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3.4 Assembly Efficiency

An essential ingredient of the DFA method is the use of a measure of the DFA index or
“assembly efficiency” of a proposed design. In general, the two main factors that influence
the assembly cost of a product or subassembly are:

e The number of parts in a product

e The ease of handling, insertion, and fastening of the parts



The DFA index is a figure obtained by dividing the theoretical minimum assembly time
by the actual assembly time. The equation for calculating the DFA index E,__ is

(3.1)

where N, is the theoretical minimum number of parts, ¢, is the basic assembly time for
one part, and #,,, is the estimated time to complete the assembly of the product. The basic
assembly time is the average time for a part that presents no handling, insertion, or
fastening difficulties (about 3 s).

The figure for the theoretical minimum number of parts represents an ideal situation
where separate parts are combined into a single part unless, as each part is added to the

assembly, one of the following criteria is met:

L. During the normal operating mode of the product, the part moves relative to all
other parts already assembled. (Small motions do not qualify when they can be
obtained through the use of elastic hinges.)

2. The part must be of a different material, or be isolated from all other parts assem-
bled (for insulation, electrical isolation, vibration damping, etc.).

3. The part must be separate from all other assembled parts; otherwise, the assembly
of parts meeting one of the preceding criteria would be prevented.

It should be pointed out that these criteria are to be applied without taking into account
the general design or service requirements. For example, separate fasteners do not gener-
ally meet any of the preceding criteria and should always be considered for elimination. To
be more specific, the designer considering the design of an automobile engine may feel
that the bolts holding the cylinder head onto the engine block are necessary separate parts.
However, they could be eliminated by combining the cylinder head with the block—an
approach that has proved practical in certain circumstances.

If applied properly, these criteria require the designer to consider means whereby the
product can be simplified, and it is through this process that enormous improvements
in assemblability and manufacturing costs are often achieved. However, it is also neces-
sary to be able to quantify the effects of changes in design schemes. For this purpose, the
DFA method incorporates a system for estimating the assembly cost which, together with
estimates of parts cost, gives the designer the information needed to take appropriate
trade-off decisions.

3.5 Classification Systems

The classification system for assembly processes is a systematic arrangement of part fea-
tures that affect the acquisition, movement, orientation, insertion, and fastening of the part
together with some operations that are not associated with specific parts such as turning
the assembly over.

The complete classification system, its associated definitions, and the corresponding time
standards is presented in tables in Figures 3.15 and 3.16. It can be seen that the classification
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MANUAL HANDLING-ESTIMATED TIMES (s)
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Notes:

1. Parts can present handling difficulties if they nest or tangle, sick together because of magnetic force or grease coating, and so on, are slippery, or
require careful handling. Parts that nest or tangle are those that interlock when in bulk but can be separated by one simple manipulation of a single
part; for example, taper cups, closed-end helical springs, circlips, and so on. Parts that are slippery are those that easily slip from fingers or
standard grasping tool because of their shape and /or surface condition. Parts that require careful handling are those that are fragile or delicate,
have sharp corners or edges, or present other hazards to the operator.
Parts that nest or tangle severely are those parts that interlock when in bulk and both hands are needed to apply a separation force or achieve
specific orientation of inter-locking parts to achieve separation, Flexible parts are those that substantially deform during manipulation and
necessitate the use of two hands. Examples of such parts are large paper or felt gaskets, rubber bands or belts, and so on.

2

FIGURE 3.15
Original classification system for part features affecting manual handling time. (Copyright 1999 Boothroyd

Dewhurst, Inc. With permission.)
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A part is the solid of nonsolid element of an assembly during an assembly process. A subassembly is considered a part if it is added during
assembly. However, adhesives, fluxes, fillers, and so on, used for joining parts are not considered to be parts.

Obstructed access means that the space available for the assembly operation causes a significant increase in the assembly time. Restricted vision
means that the operator has to rely mainly on tactile sensing during the assembly process.

Holding down required means that the part is unstable after placement or insertion or during subsequent operations and will require griping,
realignment, or holding down before it is finally secured. Holding down refers to an operation that, if necessary, maintains the position and
orientation of a part already in place, prior to, or during the next assembly operation. A part is located if it will not require holding down or
realignment for subsequent operations and is only partially secured.

A part is easy to align and position if the position of the part is established by locating features on the part or on its mating part and insertion is
facilitated by well designed chamfers or similar features.

. The resistance encountered during part insertion can be due to small clearances, jammiing or wedging, hang-up conditions, or insertion against a

large force. For example, a press fit is an interference fit where a large force is required for assembly. The resistance encountered with self-tapping
screws is similarly an example of insertion resistance.

FIGURE 3.16
Original classification system for part features affecting insertion and fastening. (Copyright 1999 Boothroyd
Dewhurst, Inc. With permission.)
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numbers consist of two digits; the first digit identifies the row and the second digit identi-
fies the column in the table.

The portion of the classification system for manual insertion and fastening processes is
concerned with the interaction between mating parts as they are assembled. Manual inser-
tion and fastening consists of a finite variety of basic assembly tasks (peg-in-hole, screw,
weld, rivet, press-fit, etc.) that are common to most manufactured products.

It can be seen that for each two-digit code number, an average time is given. Thus, we have
a set of time standards that can be used to estimate manual assembly times. These time stan-
dards were obtained from numerous experiments, some of which will now be described.

Definitions
For Figure 31

Alpha is the rotational symmetry of a part about an axis perpendicular to its axis of
insertion. For parts with one axis of insertion, end-to-end orientation is necessary
when alpha equals 360° otherwise alpha equals 180°

Beta is the rotational symmetry of a part about its axis of insertion. The magnitude of
rotational symmetry is the smallest angle through which the part can be rotated and
repeat its orientation. For a cylinder inserted into a circular hole, beta equals zero.

Thickness is the length of the shortest side of the smallest rectangular prism thatencloses
the part. However, if the part is cylindrical, or has a regular polygonal cross-section
with five or more sides, and the diameter is less than the length, then thickness is
defined as the radius of the smallest cylinder which can enclose the part.

Size is the length of the longest side of the smallest rectangular prism that can enclose
the part.

For Figure 3.16:

Holding down required means that the part will require gripping, realignment, or hold-
ing down before it is finally secured.

Easy to align and position means that insertion is facilitated by well-designed chamfers
or similar features.

Obstructed access means that the space available for the assembly operation causes a
significant increase in the assembly time.

Restricted vision means that the operator has to rely mainly on tactile sensing during
the assembly process.

3.6 Effect of Part Symmetry on Handling Time

One of the principal geometrical design features that affects the time required to grasp
and orient a part is its symmetry. Assembly operations always involve at least two compo-
nent parts: the part to be inserted and the part or assembly (receptacle) into which the part
is inserted [15]. Orientation involves a proper alignment of the part to be inserted relative
to the corresponding receptacle and can always be divided into two distinct operations: (1)
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alignment of the axis of the part that corresponds to the axis of insertion, and (2) rotation
of the part about this axis.
It is therefore convenient to define two kinds of symmetry for a part:

1. Alpha Symmetry: Depends on the angle through which a part must be rotated about
an axis perpendicular to the axis of insertion to repeat its orientation.

2. Beta Symmetry: Depends on the angle through which a part must be rotated about
the axis of insertion to repeat its orientation.

For example, a plain square prism that is to be inserted into a square hole would first
have to be rotated about an axis perpendicular to the insertion axis. Since, with such a rota-
tion, the prism repeats its orientation every 180°, it can be termed 180° alpha symmetry.
The square prism would then have to be rotated about the axis of insertion, and since the
orientation of the prism about this axis would repeat every 90°, this implies a 90° beta
symmetry. However, if the square prism were to be inserted in a circular hole, it would
have 180° alpha symmetry and 0° beta symmetry. Figure 3.17 gives examples of the sym-
metry of simple-shaped parts.

A variety of predetermined time standard systems are presently used to establish
assembly times in the industry. In the development of these systems, several different
approaches have been employed to determine relationships between the amount of
rotation required to orient a part and the time required to perform that rotation. Two of
the most commonly used systems are the methods time measurement (MTM) and work
factor (WF) systems.

In the MTM system, the “maximum possible orientation” is employed, which is
one-half the beta rotational symmetry of a part mentioned above [16]. The effect of alpha
symmetry is not considered in this system. For practical purposes, the MTM system clas-
sifies the maximum possible orientation into three groups, namely, (1) symmetric, (2)
semisymmetric, and (3) nonsymmetric [3]; again, these terms refer only to the beta
symmetry of a part.

In the WF system, the symmetry of a part is classified by the ratio of the number of ways
the part can be inserted to the number of ways the part can be grasped preparatory to
insertion [17]. In the example of a square prism to be inserted into a square hole, one par-
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0 180 180 90 360 360
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FIGURE 3,17
Alpha and beta rotational symmetries for various parts.
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ticular end first, it can be inserted in four ways out of the eight ways it could be suitably
grasped. Hence, on the average, one-half of the parts grasped would require orientation,
and this is defined in the WF system as a situation requiring 50% orientation [17]. Thus, in
this system, account is taken of alpha symmetry, and some account is taken of beta sym-
metry. Unfortunately, these effects are combined in such a way that the classification can
only be applied to a limited range of part shapes.

Numerous attempts were made to find a single parameter that would give a satisfactory
relation between the symmetry of a part and the time required for orientation. It was
found that the simplest and most useful parameter was the sum of the alpha and beta
symmetries [5]. This parameter, which would be termed the total angle of symmetry, is
therefore given by

Total angle of symmetry = alpha + beta. (3.2)

The effect of the total angle of symmetry on the time required to handle (grasp, move,
orient, and place) a part is shown in Figure 3.18. In addition, the shaded areas indicate
the values of the total angle of symmetry that cannot exist. It is evident from these resu Its
that the symmetry of a part can be conveniently classified into five groups. However, the
first group, which represents a sphere, is not generally of practical interest; therefore,
four groups are suggested that are employed in the coding system for part handling
(Figure 3.15). A comparison of these experimental results with the MTM and WF
orientation parameters show that these parameters do not account properly for the
symmetry of a part [5].
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FIGURE 3.18
Effect of symmetry on the time required for part handling, Times are average for two individuals and shaded
areas represent nonexistent values of the total angle of symmetry.
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3.7 Effect of Part Thickness and Size on Handling Time

Two other major factors that affect the time required for handling during manual assem-
bly are the thickness and size of the part. The thickness and size of a part are defined in a
convenient way in the WF system, and these definitions have been adopted for the DFA
method. The thickness of a “cylindrical” part is defined as its radius, whereas for noncylin-
drical parts the thickness is defined as the maximum height of the part with its smallest
dimension extending from a flat surface (Figure 3.19). Cylindrical parts are defined as
parts having cylindrical or other regular cross-sections with five or more sides. When the
diameter of such a part is greater than or equal to its length, the part is treated as noncy-
lindrical. The reason for this distinction between cylindrical and noncylindrical parts
when defining thickness is illustrated by the experimental curves shown in Figure 3.19. It
can be seen that parts with a “thickness” greater than 2 mm present no grasping or han-
dling problems. However, for long cylindrical parts, this critical value would have occurred
at a value of 4 mm had a diameter been used for the “thickness.” Intuitively, we see that
grasping a long cylinder 4 mm in diameter is equivalent to grasping a rectangular part of
2 mm thickness if each is placed on a flat surface.

