
 
 
 
 

2

0.8239, 0.8239

0.2648 0.2648

0.2146 0.2146

0.0050 0.0050

0.0265 0.0265

0.0215 0.0215

FR
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 
  

      
 
  
 
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，

，

，

，

，

                                                     (17) 



	 Liu Ting  et al. / Procedia CIRP 75 (2018) 226–231� 231
6 Liu Ting et al. / Procedia CIRP 00 (2018) 000–000 

4. Conclusion 

Induced by manufacturing variations and deformation 
variations, errors can be accumulated from part to part 
throughout the assembly. However, the deformation in working 
condition is normally neglected in most models in calculation 
of variation propagation and tolerance analysis based on the 
rigid body assumption. In this paper, a solution has been 
proposed integrating working condition into the Jacbian-torsor 
model for tolerance analysis. Using the FEA, deformation of 
parts can be simulated. The relative positioning of deformed 
shapes and nominal shapes enable the calculation of variation 
torsors. An industrial application of an example mechanism 
with operational force is provided as a demonstration. By 
taking the force-induced deformation into consideration, the 
final calculated deviation, especially x-translation of this 
assembly is more than that calculated by the traditional 
Jacobian-torsor model. In addition, the larger the imposed 
force, the bigger the final deviation is. A comparison of the 
results proves that the proposed method gives a more effective 
and reliable solution as well as optimized product performance.  

The relative positioning method enables the convenient 
calculation of the variational torsor parameters resulting from 
actual loads in working condition. Based on this method, the 
Jacobian-torsor model can be quite suitable for tolerance 
analysis of mechanisms in special working environments, such 
as high temperature and high pressure, i.e., combustion engine. 
It is a supplement of this model that the accuracy and reliability 
can be largely improved. 

This article aims at simulating deformations on nominal 
CAD model by FEA. It can be possibly extended to operate on 
toleranced surfaces with manufacturing deviations, such as 
skin model shapes [12]. Besides, due to the fact that the 
Jacobian-torsor model currently still has difficulty in the 
application of over-constrained system, this method mainly 
focuses on isostatic architecture at present. These work will be 
further studied and addressed in future research. 
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