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1. [bookmark: _Toc534420989][bookmark: _Toc3754055][bookmark: _Toc24625424][bookmark: _Toc24625855][bookmark: _Toc28283338][bookmark: _Toc30379660][bookmark: _Toc30382742][bookmark: _Toc33434892]Introduction
Since the introduction of plus/minus limits on dimensions, has took a vital place on engineering drawing in the early 1900s, tolerances have been such an important parameter for every engineer responsible for the product realization processes. Particularly, during the 1970s where CAE techniques, experienced a massive advancement along with the advancement of computers technology (Hong and Chang, 2002). There are two types of tolerances, Conventional (+/-) and Geometric Dimensioning and Tolerancing (GD&T). those two types of tolerances are the once currently implemented in today’s product drawing representation. Theoretically, those terms are described as, parametric and geometric tolerancing, whereby: Parametric tolerancing assign limits to the parameters that define a range of values. And In the other hand, Geometric tolerancing, designate values to a specific impute of a feature, for instance; Locations, flatness, orientations, run-outs and profiles (Requicha, 1993). 
This paper aims to discuss in details the geometric tolerances, by means of a practical application of GD&T techniques on a mechanical part, utilising state-of-art technology available within the university computers lab ‘Solidworks 2019’. In correlation, parametric tolerances will also be considered in order to achieve a comprehensive representation of a complete 2D drawing, which could successfully pass through the tolerance analysis, and can feasibly be manufactured.
Honda triple clamp design is the mechanical system, which will be studied in this report. Furthermore, ISO 286 will be used as a tolerance standard, in order to realise the specific fit condition between mating features in the assembly/system under investigation. It is crucial to attribute an allowance, whether it is positive or negative, to the nominal size to accomplish the appropriate clearance or interference. Therefore, ISO 286 gives an international recognised code system which will be implemented on this study, to complete the 2D drawing task.   
2. [bookmark: _Toc24625425][bookmark: _Toc24625858][bookmark: _Toc28283339][bookmark: _Toc30382743][bookmark: _Toc33434893]Technical Background Research of GD&T: 
[bookmark: _Toc24625427][bookmark: _Toc24625860][bookmark: _Toc28283345]Several Researches Have been developed, in the pursuance of aiding on the explanation and definition of tolerances. The specification of those tolerances, influences the ending cost of the product due to the manufacturing procedures, which will be applied in order to comply to the engineering design requirements (Hong and Chang, 2002). 
Geometric dimensioning and tolerancing was settled to be the best method to communicate the requirement of dimensions in aerospace industry designs, and by utilising GD&T for spatial definition, the 3D product specifications can be conducted for precision assembly methods (Lantrip et al, 1997). This paper presented by Lantrip et al, concluded that the definition of aerospace structure, due to its complex contours and flexibility, challenges the designers, manufacturers and inspectors, as it pushes the boundaries of dimensional requirements. The research conducted here proved that GD&T is able to define the part for the sake of improving the definition, manufacture and inspection of the component. Thus, this tool provides one of the key techniques in today’s engineering design, to define the requirement of the product in both the drawing and in CAD environment, as GD&T is not solely used for drafting anymore. 
Research about product quality through the geometric tolerances started very early in all engineering industries, including Automotive and aerospace. Belitsos, 1980, discussed the impact of engineering drawing standards on product quality in the aircraft engines. Similarly, Kusky and bodary, 1985, published a research paper titled ‘Designing in Quality’, where they discussed the development of drawing techniques. Moreover, Burton, 1990, highlighted the importance of tolerancing by proposing a research, which investigated the key to parts interchangeability and manufacturing cost.   
GD&T is a language utilised between design engineers to communicate, and describe the feature dimensional variations allowed depends on the product design. The engineering design and development team, defines both the tolerances, and the symbols which will be implemented in the dimensional specification of each part or component, within the feature control frame. Product specification failures can be a negative impact on the production costs, or may as well affect the cost through design modification after product launch (Guzman & Knoerr, 2009; Murari et al, 2018). 
Hong and Chang, 2002, reported that despite the fact, this geometric tolerancing reveals the weakness and inherent uncertainty of parametric tolerancing, it still carries its own deficiency, predominantly due to its informality of determining the core concepts. Multiple research reviewed the efficiency of defining and representing the tolerance information, by means of mathematical or electronical methods. Those researches led to the finding of ‘tolerance modelling and representation’. Along the development of solid modelling techniques, abundance attempts have been made to consolidate tolerance information into the product model as an elemental part of product characteristics. 
Geometric dimensioning and tolerancing standards utilise symbols to communicate engineering specifications. For example, the ASMEY 14.5 2009, comprise fourteen geometric characteristic symbols and twenty-two modifying symbols, which can be extensively included to the standard rules to specify the tolerance parameters of the feature, within the (FCF) Feature Control Frame (Murari et al, 2018; Peres, 2003). Additionally, Armillotta, 2013, announced that, the designer shall use these symbols to indicates the degree of geometric control of each part feature, so that the fit and function of the product can be guaranteed. It is a not an easy operation, forasmuch as many types of geometric controls exist, of which incorporate a complex standard representation. Professor Armillotta continued addressing this issue by stating that, it is problematic for a designer to decide about the composition explosion of the assembly relationships and design requirements of a complex product, nonetheless this difficulty can be conquered through training and experience. 