The size (also called the major dimension) of a part is defined as the largest nondiagonal
dimension of the part’s outline when projected on a flat surface. It is normally the length
of the part. The effects of part size on handling time are shown in Figure 3.20. Parts can be
divided into four size categories as illustrated. Large parts involve little or no variation in
handling time with changes in their size; the handling time for medium and small parts
displays progressively greater sensitivity with respect to part size. Since the time penalty
involved in handling very small parts is large and very sensitive to decreasing part size,
tweezers are usually required to manipulate such parts. In general, tweezers can be
assumed to be necessary when the size is less than 2 mm.

e 1.2
& ‘3 X Thickness N Thin |Not thin
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FIGURE 3.19
Effect of part thickness on handling time.
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FIGURE 3.20
Effect of part size on handling time.

3.8 Effect of Weight on Handling Time

Work has been carried out [18] on the effects of weight on the grasping, controlling,
and moving of parts. The effect of increasing weight on grasping and controlling is
found to be an additive time penalty and the effect on moving is found to be a propor-
tional increase of the basic time. For the effect of weight on a part handled using one
hand, the total adjustment ¢, to handling time can be represented by the following
equation [3]:

by = 0.0125W + 0.011W, (3.3)

where W (Ib) is the weight of the part and ¢, (s) is the basic time for handling a “light” part
when no orientation is needed and when it is to be moved by a short distance. An average
value for ¢, is 113, and therefore the total time penalty due to weight would be approxi-
mately 0.025W.

If we assume that the maximum weight of a part to be handled using one hand is around
10-20 Ib, the maximum penalty for weight is 0.25-0.5 s and is a fairly small correction. It
should be noted, however, that Equation 3.3 does not take into account the fact that larger
parts are usually moved greater distances, resulting in more significant time penalties.
These factors are discussed later.
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3.9 Parts Requiring Two Hands for Manipulation

A part may require two hands for manipulation when:

® The part is heavy.
® Very precise or careful handling is required.
® The part is large or flexible.

* The part does not possess holding features, thus making one-hand grasp
difficult.

Under these circumstances, a penalty is applied, because the second hand could be
engaged in another operation—perhaps grasping another part. Experience shows that a
penalty factor of 1.5 should be applied in these cases.

3.10 Effects of Combinations of Factors

In the previous sections, various factors that affect manual handling times have been con-
sidered. However, it is important to realize that the penalties associated with each indi-
vidual factor are not necessarily additive. For example, if a part requires additional time to
move it from A to B, it can probably be oriented during the move. Therefore, it may be
wrong to add the extra time for part size and an extra time for orientation to the basic han-
dling time. The following gives some examples of results obtained when multiple factors
are present.
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Design for High-Speed Automatic Assembly
and Robot Assembly

5.1 Introduction

Although design for assembly is an important consideration for manually assembled
products and can reap enormous benefits, it is vital when a product is to be assembled
automatically. The simple example shown in Figure 5.1 illustrates this. The slightly asym-
metrical threaded stud would not present significant problems in manual handling and
insertion, whereas for automatic handling an expensive vision system would be needed to
recognize its orientation. If the part were made symmetrical, automatic handling would
be simple. For economic automatic assembly therefore, careful consideration of product
structure and component part design is essential. In fact, it can be said that one of the
advantages of introducing automation in the assembly of a product is that it forces a recon-
sideration of its design—thus offering not only the benefits of automation, but also those of
improved product design. Not surprisingly, the savings resulting from product redesign
often outweigh those resulting from automation.

The example of the part in Figure 5.1 illustrates a further point. The principal problems
in applying automation usually involve the automatic handling of the parts rather than
their insertion into the assembly. To quote an individual experienced in the subject of auto-
matic assembly “if a part can be handled automatically, then it can usually be assembled
automatically.” This means that, when we consider design for automation, we would be
paying close attention to the design of the parts for ease of automatic feeding and
orienting.

In considering manual assembly we were concerned with prediction of the time taken
to accomplish the various tasks such as grasp, orient, insert, and fasten, From knowledge

—

—

Asymmetrical- Symumetrical-
difficult to orient easy to orient

FIGURE 5.1
Design change to simplify automatic feeding and orienting.
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of the assembly worker's labor rate we could then estimate the cost of assembly. In auto-
matic assembly, the time taken to complete an assembly does not control the assembly
cost. Rather, it is the rate at which the assembly machine or system cycles, because, if
everything works properly, a complete assembly is produced at the end of each cycle.
Then, if the total rate (cost per unit time) for the machine or system and all the operators
is known, the assembly cost can be calculated after allowances are made for down-time.
Thus, we shall be mainly concerned with the cost of all the equipment, the number of
operators and technicians, and the assembly rate at which the system is designed to
operate. However, so that we can identify problems associated with particular parts, we
shall need to apportion the cost of product assembly between the individual parts and,
for each part, and we shall need to know the cost of feeding and orienting and the cost of
automatic insertion.

In the following discussion, we first look at product design for high-speed automatic
assembly using special-purpose equipment and then we consider product design for robot
assembly (i.e., using general-purpose equipment).

5.2 Design of Parts for High-Speed Feeding and Orienting

The cost of feeding and orienting parts depend on the cost of the equipment required and
on the time interval between delivery of successive parts. The time between the delivery
of parts is the reciprocal of the delivery rate and is nominally equal to the cycle time of the
machine or system. If we denote the required delivery or feed rate F, (parts/min), then the
cost of feeding each part C; is given by

Cp= [%]R; cents (5.1)

r

where Ry is the cost (cents/s) of using the feeding equipment.
Using a simple payback method for estimation of the feeding equipment rate R;, this is
given by

C:E,

R; = m cents/s (5.2)
where Cy is the feeder cost (8), E, is the equipment factory overhead ratio, P, is the payback
period in months, and S,, is the number of shifts worked per day. The constant 5760 is the
number of available seconds in one shift working for one month divided by 100 to convert
dollars to cents.

For example, if we assume that a standard vibratory bowl feeder costs $5000 after instal-
lation and debugging, that the payback period is 30 months with 2 shifts working, and that
the factory equipment overheads are 100% (E, = 2), we get

___5000x2
£ (5760 x 30 x 2)
= (0.03 cent/s

R
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In other words, it would cost 0.03 cents to use the equipment for 1 s. Supposing that we
take this figure as the rate for a “standard” feeder and we assign a relative cost factor C, to
any feeder under consideration, then Equation 5.1 becomes

C = U.OS(?—UJC, (5.3)

Thus, we see that the feeding cost per part is inversely proportional to the required feed
rate and proportional to the feeder cost.

To describe these results in simple terms, we can say that for otherwise identical condi-
tions it would cost twice as much to feed each part to a machine with a 6 s cycle compared
with the cost for a machine with a 3 s cycle. This illustrates why it is difficult to justify
feeding equipment for assembly systems with long cycle times.

For the second result, we can simply state that for otherwise constant condition, it would
cost twice as much to feed a part using a feeder costing $10,000 compared with a feeder
costing $5000.

If the feeding cost for a particular feeder is plotted against the required feed rate F, on
logarithmic scales, a linear relationship results, as shown in Figure 5.2. It appears that the
faster the parts are required, the lower the feeding cost. This is true only as long as there
is no limit on the speed at which a feeder can operate. Of course, there is always an upper
limit to the feed rate obtainable from a particular feeder. We shall denote this maximum
feed rate by F,, and consider the factors that affect its magnitude. However, before doing
so, let us look at its effect through an example.

Suppose that the maximum feed rate from our feeder is 10 parts/min. Then if parts are
required at a rate of 5 parts/min, the feeder can simply be operated more slowly involving
an increased feeding cost as given by Equation 5.3 and illustrated in Figure 5.2. Suppose
that parts are required at a rate of 20 parts/min. In this case two feeders could be used,
each delivering parts at a rate of 10 parts/min. However, the feeding cost per part using
two feeders to give twice the maximum feed rate would be the same as one feeder deliver-
ing parts at its maximum feed rate. In other words, if the required feed rate is greater than
the maximum feed rate obtainable from one feeder, the feeding cost becomes constant and
equal to the cost of feeding when the feeder is operating at its maximum rate. This is

1.0
. | Maximum feed rate
Feeding | for 1 feeder, F,,,
cost, C; 4 /
(cents) | Cost of using

one feeder when
1 operating at

maximum | R
0.2 rate F N
Fy o
\\ 2 3 4 5
% Feeders
0.1 WRPNSEESPIRN.. . NS, . E———
1 10 100

Required feed rate, F, (parts/min.)

FIGURE 5.2
Effect of required feed rate on feeding cost.
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shown in Figure 5.2 by the horizontal line. If multiple feeders are used for increased feed
rates, then the line will be saw-toothed as shown. However, in practice, the line can be
smoothed by spending more on feeders to improve their performance when necessary.

From this discussion, we can say that Equation 5.3 holds true only when the required
feed rate F, is less than the maximum feed rate F,,, and when this is not the case the feeding
cost is given by

¢ = 0.03[ ?—Ojc (5.4)

Now the maximum feed rate F,, is given by
E .
E. = 15007 parts/min (5.5)

where E is the orienting efficiency for the part and I (mm) is its overall dimension in the
direction of feeding and where it is assumed that the feed speed is 25 mm/s.

To illustrate the meaning of the orienting efficiency E, we can consider the feeding of
dies (cubes with faces numbered 1-6). Suppose that if no orientation is needed, the dies can
be delivered at a rate of 1 per second from a vibratory bowl feeder. However, if only those
dies with the 6 side uppermost were of interest, a vision system could be employed to
detect all other orientations and a solenoid-operated pusher could be used to reject them.
In this case, the delivery rate would fall to an average of 1 die every 6 s or a feed rate of 1/6
per second. The factor 1/6 is defined as the orienting efficiency E and it can be seen that the
maximum feed rate is proportional to the orienting efficiency (Equation 5.5).

Now let us suppose our dies were doubled in size and that the feed speed or conveying
velocity on the feeder track were unaffected. It would then take twice as long to deliver
each die. In other words, the maximum feed rate is inversely proportional to the length of
the part in the feeding direction (Equation 5.5).

Equation 5.4 shows that when F, > F, , the feeding cost per part is inversely proportional
to Fy,. It follows that under these circumstances, the cost of feeding is inversely propor-
tional to the orienting efficiency and proportional to the length of the part in the feeding
direction.

This latter relationship illustrates why automatic feeding and orienting methods are
only applicable to “small” parts. In practice, this means that parts larger than about 8 in. in
their major dimension cannot usually be fed economically.

