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Abstract

:

Geometrical tolerances are defined in the ISO Geometrical Product Specification system that is used worldwide, but on the other hand, the ASME Y14.5 standard is used in American companies to define how far actual parts may be away from their nominal geometry. This paper aimed to investigate whether specifications defining acceptable geometrical deviations in one system can be transformed to specifications in the other system. Twelve selected cases are discussed in the paper. Particularly, two cases of size tolerance, three cases of form tolerances, one case of orientation tolerance, four cases of position tolerance (including position tolerance with MMR for the pattern of five holes) and, finally, two cases of surface profile tolerance (unequally disposed tolerance zone and dynamic profile tolerance). The issue is not only in the several different symbols and a set of different defaults, but also in the different meanings and different application contexts of some symbols that have the same graphical form. The answer to the question raised in the paper title is yes for the majority of indications specified according to ASME Y14.5 when new tools from the 2017 edition of ISO 1101 are applied.
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1. Introduction


Manufacturing metrology covers verification of whether produced parts fulfil functional requirements defined by a customer. A designer transforms functional requirements into dimensional and geometrical tolerances that limit actual part deviations and determine a part’s performance [1,2]. For example, roundness deviations and dimensional deviations of bearings and their adjacent components (shaft and housing) determine a cylindrical roller bearing’s vibrational behaviour and fatigue life [3]. Assemblability of additive manufactured metal parts also depends largely on the size, flatness, cylindricity, perpendicularity and position tolerances of a part’s geometrical features, along with their deviations [4].



The geometrical product specification and verification system developed in ISO by Technical Committee ISO/TC 213 (ISO GPS system) [5] is a set of concepts, principles, rules and symbols that enable description and clarification of how far geometrical features of an actual workpiece can be away from theoretically exact geometry (CAD model of a part) [6,7,8,9,10,11]. The international standards that constitute the ISO GPS system are implemented as national standards in countries all over the world and are widely used in local and international companies. The foundation of geometrical specifications for the ISO GPS system are provided in ISO 1011 [12] and other International Standards give more detail [7,8,9,10]. On the other hand, the US National Standard ASME Y14.5-2018 [13] also establishes uniform practices for stating and interpreting geometrical requirements. ASME Y14.5 is globally used because many USA companies locate their branches or look for suppliers in emerging countries that have lower labour costs. Both the ISO GPS system standards and ASME Y14.5 secure functional tolerancing and intend to provide uniformity in drawing specifications and interpretation. Some companies selected ASME Y14.5 much before American companies started de-centralizing manufacturing from the USA to other countries, because nearly all of the info is in one document that is focused on design intent and there is the opinion that it is easier to understand [14].



Specification of functional requirements according to ASME Y14.5-2018 is quite often called geometric dimensioning and tolerancing, shortly referred to by the acronym GD&T. To improve the usability of ASME Y14.5-2018, the revised standard ASME Y14.5.1-2019 [15], which establishes the uniform mathematical basis for interpreting dimensional and geometrical tolerances, has been published.



Nowadays, due to globalization, many suppliers face a challenge to work with two systems in parallel due to their customer requirements or supplier experience and capability. The ASME and ISO standards have many similarities in indications and definitions but in some aspects they are different. A careful comparison of ASME Y14.5 and the ISO GPS system tolerance indications enabled us to distinguish four cases:




	
Interpretation of the same symbols is always the same;



	
Interpretation of the same symbols in certain cases is the same;



	
Interpretation of the same symbols is never the same—the same symbols are intended to be used in different contexts;



	
Some symbols (indications) are available only in one system.








There are a few papers that have addressed the differences between the ISO GPS system and ASME Y14.5 [16,17]. In Appendix C to ASME Y14.5-2018, two tables are given to compare the symbols used in ASME Y14.5 with symbols available in the ISO GPS system. It is worth mentioning that in the opposite relation of comparison i.e., aiming to show how many symbols and modifiers defined in the ISO GPS system are available in ASME Y14.5-2018 standard, there would be a lot of comments not available in the ASME column. The tables given in ASME Y14.5-2018 indicate only if the same symbols are available in the ISO GPS system without any information as to whether the identical graphical symbol has the same meaning. At the end of Section 2 of this paper, a comparison table that provides much more detail is given. Some differences between ASME Y14.5 and ISO 1101 are also shown in [18], but it shall be underlined that the latest editions of both standards, which are considered in this paper, are not compared in [18].



In both systems, there are several different default rules i.e., specification and interpretation rules that are not stated by particular indications in the drawings but are only enforced due to the selection of a particular tolerancing system that is indicated in the drawing title block. In both systems, specifications by tolerance zone and specifications by gauge are available. Specification by gauge is functionally oriented to assembly and enables the use of virtual boundaries that may be implemented by material (physical) or virtual (digital) gauges to examine a part’s ability to mate with its respective counterpart.



It is the task of each designer to determine the permissible size, form, orientation and location deviations, which, if not violated, allow an intended performance of a part. The aim of this paper was to investigate how tolerances may be allocated (specified) in both systems to secure identical permissible deviations of manufactured parts from their nominal geometrical models. There are two important cases:




	
Local design office (familiar with one system) has to develop a product for a global company working with another system;



	
Local supplier working with one tolerancing system is forced to adopt technical product documentation from a global company prepared according to another tolerancing system.








