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Abstract

Geometric modeling provides graphic repre-
sentations of real or abstract objects. Realistic
representation requires three dimensional (3D)
attributes since natural objects have three princi-
pal dimensions. CAD software gives the user the
ability to construct realistic 3D models of
objects, but often prints of these models must be
generated on two dimensional (2D) standard-
sized sheets. The transformation of 3D objects
into 2D representations on standard-sized sheets
requires one to use a proportional relationship
called a scale, which is defined by a scale factor

(SF).

Two mathematical models for a scale factor,
one for reduction scaling and the other for
enlargement scaling, are presented for standard
orthographic views. The models are based on
the sizes of standard drawing sheets and the
principal dimensions of the object. The applica-
tion of the models is demonstrated with two
illustrative examples, one for reduction scaling
and another for enlargement scaling. The scale
factors selected on the basis of the models were
used to prepare detail drawings for the exam-
ples. In each case, the scale factor appeared sat-
isfactory.

It is shown that the models are tolerant of
error in the only parameter that is assumed when
applying them, suggesting that they are robust.
This robust feature is an advantage, because in
real design drafting situations, one must often
make assumptions about sizes. The models can
thus accommodate some erroneous assumptions.

Introduction

In a drawing context, scale refers to the
proportional relationship between an image size
on a drawing media (or plot size) and the design
size. A design size may be the intended size of
an object in a design project or the actual size
of a manufactured object. A proportion is
expressed as a ratio, and a drawing scale factor
(Duggai, 2000; Madsen et al., 2002) is the ratio
of proportion between a design size and the plot
size. The plot size is the actual size of an image
on a standard drawing sheet at printing or plot-
ting time. A scale factor will depend on the

design size, the level of detail information asso-
ciated with the drawing views, and the sheet size
chosen for plotting the drawing (Madsen et al.,
2002). In design drafting, a plot scale is speci-
fied by indicating the scale factor value. The
scale factor value is chosen as an integer that is
greater or equal to unity. At full size, the plot
size is equal to the design size and SF is 1.

CAD software can be used to design, visu-
alize, and document product ideas clearly and
efficiently (Shih, 2004; Shih, 2006). The work
environments generally available in CAD soft-
ware are known as model space and paper space
(Madsen et al., 2002; Shih, 2004; Shih, 2006).
CAD model space is a 3D environment with a
three-dimensional (X-Y-Z) coordinate system. It
is used to construct 2D and 3D graphic models
of designs. Solid 3D models are the most realis-
tic, and the applications can be used in design,
visualization, analysis, manufacturing, assembly,
and marketing (Bertoline & Wiebe, 2003). The
2D model space has a two-dimensional coordi-
nate system. It is obtained from the 3D space by
grounding one axis of the 3D model space. In
CAD model space, objects are constructed at
full size (Duggai, 2000; Madsen et al., 2002;
Shih, 2004; Shih, 2006), thus, in this case,
choosing a scale is not required. In board draft-
ing, a scale is chosen before the drawing work is
started because of the physical restriction
imposed by standard drawing sheet. This physi-
cal restriction does not exsist in the electronic or
virtual space in CAD software. As a result, solid
object in model space can be viewed from dif-
ferent points in space. This makes it possible to
generate any desired view of the solid object in
either 3D or 2D representations.

CAD paper space is limited to a 2D coordi-
nate system. This is an electronic planar surface
where 3D models can be transformed into
equivalent 2D representations using projection
techniques. A 2D view of a 3D model can be
either a pictorial view or an orthographic view,
and one can generate as many views as desired
of the model object by changing the viewing
direction. When the model space object is modi-
fied, the view in paper space can be updated.
These 2D views can be annotated with dimen-



sions and notes on electronic standard sheets,
which are the equivalent of physical standard
sheets. A scale factor is selected in CAD paper
space when the views of a model are being
placed on a chosen electronic standard sheet. A
suitable scale factor will make any design
graphic model fit into a selected drawing sheet.

This article is concerned only with standard
orthographic view scaling. Orthographic views
are used extensively in detail drawings, which
are required for nonstandard parts in an assem-
bly. Detail drawings can be prepared from
sketches or generated from 3D CAD models.
Orthographic views also are used in outline and
layout sketches and drawings. In complex draw-
ings, standard orthographic views may be sup-
plemented with auxiliary views and section
views. Though standard orthographic drawings
show three views, often an isometric insert is
added when 3D models are available.