When considering the design of a part and its feeding cost, the designer would know the
required feed rate and the dimensions of the part. Thus, F, and I would be known. The
remaining two parameters that affect feeding cost, namely, the orienting efficiency E and
the relative feeder cost C,, would depend on the part symmetry and the types of features
that define its orientation. A classification system for part symmetry and features has been
developed [1] and for each part classification the average magnitudes of E and C, have been
determined [2]. This classification system and data are presented in Figures 5.3 through
5.5. Figure 5.3 shows how parts are categorized into basic types, either rotational or nonro-
tational. For rotational parts, their cylindrical envelopes are classified as discs, short cylin-
ders, or long cylinders. For nonrotational parts, the subcategories are flat, long, or cubic
depending on the dimensions of the sides of the rectangular envelope.

Figure 5.3 gives the first digit of a three-digit shape code. Figure 54 shows how the
second and third digits are determined for rotational parts (first digit 0, 1, or 2) and gives
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Discs L/D<0.8 0

Rotational | Short cylinders 08<L/D=<15 1

Long cylinders L/D>1.5 2
A/B<3

. AIC>4 :

Nonrotational | Long A[B>3, 7
; A/B<3

Cubic A/C<4 8

Notes:

1. A part whose basic shape is a cylinder or regular prism whose cross section is a
regular polygon of five or more sides is called a rotational part. In addition,
triangular or square parts that repeat their orientation when rotated about their
principal axis through angles of 1207 or 907, respectively, are rotational parts.

2. L is the length and D is the diameter of the smallest cylinder that can completely
enclose the part.

3. A is the length of the longest side, C is the length of the shortest side and B is the
length of the intermediate side of the smallest rectangular prism that can
completely enclose the part.

FIGURE 5.3
First digit of geometrical classification of parts for automatic handling. (From Boothroyd, G and Dewhurst, P.
Product Design for Assembly Handbook, Boothroyd Dewhurst Inc., Wakefield, R1, 1986. With permission.)

the corresponding values of the orienting efficiency E and the relative feeder cost C..
Similarly, Figure 5.5 shows how the second and third digits are determined for non-
rotational parts (first digit 6, 7, or 8). The geometrical classification system was originally
devised by Boothroyd and Ho [1] as a means of cataloging solutions to feeding problems.

5.3 Example

Suppose that the part shown in Figure 5.6 is to be delivered to an automatic assembly sta-
tion working at a 5 s cycle. We now use the classification system and database to determine
the feeding cost and assume that the cost of delivering simple parts at 1 per second using
our “standard” feeder is 0.03 cents per part.

First, we must determine the classification code for our part. Figure 5.6 shows that the
rectangular envelope for the part has the dimensions A =30mm, B=20mm, and
C=15mm.

Thus, A/B=1.5 and A/C =2. Referring to Figure 5.3, since A/B is less than 3 and A/C is
less than 4, the part is categorized as cubic nonrotational and is assigned a first digit of 8.
Turning to Figure 5.5, which provides a selection of data for nonrotational parts, we first
determine that our example part has no rotational symmetry about any of its axes. Also,
we must decide whether the part’s orientation can be determined by one main feature.
Looking at the silhouette of the part in the X direction, we see a step or projection in
the basic rectangular shape and we realize that this feature alone can always be used to
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AUTOMATIC HANDLING-DATA FOR ROTATIONAL PARTS

KEY £ C, (first digit 0, 1 or 2)
_V V. 2 Part is not BETA symmetric (code the main feature or features requiring orientation about the
o> 0.8 A ?: principal axis)
S:g: 1 D> oas 15 g BETA asymmetric projections, steps, Slightly
2 D \45 15 E‘ § or chamfers {can be seen in BETA asymmetric grooves or flats asymmetric or
D ERE silhouette) (can be seen in silhouette) small features
> ‘_s g i Through groove can be | ess than D/10
B £ ’_g On both seent i side view and L/10 or holes
- fg 2:,' On side Onend S groove or o re s L
Side /\ B 5 surface | surface(s) Py flat can be onend | Onside |cannotbeseenin
surface 2 < only only seeninend [ " =
o ’ 4 + 5 surface(s) s surface surface out-er shape of
Q('\o:",' £ 8 silhouette
o aiigce 0 2 3 4 5 6 7 8
103 E{los  TEtos i [oss : '
Part is ALPHA symmetric (see note 1) | 0 TloasTs Al0et veerfogs saon eg
11045 1|09 2045 1 |09 1|
Part can be fed in a slot 1[02 1{025 102 1 (02 1
supported by large end or 1] ¢ 5 et B ) S T (oL KRBT B8 1 T |
protruding flange 1]045 1|09 21045 1 |08 1|0
BETA symmetric steps or 1]o15 1|02 1015 1 lo3s 1o
chamfers on external surfaces | 2 THORY SIS 0a 26 Ho 1502 UELETo
(see note 3) 1] 087~ 1.5] 0251 F811087 25 &
5 = On both side FLeass L a0ds i oas ¢ L 1
54 andend |3 1lor  1sfoa 1sfor 15 fox 15 ¢
& 3| BETA surfaces) _1loss 15/025 2043 15 1
é E symmetric On side 0.5 1 0.15 1 0.25 1 (015 f 1 (¢ 1’
£ f-": groves holes or | surface only | 4 |01 101 15/01 15{01 15 15 {0
§ § recesses (see 1{043 15[/025 2/013 15 1|0
< Sl note3) Onend 11015 1/025 10 1 10
E § suface(s) 5102 1]01 1501 15fo1 15 15 [0
E 3 only 1 ‘ 2027 15 1]
) BETA symmetric hidden features
z _g with no corresponding exposed
g Z| features (see note 4) 6
=
& <&|BETA asymmetric features on
side or end surface(s) 7
Slightly asymmetric or small
features amount of asymmetry 5
or feature size less than
D/10 and L/10

Notes:

1. A rotational part is alpha symmetric if it does not require orienting end-to-end. If a part can only be
inserted into the assembly in one direction then it is referred to as “not alpha symmetric.”

2. A beta-symmetric part has rotational symmetry and therefore does not require orienting about its principal
axis.

3. A beta-symmetric step, chamfer or groove is a concentric reduction or increase in diameter; its cross section
can be circular or any regular polygon. Less significant features should be ignored.

4. Parts in this category have an alpha-symmetric external shape, but the internal surface (composed perhaps
of cavities, counterbores, grooves, etc.) requires that the part be oriented end to end.

FIGURE 5.4
Second and third digits of geometrical classification for rotational parts. (From Boothroyd, G. and Dewhurst, P.
Product Design for Assembly Handbook, Boothroyd Dewhurst Inc., Wakefield, R1, 1986. With permission.)
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AUTOMATIC HANDLING-DATA FOR NON-ROTATIONAL PARTS
(first digit 6, 7 or 8)
As<l1BorBs1.1C
(Code the main feature or features which distinguish the adjacent surfaces having similar
dimensions)
KEY £ C Steps or chamfers (2) parallel to- Through grooves (2) parallel to-
VN Holes for Other including
s o Dlo? 1||A>11B recesses > 0.1B | slight asymmetry
3 > and X axis Y axis Z axis X axis Y axis Z axis {cannot be seen | (3), features too
b2 7 045 151 1p.11c]and>01C | and>0.1C | and>0.1B | and >0.1C | and >0.1C | and > 0.1B | in silhouette) small etc
o
>lios 2
8 0 1 2 3 4 5 6 7 8
Part has 180" 08| 1 |08 1 |02 1 105 1 075 1 |0.25 1 105 1.6 1025 2 Manual
symmetry about ail 009 1 (09 1|05 2 (05 15 |05 1{05 15 {06 1 |05 1 handling
three axes (1) 06| 1 |05 1 |0.15 2 015 15 {05 1 |015 1 1015 15 (015 2 required

Code the main feature or if orientation is defined by more than one feature, then code the
feature that gives the largest third digit

Steps or chamfers (2) parallel to- Through grooves (2) parallel to-
Holes for Other including
recesses > 0.1B | slight asymmetry
X axis Y axis Z axis X axis Y axis Zaxis |(cannot be seen| (3), features too
and >0.1C | and>0.1C | and >0.1B | and >0.1C | and > 0.1C | and > 0.1B | in silhouette)} small etc
0 1 2 3 4 5 6 7
04 1o 1 {04 15 |04 103 1 (07 1 {04 2
_ | About X axis 105 1(005 1 {025 2 (05 1025 1[025 15 [025 3
£z 04 1 (o6 1 |04 2 |02 1|03 1 (015 1 |oa 2
o o
g 5 04 103 1 |o4 15 |05 103 1 |04 1[04 2 )
#§ |AboutYaxs 2 (04 102 102 2|04 10025 1025 1025 2 5
g 0.5 1loas 1 jos 2 |02 1015 1 [015 2 |015 2 g
s ol
ﬁ‘; 0.4 1103 1 |04 15 {04 1 {03 1 {01 15 |04 2 )
£ & |AboutZaxis 3(03 1lo2 1 |o2s 2 |03 1 |o2s 10025 2 [025 2 Z
& o4 1lo2 1loe 202 1loas 1fes 2 |o1s 2 %
IR [ S 025 1{015 1 [015 15 |01 1 {025 1]01 15 |01 2 4
B og'ezr:ﬁ:i:ef‘::f:m 4025 1001 15 fo2s 2fe2 1 o1 15 o5 2015 3 =z
wRE | ™ 015 1 foas 1 ]oas 1 o1 1 oos 1 fo1 15 [008 2 2
T ZE g
EES oll;le:\::l:):iiefi:::res 02 21loas 2 o1 25foa 2 oas 2 lor 25 |ox 3 =
z§ s ary‘doneisam 6101 3 |01 35 (01 4 |01 3|01 35 {01 4 |0l 5
g8 P 005 20005 2 [005 25 (005 2 |005 2 {005 25 {005 3
E E E chamfer or groove
g2 |Otecincuciog dight MANUAL HANDLING REQUIRED
¥ asymmetry (3) etc.
Notes:

1. A rotational symmetry of 180° about an axis means that the same orientation of the part will be repeated
only once by rotating the part through 180° about that axis.

2. Steps, chamfers, or through grooves are features that can be seen in silhouette.

3. Exposed features are prominent but the asymmetry caused by these features is less than 0.1 of the appropriate
envelope dimension. For a part that has 180° rotational symmetry about a certain axis, slight asymmetry
implies that the part has almost 90° rotational symmetry about that axis.

4. A part having no rotational symmetry means that the same orientation of the part will not be repeated by
rotating the part through any angle less than 360° about any one of the three axes X, Y, or Z.

A main feature is a feature that is chosen to define the orientation of the part. All the features that are chosen
to completely define the orientation of the part should be necessary and sufficient for the purpose.

Often, features arise in pairs or groups and the pair or group of features is symmetric about one of the three
axes X, Y, or Z. In this case, the pair or group of features should be regarded as one main feature. Using this
convention, two main features at most are needed to completely define the orientation of a part.