In both cases, the objective is to secure a part function. Below several specifications made according to ASME Y14.5 will be “translated” to specifications made according to the ISO GPS system notations. It should be noted that transformation from ASME Y14.5 to the ISO GPS notation without loss of the part’s intended function (loss of coded information) may be performed in a significantly larger amount of cases than reverse conversion due to a new set of modifiers implemented in ISO 1101:2017 [7]. It was underlined in [2] that ISO 1101:2017 allows for more precise tolerance definitions that are independent of the view plane and also support digital threads for geometry assurance. One hundred and fifty ISO documents [5] currently form the ISO GPS system, but only about ten devoted to geometrical tolerancing are directly addressed to designers, manufacturers and quality staff involved in product development and production. They will be analyzed in this paper to find the ISO GPS system specifications that are equivalent to specifications given according to ASME Y14.5.



The issue of changing specifications of geometrical tolerances indicated according to ASME Y14.5 to the ISO GPS system is important for industry. The survey results on the usage of ISO GPS and ASME Y14.5 standards shows that 20% of companies will, in the future, use both ASME Y14.5 and the ISO GPS system standards [14].



The role of tolerance information sharing through a product life cycle was carefully analysed in [19], with good remarks on the capability of computer-aided design tools. Particularly, it was stated that currently available CAD systems only partly support rule-based tolerance specifications and processing of tolerancing information is performed with many manual interventions. Most advanced CAD systems allow for checking, taking into account the particular tolerance system [19]. Currently, a user can select the ISO GPS system or ASME Y14.5 standard, but switching from one tolerance system to another will not update specified tolerance indications according to the selected system. Further development of the commercial software is required to automate such a transition.




2. From ASME Y14.5 Specifications to the ISO GPS System Drawing


Dimensioning and tolerancing should clearly define a designer’s intent [20]. All dimensions and tolerances should be selected and specified to secure the functional requirements and mating relationship of a part, and should not allow more than one interpretation. The coupling of the shafts and holes requires the appropriate actual geometry of mating parts. The default Rule #1 in ASME Y14.5 establishes the condition that allows parts to fit every time. According to Rule #1, unless otherwise specified, the limits of the size of an individual feature of size control the form of the feature as well as the size (Figure 1). It means, functionally, that even at maximum shaft and minimum hole diameters, the shaft will be able to freely pass through the mating hole if it is required by a designer. The surface of a shaft shall not extend beyond the boundary (envelope) of the perfect form at maximum material condition. The maximum material size is equal to MMS = 20 mm. The actual local size is defined by a continuously expanding and contracting sphere pulled through the shaft. To meet the local size requirements, the minimum local sphere (LMS = 19.8 mm) shall never exit the material.



To find the equivalent specification according to the ISO GPS system notation, it is necessary to start with an explanation (Figure 1b)—two requirements are established: minimum circumscribed size (global size) [21] is equal to 20 mm and spherical size (local size) is equal 19.8 mm. In Figure 2a, the upper limit size is 20 mm due to the modifier minimum circumscribed size (letters GN placed in the elongated circle) and the lower limit size is 19.8 mm due to the modifier local size defined by a sphere (letters LS placed in in the elongated circle). Both sizes are defined exactly as ASME Y14.5 default size. It is difficult to verify the local size defined by a sphere, so in most cases, for the lower limit of size 19.8 mm, a two-point size is applied and the specification given in Figure 2b is regarded as equivalent to ASME Y14.5 default size defined according to Rule #1. Dimensional evaluation algorithms for a feature of size according to ASME Y14.5 and the ISO GPS system specifications are discussed in [22].



The term continuous feature of size, designated with the “CF” symbol, is used in ASME Y14.5 (Figure 3a) to indicate that one or more interrupted features shall be considered as a single feature of size. It means that no portion of the continuous feature crated by two holes shall extend inside one envelope of perfect form at maximum material condition, MMC, (MMS = 18 mm). Almost the same (see Figure 2 for slight difference) functional requirement is controlled in the ISO GPS system by indication CT [21], which stands for common tolerance feature of size (Figure 3b).



When ASME Y14.5 feature control frame with the straightness symbol is attached to an extension of the dimension line of a cylindrical feature (Figure 4a), the default Rule #1 is cancelled and the size of the shaft shall be verified as local size defined by continuously expanding and contracting spheres. According to the independency principle formulated in ISO 8015 [23], by default, every GPS specification for a feature or relation between features shall be fulfilled independently of other specifications, except when a modifier that overrules the independency principle is stated. So, by default, the size in Figure 4b is considered as the two-point size and the straightness tolerance applies to the derived median line. The two-point size is a distance between two opposite points of the shaft’s extracted surface, where the connection line between the points includes the associated least square circle centre and the cross-sections are perpendicular to the axis of the associated least square cylinder obtained from the shaft’s extracted surface [24]. Specifications in Figure 4a,b seem to be identical, but the default interpretation of the local size is different in ASME Y14.5 and in the ISO GPS system. The equivalent specifications are shown in Figure 5.