Because standard sheets have fixed sizes,
design graphic models must be scaled to fit into
them at plotting or printing time. The selection
of a plot scale factor is therefore one of the
important skills design drafters must acquire
(Madsen et al., 2002). In practice, selecting a
scale factor is done largely by trial and error.
Computers have made the selection process eas-
ier and faster, but the trial-and-error approach
still persists. This seems largely due to the
absence of a mathematical model to select the
scale factor.

The objective of this article is to develop a
mathematical model for a plot scale factor for

standard orthographic or multiview drawings.
Using a model to select a scale factor brings
order to the selection process. Also, a mathemat-
ical model can help one to understand the nature
and applications of scale factors in design draft-
ing. In addition to these benefits, a mathemati-
cal model for plot scale factor can be a great
teaching tool for training design drafters, archi-
tects, and engineers; it also can be a vital plan-
ning aid in design drafting practice.

Model Formulation

Projection techniques are used to create 2D
images of 3D objects. In U.S. Standard or third-
angle projection, the standard multiview draw-
ings require three views of top, front and right
side. Consider Figure 1a, which shows a 3D
model with a box defining its volume require-
ment. This box is known as the bounding box
(B-box). When one plots or prints the model in
multiview, the projected size of the B-box to a
2D space must be accommodated by the space
available on the chosen standard sheet when the
scale factor is applied. Therefore, the B-box
dimensions completely determine the views
space requirement. This is important because
there is no need to worry about the complexity
of the form or shape of a component in evaluat-
ing the views space requirement. In Figure 1a,
the principal dimensions (W, H and D) of the
object are indicated. These are the limits of
dimensions measured along the coordinate axes
of the full size object in 3D model space.

Let:
W, = full size width of views space requirement

Ho = full size height of views space requirement

Figure 1 Multiview layout and principal dimensions
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From Figure 1b, neglecting the gaps
between the views, the views space dimensions
are:

Wo=W+D (1)
Ho=H+D (2)

If a 2D model is constructed instead of a
3D model, then W, and H, should be measured
directly from the model space.

The technical space requirement consists of
the space for drawing views and the space for
annotations. The annotation space allowance
will depend on the amount of details desired in a
drawing. This space is used for the following:
(1) views and edge gaps, (2) dimensions and tol-
erances, (3) local and general notes, and (4) bill
of materials (for assembly drawings only). Note
that clarity and readability are of prime impor-
tance in placing dimensions, tolerances, and
notes on drawings [Earle, 1991; Madsen et al.,
2002; Nee, 1983; Sexton, 2006). To properly
document a design, some space must be avail-
able for both annotations and views. An annota-
tion space allowance factor _ (greater than
unity) will be used to account for the necessary
space for annotations and multiview drawings.
Because it is greater than unity, when used to
multiply the views space, it enlarges the views
space to accommodate for annotations.

Let:

Wm = full size model width requirement for views
and annotations

Hm = full size model height requirement for views
and annotations

_ = annotation space allowance factor (greater than

unity)

Assume that:
Wm = _ Wo (3)

It is not possible to accurately specify _
at the beginning of a drawing task because the
actual space for annotations is not known at that
time. At best, historical data and experience may
be used to estimate its value. However, it will be
subject to wide variations since it is associated
with the view space dimensions and influenced
by the chosen standard sheet size. Sometimes
annotations are added to drawing views in 2D
models. In such situations, no allowance is
needed for annotations; that is, _ = 1 in these
situations.

In general, engineering documents convey
both technical and administrative information.
Equations 3 and 4 take care of the technical
information. The administrative information
includes (1) margin space, (2) title block space,
and (3) revision block space. The space for
administrative information reduces the available
space for the technical information on a stan-
dard sheet. To account for the space needed for
administrative information, an administrative
space allowance factor can be used.

Let:
Wp = horizontal dimension of standard sheet
Hp = vertical dimension of standard sheet

Wz = horizontal dimension of available space in
standard sheet

Hjz = vertical dimension of available space in
standard sheet

_ = administrative space allowance factor (less than
unity)

Assume that:
Wz=_Wp (5)
Hz=_Hp (6)

The factor _ is used to estimate the avail-
able working space of a standard sheet. It is
evaluated only once for each standard sheet
based on the chosen sheet format. If the size of
the title block or revision block is changed, then
will have to be reevaluated. Because companies
generally decide on the format of standard
sheets, it is possible to evaluate _ before creat-
ing drawings. Also ANSI guidelines may be
used to create title and revision blocks so that
__can be evaluated.