3. [bookmark: _Toc33434894]Practical Explanation of GD&T:   
Utilising GD&T as a dimensioning standard to aid communication, and as a design method to produce the most radical tolerances, can creates an optimised functional quality as well as reducing the operating costs (Lambert, 2017). 
This method of tolerancing as mentioned by Bauer, 2009, is utilised on the engineering drawings to complete the traditional coordinate dimensioning and tolerancing practices. It provides a well precise definition of location, size, orientation, and form characteristics for independent and connected features. The drawing presented by Bauer in figure 1, shows an example of GD&T, and will be used here to address a simplified explanation of how this tolerancing techniques can be Implemented. [bookmark: _Toc34151940]  Figure 1 : GD & T     Example Drawing. By Bauer, 2009.

[image: ]In figure 1 above, the three major elements of GD&T are identified as following: ‘A’ indicates to feature control frame, ‘B1/B2/B3’ indicates to the three Datums, and ‘C1/C2/C3’ represent the basic dimensions of the part. 
Datums are surfaces, theoretical planes or axis that other dimensions are related to. They are the foundation of GD&T tool as the majority of dimensions applied are defined in relation to them, and they must be critically selected/drawn as the quality of tolerances are dependent upon them. A drawing should have a minimum of three primary datums, that specifies the three axes; X, Y, and Z (Lambert, 2017; Umaras & Tsuzuki, 2007). In the Drawing presented above, Bauer stated that, datums A, B, and C are reference features that constitute the orientation and position relationships from the edge of the part to the axes of the two holes. As an example, both holes must be perpendicular to datum A. Meanwhile, they should be 15mm of a distance from datum B, and also 15mm and 45mm respectively in relation to datum C. 
The dimensions encased in C1, C2, and C3, are referred to as basic dimensions and are specified as target (nominal) dimensions. The tolerance for these dimensions can be found in the feature control frame (FCF), which also includes the information for interpreting the position tolerance on the Ø7mm holes (Bauer, 2009). 
Commonly, GD&T tolerances of a feature are applied using a feature control frame, as shown in figure 1 (Point A). to clarify the information contained in that FCF, Bauer described the interpretation of a cylindrical feature in the above case, as following: ‘’A cylindrical tolerance of 0.1 (or +/-0.05) applies to the true position or desired location of the hole from datum C. So, the specification can be interpreted to mean that the axis of the left hole should be 15+/-0.05 from the left side of the part’’.[bookmark: _Toc34151941]Figure 2 : Simple Example of MMC/LMC by Peres, 2003.