The circularity (roundness) tolerance specified in Figure 6a is listed in ASME Y14.5 as the form tolerance, and in ANSI B89.3.1 [25], further information is given. ANSI/ASME B89.3.1 states, by default (i.e., without any additional symbols), that for roundness measurement, the following conditions apply: reference method, MRS (minimum radial separation); filter, 50 UPR (undulation per revolution); and tip radius, 0.25 mm. Currently, default measuring conditions for roundness tolerance are not specified in the ISO GPS system standards, but ISO 1101 [12] provides symbols that a designer may use to set up measuring conditions (Figure 6b). The specification element CB indicates that a closing ball filter is specified. The value “0.25” indicates that a 0.25 mm radius ball shall be used as the structuring element and, because it is followed by “-”, it is a long-wave pass filter, which removes short wavelengths. The closing ball filter may be physically implemented as the diameter of the ball stylus tip. The specification element G indicates that a Gaussian filter is specified with nesting index 50 UPR. Due to the fact that the value “50” is followed by “-”, it is a long-wave pass filter, which removes short wavelengths (higher UPR values). The specification, therefore, applies to a feature (circumferential line) that has been digitally filtered with a 50 UPR Gaussian long-wave pass filter. By default, each individual filtered circumferential line shall be contained in a tolerance zone defined as the space between two concentric circles with the 0.03 mm radius difference. It is worth mentioning that in American Standards, default conditions are only specified for roundness deviation measurement. The default conditions for measurement of other form deviations (cylindricity, flatness and straightness) are not given.



According to ASME Y14.5, when profile tolerance is applied to a few features without datums, the tolerance features are by default regarded as the interrupted feature (pattern of coplanar surfaces) and the tolerances are applied simultaneously. In Figure 7a the profile tolerance controls flatness and coplanarity of two nominally planar surfaces (Figure 7b).



In the ISO GPS system, according to the independency principle [23], by default, each profile tolerance will be applied separately, the first one to the left top surface and the second one to the right top surface, thereby individually controlling the flatness of each surface. To make the specification easy to understand, it is better to indicate the flatness tolerance symbol instead of the surface profile. Of course, the part shown in Figure 7a is simple and it is easy to recognize that the top surfaces are flat, however, for more complex parts, the nominal geometry defined in CAD model specification of the surface profile tolerance may indicate that two surfaces have a free form with low curvature that is excluded when the flatness tolerance is applied. To create coplanarity, two individual tolerance zones should be constrained in location and orientation amongst themselves. The modifier CZ (combined zone) indicated after the tolerance value (Figure 8) creates the combined tolerance zone constituted by two parallel planes distance 0.06 mm apart, in which two extracted surfaces shall be contained simultaneously. It is easy to identify in Figure 8 that the tolerance zones are fixed by an implicit theoretically exact dimension TED = 0 mm.



The perpendicularity, parallelism and angularity tolerances have the same symbols in ASME Y14.5 and in the ISO GPS system. The perpendicularity, parallelism and angularity tolerances applied for planar surfaces of a part (integral features) define identical requirements in ASME Y14.5 and in the ISO GPS system. In both systems, the extracted (actual) surface should be contained in a tolerance zone that is limited by two parallel planes separated by a distance that is equal to the tolerance value specified in the second compartment of the tolerance indicator. It means that for the planar surface, each orientation tolerance limits form deviation (flatness) of a toleranced feature.



The perpendicularity (Figure 9a), parallelism and angularity tolerances applied for derived features (median line or median plane) create different requirements when specified according to ASME Y14.5 and in the ISO GPS system. According to ASME Y14.5, the orientation tolerance applies to the axis (symmetry plane) of an unrelated actual mating envelope, i.e., the maximum inscribed feature or minimum circumscribed feature (respectively, cylinder or two parallel planes). So, according to ASME Y14.5, the tolerance feature has the perfect form (Figure 9b).



According to the ISO GPS system by default the orientation tolerance applies to the derived median line (actual axis) or derived median surface. It means that each orientation tolerance limits form deviation of the tolerance feature (respective median line straightness or median surface flatness). So additional modifier shall be added in specification according to the ISO GPS system to indicate that the specification does not apply to the indicated feature itself, but to a feature associated with it. In this case, the encircled N shall be placed after the tolerance value (Figure 10a) to indicate that the toleranced feature is defined as the derived feature (axis) of the associated minimum circumscribed cylinder – the cylinder that is circumscribed over the actual surface of a pin. Five associated tolerance feature specification elements were introduced in 2017 in the fourth edition of ISO 1101. The previous edition from 2012 has no tools to specify requirements identical to ASME Y14.5 specification.



It shall be noted that skipping form deviation of the toleranced axis for perpendicularity tolerance according to ASME Y14.5 will usually give a smaller deviation compare with the perpendicularity deviation assessed according to the default ISO GPS system requirement. However, the pin may have such a shape that deviation assed according to ASME Y14.5 specification is greater (Figure 10b).