As mentioned. there are two types of
scaling: reduction (step-down scaling) and
enlargement (step-up scaling). In the reduction
case, the size of the graphic image is smaller
than the design size. This situation is common
in architectural, civil, mid-sized and heavy
mechanical equipment design. In enlargement
case, the size of the graphic image is larger
than the design size. In micro- and nano-tech-
nologies, sizes of objects must be magnified
for representation in macro scale. Enlargement
scaling is therefore common in these fields.
The two scaling situations will have different
expressions for the scale factor.

The condition for scaling drawings is that
the model space requirement (Wm, Hm) should



be at most equal to the working space available
(Wz, H7) on a standard sheet, after the scale
factor is applied. In reduction scaling the area
defined by (Wm, Hm) is greater than the area of
(Wz, Hz), and in enlargement scaling the area of
(Wm, Hm) is smaller than the area of (W2, Hz).
With SF as the scale factor for a drawing task,
then for:

Reduction Scaling:

W w,

—n < W, ie. SF 2 —2 (7a)
SF W,

and H, < H, ie. SF 2 Hy (7b)
SF H,

One can combine Equations 7a and 7b by
noting that the larger ratio of the scale
factor gives the desired value:

w . H
SF 2 max(—%; —= 8
X(W Hz)()

z

Enlargement Scaling:

W.xSE < ie. SF < 72 (9
w,
. H.

H.xSF £ H, ie. SF < H_ (9b)

m

Combining Equations 9a and 9b, the
smaller ratio gives the desire scale factor
value:

. W H
SF < =, —=) (10
min(5=3 775 (10)

m

Substituting Equations 3, 4, 5,and 6 into
Equations 8 and 10, we have

Reduction Scaling:

SF 2 Exmax(ﬂ; i) (1D
“ W, H,

Enlargement Scaling:

SF < % xmin (2. oy (12
p W, H,

The SF from Equations 11 and 12 should be
rounded up to the nearest integer. The integer
should then be compared with preferred values.
The inequality sign guides the choice of the
preferred value of SF' for both reduction and
enlargement scaling. Some judgment is
inevitable when the estimate of SF is close to an
integer. Normally the same scale factor is used
for all standard multiviews of a model in a detail

drawing. In addition, the top, front and right
views must be placed in their relative positions
required by the third- angle projection standard
(USA) or first-angle projection standard
(European).

Model Application

The application of the scale factor model
involved three main tasks of modeling two com-
ponents, selecting a scale factor for each compo-
nent, and preparing a detail drawing for each
component using the selected scale factor.
Figure 2 shows the component used for reduc-
tion scaling, while Figure 3 shows the compo-
nent used for enlargement scaling. The front
view direction (FVD) is indicated in each case.
The detail drawings were prepared and plotted
on an A-size electronic sheet.

Figure 2 Cutting frame Figure 3 Roller pin

Component Modeling

Solid models of Figure 2 and Figure 3
were created in model space using Solid Edge
v17 software. The main steps in the solid
modeling task are to create sketches that were
constrained to become profiles. The profiles
were extruded or revolved to obtain the solids.
Five profiles were used for the Figure 2
component, but only two profiles were used for
the Figure 3 component. Holes and slots were
created with the cutout tool.

Selection of Scale Factor
Step 1: Select drawing sheet size (Wp and Hp).

From Table A3 in the Appendix, English A-
size sheet has dimensions 8.5” x 11” (279 mm x
216 mm). Assuming a landscape format (larger
dimension is horizontal in layout), then:

Wp =279 mm,; Hp =216 mm
Step 2: Administrative space allowance factor

This factor has been evaluated in the
Appendix and is _ = 0.75. The estimated
available working space (Equations 5 & 6) is
defined by Wz =209 mm and Hz = 162 mm.
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Component 1 (Figure 2)
Step 3: Choose FVD and determine the princi-
pal dimensions (W, H, D) of model.