FIGURE 5.5
Second and third digits of geometrical classification for nonrotational parts. (From Boothroyd, G. and Dewhurst,
P. Product Design for Assembly Handbook, Boothroyd Dewhurst Inc., Wakefield, RI, 1986. With permission.)
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|

Y
- Step
X direction
Grooves \\

—

Y direction

Z direction
‘\ Step

Silhouettes

FIGURE 5.6
Sample part.

determine the part’s orientation. This means that if the silhouette in the X direction is ori-
ented as shown in Figure 5.6, the part can be in only one orientation and, therefore, the
second digit of the classification is 4. However, either the groove apparent in the view in
the Y-direction and the step seen in the view in the Z-direction could also be used to deter-
mine the part’s orientation. The procedure now is to select the feature giving the smallest
third classification digit; in this case it is the step seen in the X-direction. Thus, the appro-
priate column number in Figure 5.5 is 0. The three-digit code is thus 840 and correspond-
ing values of orienting efficiency E = 0.15 and relative feeder cost C, = 1.

Using the fact that the longest part dimension [ is 30 mm and that the orienting effi-
ciency E is 0.15, Equation 5.5 gives the maximum feed rate obtainable from one feeder;
thus

0.15
=15 i
1500 x 20

= 7.5 parts/min
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Now, from the cycle time of 5 s the required feed rate [, is 12 parts per min, which is
higher than F,,. Therefore, since F, > F,, we use Equation 54 and since C, = 1 we geta feed-
ing cost of

60
=00 2)e

60
= 0.03 [ﬁ)l

= (.24 cents

5.4 Additional Feeding Difficulties

In addition to the problems of using the part’s geometric features to orient it automatically,
other part characteristics can make feeding particularly difficult. For example, if the edges
of the parts are thin, shingling or overlapping may occur during feeding, which leads to
problems with the use of orienting devices on the feeder track (Figure 5.7).

I

Difficult to feed - parts overlap

oJ Lol L

Easy to feed

FIGURE 5.7
Parts that shingle or overlap on the feeder track.

Many other features can affect the difficulty of feeding the part automatically and can
lead to considerable increases in the cost of developing the automatic feeding device. These
features can also be classified as shown in Figure 5.8, where, for each combination of fea-
tures, an approximate additional relative feeder cost is given that should be taken into
account in estimating the cost of automatic feeding.

5.5 High-Speed Automatic Insertion

If a part can be sorted from bulk and delivered to a convenient location correctly oriented,
a special-purpose mechanism or workhead can usually be designed that would place it in
the assembly. Such workheads can generally be built to operate on a cycle as short as 1 s.
Thus, for assembly machines operating on cycles greater than 1 s, the automatic insertion
cost C, is given by

_[60 5.6
= ()8 o

where F, is the required assembly rate (or feed rate of parts) and R, is the cost (cents/s) of
using the automatic workhead.
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AUTOMATIC HANDLING-ADDITIONAL FEEDER COSTS

Parts will not tangle or nest Tangle or nest but not severely
Not light Light Not light Light
Figures to be added to C, Not Not Not Not Severely | Severely
sticky Sticky | sticky | Sticky | sticky | Sticky sticky | Sticky | tangle | tangle
0 1 2 3 4 5 6 7 8 9
Non- |0
¢ @ | flexible
2% |5 3 [Flexible |1
HE i
g :‘; g Non- 2
%l 5|y [flexible
K] % =4
g 2|8 |Flexible |3
3|8 §2
"E Non- |4
n' o
g k % flexible
E w| 3 % |Flexible |5
ok~
&g Non- (6
g ® 8 |fexible
e
& 3 2 Flexible |7
a S
Very small parts Large parts
Rotational Non-rotational Rotational Non-rotational
A/B<3 A/B<3 A/B<3 A/B=3
L/DS1.5|L/D>15|A/C>4| A/B>3 |A/C<4|L/D<15[L/D>15|A/C>4| A/B>3 | AIC<4
0 1 2 3 4 5 6 Z: 8 9
Parts are very small or
large but are 8
nonabrasive
Parts will not severely tangle or nest
Small parts Large parts Very small parts
P > =9 2
Orientation defined by Orientation defined by % & % g '-g % é ]
geometric features non-geometric features ‘é s ‘E & g g E & 5
o v @
Non-flexible SE | He|=El2H | B
g | 58| 8c| g2 | B
3 Do not R = N g 3 ey
Do not Oveliip Flexible avesia Overlap g g g % g E g ’.ufo g
overlap 28 B £ 8 £ 5 g
5% | o8| 58|58 &
0 1 2 3 4 5 6 7 8 9

Abrasive parts 9

Nofes:

Flexible: A part is considered flexible if the part cannot maintain its shape under the action of automatic feeding so that orienting
devices cannot function satisfactorily.

Delicate: A part is considered delicate if damage may occur during handling, either due ta breakage caused by parts falling from orient-
ing sections or tracks onto the hopper base, or due to wear caused by recirculation of parts in the hopper. When wear is the
criterion, a part would be considered delicate if it couid not recirculate in the hopper for 30 min and maintain the required
tolerance.

Sticky: If a force, comparable to the weight of a nontangling or nonnesting part, is required to separate it from bulk, the part is consid-
ered sticky.

Light: A part is considered too light to be handled by conventional hopper feeders if the ratio of its weight to the volume of its envelope
is less than 1.5 KN/m?.

FIGURE 5.8
Additional relative feeder costs for a selection of feeding difficulties. (From Boothroyd, G. and Dewhurst, P. Product Design for
Assembly Handbook, Boothroyd Dewhurst Inc., Wakefield, RI, 1986. With permission.)
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Overlap: Parts will tend to overlap in a feeder when an alignment of better than 0.2 mm is required to prevent shin-
gling or overlapping during feeding in single file on a horizontal track.

Large: A part is considered to be too large to be readily handled by conventional hopper feeders when its smallest
dimension greater than 50 mm or if its maximum dimension is greater than 150 mm. A part is considered to be
too large to be handled by a particular vibratory hopper feeder if L > d/8, where L is the length of the part mea-
sured parallel to the feeding direction and d is the feeder or bowl diameter.

Very small: A part is considered to be too small to be readily handled by conventional hopper feeders when its largest
dimension is less than 3 mm. A part is considered to be too small to be readily handled by a particular vibratory
hopper feeder if its largest dimension is less than the radius of the curved surface joining the hopper wall and
the track surface measured in a plane perpendicular to the feeding direction.

Nest: Parts are considered to nest if they interconnect when in bulk, causing orientation problems. No force is required
to separate the parts when they are nested.

Severely nest: Parts are considered to severely nest if they interconnect and lock when in bulk and require a force to
separate them.

Tangle: Parts are said to tangle if a reorientation is required to separate them when in bulk.

Severely tangle: Parts are said to severely tangle if they require manipulation to specific orientations and a force is
required to separate them.

Abrasive: A part is considered to be abrasive if it may cause damage to the surface of the hopper feeding device unless
these surfaces are specially treated.

FIGURE 5.8
Continued.

Again, using a simple payback method for estimation of the equipment rate R,, this is
given by

— WC EO

. B.7
R (5760Pb5”)centsfs (5.7)

where W, is the workhead cost ($), E, is the equipment factory overhead ratio, P, is the
payback period in months, and S, is the number of shifts worked per day.

If we assume that a standard workhead costs $10,000 after installation and debugging,
that the payback period is 30 months with two shifts working, and the factory equipment
overheads are 100% (E, = 2), we get

R - 10,0002
' = (5760 x 30 x 2)

= (.06 cents/s

In other words, it would cost 0.06 cents to use the equipment for 1 s. If we take this figure
as the rate for a “standard” workhead and we assign a relative cost factor W, to any work-
head under consideration, then Equation 5.6 becomes

E

r

G = o.os[@] W 58)

Thus, the insertion cost is inversely proportional to the required assembly rate and pro-
portional to the workhead cost.

When considering the design of a part, the designer knows the required assembly rate
F.. For the presentation of relative workhead costs, a classification system for automatic
insertion similar to that for manual insertion was devised [2] and is shown in Figure 5.9. It
can be seen that this classification system is similar to that of manual insertion of parts
except that the first digit is determined by the insertion direction rather than whether
obstructed access or restricted vision occurs.
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AUTOMATIC INSERTION - RELATIVE WORKHEAD COST, W_

After assembly no holding down required to Holding down required during subsequent
maintain orientation and location (5) process(es) to maintain orfentation and
location (5)
Not easy to align or Not easy to align or
Easy to align position (no features Easy to align position (no features
and position (6) provided for the and position (&) provided for the
purpose} purpose)
No Resi No Resis No , No ,
resistance |Resistance | oooonce | Resistance | poiciince Resistance resistarice Resistance
Key: to to to o to to to to
Partbac:ded insertion | msertion ()} <o ion | insertion (7)) oo oo (insertion (7| oo on | insertion (7)
LA
not secured
0 1 2 3 6 7 8 9
From 0 1 1.5 1.5 23 13 2 2 3
© vertically
£ _ | above 1 12 L6 16 25 16 21 21 33
g |22
3 |58
+ i 2 2 3 3 4.6 7 4 4 6.1
'fn “= 1 Not from
g vertically
E above (3)
=4 No screwing opera- Plastic deformation immediately after insertion .
&3 tion or plastic ISCI'EWII}E
s = Insertion not deformation ) ) Rivetting of similar immediately
<A straight line immediately after Plastic bending plastic deformation after
motion (4) insertion (snap of - - - insertion
press fits, etc.) Not easy to align Not ea_il}rlto align
or position (no P or position (no
E = |52 g features provided | 9'—;- features provided
2= |5 E o - for the purpose) g for the purpose) |2 s 3
Part secured #a0% |55 g e, aE S e 2 Ex
: : =Fg |55z Bz T E§_ —~|lgefe [ &=
immediately BFE |p2E 5 5 = = E B |geiw=
=T |08 | 52 g2| 8 T o w218 ZESs S5 E
=a8 |gegs % F 2|5 E E,: cEE| & E g2 Mg R
e85 |88y | 28 58|88 2 & §5|8 S|e855/§8:¢
From BE5 |535| BT |oft|d,E c35|% F|s3afza38
v i SRE[Z28% | 85 |2f=|2s2 Zis|&e8 GEE3Z55s
g | wu vertically
€3 5 _| above 0 1 2 3 4 5 6 7 8 9
Swl 52
e 5 E o 3 1.2 19 1.6 24 3.6 09 14 2.1 0.8 1.8
28| A5 | o
B m
E ) vertically 4 1.3 2.1 21 3.2 4.8 3 1.5 23 1.2 2
g § above (3)
2% 5 14 3.8 3.2 4.8 *3 18 28 4.2 3.6 36
E ‘?'E“ lnserLinn_ not
= straight line
maotion (4)
Mechanical fastening processes Nen-mechanical fastening Non- fastening
(parts already in place} processes (parts already in place) processes
None or localized ; -
plastic deformation Metallurgical processes ®
g oy
£ &35 | Additional .5 | £58 3
@ & E 2 | material required Ey ég = 2
g 2 g | S 552 g5 | 522 | 8§
g § | .2 | gy |E=8 Bt | 225 | 8¢
Separate B E g3 <] 5 z % 582 - BE 2 g 2 g E
; o B o ik =287 ] £ =y =284 22
operation 2| 5= £5 | €€ |ZE £l E 3 s | & % | 222 23
g2 £ 5 | oz |B=8| B8 | SE| EE | 2582 | 8%
== u= Wy = oy - =) e = = 2
E 2 E B o o= =S8 42 = a = S &
Assembly process where 23 | 85 | 8 | & |2c8| R& | 55 | 6% [=s58 | 6=
all solid parts in
place or non-solids 0 1 2 3 4 5 6 7 8 9
added or parts are
manipulated 9 1.6 05 08 16 =2 11 i 0.8 1.5
FIGURE 5.9

Relative workhead costs W, for a selection of automatic insertion situations. (From Boothroyd, G. and
Dewhurst, P. Product Design for Assembly Handbook, Boothroyd Dewhurst Inc., Wakefield, RI, 1986. With
permission.)
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Notes:

1. A part is a solid or nonsolid element of an assembly added during an assembly process. A subassembly is
considered a part if it is added to an assembly. However, adhesive, fluxes, fillers, and so on, used for joining
parts are not considered to be parts.