ASME Y14.5-2018 locates features of size only by tolerances of position. The coaxiality (concentricity) and symmetry symbols that were available in previous editions of this standard have been removed. The coaxiality and symmetry tolerances in ASME Y14.5-2009 controlled the opposing median points of a feature of size. It means that for coaxiality, a set of points has to be examined in each cross-section, which is rarely a functional requirement and is not considered in the ISO GPS system standards. The meaning of the symmetry tolerance in ASME Y14.5-2009 was the same as the meaning of the symmetry tolerance in the ISO GPS system. In ASME Y14.5-2018, the position tolerance is used to control centre distances between features of size (holes, slots, bosses and tabs), location of patterns (groups) of the features of size with respect to the datum system, as well as the coaxial (Figure 11) and symmetrical relationships between features of size.



For the location of the derived feature (axis or symmetry plane), ASME Y14.5 applies only position tolerance. According to ASME Y14.5, the position tolerance is applied to the axis (symmetry plane) of an unrelated actual mating envelope, i.e., maximum inscribed feature or minimum circumscribed feature (respectively, cylinder or two parallel planes). The position tolerance (Figure 11a) is specified to control the coaxiality of the two-step shaft flange with respect to the datum A. According to ASME Y14.5, the tolerance feature has the perfect form (Figure 11b).



In Figure 12a, the coaxiality symbol with the encircled N placed after the tolerance value 0.1 mm is specified to secure in the ISO GPS system the same functional requirement as defined in Figure 11a. Of course, when in the ISO GPS system, the position tolerance symbol is specified instead of the coaxiality symbol; the meaning of specification is the same, but the coaxiality symbol clearly states that the theoretically exact dimension (TED) between the datum axis and the axis of the tolerance zone is equal to 0 mm. Specification of the position tolerance does not convey such information. The part in Figure 12 is simple and there is no doubt that there is no offset between the tolerance zone axis and the datum axis, but if a part will be more complex, application of coaxiality in the ISO GPS system is recommended as it is more informative.



According to ASME Y14.5, by default, the simultaneous requirement applies to the position and profile tolerances that are located by basic dimensions related to the set of datum features specified in the same order of precedence without the material modifiers or with the same maximum or least material requirements. In the simultaneous requirement, there is no translation or rotation between the datum reference frames of considered geometrical tolerances, therefore, all features create one pattern. This default approach may be cancelled by indication SEP REQT placed adjacent to each tolerance indicator. According to the ISO GPS system independency principle [23], by default, every GPS specification for a feature or relation between features shall be fulfilled independently of other specifications, except when a modifier that overrules the independency principle is stated.



The plate with four holes is given in Figure 13a. Two position tolerances are indicated and both shall be considered separately. The position tolerance T = 0.15 mm with respect to the datum system A|B|C defines four cylindrical tolerance zones of diameter 0.15 mm located by theoretically exact dimensions (dimensions given in rectangular frames), within which the tolerance features—axes of the cylinders inscribed individually to each hole—shall be contained. The datum system A|B|C constrains all 6 degrees of freedom, so these four tolerance zones are locked (Figure 13b). The position tolerance T = 0.05 mm with respect to the datum A defines the next set of four cylindrical tolerance zones of diameter 0.05 mm that are perpendicular to the datum A and, due to ASME Y14.5’s default simultaneous requirement, their axes are defined as edges of the rectangular prism with the rectangle base 24 mm × 18 mm. The pattern of four cylindrical tolerance zones of diameter 0.05 mm may float, i.e., may translate into any direction parallel to the datum A (plane) and rotate around the axis perpendicular to the datum A. The axes of the four holes shall be within the largest tolerance zones and the smaller tolerance zones, as is shown in Figure 13b.



In the ISO GPS system, due to different defaults to specify the same requirement, two modifiers shall be indicated (Figure 14). The modifier CZ, combined zone, shall be used to create the pattern [26] of four cylindrical tolerance zones of diameter 0.05 mm with respect to the datum A and the encircled X shall be used to indicate that the tolerance feature is defined as the derived feature (axis) of the associated maximum inscribed cylinder—the cylinder that is inscribed into the actual surface of each hole.



The same plate with four holes is given in Figure 15a, but now the composite feature control frame is specified. According to ASME Y14.5, the composite feature control frame contains a single geometrical characteristic symbol (position or profile), followed by two or more segments, each containing tolerance and any required datum references. The uppermost segment has the largest tolerance value and locates the pattern with respect to the specified datum system. Each lower segment is a feature-relating control that governs the smaller position tolerance within the pattern (feature-to-feature relationship). The datum features specified in the second and all lower segments of a composite feature control frame constrain only rotational degrees of freedom with respect to specified datums, translational degrees of freedom are not constrained. The datum features in the lower segment shall be specified in the same order of precedence as in the upper segment, and if not listed all, they may be skipped in the order from right to left.