Based on the front-view direction chosen in
Figure 2, the principal dimensions W H, D are:
W=160 mm; H =92 mm; D =96 mm

Step 4: Evaluate Wy and Ho (Equations 3 & 4)
Wo =W +D=160+ 96 =256 mm
Ho=H+D=92+96=188 mm

Step 5: Specify _

Assume _ =14
Step 6: Estimate SF using Equation 11

The model values for Wy =256 mm and Ho
= 188 mm are larger than the available working
space of Wz =209 mm and Hz = 162 mm.
Therefore, this is a reduction scaling situation.

Reduction Scaling:

SF 2 %x max (&; i) (1D
W, H,
1.4 256 . 188
SF 2575 Xmax (79— 76 )

SF > 1.87 x max(0.92; 0.87)
SF > 1.87x0.92
SF > 1.72
Step 7: Choose SF based on preferred values.

The next integer above 1.72 is 2, and it is
also a preferred scale factor (Table A2: Metric
Scales; Appendix). Therefore, SF = 2.

Component 2 (Figure 3)
Step 3: Choose FVD and determine the
principal dimensions (W, H, D) of model.

Based on the front-view direction chosen in
Figure 3, the principal dimensions W H, D are:

W=1.377in; H=1377in; D=1.01in

Because this component is cylindrical,
two of the standard orthographic views will be
identical, and one will be redundant. Hence with
the few features on the component, a two-view
(front and right) detail drawing will be prepared.

Step 4: Evaluate Wo and Ho (Equations 4 & 5)
Wo=W+D=1.377+1.0=2377 in

Ho =H = 1.377 in (for front and right views
only)

Step 5: Specify _

This is a relatively simple component with
very few features, so a low __ is attractive.

Assume _ =1.25
Step 6: Estimate SF using Equation 12.

The model values for (W, Ho) = (2.377 in;
2.57 in) are smaller than sheet available working
area of (Wz,; Hz) = (8.3 in; 6.4 in). This is an
enlargement scaling situation.

Enlargement Scaling:

o . w,
SF < — Xxmin (—/—; —
W, H,

0.75 . 11 8.5
< .

SF < X min ( ;
1.25 2.377 1.377

SF < 0.60 x min (4.63; 6.66)

)

SF

IN

0.60 x 4.63
SF < 2.8
Step 7: Choose SF based on preferred values.

The integers 2 and 3 (2.8 is close to 3) are
candidate values for the scale factor. An SF of 3
will likely mean a crowded arrangement on the
sheet, and it is not a preferred value. However,
an SF of 2 will give more free space, and it is a
preferred scale factor (Table A1 Appendix).
Therefore, SF = 2 is selected.

Detail Drawing Creation
The detail drawing task involved the
following steps:

1. Creating a drawing sheet template.

2. Creating an orthographic views template
sheet, using selected scale factor from
model.

3. Adding dimensions and notes.
4. Adding an isometric view insert.

5. Checking and printing drawings.



Using the chosen scale factors, detail draw-
ings with isometric inserts were prepared. Figure
4 and 5 show the detail drawings for the compo-
nents of Example 1 and Example 2 respectively.
As can be observed from Figures 4 and 5, the
drawing views and annotations are well accom-
modated in the drawing sheets, respectively.
Thus the selected scale factors based on the esti-
mates of the mathematic models are satisfactory.
Therefore, the developed mathematical models
appear to be realistic for reduction scaling and
enlargement scaling. It can be concluded that
the present common trial-and-error approach to
plot scale factor selection needs to be replaced
with systematic and consistent methods, and the
models presented in this article offer some alter-
natives.

Influence of , on Scale Factor Model

Table 1 shows estimates of SF for different
values of _ for Example 1. The value of
changed by 42% from 1.2 to 1.7 before SF
crossed the integer 2, the value selected for SF'
for Example 1. An error of 42% in _ would not
have changed the selected value of the scale fac-
tor in this case.

Table 1: Influence of on scale factor of
component 1

Table 2: Influence of _ on scale factor
of component 2

Trial — SF
1 1.2 2.9
2 1.4 2.5
3 1.6 2.2
4 1.7 2.0
5 1.8 1.9

Trial - SF

1 1.2 1.47

2 1.4 1.72

3 1.6 1.96

4 1.7 2.09
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_ This is certainly a good thing as it suggests a
very robust model. It is worth noting that the
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tor value different from the calculated estimate.
Good judgment will be necessary in such cases.
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APPENDIX: Administrative Space and Standard Scale Factors
Standard Scale Factors

Tables A1 and A2 give some commonly used scales (Duggai, 2000; Madsen et al., 2002; Sexton,
2006) in some disciplines. However, the available scale factors in a plotter setup scale list box should
be chosen at plotting time.