2. Part addition involves part placing or insertion processes only. Part may be a fastener that is not securing any
other part or parts immediately.

3. Placing or insertion of the part into the assembly necessitates access motions from a direction other than
vertically above (e.g., from the side or from below, etc.).

4, Part cannot be placed or inserted by a simple single-axis straight-line motion, for example, part access may
be obstructed requiring a change in the direction of motion during insertion.

5. Part is unstable after placement or insertion or during subsequent operations an will require gripping
realighment or holding down until it is finally secured. Holding down refers to an operation that, if necessary,
maintains the position and orientation of a part already in place, prior to or during the next assembly opera-
tion or during transfer of the assembly to the next workstation. A part is located if it will not require holding
down or realignment for subsequent operations, and it is only partially secured.

6. A part is easy to align and position if the position of the part is established by locating features on the part,
or on its mating part, and insertion is facilitated by well-designed chamfers or similar features.

7. The resistance encountered during part insertion can be due to small clearances, jamming or wedging,
hang-up conditions, or insertion against a large force. For exmaple, a press fit is an interferences fit where a
large force is required for assembly. The resistance encountered with self-tapping screws is similarly an
example of insertion resistance.

FIGURE 5.9
Continued.

5.6 Example

If the part shown in Figure 5.6 is inserted horizontally into the assembly in the direction
of the arrow Y and it is not easy to align and position and not secured on insertion, then
the appropriate classification is row 1, column 2 in Figure 59. The automatic insertion code
is thus 12, giving a relative workhead cost of 1.6.

For a cycle time of 5, the assembly rate F, is 12 parts/min and Equation 5.8 gives an
insertion cost of

60
C, = 0.06 (?—) W.

T

60
= 0.06 [ﬁ] 1.6

= (.48 cents

Thus, the total handling and insertion cost C, for this part is

Ct = C" + Ci
=0.24 + 0.48
= 0.72 cents



Appendix: The DFA2 method
This section details the DFA2 method. All references to this appendix are
available 1n section 9.

A short introduction:

DFA2 consists of two parts, product level and part level, Fig 48. It 1s suggested
that the method 1s first used to analyse (or design) a product at product level,
thereafter each part at part level. Each section in the method corresponds to an
evaluation criterion and its design rules. The evaluation results are noted on
data sheets (available 1n section A.3 and forward). Since the method, 1n this
shape, 1s of a general nature, the levels of each evaluation criterion may not fit
every company or every manufacturing process. The most important advantage
with DFA?2 1s the structured working approach rather than establishing exactly
correct levels for the evaluation criterion.

PART LEVEL
(Questions for the assembly process)

-INeed to assemble parf?l

H  Level of defects

-| Crientation
- Non-fragile parts

|

|

|

| Hookmg |

H  Centerofgravty |

1 Shpe |

PRODUCT LEVEL { Weight I

(Questions per product/module)

N

— Reduce number of parts| —I Gripping I
4 Unique parts I -I Assembly motions I
H Base object | H Reachabilty |
- Design base object | g Insertion |
—| Assembly directions I -I Tolerances I

—  Parallel operations |

H Hold assembled parts |

-| Chain of tolerances ]

H  Fastening method |

—{ Disassembly I

-I Joining I

[ rems |

L Checwadjust |

Fig 48: Overview of DFA2.



A.1 Section 1. Product level

The first section of DFA?2 deals with questions or design rules for the entire
object, module or product, see Fig 49.

PRODUCT LEVEL
(Questions per product/module)

—| Reduce number of partsl

—| Unique parts |

—I Base object |

—| Design hase object

—| Assembly directions

—| Chain of tolerances

—| Disassembly

|
|
—I Parallel operations |
|
|
|

—| Packaging

Fig 49: Overview of structure in section 1 of DFA2.

The main goal 1s to design a product that 1s as simple (non-complex) as
possible, which, 1n turn, means that the simplest possible assembly process can
be used.

By modularising a product, standard modules can be combined to a final
product. Modularisation enables opportunity for controlling the number of
product variants and to create a modular production system. Identical modules,
parts and components might be used 1n more than one product fanuly.
Daifferent product families may result in having the same base material or
operations sequence, which can be used when designing a new product or
production system (Hallgren et al, 1992).

For example, the car mndustry works with “platforms™ as a way of rendering
product families more alike. All the common modules in a number of car
variants herewith represent a platform. The platform 1n a Volvo and a
Mitsubishi are the same, 1.e. they have several common modules. By working
in this manner, products are forced into a kind of standardisation. This



standardisation can also facilitate manufacturing, since fewer variants need to
be produced and any new product does not have to cause a new or completely
rebuilt manufacturing system (Andreasen and Ahm 1986).

A.1.1 Reducing the number of parts

It 1s very important to reduce the number of parts (both number of variants and
total number of parts) i a product (e.g. by standardisation of parts) without
changing its functionality (Boothroyd, 1992; Engerstam, 1973; Holbrook ef al,
1989; Larsson, 1986; Legrain Forsberg, 1988; Norlin, 1970; Pontén ef al,
1986; Sackett ef al, 1988). By using mntegrating production methods (e.g.
casting, injection moulding or sinular) the number of parts can be reduced,
thus facilitating assembly (Andreasen et al, 1983; Boothroyd, 1992; Pontén et
al, 1986).

Reducing the number of fastening elements can be achieved by integration of
fastening elements in other parts, e.g. snap fits. Any fastening method should
mvolve few, simple movements to facilitate automatic assembly (Pettersson,
1977). If an extra part 1s needed, the assembly direction and assembly process
should be 1dentical to other parts (Andreasen and Ahm 1986). If the product
does not contain any fastening methods like screwing, the possibilities for
disassembly, service and maintenance must be evaluated and considered
(Norlin, 1970; Sackett ef al, 1988).

An economuc evaluation has to decide whether the cost for developing a
special tool for producing an integrated part 1s higher than the profit of
reducing the number of parts (Ulrich et al, 1993).

Evaluation support:

Reduce number of parts within each module. Too many
parts contribute to large work content within the module.

Number of parts < 20 9 points
20 < Number of parts <30 3 points
Number of parts > 30 1 pomt

See Fig 50 for a graphical representation of the evaluation criterion.
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Fig 50: Graphical representation of evaluation criterion for "reducing number of parts".

A.1l.2 Unique parts

The strive for using standard parts instead of using only unique parts
throughout the whole product family has become common. There are several
advantages with using standard parts; 1.e. purchases of scale, fewer parts to
adnunistrate, and existing equipment can handle all parts etc. However, 1t 1s
not possible to make an entire product from one type of part, thus 1t 1s
important to balance the advantages and disadvantages between mcreasing and
reducing number of parts.

Assume that a module among other parts contains five screws. A common
approach would be to use the same sort of screw five times instead of five
different screws. This could reduce the need for different feeders, grippers and
SO on.

If no standard parts or already existing parts can be reused, then the approach
1s to design the new part or component for replacing existing parts or
components in different variants of the product (Larsson, 1986). This can lead
to several variants bemng assembled in the same automatic assembly system
with no need for new grippers, new fixtures or new feeders.

Evaluation support:

Proportion of unique parts 1s the ratio
Number of unique parts in the object

Total number of parts in the object
Use only one type of part where 1t 1s possible.

Proportion of unique parts < 40 % 9 points
40 % < Proportion of unique parts < 70 % 3 points
Proportion of unique parts >70 % 1 point

See Fig 51 for a graphical representation of the evaluation criterion.
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Fig 51: Graphical representation of evaluation criterion "unique parts".

A.1.3 Base object

When assembling automatically 1t 1s important to have a base object, 1.e. a first
part that can be used as a base for the rest of the assembly. The base object can
thereby work as a fixture for the rest of the assembly operations and no
separate assembly fixtures are needed (Andreasen ef al, 1983). The base object
should have as many assembly surfaces as possible in common with the rest of
the components (Andreasen ef al, 1983).

See, 1n particular, the section “design base object”, for design rules on how to
design the base object.

Evaluation support:

Base object 1s a first part that the rest of the assembly can
proceed from. All assembly operations are performed on the
base object, which leads to simple fixtures and few assembly
directions.

With base object. 9 points

Without base object. 1 point




A.1l.4 Design base object

The base object should 1deally be designed such that it may be fixed, gripped
and transported without loosing its orientation (Andreasen 1988; Boothroyd,
1992: Eriksson, 1983; Pettersson, 1977; Pontén et al, 1986).

Radu and chamfers should be designed such that the base object be easily
placed 1n 1ts fixture. The base object should also be designed to ensure a steady
placing 1 the fixture, see Fig 52. Holes and pegs for guiding the mnsertion
should be conical (Norlin, 1970). A simple contour 1s 1deal, since it facilitates
fixturing (Larsson, 1986). The tolerances for the parts should be decided with
regards to the base object. If any measure 1s larger than the tolerance, the
assembly system will probably stop (Norlin, 1970).

BASE OBJECT

FIXTURE

Fig 52: Features. which enables simpler fixturing.

A base object should be designed with a stable centre of gravity considering
(Engerstam, 1973):

e Centre of gravity as low as possible.
e Support points as far apart as possible from one another.
e Possible holes for guiding the insertion and/or strapping elements.

Furthermore, the base object should not exhibit a larger number of composition
points than what may be simultaneously assembled. The motions required
should, 1deally, be vertical or horizontal and no flipping or turning the base
object should occur during assembly (Andreasen ef a/, 1983). Turning the



assembly requires extra equipment. Furthermore, the fixture becomes more
complicated since 1t has to be adjusted to new surfaces for location. There 1s
also a risk that already assembled parts can lose orientation 1if the assembly 1s
turned (Norlin, 1970).

Evaluation support:

Design base object for easy fixturing.

The base object 1s designed 1n a way that no further fixture, 9 points
besides for the base object itself, 1s needed for the rest of the
assembly. The base object does not need repositioning during
assembly. One assembly direction.

Assembling the module requires multiple fixtures that each 3 points
has only one fixed position. The base object has to be
reoriented or transferred between fixtures during assembly.

Assembling the module requires one or multiple fixtures that 1 pomt
have several movable positions. The base object must be
transferred between and/or repositioned 1n the fixtures during
assembly.