In Figure 15a, the position tolerance symbol is “shared” twice. The position tolerance T = 0.15 mm with respect to the datum system A|B|C defines four cylindrical tolerance zones of diameter 0.15 mm located by theoretically exact dimensions, within which the tolerance features—axes of the cylinders inscribed individually to each hole—shall be contained. The datum system A|B|C constrains all 6 degrees of freedom, so these four tolerance zones are locked (Figure 15b). The position tolerance T = 0.05 mm with respect to the datum system A|B due to ASME Y14.5’s default simultaneous requirement defines the next set of four cylindrical tolerance zones of diameter 0.05 mm with axes defined as edges of the rectangular prism with the rectangle base 24 mm × 18 mm. So, the requirement for the relative location between the axes of the four holes is tightened. The datum B in the datum system A|B constrains only the orientation of the axes of the four holes. Theoretically, exact linear dimensions apply only between the holes but do not apply to datum B—the linear theoretically exact dimension of 12 mm is not considered. The pattern of four holes may float up and down with respect to the datum B, but the pattern cannot rotate with respect to the datum B. The axes of the four holes shall be within the largest tolerance zones and the smaller tolerance zones simultaneously, as is shown in Figure 15b.



The ISO GPS system does not use the concept of composite tolerance. The function depicted by the meaning in Figure 15b is secured by stacked two-level tolerance indications (Figure 16). The upper tolerance indicator is identical, as in Figure 14, and in the lower tolerance indicator the modifier >< (for orientation constraint only) is specified after the datum B. The modifier >< indicates that datum the B establishes only orientation for the pattern of tolerance zones of diameter T = 0.05 mm. As it was explained for the indication in Figure 14, modifier CZ is specified after the tolerance value T = 0.05 to override the ISO GPS system default independency principle to create the pattern of the four holes and the encircled X indicates that the axes of maximum inscribed cylinders shall be contained as the tolerance features in both tolerance zone patterns.



The position tolerances in Figure 13a and Figure 15a are locating axes of the holes. According to ASME Y14.5, the axis of the hole is derived by using the actual mating envelope, which contacts the highest points of the hole surface (axis of the maximum inscribed cylinder). The location of the axis is often used because it is intuitive and easy to explain. In an assembly, from the functional point of view, the surfaces of holes and pins come into contact with the mating part. This may be well observed when a functional gauge is used to verify specified position tolerances. The hole axis is not located, but a hole surface must not violate the maximum material virtual condition boundary. The difference in the axis and surface interpretation is usually negligible. The problem may occur when a hole is significantly out of cylindricity and only the axis of such a hole is controlled. To get rid of the mentioned problem, maximum material requirement (MMR), marked by the encircled M [13,27], is specified. It should be mentioned that the new edition of ISO 2962 [27] was just published (June 2021).



According to ASME Y14.5, five holes in the plate (Figure 17a) shall be considered as a pattern and all tolerances apply simultaneously. The hole locations shall be verified in one attempt by material gauge: a close-end slot with four pins of diameter equal to maximum material virtual size MMVS = 7.7 mm [27] and one pin of diameter MMVS = 9.6 mm (Figure 17b) located with respect to the datum system A|B [image: Applsci 11 08269 i002]|C. The plate during verification shall lay on the slot bottom that establishes the datum A. Due to the maximum material requirement specified for the datum B, the sidewalls of the plate shall not violate the maximum material virtual condition MMVC boundary established by two parallel planes, a distance 50.1 mm apart, perpendicular to the datum A. The MMVC is represented in the gauge by its flank walls. Finally, at least one point of contact is required for the datum feature indicated by letter C with the gauge groove closing side that establishes the datum C. The maximum material requirement specified for the datum B produces additional mobility for the plate with a width smaller than 50.1 mm when it is inserted into the gauge grove. It means, taking into account ASME Y14.5’s default simultaneous requirement, that all five holes may be shifted in the same direction and thanks to the smaller plate width it may be possible to move (translate/rotate) the plate to insert the plate holes into the gauge pins.



In the ISO GPS system, according to the independency principle, by default, a geometrical specification that applies to more than one single feature applies to those features independently. So, the tolerance zones defined by one tolerance indicator or by several tolerance indicators shall be considered independently. Looking at the plate shown in Figure 17a, it is, functionally, very likely that four 8 mm diameter holes shall be located together. To indicate this in the ISO GPS system, modifier CZ (combined zone) shall be specified after position tolerance T = 0.2 mm in the tolerance indicator (Figure 18). The 10 mm hole is another geometrical feature with another position tolerance, T = 0.3 mm. To link together these two position tolerances in one requirement, the modifier SIM (simultaneous requirement) is indicated on the right side of each position tolerance indicator (Figure 18). In cases where, the modifier SIM will be not specified the position tolerances for the pattern of 8 mm diameter holes and position tolerance for the single 10 mm hole shall be verified separately. For the two material gauges, close-end slots are necessary. The first gauge has four pins with diameters equal to the maximum material virtual size, MMVS = 7.7 mm. The second gauge has one pin of diameter MMVS = 9.6 mm. It means that when the plate width is smaller than 50.1 mm, then the 8 mm hole pattern and the 10 mm hole may be shifted away in opposite directions. The encircled M—MMR (maximum material requirement [27]) specified after the secondary datum introduces mobility with respect to boundaries defined by the MMC condition. In the case where the datum B will be specified without MMR, the datum system A|B|C is constraining all degrees of freedom and the modifier SIM is not necessary.



