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Abstract: Physical gages permit verification with low uncertainties but remain expensive and inflexible. With the 
development of 3D CAD modellers and the progress made in coordinate measuring machines, the concept of the virtual 
gage appeared. The paper focuses on the implementation rather than the inspection of dimensional and geometrical 
tolerancing in 3D-CAD models of mechanical assemblies by the use of virtual gages. The objective is to provide an 
easy-to-use CAD-based tool for tolerancing visualisation and functionality analysis during the design phase. An 
industrial case study of an assembly where total ruunout and tight dimensional tolerances are designated is presented 
in order to demonstrate the effectiveness of the virtual gages approach. The complete visualization of the dimensional 
and geometrical tolerances that is achieved by the proposed approach, in conjunction with currently available 
tolerance analysis and synthesis CAD tools, facilitates and advances the design process significantly. 
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1. INTRODUCTION 
 
Due to the inevitable uncertainties that are present in any 
production process, all manufactured components exhibit 
a variety of imperfections. Dimensional and geometric 
tolerances are therefore assigned as allowable limits of 
these imperfections. The objective of tolerance 
assignment on mechanical components is to safeguard 
that the final product, on which they will fit, can be 
assembled and will meet the necessary functional and 
other geometric requirements. Moreover, the control of 
unavoidable deviations from nominal geometric and 
dimensional requirements during the manufacture of 
mechanical components also safeguards their 
interchangeability. The above objectives are currently 
implemented in mechanical engineering design through 
the series of national and international Geometric 
Dimensioning and Tolerancing (GD&T) standards, e.g. 
[1], [2]. 
In the global competitive market of today, the value of a 
fully integrated digital design and manufacturing 
environment becomes apparent. Competent dimensioning 
and tolerancing in 3-D solid Computer Aided Design 
(CAD) models is, consequently, a pre-requirement for 
further downstream digital activities in automatic process 
planning and manufacturing, automatic inspection, 
automatic assembly. Hence, dimensioning, tolerancing 
and annotation of solid CAD models is nowadays a vital 
issue to manufacturing companies all around the world, 
[3]. 
CAD/CAM/CAE software packages make possible the 
sophisticated modeling of parts, assemblies and final 
products, and their further analysis in various ''virtual'' 
ways before they are put into production, in order to 
resolve most development problems in the earliest 

possible stage and reduce the risk of errors [4]. CAD 
systems provide high level tools for the realistic 
representation and visualization of the components’ 
nominal geometry. In current industrial practice, the 
designers work on the nominal model of the product 
within a CAD system. The nominal model of a product 
created in CAD/CAM systems, annotated or not, can only 
represent nominal product information and most of the 
simulations to predict the behavior and performance of 
the final product is carried out in this model. Therefore, 
the nominal model limits the ability to deal with 
geometric variability resulting from the real environment 
during the product life cycle, such as material property 
defects, manufacturing and assembly errors, etc.  
Any engineering component can be viewed as a set of 
specifications regarding its geometrical and functional 
characteristics to reflect the design intend. The CAD 
model of the part must provide high level dimensioning 
and tolerancing information for functional use, coupled 
with its nominal geometric model. Today, several tools 
for tolerance specifications in the form of annotation have 
been implemented into parametric CAD 3-D systems. The 
majority of currently used solid CAD modellers permit 
tolerances for a feature to be associated with geometric 
entities in the CAD file. However, the way in which these 
critical data are represented, stored and associated with 
CAD geometrical entities still remains CAD vendor – 
based and is far from being fully standardized. As a result, 
3-D tolerance annotation is not yet as universally 
inclusive, consistent and clear as it is in usual, digital or 
not, 2-D drawings. Moreover, tolerance annotation in 
current 3D-CAD systems mainly concerns the syntax of 
geometric and dimensional tolerances, i.e. their writing on 
the technical drawing, and not their semantics, i.e. their 
functional meaning with regard to the part and the final 
product assembly.  
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With the development of 3D modelers and the progress 
made in coordinate measuring machines, the concept of 
the virtual gauge appeared, as an alternative to the 
traditional use of physical gages for inspection purposes 
in industry. A virtual gauge is defined by a set of surfaces 
with a fixed orientation establishing the boundaries of the 
tolerance zone.   
The paper focuses on the implementation rather than the 
inspection of dimensional and geometric tolerancing in 
3D-CAD models of mechanical assemblies by the use of 
virtual gages. The goal of our research is the study of 
easy-to-use solutions for the GD&T functionality 
confirmation of mechanical components and assemblies 
during the tolerance designation stage. The proposed 
approach is based on the strong interrelation between the 
design and the inspection phases and the tolerance 
interpretation according to the international standards. In 
particular, the paper extends the utilization of published 
virtual gage models on dimensional as well as geometric 
tolerance requirements and investigates their direct 
implementation on commercially available 3D-CAD 
environments. The preliminary validation of the proposed 
approach on components with total runout tolerance and 
ISO 286 clearance fits that form an industrial mechanical 
assembly show promising results in terms of time savings 
and usability.  
 