A.1.5 Assembly directions

The product should be structured to ensure that all assembly operations occur
from one direction, preferably from above (also called hamburger assembly,
pyramud assembly or sandwich assembly). This assembly direction 1s
preferable since 1t 1s easier to assemble parts from this direction and 1t 1s also
possible to use gravity when mnserting and fastening (Engerstam, 1973; Norlin,
1970; Pettersson, 1977).

Evaluation support:

Assembly directions, totally in the whole product/module

One assembly direction into a fixed base object. 9 points
Two assembly directions imnto a fixed base object 3 points

(alternatively one assembly direction in a movable base object
with two different fixed positions).

Three or more assembly directions into a fixed base object 1 pomnt
(alternatively assembly 1n a movable base object with several
different fixed positions).




A.1.6 Parallel operations

If components can be assembled 1n parallel, the total lead-time 1n the assembly
shop can be reduced drastically compared to ordinary sequential assembly. A
change 1 any component will result 1n a significantly limited change 1n the
assembly system 1f 1t 1s being assembled in parallel (Erixon ef al, 1994).

A parallel assembly process and a standardised set of parts may ensure that all
the variants of the product can be produced i the final assembly. This can
result in simplified logistics, less work 1n progress, less storage, less buffers
and so on (Andreasen and Ahm 1986; Erixon et al, 1994).

A sub-module or component should not be designed as an emergency solution
for an assembly problem. There should be a straight assembly sequence that
does not require sub-assemblies, but gives the possibility to assemble mn
parallel, which 1n turn can shorten the lead-time.

Evaluation support:

Parallel operations ac

ording to the following example:

The assembly sequence to the left has 5 parallel operations;

10
the sequence to the right hasl—_) parallel operations.

> 50 % parallel operations 9 points
0 % < parallel operations < 50 % 3 points
No parallel operations. 1 point

See Fig 53 for a graphical representation of the evaluation criterion.
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Fig 53: Graphical representation of evaluation criterion for "parallel operations".

A.1.7 Chain of tolerances

When assigning tolerances to a part there 1s a need for taking into
consideration, for example, orientation and insertion of the part. Automatic
assembly systems have fixed measures for grippers, fixtures etc., which means
that all tolerances must be accordingly adjusted. If any measure 1s outside
these tolerances the assembly system will probably stop (Norlin, 1970). Avoid
chains of tolerances; see Fig 54, since it means that a sum of multiple
tolerances, which leads to a large risk for having assembly difficulties
(Engerstam, 1973; Larsson, 1986).
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Fig 54: Avoid chains of tolerances.

Evaluation support:

Chains of tolerances should be minimised to have a more
reliable assembly process.

No chains of tolerances significant for the assembly process. 9 points
Only the tolerance of each individual part 1s significant.

There are chains of two tolerances significant for the 3 points
assembly process in the module.

There are chains of three or more tolerances significant for 1 pomnt

the assembly process in the module.

A.1.8 Disassembly

Few parts and simple fastening methods result in easier, and thereby cheaper,
disassembly (Wittenberg, 1992). Snap fits can be disadvantageous for
disassembly if they are not designed to simplify disassembly, service and
maintenance. Standardisation of fastening elements 1s important since e.g.
fewer types of screws requires fewer types of tools, which simplifies

disassembly and service.




Liquids that are hazardous for health or pollution should be avoided
(Wittenberg, 1992). Any hazardous substances in a product lead to difficulties
i disassembly and re-use of the product.

Valuable parts must be designed to be easily removed (Wittenberg, 1992).
These parts can then easily be recycled or re-used 1n another product.

A large range of matenials in a product might cause problems. Use preferably
only a few different types of material, which simplifies sorting (e.g.
standardisation of plastics) (Wittenberg, 1992).

If a product 1s easy to disassemble, 1t will also be easy to adjust (Engerstam,
1973). A product that 1s easy to disassemble will also be prepared for service.
Consider, 1n this tool, disassembly as “reversed assembly” for each part and
operation according to the same criterion as for normal assembly. This
approach entails that for disassembly this tool can be used for all questions at
object level and for "fastening method”, ”joining™ and "fit in”” under part level.

Luttropp (1997) divides products into five families:

1 Hamburger design, e.g. mobile phone or toy car. The product has at least
two halves that can be separated and then sorted. The joining between the
different halves 1s critical.

Shell design, e.g. flashlight, ammunition or electrical toothbrush. The

product has a closed shell structure that has to be destroyed before parts can

be sorted. Hamburger designs that are glued or welded together are
included 1n this group.

3 Rod design, e.g. screws, pliers or screwdrivers. The product 1s mostly made
of one or several pieces of the same homogenous material and can be sorted
immediately.

4 Twin design, e.g. water tap, jewellery, or car wheel. The product has more
than one important sorting object on the first sorting level and the loadcase
for this first level should be designed with great care. The product 1s first
separated and then sorted.

5 Dressed design, e.g. toaster, computer or car. The product has a carrier on
which nearly all parts are mounted and has to be separated before sorting.
There 1s often a lot of empty space inside the product and when designers
try to make the product smaller 1t can often be transformed into a
hamburger design.

o
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No evaluation criterions for disassembly were found directly applicable or
mdustrially verified.

A.1.9 Packaging

The product should 1deally be packed for transportation to customer in a way
that requires a minimum of material and space. If there 1s a base object, the
fixture used during assembly can probably provide suggestions for how to pack
the product 1n a reliable way.

If the customer 1s going to use the product as a component 1n his assembly (e.g.
products delivered by sub-contractors) process i1t might be of importance to
make sure that the product does not lose orientation during transport. One must
ensure that there are surfaces both for packing and un-packing.

No evaluation criterions for packing were found directly applicable or
mdustrially verified.

A.2 Section 2, part level

Section 2 of DFA?2 deals with questions and design rules for each part in the
product. The questions are as detailed in Fig 55.
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Fig 55: Overview of the structure in section 2 of DFA2.

All the questions are general for any part. The main goal 1s to design a product
that 1s as simple (non-complex) as possible, but still fulfils the intended
functional requirements. This may enable the implementation of the simplest
possible assembly process.

NOTE! Time estimations are based on the use of an 1deal manual assembly

time of three seconds per part (Boothroyd and Dewhurst, 1987). All estimated
times 1n DFA2 are added to these three seconds.
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A.2.1 Need to assemble part?

The basic principle 1s to avoid assembly 1f possible (Eversheim et al, 1982).
The aim 1s to try to integrate parts and thus minimise the number of parts in the
product.

According to the Boothroyd & Dewhurst (B&D) method there are three
questions for validating the existence of each part 1 a product (Boothroyd,
1992):

1 Does the part move, relative to other already assembled parts during normal

use of the finished product?

Does the part have to be of other material than already assembled parts, or
1solated from them?

3 Does the part has to be separate from already assembled parts because
assembly or disassembly otherwise 1s impossible?

S

If any of these questions are answered with a "yes”, there 1s an indication that
the part needs assembling. If all three questions are answered with “no” the
part has no reason to exist and should be integrated with others or eliminated
(Boothroyd, 1992). The first part in an assembly should be a base object and
must by definition exist. Thereby, the base object 1s the target of comparison
for part number two regarding question number one and two.

Reasons for parts to be separate might include simplified service and
maintenance. There might also be restrictions in the assembly process that does
not allow integration of parts (Holbrook ef al, 1989). It 1s a good advice to
consider benefits and disadvantages in eliminating assembly or increasing
variants of parts.

Lin and Hsu, (1995) suggests another approach for part-count reduction as
shown 1n Fig 56. The difference to the approach suggested by Boothroyd
(1992) 1s that Lin and Hsu also include the functionality of the part. This
means that each part has to support a function in the product to avoid being
eliminated or integrated.
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other parts?
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Does it use the same
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parts?

Consider to

combine it with
assembled parts

y

End .

Yes

No

Part secured

It can not be
eliminated

Part secured

No

It can not be
eliminated. Please
consider to add
features to itself and/or
assembled parts

It can be
eliminated by
transferring its
feature to others

Fig 56: Graphical representation of design rules for eliminating parts (Lin and Hsu.

1995).
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Evaluation support:

Need to assemble parts? The questions described above
have to be answered for evaluation. A part that does not
perform a relative motion has to be of another material or
must be separated in order for assembly/disassembly reasons
to be eliminated or integrated.

The part has reasons for being separate (at least one “yes” to 9 points
the three questions)
The part should be eliminated/integrated (all three questions 1 pomt

answered with "no”) but the part 1s still a separate part in the
product.

A.2.2 Level of defects

Bought standard parts must be reliable enough to eliminate unscheduled stops
i an automatic assembly system because of problems in feeders, gripping- or
fitting operations. The level of acceptance should be decided by an evaluation
of the price of parts with higher quality and costs due to unscheduled stops n
the assembly system, (Pettersson, 1977). Parts and components that are
produced within the company must also have the same low level of defects.

Acceptable level of defects regarding, e g. the quality of screws, ought to be at
a rate below 0,1 % (less than one defect per 1000 parts) for being suitable for
automatic assembly (Langmoen, Ramsli, 1983).

Evaluation support:

Level of defects of parts that are to be assembled. Geometric
defects that might cause unscheduled stops in an automatic
assembly system should be avoided, or parts with functional
defects.

P<0,1% 9 points
0,1%<P<15% 3 points
P>15% 1 point

See Fig 57 for a graphical representation of the evaluation criterion.
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Fig 57: Graphical representation of the evaluation criterion "level of defects".

A.2.3 Orientation

The need for orientation should be munimised (Eversheim et al, 1982). When
orientation 1s needed, the parts should be designed for as easy an orientation as
possible to ensure high reliability in e.g. feeders. There are several ways of
designing for ease of orientation, e.g. using the shape or the centre of gravity of
the part (Pontén ef al, 1986).

One way of eliminating the need for orientation 1s to have parts delivered
oriented. The supplier has the part exactly orientated during the manufacturing
process and it 1s both expensive and time consuming to re-orient a part. If the
supplier instead of throwing the part i bulk, places the part in a fixture, a
magazine or something simular the orientation can be maintained into the
assembly process. For example, the electronics industry used the technique of
having parts on tape, 1.e. oriented in small boxes in a plastic film with a lid.

Evaluation support:

Orientation. If a part could be delivered oriented, cost and
uncertainty in the process would be eliminated.

No need for re-orientation of the part 9 points
Part 1s partly orientated, but needs final orientation 3 points
Part orientation needs to be re-created. 1 points

A.2.4 Non-fragile parts

The feeding of parts 1s often regarded as a problem area. Some say that when
the feeders are working, then the whole assembly system 1s working. Many of
these problems are due to the fact that very few parts are designed for
automatic feeding. There are many benefits to be gamned in designing for easy
feeding, 1dentification and for placing in magazines (Ahlbom ef al, 1982;
Amstrom ef al, 1984; Grondahl ef al, 1983; Pontén ef al, 1986; Boothroyd et
al, 1979).
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Feeding should be as simple as possible. The most preferable approach 1s to
mclude the part fabrication process in the assembly system (e.g. producing
springs only when they are needed for assembly) in order to maintain the
orientation of the part (Rooks, 1987).