The surface profile tolerance is used to define a tolerance zone to control the combination of size, form, orientation and location of a feature (Figure 19a), or features, with reference to theoretically exact profile(-s). The surface profile tolerance zones may or may not be indicated with respect to the datum or datum system. By default, in the ASME Y14.5 and in the ISO GPS system, for the surface profile tolerance the tolerance zone is bilaterally (equally) disposed on both sides of the theoretically exact feature (profile) by equal offsets. In some instances, an unequally disposed tolerance zone is required. For example, the disc shown in Figure 19a shall slide precisely along the groove in a cube. It will be quite convenient for such a function to specify the same theoretically exact dimension for both parts and displace, respectively, tolerance zones in both features to eliminate the overlap that will occur in the case of equally disposed tolerance zones. The encircled U placed after tolerance T = 0.2 mm (Figure 19a) indicates that the tolerance zone is unequally disposed. The 0 mm following the encircled U indicates the value of the tolerance in the direction that would allow additional material to be added to the theoretically exact profile. So, in Figure 19, the maximum material boundary coincides with the theoretically exact profile. All points of the extracted profile shall be contained in the tolerance zone shown in Figure 19b, which starts from the theoretically exact feature and extends into the material.



A quite different notation to specify the unequally disposed tolerance zone is implemented in the ISO GPS system (Figure 20a). The value 0.1 mm indicated after modifier UZ (specified tolerance zone offset) sets the diameter of the spheres defining the new shifted theoretically exact feature. This new offset theoretically exact feature is defined as a surface that envelops auxiliary spheres of diameter 0.1 mm (Figure 20b) that are rolled on a primary theoretically exact feature defined by the theoretically exact dimension with respect to the datum A. The datum A, the axis established by the cylinder inscribed in the hole, defines the origin of the theoretically exact radius of 30 mm. The sign plus or minus given between the modifier UZ and the auxiliary sphere diameter determines whether the spheres shall be rolled outside (the positive value) or inside (the negative value) of the theoretically exact feature material. The offset tolerance zone (Figure 20b) is limited by two surfaces enveloping spheres with diameters of 0.2 mm, the centres of which are situated on the theoretically exact surface that was generated by the auxiliary spheres of diameter 0.1 mm.



For many years, as was mentioned above, the profile tolerance was used to control a combination of size, form, orientation and location respectively to the datum indication. It is due to ASME Y14.5’s default that the profile tolerance zone follows the theoretically exact profile of the considered feature. There was no possibility to control only the form of a toleranced non-planar feature, even for the profile tolerance without a datum(s) because it shares the same tolerance zone for dimensions and form. In ASME Y14.5-2018, a new modifier, dynamic profile, indicated by a triangle placed after the tolerance value in the tolerance indicator (Figure 21) was introduced. The dynamic profile modifier shall be specified when it is necessary to refine the form but not the dimensions of the toleranced feature. The form of the toleranced feature is controlled independently of the dimensions. When the dynamic profile tolerance is applied, the tolerance zone may progress (expand or contract) normally to the theoretically exact profile while maintaining its width. The offset between the boundaries of the dynamic profile tolerance zone remains fixed but the size of the boundaries is variable. The actual feature shall simultaneously be within the dynamic profile tolerance zone and the other specified tolerance zone.



The dynamic surface profile concept may be well explained on the plate shown in Figure 21. The right cylindrical hole is located by position tolerance T = 0.6 mm with respect to the datum system A|B|C and the hole size (surface variability) is controlled by Rule #1 with the diameter limit deviations ±0.1 mm. It means that the hole form deviations due to the size tolerance are limited to 0.2 mm. The designer decided that this is too much and additionally specified the cylindricity tolerance T = 0.1 mm. The extracted cylindrical hole surface shall be contained between two coaxial cylinders with the difference in radii of 0.1 mm. The left hole has a complex shape; therefore, it is located by the surface profile tolerance T = 0.6 mm with respect to the datum system A|B|C. The location of the tolerance zone is fixed and the tolerance zone is divided symmetrically into both sides of the theoretically exact profile (marked by the dashed line in Figure 22). The surface profile tolerance applies all around the theoretically exact profile, which is indicated by the small circle placed on the intersection on the leader line and the reference line. The extracted quarter-cylindrical hole surface shall be contained between two boundary surfaces 0.6 mm apart. It means that the quarter-hole form deviations are limited to 0.6 mm. The designer accepted 0.6 mm variability for the quarter-hole in the delivered lots, but in the particular plate, the left hole form deviation is limited to 0.1 mm by the indicated dynamic surface profile tolerance. Regardless of the size of the left hole, its form has to be confined in its separate tolerance zone. This gives a tighter control of the form without tightening the size tolerance given to the feature. The dynamic surface profile tolerance zone is functionally equivalent to the cylindricity tolerance zone applied to the right hole. The datum references may also be used with the dynamic profile to control form, orientation and location without size.