Table A1 Common mechanical and architectural scales.

Mechanical Scales Architectural Scales
Scale Interpretation Scale Interpretation
1”=1” Full size 1”=1-0 12th size
=1 Half size =1-0 24th size
=17 Quarter size 7=1-0” 48th size
1/87=1” Eighth size 1/87=1-0” 96th size
/107 =17 Tenth size 1/16”=1"-0” 192th size

Table A2 Common civil and metric scales.

Civil Scales Metric Scales
Scale Interpretation Scale Interpretation

17 =10 120th size 1:1 Full size
17 =20 240th size 1:2 Half size
17 = 30° 360th size 1:5 Sth size

17 = 50 600th size 1:10 10th size
17 = 60° 720th size 1:20 20th size
17 = 100’ 1200th size 1:50 50th size

Estimating Administrative Information Space
Table A3 shows both English and Metric standard sheet dimensions. A standard size sheet has a
planar surface with width and height dimensions.

Table A3 Standard drawing sheets.

Metric Sizes (mm) English Sizes (Inches)
A4 210 x 297 A 85x 11
A3 297 x 420 B 11x17
A2 420 x 594 C 17 x 22
Al 594 x 841 D 22 x 34
A0 841 x 1189 E 34 x 44

As mentioned previously, the space needed for administrative information on a standard drawing
sheet includes (1) margin space, (2) title block space, and (3) revision block space. Figure A1 shows
the conceptual layout of standard sheet. The left or top margin is usually larger than the others to pro-
vide room for filing or binding the drawing sheet. The title block contains pertinent information (e.g.,
like company name and address, drawing title, drawing record number, names of design drafter and
checker). Changes to approved drawings are documented in the revision block. The change informa-
tion may include name of person making the change request, description of change, reason for
change, request date, and approval information (Bertoline & Wiebe, 2003; Earle, 1991; Madsen et al.,
2002; Nee, 1983; Sexton, 2006). The space for the administrative information is not available for
technical information. Referring to Figure Al:



LM = left margin space

TM = top margin space

RB = revision block width

Wp = horizontal size of standard sheet

Wz = adjusted sheet width size

RM = right margin space

BM = bottom margin space

TB = title block height

Hp = vertical size of standard sheet

Hz = adjusted sheet height size

Figure A1 Drawing sheet and administrative space.
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Let:

Wa = width of administrative space allowance
Ha = height of administrative space allowance
_ = administrative space allowance factor
From Figure Al:
Wa=LM+RM + RB (Al)
HA=BM+TM +TB (A2)
Wz=Wp - Wa (A3)
H; =Hp-Ha (A4)
Conceptually, we can also express W and H; as:
Wz=_Wp (A5)
Hz =_Hp (A6)

_ | WA,
Then:— = T (A7)

Note that Equations A3 and A4 are based on physical dimensions. In fact W, and H,z can be

measured directly from existing drawings. The physical values of W and H; are used in Equation 7 to
evaluate _. However, Equations A5 and A6 are abstract representations, but these ensure that the ratio

—_
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of the available working surface area to the standard sheet surface area is preserved. When _is
squared, it gives that fractional space of standard sheet available for technical information. Thus, it is
an indirect measure of paper utilization.

Evaluating Administrative Space Allowance Factor.
For the illustrative examples in this article, the English A-size sheet was chosen for presenting
the detail drawings. For this example, the title block height was chosen as

25 mm and revision block width as 80 mm. The top margin (TB) was taken as 12.5 mm, and the
other margins (LM, RM, BM) were 7.5 mm each. The administrative space dimensions (Figure A2)
are:

WA=LM+RM+RB = 7.5+ 7.5+ 80=95mm from (Al)
HA=BM+TM +TB = 7.5+ 12.5+ 25 =45 mm from (A2)
The administrative space allowance factor is obtained as follows:
Wz =Wp-Wa =279 - 95 =184 from (A3)

Hz; =Hp-Ha=216-45=171 from (A4)

and _ = VoI oo (A 0.722 from (A7)
7, 4, 2792 216

Use _ =0.75