2. PROBLEM DEFINITION AND RELATED 

WORK 
 
Virtual or “soft” gaging is the term used when a set of 
coordinate measurement data, such as data generated by a 
coordinate measuring machine (CMM), is compared with 
a CAD model for purposes of part acceptance/ rejection. 
In general terms, the soft gaging process works as follows 
[5]: 
(a) A part's nominal geometry is modeled with CAD 

software. 
(b) The CAD model is imported into the soft gaging 

software, where tolerance attributes are attached to 
part features. (Some CAD systems perform this step 
internally.) 

(c) The soft gaging software is used to generate a worst-
case model based on the nominal CAD geometry 
varying by the amount allowed by the tolerances. This 
worst-case model is called a soft gage. 

(d) A part is measured on a CMM, generating a cloud of 
coordinate data points. 

(e) The soft gaging software compares this cloud of 
points (or, sometimes, a reverse-engineered CAD 
model based on it) with the soft gage model and 
displays out-of-tolerance conditions. 

Advantages of this method are that complex shapes may 
be measured with accuracy and little or no hard tooling. 
The major disadvantage is that, as with most CMM 
measurements, the acceptance of a feature is based on a 
sample of points, allowing the possibility that small out-
of-tolerance areas might not be evaluated. 
The potential use of simulated gages as an alternative to 
the industrial standard practice of part inspection by 
mechanical/ functional gages is investigated in a 
significant number of research works. The existing 