Ideally, one should design the product with as few fasteners as possible, and let
variants of the same part have uniform contact surfaces that are used in the
assembly process. This can reduce the need for several feeding and assembly
units (Larsson, 1986).

Vibratory feeders are widely used as feeding solution, but they require non-
fragile parts with centre of gravity and shapes that can be used for such
feeding. Too small tolerances can cause the feeders to stop and thereby the rest
of the system (Norlin, 1970). Surface tolerances for parts, which an assembly
system does not have to consider, should be avoided when possible (Andreasen
et al, 1983). High friction for a part can be a drawback since e g. gliding driven
by gravity will be difficult (Engerstam, 1973).

Evaluation support:

Feeding often requires non-fragile parts

Part 1s not fragile 9 points
Part can be scratched, which 1s not acceptable. 3 points
Parts can not fall without deforming 1 point
A.2.5 Hooking

Parts should be provided with properties that makes 1t impossible for the parts
to nest, tangle or hook into similar parts when storing them 1n bulk (Boothroyd,
1992; Eversheim et al, 1982), see Fig 58. One way of accomplishing this 1s to
avoid projecting shapes and parts with holes, or making the holes very small
(Engerstam, 1973; Mohan, 1987).

Fig 58: Simple changes may eliminate the risk of parts hooking into each other (Norlin.
1970).
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The materials in the part can also have negative effects and 1t 1s, for example, a
good 1dea to avoid materials with residual magnetism, sticky materials and so
on (Engerstam, 1973).

One effective way to avoid this 1s to copy the electronics industry, where parts
are often fed 1n tape or ribbons, see Fig 59. This facilitates feeding enormously
(Andreasen et al, 1983).

Fig 59: Parts delivered on tape will simplify feeding and orientation.

Evaluation support:

State during feeding, hooking: There should be no risk of Man.
parts hooking into each other for example in a bulk ref.
vibration feeder. time
Parts cannot hook to each other and tangle up. 9pomts| O0s
Parts can hook to each other and tangle up. 1pomt | 0.7s

A.2.6 Centre of gravity

The following aspects should be considered regarding the centre of gravity mn a

part:

e The centre of gravity should give the part a very stable state of rest
(Engerstam, 1973)

e The centre of gravity should be very eccentrically or in another special
position (Engerstam, 1973).
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Fig 60: Examples of how centre of gravity can be used for feeding.

Using centre of gravity in feeders 1s one of the most common ways of
separating parts from each other. This 1s the reason why the assembly process
can be significantly simplified if the centre of gravity 1s placed 1n a way simular
to that 1llustrated in Fig 60.

Evaluation support:

Centre of gravity for the part should be positioned for use in
feeding. Drop the part repeatedly on a table to determune 1ts
state of rest. Sumple orientation often means reliable and cost
effective feeding.

Part has a stable state of rest and orients itself with correct 9 points
side upwards.

Part has a stable state of rest, but orients itself with wrong 3 points
side upwards.

Part has an unstable state of rest and orients itself with 1 pomnt
different sides upwards.

A.2.7 Shape

To facilitate orientation the following aspects regarding part shape should be
considered:

o Shapes that can be used as means for orientation should be placed in the
outer contours and preferably well visible (Engerstam, 1973; Eversheim et
al, 1982).

e Include obstacles for rotation in the contour (Engerstam, 1973).

e Surfaces on the part, e.g. a metal sheet with a bent edge on one side to
ensure that the part can be hung (Andreasen et al, 1983).

e In cases when parts are going to be 1dentified with a vision system, there 1s
sometimes a need to have surfaces with clear contrasts (Hallgren ef al,
1992; Pontén et al, 1986).
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e Symmetrical parts (Andreasen 1988; Pettersson, 1977; Pontén et al, 1986),
or very asymmetrical (Pontén ef al, 1986). If a part cannot be symmetrical
(which 1s preferred) 1t 1s sometimes better to make 1t more asymmetrical
(Andreasen ef al, 1983; Boothroyd, 1992; Engerstam, 1973; Holbrook et al,
1989; Mohan, 1987; Norlin, 1970; Pontén ef al, 1986).

The part should have as few vital orientations as possible to simplify
orientation. Fig 61 shows an example of how a hole influences the number of
vital orientations of a part. To the left, the part has to be oriented not only with
one of the sides, but also with one of the edges to find the hole. The next part
has the hole 1n the centre of one side and the probability for orientating the part
correctly 1s 1/6. The two parts to the right are very easy to orient, and the
probability for orientating the part correctly 1s one (Norlin, 1970).

DD

Fig 61: Example of parts with different number of vital orientations (Norlin, 1970).

Smaller asymmetries 1n a part should not be bigger than 0.1 D (Diameter) or
0,1 L (Length) to simplify orientation in a feeder.

Symmetries can be divided into two classes, o-symmetry and B-symmetry
(Boothroyd and Dewhurst, 1987), see Fig 62. The o-symmetry refers to how
many degrees the part has to be rotated around one of its ends to regain the
same geometrical properties it had in the first position. The B-symmetry refers
to how many degrees the part has to be rotated around 1its axis of msertion to
regain the same geometrical properties 1t had 1n 1ts first position.
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Fig 62: Alfa and beta symmetnies for different parts.
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Evaluation support:

Shape of a part 1s the sum of .- and 3- Man. ref.
symmetry. Symmetrical parts decrease the time
need for unique orientation.

o+ P <360 9 points 0s
360 <o+ <540 3 points 06s
540<a+ P <720 1 point 09s

See Fig 63 for a graphical representation of the evaluation criterion.
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Fig 63: Graphical representation of the evaluation criterion "shape".
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A28 Weight

Mininmuse the weight of the product, since 1t allows simpler and less expensive
assembly equipment (Sackett ef al, 1988). Since the relation between high
precision, fast movements, weight of the part and the price of the assembly
equipment are very coupled, 1t can be wise to avoid heavy parts 1f possible.
Heavy parts mean larger and stiffer equipment and can also mean risk for
mmpact stress, (Engerstam, 1973). Low weight of parts can also mean lower
handling- and fitting times, (Holbrook et al, 1989). However, with too low a
weight there might be problems with adhesion forces.

Evaluation support:

Weight, of the part. This affects the choice of Man.
equipment. ref. time
0,1g=<G<2kg 9 points 0s
001g<G<0lgor2kg<G=<6kg 3 points 15s
G<00lgorG>6ke 1 point 3s

See Fig 64 for a graphical representation of the evaluation criterion.

I
[
0 001g 01g 2 kg 6 kg

»Weight

Fig 64: Graphical representation of the evaluation criterion "weight".

A.2.9 Length

The length of a part affects the design of e.g. feeders, grippers, fixtures etc. An
assembly cell must also be adjusted to the size of parts going that are to be
assembled, whereas long parts might require extra or special equipment.

Evaluation support:

Length. The length of a part 1s the longest side of an Man.
enclosing prism. This affects the choice of equipment. ref. time
Smm<L<50mm 9 points 0s
2mm <L <5mmor 50 mm<L <200 mm 3 points 0,7s

L <2mmorL >200 mm 1 point 125
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See Fig 65 for a graphical representation of the evaluation criterion.
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0 2mm 5mm 50 mm 200 mm
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Fig 65: Graphical representation of the evaluation criterion "length".

A.2.10 Gripping

As a general rule, all parts must be easy to grip in automatic assembly since a
gripper 1s less flexible and usually requires more space than the human hand
(Hallgren et al, 1992; Norlin, 1970). If a part can be assembled with thumb and
mdex finger it can be easy to grip with a mechanical gripper. To resemble the
conditions for a robot trying to grip a part, imagine a human assembling with
one arm behind the back, blindfolded and the free arm for gripping the part 1s
equipped with a boxing glove.

Grippers are usually relatively expensive since they are often specially made
for picking one specific part. If many parts can be gripped with the same
gripper 1t will be economically beneficial. Special surfaces for gripping parts
are not always needed, but sometimes necessary in order to avoid multiple
grippers (Eversheim ef al, 1982). The surface for gripping should be possible
to use as final positioning of the part when 1t 1s gripped. Use different surfaces
for gripping and positioning parts in feeders (Hallgren ef al, 1992).

The outer and inner contours of parts should, 1deally, be gripper friendly with
defined gripping surfaces. The ability to grip a part increases 1f the part 1s
symmetrical. Small parts are more difficult to grip than larger parts (Larsson,
1986). Compact, non-slippery and parts with constant shape are easy to grip
(Boothroyd, 1992; Holbrook ef al, 1989; Norlin, 1970).

Round parts should 1deally be designed with the centre line to be gripped
coaxial to the gripper or the centre line of the robot (Andreasen and Ahm
1986). The centre of gravity for the part should be as close to the gripping
position as possible (Larsson, 1986). Use surfaces for gripping that ensure that
the part always 1s positioned the same way (Hallgren ef al, 1992).
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Screws with a long cylindrical body (length > 1,5 diameter) or long cylindrical
head are easier to align compared to screws with a short body or head, since 1t
facilitates the fitting process (Pettersson, 1977).

Equally large parts to be assembled should 1deally be designed in one
sequence, 1n order to lower the number of gripper changes, which saves time
and money (Pontén ef al, 1986). Changing a gripper does not add any value to
the product.

Evaluation support:

Gripping 1s simplified if there are defined surfaces with Man.
determined geometry for use. Soft parts, e.g. plastics and ref.
rubber, are difficult to grip with a mechanical gripper time

since the parts can deform from the forces in the gripper.

Part has surfaces for gripping and can be gripped with the |9 pomnts|] 0s
same gripper as the previous part.

Part has surfaces for gripping, but requires a new, unique |3 pomts|j O0s
gripper that could not be used for the previous part. Part
has surfaces for gripping and can use the same gripper as
used earlier, but not for the previous part.

Part has no surfaces for eripping or is flexible. 1 point 1s

A.2.11 Assembly motions

All parts should be possible to assemble with one hand (Larsson, 1986).
Manual assembly with one hand resembles automatic assembly.

One should strive for simple assembly motions when choosing fastening
method (Engerstam, 1973; Legrain Forsberg, 1988; Pettersson, 1977). In Fig
66 different assembly motions are compared regarding their relative assembly
speed. Fastening elements, or parts that are assembled using a combination of
these motions, should be avoided. Pushing a part in place 1s preferable.

Fastest assembly Slowest
motion assembly motion
" Pushing Pulling Sliding Rotating
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Evaluation support:

Assembly motions (during insertion) will be faster, the Man.

simpler they are. ref.
time

Assembly motion consists of a pressing motion with one |9 pomnts] 05

part being assembled to already assembled parts.

Assembly motion consists of further motions than 3pomts] 05s

pressing motion with one part.

Assembly motion 1s an operation with multiple movable | 1pomt | 08s

parts that simultaneously are assembled to already

assembled parts with other motions than pressing motion.

A.2.12 Reachability

There must be space for grippers and assembly tools around the part to reach
for msertion and any special operations (Larsson, 1986; Pontén et al, 1986).