[image: ]Figure 2 presented above, will be used to discuss the MMC (Maximum Material Condition) feature, or in some cases could be referred to as LMC (Least Material Condition). 
This GD&T feature as described by Peres, 2003, specify ‘’The condition in which a feature of size contains the maximum amount of material within the stated limits of size – for example, minimum hole diameter of maximum shaft diameter’’.   
As shown in figure 2; A, B, and C, are the reference datum for this part, which restrict the degrees of freedom of this component. The hole feature is provided by a true position tolerance of Ø1mm, and the utilisation of MMC is an implementation that allows engineers to associate to the dimensional variation as a whole elemental variable to the system (Peres, 2003).
           




4. [bookmark: _Toc30382745][bookmark: _Toc33434895][bookmark: _Hlk33267731]Methodology:   
 For the triple clamp to serve its function, the system components and assembly drawings must encompass all of the physical and dimensional characteristics, along with the necessary and acceptable tolerances required for the system to function properly and as it intended to do.
[image: ]Both parametric and geometrical tolerances were implemented in the drawing of the triple clamp system, to do so, mate fits needed to be determined and calculated for the assembly. ISO-286 code system for tolerances on linear sizes, was used as a standard to complete system’s deviations and fits. [bookmark: _Toc34151942]   Figure 3 : Triple Clamp System Assembly Guide (Yousouf, 2020).

Before preceding to tolerances and fits identifications, the function and system’s operation must be explained first. Figure 3 above illustrates the mechanism of how the systems should be assembled. Triple clamps in a front suspension system of a motorcycle, allows the pivoting connection of the front suspension system with the frame of the motorcycle, through the design of top yoke ‘5’ and the bottom yoke ‘1’ parts (as shown in the 3D Model above). The whole assembly also has a fixing system for receiving the handlebars of the motorcycle, and positioning them to the top triple clamp (Adams, 2014). 
[image: ]Figure 4 above shows an example of the product functionality and mechanism. It can be observed in the Honda-crf450 model here, that the triple clamp system links the front suspension to the front part of the frame. Thus, as a design engineer, the connection points of which the components links together, should be set to a critical tolerance, and assigned a proportional fit that serve the requirement of the functionality. [bookmark: _Toc34151943] Figure 4 : Honda-CRF 450 Frame - Front suspension (hondaproKevin.com)

The linkage of the whole triple clamps system to the frame will not be considered in this study, and it was solely discussed in this section to explain the functionality of the system. However, what will be considered for the drawing and tolerances investigation, is the triple clamp system as a separated assembly, including the shock absorbers mounting holes.  
From figure 3, it can be explained that the top yoke ‘5’ and bottom yoke ‘1’ are linked together, through the stem component ‘4’ insertion, and are separated by the motorcycle frame (front side/tube). However, there is no direct linkage between the yokes and the stem. In opposite, the linkage is achieved through the use of top and bottom insert parts, which are referred to in figure 3 as component ‘2’ & ‘3’ respectively. The indirect linkage between the stem and the two yokes will provide an easy assembly process, due to the type of clearance ‘Easy fit’ specified between the two inserts and the yokes. Simultaneously, the Location fit ‘Slight-interference’ selected between the stem and the two inserts, will sustain a lock mate which will stop the rotation freedom. Note that the insert when installed to the yokes through an easy fit, will be locked in place using two bolts ‘7’ and a locker wash ‘8’.        
All fits calculations were completed using Excel sheets, in order to easily gathers the data. Figure 5 and 6 bellow, represents the fits calculations between the inserts to the yokes, and between the stem to the inserts respectively. Mounting holes (with shock absorber) tolerance fit were also calculated in a similar method, and are included in the 2D drawing sheet (figure 7 & 8).  