technical literature in this area is directly linked with the 
research that concerns the development of rigorous 
mathematic conditions and constraints that ensure 
mechanical assembly under various considerations, the 
theoretical interpretation and mathematical definition of 
geometric tolerances and, as well as, the wide spread 
industrial implementation of coordinate measuring 
machines over the last twenty years.  
In one of the first published studies on simulated gaging, 
Etesami [6] presents a mathematical model that addresses 
the verification of 2D positional tolerance requirements. 
The derived formulation leads to the development of 
parametric acceptance zones constrained by the datum 
features and associated to part features considered in the 
tolerance statement. Although the extension of the model 
to 3D is discussed, no reference to a specific 
representation is given. Later, a conceptual model of 
virtual gauges called “fitting gauge” was developed by 
Pairel [7], [8], based on the concepts of geometrical 
tolerance zone, virtual conditions and perfect datum 
features used by standardized tolerancing. From a file 
containing the sampled points of the part to be inspected, 
the model, integrated in experimental soft gaging 
software, permits the building of the virtual gages defined 
by the geometric tolerances and the inspection of the 
manufactured components according to a precise order. 
The approach is compared with traditional three 
dimensional metrology inspection practices for the case of 
position tolerancing, [9]. The comparison results show 
that the risk of rejecting in-tolerance parts, which exists 
when using classical CMM software, is eliminated by the 
inspection through the virtual fitting gauges model. More 
recently, a verification method based on a virtual gauge 
and a statistical representation of real surfaces including 
measurement uncertainties is introduced by Mailhe et al. 
[10], [11]. A method for modeling successive machining 
process that takes into account the geometrical and 
dimensional deviations produced with each machining 
setup and the influence of these deviations on further 
setups is studied by Moujibi et al. [12]. The evaluation of 
the geometric tolerance values is then performed on the 
real workpiece obtained by simulation of errors in a 
multistage machining process.  
The virtual representation of the real object, usually as a 
set of digitized point cloud data, has been widely studied, 
among others, in most of the above referenced research 
works [7 - 12]. However, the concept of the point cloud 
data analysis to perform the geometrical tolerance 
verification is completely disjointed from the tolerance 
designation process. In that context, the tolerance 
representation within the design systems, in particular 
within the three-dimensional CAD software packages that 
are used during the design intent definition, is 
disregarded.  
The use of the fitting gauge model [7 – 9] for the 
representation of the geometric tolerances in CAD/ CAM 
systems as an important tool for the extension of the 
tolerancing possibilities during tolerance designation is 
introduced by Pairel et al. [13]. Furthermore, the authors 
point out the important distinction between the syntax of a 
geometric tolerance and its semantics. However, the 
proposed model only addresses geometric tolerances and 
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does not include the representation of dimensional 
specifications. According to [5], the common usage of a 
functional gage is to verify a workpiece's ability to be 
assembled. This shall be accomplished through inspection 
of both the size and the geometric characteristics of the 
workpiece feature(s) under consideration. 
The approach proposed in this paper is based on the 
fitting gauge model [13], extending its application on both 
the geometrical and dimensional tolerance specifications 
of mechanical components and assemblies by the use of 
virtual gauges. Moreover, our approach is readily 
implementable on most current, commercially available 
3D-CAD modelers without the need of development of a 
specialized soft gaging software module. 
 
3. CAD DESIGN OF VIRTUAL GAGES 

APPROACH 
 
In the scope of the paper, the design of virtual gages is 
primarily based on a range of general criteria that have 
been established in published technical literature in the 
early days of research on the field of computer based 
tolerance analysis, [14]. These criteria serve both as 
foundations and as evaluators in the development of our 
approach and safeguard that the basic dimensioning and 
tolerancing principles are followed. In that context, the 
design of virtual gages should: 
 

i. enable designers to specify and analyze designed 
dimensions and tolerances so the functional 
requirements of design can be verified; 

ii. clearly, concisely, and efficiently convey the design 
information; 

iii. be unambiguously interpreted by all parts that are 
involved in the different stages of a product life cycle 
(e.g. design, manufacturing, assembly,  inspection); 

iv. provide the means to return the inspection results for 
evaluating parts and identifying faults in 
manufacturing processes. 

 

Furthermore, since the fundamental concept of physical 
and virtual gage is the same, the basic principles that 
apply during the design and manufacturing of mechanical/ 
functional gages are taken into account. These design 
principles and rules are published in relevant technical 
handbooks and are standardized in series of ad hoc 
standards, e.g. [5].  
Moreover, the fundamental tolerancing principle or 
principle of independency as per ISO 8015 is also a 
critical consideration. Each specified dimensional or 
geometrical requirement on a drawing shall be met 
independently, unless a particular relationship is 
specified. However, depending upon its function, a 
feature of size is simultaneously controlled by its size and 
any applicable geometric tolerances. Material conditions 
such as Regardless of Feature Size (RFS), Maximum 
Material Condition (MMC) or Least Material Condition 
(LMC) may also be applicable. In case of MMC or LMC 
application the geometric tolerances are clearly no longer 
independent from the dimensional ones. According to [1], 
consideration must be given to the collective effects of 
MMC or LMC and applicable tolerances in determining 
the clearance between parts (fixed or floating fastener 

formula), the guaranteed area of contact, the thin wall 
conservation, and, as well as, in establishing gage feature 
sizes.  
The proposed approach further develops the fitting gauge 
model, [13], considering the fact that functional gages are 
devices that measure the collective effects of size and 
geometric tolerances at the same time, representing a 
simulated mating condition. A “virtual condition” exists 
only for tolerances that control size features and is 
defined as the collective effect of size and geometric 
tolerances that must be considered in determining the fit 
or clearance between mating parts or features. The 
following formulas apply in order to calculate virtual 
condition: 
 