The equivalent limits for the left hole specified with the ISO GPS system indications are shown in Figure 23. The modifier OZ (unspecified linear tolerance zone offset) was introduced in the latest edition of ISO 1101 [12] and its application is explained in ISO 1660 [28]. The modifier OZ indicates that the surface profile tolerance zone is allowed to be offset from being symmetrical around the theoretically exact feature by a constant but unspecified amount. The width of the tolerance zone, T = 0.1 mm, is given in front of the OZ. The modifier UF (united feature) is specified in the upper adjacent area to make it explicit that the specification applies to the compound integral feature considered as a single feature.



It should be noted that the surface profile tolerance in ASME Y14.5 is the only tolerance that may be applied to locate a nominally flat surface. In the ISO GPS system, both the surface profile tolerance and the position tolerance may be applied to locate the nominally flat surface and have the same meaning. However, to get better readability of the drawings, it is recommended to apply the position tolerance to locate nominally flat surfaces. The position tolerance in the ISO GPS system carries clear information that the tolerance feature is a nominally flat surface. When the profile tolerance is specified in the ISO GPS system, it is necessary to verify in the drawing or in the CAD model that there is no indication that the feature is nominally non-flat. In ASME Y14.5, specification of the position tolerance is restricted to the derived features of the features of size.



It is worth mentioning that both systems recommend using the profile tolerances as general geometrical specifications and general size specifications to ensure univocal specifications for functionally less important geometrical features of a part [13,29].



The differences and similarities between the two tolerancing systems are summarized in Table 1. In the second column, a graphical indication that is available in ASME Y14.5-2018 is given. The third column shows whether the identical symbols are available in the ISO GPS system. The crossed table cell in the third column indicates that the identical graphical notation exists in the ISO GPS system, but the meaning of the identical indication is different. In such a case, in the fourth column, additional symbols that shall be used as an indication to specify the same requirement for a toleranced feature are listed.




3. Conclusions


The challenge is the parallel existence of two geometrical tolerancing systems that are used to control a part size, form, orientation and location deviations. The ISO GPS system standards and National American Standard ASME Y14.5-2018 establish communication protocols between designers, manufacturing engineers and inspection staff that are particularly helpful in a global economy where parts may be designed in one country, produced in another and assembled elsewhere. The proper specification of allowable geometrical deviations is a key issue for successful fabrication of parts that enable the required assembly and performance. Miscommunication during specification and misinterpretation of symbols given in the technical product documentation can result in controversy during outsourcing and verification of parts, and can cause expensive scraps or reworks.



It should be noted that the same concepts or rules that exist in National American Standard ASME Y14.5-2018 and in the ISO GPS system standards are called by different names or coded graphically in a different manner. For example, feature control frame (ASME Y14.5) versus tolerance indicator (ISO GPS), basic size (ASME Y14.5) versus theoretically exact dimension (ISO GPS), true position (ASME Y14.5) versus theoretically exact position (ISO GPS), true profile (ASME Y14.5) versus theoretically exact profile (ISO GPS), maximum material boundary (ASME Y14.5) versus maximum material condition (ISO GPS), etc. In this paper, to make it more clear, in most cases only the ISO GPS system terms have been used, even in the case of discussion of dimensional and geometrical tolerances specified according to ASME Y14.5.



The problem of transformation from ASME Y14.5 specifications to the ISO GPS system specifications has been discussed in the paper in regards to selected cases for size, form, orientation and location specifications. Many people believe that specifications in both systems are identical because both systems have the same symbols for form, orientation, location and runout tolerances. This is not true. Many default rules are different. Moreover, there are cases when the same graphical symbol is used in the ASME standard and in the ISO GPS system but have different interpretations—sometimes the same symbol recalls different extracted features to which a tolerance is applied. This is a danger for less experienced designers, manufacturers and quality staff.



Table 1 was developed to summarize the question of differences and similarities between ASME Y14.5 and the ISO GPS system tolerancing tools. The novelty of this paper can be found in providing detailed information regarding how use the ISO GPS system indicators to express limits for a part’s geometry variation that were initially expressed by symbols given in ASME Y14.5. This paper focused on tools given in recently published ISO GPS standards. Table 1 shows that there are differences in syntax and semantics in geometrical tolerance indications. The differences in semantics are more dangerous because the same syntax (the same graphical representation) establishes another geometrical requirement that may be less or even not at all related to a part function.



Currently, no computer tools are available to transfer specifications made according to the ASME Y14.5 standard to specifications made according to the ISO GPS system’s rules. Education at universities and vocational trainings should cover tolerancing and knowledge in geometry assurance to a greater extent [2,30]. At present, practice-oriented factory training courses [31] can help the industry to have highly skilled personnel to perform a manual transformation of geometrical tolerances specified according to the ASME Y14.5 standard to geometrical tolerances specified according to the ISO GPS system. This is the first step, but a future possibility for such transformation shall be built-in commercial CAD systems.