[image: ] [image: ][bookmark: _Toc34151944]   Figure 6 : Fit calculation of the stem to the inserts (Yousouf, 2020)
[bookmark: _Toc34151945]Figure 5 : Fit calculation of the inserts to the yokes (Yousouf, 2020)






[bookmark: _Toc34151946]  Figure 7 : Fit calculation of the Upper Forks with Top Yoke (Yousouf, 2020)

[image: ][bookmark: _Toc34151947]  Figure 8 : Fit calculation of the Lower Forks with Bottom Yoke (Yousouf, 2020)

[image: ]

The span of each fit was also completed using ISO-286 standards guide, and results can be seen the figures above (ISO-286, 2010).    


5. [bookmark: _Toc30382747][bookmark: _Toc33434896]Components and System Assembly Drawing:  
Post completing the calculations, and designating a type of clearance or interference/transition fit for each linkage point. The drawing of each component in the system was determined, alongside the assembly drawing, which also included the Bill of Material table (BOM).
A bill of material is an essential parameter in the production data base in manufacturing, it specifies how the product is assembled and built up together. Bill of material can include a list of the assembly components along with the required quantities, however, if the system is complex, each component may have a bill of material of its own. Thus, a product may encompass of several bill of materials of different sub-assemblies or components (Chang, Lee, & Li, 1997; Hegge & Wortmann, 1991).      
[image: ]The pictures bellow represents a detailed 2D-drawing of all system components, which includes both of the parametric and geometrical tolerances. [bookmark: _Toc34151948]  Figure 9 : Top Yoke Solidworks 2D-drawing (Yousouf, 2020).





[bookmark: _Toc34151949]  Figure 10 : Bottom Yoke Solidworks 2D-drawing (Yousouf, 2020).
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[bookmark: _Toc34151950]  Figure 11 : Top Insert Solidworks 2D-drawing (Yousouf, 2020).
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[bookmark: _Toc34151951] Figure 12 : Bottom Insert Solidworks 2D-drawing (Yousouf, 2020).
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[bookmark: _Toc34151952]  Figure 13 : Stem Solidworks 2D-drawing (Yousouf, 2020).
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[bookmark: _Toc34151953]  Figure 14 : Top Nut Solidworks 2D-drawing (Yousouf, 2020).
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[bookmark: _Toc30382751]  [image: ][bookmark: _Toc34151954]  Figure 15 : Assembly (BOM) Solidworks 2D-drawing (Yousouf, 2020).


In figure 15, representing the assembly drawing with bill of material. It can be known from reading the information supplied in the BOM, that the bolts ‘7’ which hold the inserts to the yokes and the lock washers ‘8’, are purchased items. Similarly, for the bolts ‘6’ which fastens the dampers system to the yokes. 
[bookmark: _GoBack]Bill of material also noted another information, which referees to the top nut. It is stated in the description box that the top nut ‘9’, is included with the assembly and will be manufactured in-house. The required 2D-drawing is supplied in figure 14 above.        





6. [bookmark: _Toc33434897]Conclusion:   
In-line with the literature and the investigation presented above, it can be summarised that in order for a product to be successfully manufactured, and properly serves its function, the supplied 2D-drawing must include the following data.
· A detailed parametric tolerance which specify the dimension limits of the parts, and especially, those tolerances which are designated to determine a required fit.
· Proper GD&T tolerances which complete the parametric dimensions, and guarantee a successful end-of-line product, manufactured as it intended to be. 
· A bill-of-material that provides the manufacturing engineer or clients, with the necessary information, explaining the assembly process of the complete system.    [bookmark: _Toc34151955]  Figure 16 : Honda-CRF450 Triple Clamps Solidworks-Visualize 3D-Image Rendering (Yousouf, 2020).