(a). For the case of External features (ExF): 
 

VC–ExF =MMC feature size + Geometric tolerance of 
form, orientation, or location     (1) 
 

(b). For the case of Internal features (InF), Fig.1: 
 

VC–InF = MMC feature size – Geometric tolerance of 
form, orientation, or location     (2) 
 

 
 

Fig.1. Virtual condition of an Internal feature (InF) 
 

In assembling a complex product, several dimensions 
recognized as critical have a strong impact on its’ 
functional performance. These critical dimensions may 
either address dimensional (e.g. clearance) or geometrical 
(e.g. perpendicularity) specifications of the assembly and 
are “chained” to particular GD&T specifications of the 
components that form the product. The recognition of the 
latter can either be performed by an experienced designer 
or can be aided by relevant tolerance stack-up analysis 
CAD tools, such as the TolAnalyst module in SolidWorks 
3D-CAD software of Dassault Systèmes. The design of 
the virtual gages is focused on the features of the 
components’ CAD models that are associated with the 
above mentioned specifications. 
A virtual gage is designed a set of ideal virtual features. 
The geometrical boundaries of these features correspond 
to the tolerance zone of the specified GD&T requirement. 
In the proposed approach, for each type of GD&T 
specification (e.g. flatness, perpendicularity, true position, 
runout) the 3D-CAD software is used to individually 
model the relevant tolerance zone as a stand-alone solid 
CAD part. This set of parts, which corresponds to the set 
of the initially designated GD&T specifications, 
composes the virtual gage and is assembled on the 
nominal CAD model of the component. The denoted 
datums and their preponderance are taken into account 
during the assignment of the mates that constrain the 
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assembly of the virtual gage with the component. 
Therefore, the degrees of freedom of each individual solid 
part of the virtual gage are restrained in accordance with 
the Datum Reference Frame (DRF) of the geometrical 
tolerance that they represent. The components are then 
assembled and properly constrained together with their 
virtual gages in order to perform interference checks, 
validation of critical specifications etc.  
 

 
(a) 

 
(b) 

Fig.2. Indication (a) and definition of the tolerance zone 
(b) for total radial runout tolerance [2] 

 

At the present stage of the work we focus our attention on 
total runout tolerances combined with ISO 286 
dimensional tolerances. Runout tolerance is widely used 
especially on parts that revolve about a datum axis in 
assembly and where alignments and dynamic balance are 
critical. It is a complex type of geometrical tolerance 
since it combines the simultaneous control of form, 
orientation and position deviations.  
Runout is a tolerance used to control the functional 
relationship of one or more features to a datum axis 
established from a datum feature specified at “regardless 
of material boundary” (RMB) condition, [1]. For a surface 
constructed around a datum axis a total runout tolerance 
zone is defined as a volume of revolution generated by 
revolving an area about a datum axis [15]. In the example 
presented in Fig.2(a) the extracted (actual) surface of the 
cylindrical feature shall be contained between two coaxial 
cylinders with a difference in radii of 0,1 and the axes 
coincident with the common datum straight line A-B, [2]. 
The total runout tolerance zone is therefore limited by two 
coaxial cylinders with a difference in radii of t, the axes of 
which coincide with the datum A-B, denoted as a in 
Fig.2(b). If to is the specified total runout tolerance, this 
area is generated by moving a line segment of length to 
along the desired features’ contour with the line segment 
kept normal to and centered on the desired contour at each 
point. The resulting tolerance zone is a volume between 

two surfaces of revolution separated by the specified 
tolerance.  
In the proposed approach we use the mathematical 
definition of the total runout tolerance zone as per ASME 
[15] in order to design and constrain the virtual gage that 
addresses this geometric requirement. Given a datum axis 
defined by the position vector A

r
 and the direction 

vector 1D̂ , let B
r

 be a point on the datum axis locating 
one end of the desired contour and let r be the distance 
from the datum axis to the desired contour at point B

r
. 