The discussed cases of conversion from ASME Y14.5 specifications to the ISO GPS system do not cover all possible tasks that may face designers and production and quality staff in the industry, however, the most critical issues were considered. The paper’s aim was to highlight that in both systems there are a number of different default interpretations, as well as the fact that the meaning of the same symbols may be different always or only in certain cases.
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Figure 1. (a) The size tolerance applied to a pin (ASME Y14.5); (b) meaning. 
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Figure 2. (a) Shaft with limit sizes specified according to the ISO GPS system indications with requirements equivalent to those given in Figure 1a (ASME Y14.5); (b) the envelope requirement (ISO GPS) is not fully in line with requirements given in Figure 1a. 
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Figure 3. (a) Two coaxial holes shall be considered as one feature of size (ASME Y14.5); (b) common tolerance with the envelope requirement is applied to two separate single features of size to consider them as one feature of size (ISO GPS). To accept a part in both tolerancing systems, one cylinder with a diameter not less than 18 mm shall be inscribed into two holes simultaneously. 
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Figure 4. (a) Shaft with straightness tolerance for derived median line and size tolerance (ASME Y14.5); (b) shaft with straightness tolerance for derived median line and size tolerance (ISO GPS). Local sizes are defined differently. 
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Figure 5. In the ISO GPS system, the straightness tolerance for derived median line and the size tolerance with modifier local size defined by a sphere (letters LS placed in in the elongated circle) defines identical requirements as the specifications given in Figure 4a. 
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Figure 6. (a) Roundness tolerance—the default measuring conditions apply (ASME Y14.5); (b) roundness tolerance—to indicate the same measuring parameters in the ISO GPS system, measuring conditions should be directly specified. 
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Figure 7. (a) Specification of surface profile tolerance for coplanar surfaces (ASME Y14.5); (b) each surface shall be within two parallel planes 0.06 mm apart. Two sets of parallel planes are coplanar. The right surface of the actual part is out of the tolerance zone—the requirement is not satisfied. 
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Figure 8. The combination specification element CZ in the ISO GPS system controls top surfaces in the same way as the ASME Y14.5 specification given in Figure 7a. 
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Figure 9. (a) Specification of perpendicularity tolerance for the pin with respect to the bottom of its flange (ASME Y14.5); (b) minimum circumscribed cylinder axis within the cylindrical tolerance zone. 
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Figure 10. (a) Specification of perpendicularity tolerance for the pin with respect to the bottom of its flange (ISO GPS) equivalent to the specification given in Figure 9a; (b) perpendicularity deviation assessed according to ASME Y14.5 definition may be greater than that assessed according to the default ISO GPS meaning that controls the derived median line of the toleranced feature. 
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Figure 11. (a) Specification of position tolerance for flange with respect to the datum axis (ASME Y14.5); (b) minimum circumscribed cylinder axis shall be within the cylindrical tolerance zone. 
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Figure 12. (a) Coaxiality tolerance for flange with respect to datum axis A (ISO GPS), equivalent to the specification given in Figure 11a; (b) for coaxiality tolerance, TED = 0 mm is obvious. If the offset between the axes in a complex part will be significantly smaller, there is a risk for the position tolerance that a drawing reader will not detect such offset. 
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Figure 13. (a) Position tolerance T = 0.15 mm locates the pattern with respect to datum system A|B|C, position tolerance T = 0.05 mm refines the mutual location between holes and limits tilting of the pattern with respect to the datum A (ASME Y14.5); (b) tolerance zones—meaning of two level specification. 
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Figure 14. The ISO GPS system specification equivalent to the requirement given in Figure 13a. 
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Figure 15. (a) Position tolerance T = 0.15 mm locates the pattern with respect to datum system A|B|C, position tolerance T = 0.05 mm refines mutual location between holes and limits rotation of the pattern with respect to the datum system A|B (ASME Y14.5); (b) tolerance zones—meaning of two level specification. 






Figure 15. (a) Position tolerance T = 0.15 mm locates the pattern with respect to datum system A|B|C, position tolerance T = 0.05 mm refines mutual location between holes and limits rotation of the pattern with respect to the datum system A|B (ASME Y14.5); (b) tolerance zones—meaning of two level specification.
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Figure 16. The ISO GPS system specification equivalent to the requirement given in Figure 15a. 
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Figure 17. (a) Two position tolerances shall be verified simultaneously (ASME Y14.5); (b) the material gauge. 
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Figure 18. The ISO GPS system specification equivalent to the requirement given in Figure 17a. 
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Figure 19. (a) The surface profile tolerance with modifier (ASME Y14.5); (b) meaning—0 mm outside the theoretically exact feature implies that the whole tolerance zone is inside the maximum material boundary. 
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Figure 20. (a) The ISO GPS system specification equivalent to the requirement given in Figure 19a; (b) establishment of the tolerance zone according to the ISO GPS system, new offset theoretically exact feature is marked by the dashed line. 
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Figure 21. The dynamic surface profile tolerance for the left hole with a complex shape controls its form in similar way as cylindricity tolerance controls the form for the right cylindrical hole (ASME Y14.5). 
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Figure 22. Surface profile tolerance zone (T = 0.6 mm) fixed with respect to datum system A|B|C. (a) One of the numerous dynamic tolerance zones (T = 0.1 mm); (b) another of the numerous dynamic tolerance zones (T = 0.1 mm). The dynamic surface profile tolerance zones are free to translate, rotate and uniformly expand or contract. 
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Figure 23. The ISO GPS system specification equivalent to the requirement given in Figure 21. 
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Table 1. Comparison of ASME Y14.5 and the ISO GPS system symbols meaning.
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