[bookmark: _Toc534421002][bookmark: _Toc3754066][bookmark: _Toc24625429][bookmark: _Toc24625862][image: ]
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CAD Files Link: 
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image6.jpeg
Utilising Tolerance Standards 'ISO 286" to calculate the Limit and Fit of stem part (Shaft) with Insert parts (Whole)
Calculation of the fit @ 26 mm H7/k6

From the ISO 286-2 Tables for the hole 26 H7 calculations can be determined as follow:

ES= 0.021 Therefore => Upper limit of size = 26.021
El= 0 Therefore => Lower limit of size = 26

For the Shaft 26 k6 calculations can be determined as follow:

es= 0.015 Therefore => Upper limit of size = 26.015
0.002 Therefore => Lower limit of size 26.002

ei

This will results to:
Minimum Clearance: Lower limit of size of the hole - Upper limit of size of the shaft = 26 26.015
Maximum Clearance: Upper limit of size of the hole - Lower limit of size of the shaft = 26.021 - 26.002

-0.015
0.019

The calculation results shows Positive and Negative Values. That means the fit has a clearance of 0.019mm and an interference of 0.015 mm
and it is a TRANSITION FIT

Fit Type: Location - Slight Interference Span of the fit: 0.019 + -0.015 = 0.004mm
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Utilising Tolerance Standards 'ISO 286' to calculate the Limit and Fit of Insert parts (Shaft) with Body parts (Whole)
Calculation of the fit @ 48 mm H8/f8

From the ISO 286-2 Tables for the hole 48 H8 calculations can be determined as follow:

ES= 0.039 Therefore => Upper limit of size=  48.039
El= 0 Therefore => Lower limit of size = 48

For the Shaft 48 8 calculations can be determined as follow:

es= -0.025 Therefore => Upper limit of size=  47.975

ei -0.064 Therefore => Lower limit of size = 47.936

This will results to:

Minimum Clearance: Lower limit of size of the hole - Upper limit of size of the shaft = 48 0.025

0.103

47.975
Maximum Clearance: Upper limit of size of the hole - Lower limit of size of the shaft = 48.039 - 47.936

The calculation results shows Positive Values. Therefore, That means the fit has a max clearance of 0.103mm and min clearance of 0.025mm
and it is a CLEARANCE FIT

Fit Type: Easy Fit Span of the fit: 0.103 - 0.025 = 0.078mm
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Utilising Tolerance Standards 'ISO 286' to calculate the Limit and Fit of Upper Forks (Shaft) with Top Yoke (Whole)
Calculation of the fit @ 52.6 mm H7/g6

From the ISO 286-2 Tables for the hole 52.6 H7 calculations can be determined as follow:

ES= 0.030 Therefore => Upper limit of size = 52.630
El= 0.000 Therefore => Lower limit of size = 52.600

For the Shaft 52.6 g6 calculations can be determined as follow:

es= -0.010 Therefore => Upper limit of size = 52.590
ei= -0.029 Therefore => Lower limit of size = 52.571

This will results to:
Minimum Clearance: Lower limit of size of the hole - Upper limit of size of the shaft = 52.6 - 52.59

Maximum Clearance: Upper limit of size of the hole - Lower limit of size of the shaft = 52.63 - 52.571

0.01
0.059

The calculation results shows Positive Values. Therefore, That means the fit has a max clearance of 0.059mm and min clearance of 0.01mm
and it is a CLEARANCE FIT
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Utilising Tolerance Standards 'ISO 286" to calculate the Limit and Fit of Lower Forks (Shaft) with Bottom Yoke (Whole)
Calculation of the fit @ 58.4 mm H7/g6

From the ISO 286-2 Tables for the hole 58.4 H7 calculations can be determined as follow:

ES= 0.030 Therefore => Upper limit of size = 58.430
El= 0.000 Therefore => Lower limit of size = 58.400

For the Shaft 58.4 g6 calculations can be determined as follow:

es= -0.010 Therefore => Upper limit of size = 58.390
ei= -0.029 Therefore => Lower limit of size = 58.371

This will results to:
Minimum Clearance: Lower limit of size of the hole - Upper limit of size of the shaft = 58.4 - 58.39

Maximum Clearance: Upper limit of size of the hole - Lower limit of size of the shaft = 58.43 - 58.371

0.01
0.059

The calculation results shows Positive Values. Therefore, That means the fit has a max clearance of 0.059mm and min clearance of 0.01mm
and it is a CLEARANCE FIT
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