Then, for a given B
r

and r, let C( B
r

,r) denote the desired 
contour. For each possible C( B

r
,r) a total runout tolerance 

zone is defined as a set of points P
r

satisfying the 
condition 
 

2
' otPP ≤−
rr

 (3) 
 

Where, 'P
r

 is the projection of P
r

onto the surface 
generated by rotating C( B

r
,r) about the datum axis and to 

is the specified total runout tolerance, [15]. 
 

 
Fig.3. Case study components: nominal geometry 3D 

CAD models   
 
 

4. CASE STUDY: TOTAL RUNOUT 
GEOMETRICAL TOLERANCE 

 
In order to assess the effectiveness of the virtual gage 
approach on commonly used 3D-CAD environment, a 
typical industrial assembly that comprises two mechanical 
components (Part 1 and Part 2), Fig.3, is used as a case 
study. For that purpose the components were designed in 
Solid Works 2009 SP2.1 CAD software of Dassault 
Systèmes and annotated according to the GD&T 
standards by the use of Solid Works DimXpert module.  
For the economy of the paper we hereby present and 
discuss the virtual gages application only on the total 
runout geometrical specifications of the particular features 
highlighted in Fig. 4 in conjunction with the relevant 
critical ISO 286 dimensional fits. The latter are denoted in 
the mechanical drawings of Par1 and Part 2 in fig. 5 and 
fig. 6 respectively. 
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Fig.4. Total runout tolerance specifications designated on 
the tested components’ 3D CAD assembly 

 

 
 

Fig.5. Mechanical drawing and critical dimensional 
specifications of case study: Part 1 

 

 
 

Fig.6. Mechanical drawing and critical dimensional 
specifications of case study: Part 2 

 
The critical assembly requirement that is here examined is 
the clearance gap between the highlighted features of Part 
1 and Part 2 in Fig. 4. The case study assembly is 

incorporated in an optical sensor alignment system. Its’ 
location, orientation and dymanic balance is considered of 
paramount importance for the proper function of the 
sensor. Through the design process the acceptable limits 
for the above mentioned clearance were assigned from 
0.03 to 0.19mm.  
By the use of Solid Works DimXpert module the Ø22, Ø4 
and Ø7.6 dimensions of the two parts are associated to an 
EXCEL worksheet, forming a Design Table that allows 
their easy manipulation. The initial total runout 
specification on the two features was allocated on 
0.15mm. Following the approach of section 3 the two 
virtual gages for the total runout of the Part 1 and Part2 
are then designed and assembled on the components.  

 

 
 

Fig7. Case study pars assembled with virtual total runout 
gages 

 
The final assembly of the two components and their 
respective virtual gages is presented in Fig. 7. Once the 
parts are properly mated, an interference check is 
performed on the assembly. For that purpose the 
maximum material parts – worst case solids were selected 
through the Design Table sheet and interference was 
directly detected. Supported by the TolAnalyst tolerance 
stack-up analysis module the final runout specification on 
the two features was designated as 0.02mm (Fig. 4) which 
safeguards the original acceptable limits of the critical 
clearance gap. The manufactured assembly of the case 
study components is shown in Fig. 8. 

 

 
 

Fig.8. Manufactured assembly of the case study 
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5. CONCLUSION 
 
Physical gages permit verification with low uncertainties 
but remain expensive and inflexible. The design of virtual 
gages in modern 3D-CAD modellers is an attractive 
alternative for the inspection of manufactured components 
in coordinate metrology. The paper proposed an 
additional use of virtual gages that aims to make GD&T 
implementation more functional and faster to realize. The 
presented approach provides an easy to use tool for the 
verification of the designated tolerances during the design 
stage. A case study that concerned total runout and tight 
dimensional tolerances was presented; however, the 
proposed approach can be applied for the whole range of 
dimensional and geometric tolerances with the criteria 
imposed by the ISO and ASME standards. The complete 
visualization of the dimensional and geometrical 
tolerances obtained, in conjunction with currently 
available tolerance analysis and synthesis CAD tools, 
facilitates and advances the design process significantly.  
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