Degrees of freedom 1n movements and assembly area should also be

considered (Andreasen and Ahm 1986). Obstacles for msertion are to be
avoided since they only cause complex movements or tools, which take time

and can be difficult to programme.

Obstacles for special equipment, such as screwdrivers, must be avoided. It 1s
also preferable that multiple screwdrivers can work 1n parallel to shorten the

assembly time (Romnas, 1972). Furthermore, 1t 1s vital to ensure that the space

for further assembly 1s not limited (Boothroyd, 1992) see Fig 67.

Ny
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<o O
a?"” §ﬁ9,

Fig 67: Simplify reachability for following operations.
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Evaluation support:

Reachability for assembly operation should not be Man.
limited. All parts should be inserted in the same direction. ref.
fime

No restrictions or problems for reaching when fitting the | 9pomts| 0s
part.

Reachability 1s limited. Other assembly direction than 3pomts | 455
previous part.

Reachability 1s limited and requures special tools or lpomt | 7s
grippers to perform the assembly operation. Other
assembly direction than previous part.

A.2.13 Insertion

No parts, fixtures or anything else must act as an obstacle to the insertion of a
part during the assembly process. The consequences of an obstacle are that the
assembly system will be forced to perform more complex movements, which
prolongs the assembly time and the programming time. The sandwich
assembly principle (all parts are assembled on top of the previous) 1s desirable
if there 1s a base object to start assembling from. Simple assembly motions and
no obstacles while mnserting parts can reduce assembly time.

The insertion of several parts at the same time should be avoided. If several
parts have to be inserted simultaneously, they should have guiding surfaces to
facilitate the assembly process (Andreasen ef al, 1983; Boothroyd, 1992;
Pontén et al, 1986). Parts that are symmetrical around their insertion axes are
preferable, since this eliminates the need of a unique orientation for insertion
(Boothroyd, 1992).

A peg-n-hole 1nsertion operation 1s no problem for a human assembly worker,
since we can use our senses. An automatic assembly unit has to be
programmed to have these abilities, which takes time. The easiest way 1s to
simplify the product to have a less complex insertion process. This can be done
by the use of chamfers for parts that are to be inserted (Andreasen and Ahm
1986; Holbrook et al, 1989; Norlin, 1970), or by using guiding surfaces
(Andreasen ef al, 1983; Boothroyd, 1992), see Fig 68. It 1s sometimes wise to
leave a small gap to compensate for tolerances that are not ideally derived
(Holbrook et al, 1989; Pontén et al, 1986). Friction should be minimised
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between assembled parts, since high friction might require more sophisticated
and expensive assembly equipment (Boothroyd, 1992; Larsson, 1986).

The following design aspects for screws can increase the availability for an
automatic assembly system:

e Chamfered holes can prevent the first threads from being smashed.

e Holes with cylindrical openings are easier to fit into 1f the cylindrical
section of the screw 1s fitted before the threads start working
(Pettersson, 1977).

e Avoid assembling short screws in tight holes (Pettersson, 1977).

The design of a screw 1s especially important if the screw 1s short. A longer
screw 1s sumpler to align by the assembly equipment (Amnstrom ef al, 1982).
Screws with conical (half-dog point) or rounded ends, as well as pins (full-dog
point), are easter to fit into (Norlin, 1970). A conical or chamfered end on a
screw makes 1t easier to fit in and reduces the risk for damaging the threads
(Pettersson, 1977). A pin reduces the risk for fitting the screw oblique, but can
cause problems at the bottom of holes (Arnstrom ef al, 1982). A Philips driver
can help align a screw (Pettersson, 1977).

\\\\
NN

N\

Fig 68: Chamfers may simplify insertion.

Evaluation support:

Insertion 1s simplified if there are chamfers or other Man.
guiding surfaces, e.g. an edge that can be used as a ref.
mechanical guide for the fitting operation, in the part. time
Chamfers exist to simplify the insertion operation. 9 points 0s

No chamfers, but other guiding surfaces simplifiesthe |3 pomts | 02s
msertion operation.

No chamfers or other guiding surfaces. 1 point 0.5s
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A.2.14 Tolerances

High tolerances for parts should, where possible, be avoided since they entail
higher manufacturing costs (Andreasen and Ahm 1986). For e.g. a fitting
operation, the tolerance decides what equipment 1s needed.

Evaluation support:

Tolerances for insertion operations, for example the

distance between a peg and a hole during insertion or Man.
whenever there 1s manipulation of parts relative to each ref.
other. Too small tolerances increases the risk of failure time
during insertion and the system could stop.

Tolerance > 0,5 mm 9pomts| Os
0,1 mm < Tolerance < 0,5 mm 3pomts | 0,2s
Tolerance < 0,1 mm lpomt | 045

See Fig 69 for a graphical representation of the evaluation criterion.

OO ®

I I >
I | I g

a 0.1 mm 0.5 mm Tolerance

Fig 69: Graphical representation of the evaluation criterion "tolerance™.

A.2.15 Holding assembled parts

When the part 1s assembled 1n 1ts place 1t should maintain its position without
any external assistance (Boothroyd, 1992; Engerstam. 1973; Larsson, 1986),
see Fig 70. This 1s especially important since extra equipment for holding parts
requires space, mcreases costs and reduces the reliability of the system. The
need for holding down parts may be minimised by using e.g_ snap fits, secure
placing of the centre of gravity, support, etc.

Using temporary support or holders in assembly can be very expensive.

Therefore, design parts to be stable during assembly and can stand up without
support (Holbrook ef al, 1989). Parts should only have one stable state of rest
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(Evershemm ef al, 1982). If parts are not stable, the following operations will be
less reliable.

R
|

D e

Fig 70: Parts should be able to keep orientation and position after being assembled.

\

Evaluation support:

Holding assembled parts 1s necessary if parts cannot

keep orientation and position after assembly. Parts that Man.
are secured immediately, 1.e. does not lose orientation or ref.
position if the assembly 1s turned up side down, ensures time
a more reliable assembly process.

Part 1s secured immediately at insertion. 9 points 0.s
Part keeps orientation and position, but 1s not secured. 3 points 0s
Part must be held after insertion to keep orientation and | 1 pomt 4s
position.

A.2.16 Fastening method

The numbers of fastening elements in a product usually determune the
assembly time and should thereby be minimised. Number of fasteners can be
minimused by integration of fastening elements 1n other parts (e.g. snap fits). It
can also be accomplished by means of standardisation of fasteners. A product
could contain fewer types of screw dimensions, screw types or different types
of fasteners (Andreasen and Ahm 1986; Boothroyd, 1992; Engerstam, 1973;
Holbrook et al, 1989; Larsson, 1986; Legrain Forsberg, 1988; Norlin, 1970;
Pettersson, 1977; Pontén ef al, 1986).

Assembling fasteners should entail few and simple motions to facilitate
automatic assembly (Pettersson, 1977). If an extra fastener 1s needed, 1ts
assembly direction and assembly process should be 1dentical to other fasteners
(Andreasen and Ahm 1986). Snap fits can be designed for disassembly and
service see Fig 71.
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X

Fig 71: Examples of designing snap fits. The examples in the muddle and to the right are
suitable for disassembly and service.

The most preferable solution should be evaluated from the cost for developing
a special tool, manufacturing integrated parts or eliminating parts (Ulrich ef al,
1993).

Evaluation support:

Fastening method. How 1s the analysed part itself Man.

fastened? ref.
time

No fastening method at all (the part 1s placed on or in an | 9 points 0s

already assembled part), or only snap fits.

Screwing- or pressing operations. 3 points 3s

Adhesive fastening methods, welding, soldering, 1 pomt 8s

riveting

A.2.17 Joining

Snap fits should be used where possible (Holbrook et al/, 1989). The use of
snap fits eliminates feeding of fastening elements and renders the joining of
parts simple and fast. The benefits of using snap fits must be compared to
potential problems in disassembly and orientating the part.

A part should be designed for easy and quick fitting, joining and securing
(Larsson, 1986). This would simplify automation of the assembly process since
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many operations are simplified, the need for holding assembled parts 1s
reduced and no separate tools such as screwdrivers are needed.

All jomning, e.g. screwing, should be from the same direction, preferably from
above. Gravity helps 1n the fitting and joining process of e.g. screws
(Pettersson, 1977).

Evaluation support:

Joining: Extra equipment or tools (e.g. press tools or Man.
screwdrivers) should not be needed to fit the part into ref.
place. time
No extra equipment 1s needed. 9 points 0s
Extra equipment or tools are needed to fit the part in 3 points 2s
place and the extra operation 1s performed in assembly

direction.

Extra equipment or tools are needed to fit the part in 1 pont 3s
place and the extra operation 1s not performed in

assembly direction.

A.2.18 Check/adjust

The product should be designed to have surfaces and points of reference from
which the assembly starts (Norlin, 1970). Points of reference should be used
throughout the whole production and also be points for positioning during
fabrication.

Existing holes, edges, surfaces or shapes can be chosen for reference points
(Pontén ef al, 1986). Avoid placing reference points in parts that are likely to
be changed. If there 1s a huge risk for redesign, in which the reference points
will be moved, the whole process might be affected. Points of reference should
be placed as far apart as possible (Larsson, 1986). Since points of reference are
used for defining coordinate systems when programmung the system they
should be as far apart as possible to reduce sensitivity.

Points of reference and support for parts should, if possible, be in the same line
(Larsson, 1986). Points of reference should be accessible as control points
after assembly (Larsson, 1986). This can ensure easier and more reliable error
detection and possibility to adjust.
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A rule of thumb 1s to avoid any design that requires adjustments during
assembly (Boothroyd, 1992). Adjustment operations are difficult and
expensive to automate. In cases where adjustment cannot be avoided, design
the product to have the adjustments performed as a separate operation after the
automatic assembly. Parts should be designed to ensure clear controls with as
simple sensors as possible (Pontén et al, 1986).

Designing parts that eliminate the risk of assembling the wrong way 1s called
“poka yoke™ 1n Japanese (Holbrook et al, 1989; Larsson, 1986). It should be
mmpossible to assemble the product in a wrong way. If parts still are assembled
the wrong way 1t should be very visible 1n a finished product and the product
should be refused for packaging. By designing products that are impossible to
assemble the wrong way the need for checking and adjustments will be
minimmised, 1f not eliminated.

Evaluation support:

Check/adjust 1s not needed if the product 1s designed

according to "poka yoke™, 1.e. 1t 15 impossible to assemble Man.
the part in more than one way. Every extra operation for ref.
checking or adjusting 1s extra work and a symptom of a time
design that 1s not quite satisfactory.

Unnecessary to check 1f part 1s i place. 9pomts|] Os
Necessary to check 1f part 1s n place or assembled 3pomts] 1s
correctly.

Necessary to adjust or re-orient part. lpomt| 2s
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Data sheet for product level
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A4

Part level

Data sheet for part level

Q
8

List of all parts

TOTAL
SUM

%

Total sum

Assembly index. A, is calculated through:

162"

Maximum points * number of parts
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Data sheet for cost analysis
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