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Abstract 
Assembly is currently a very important element in the production process. 
We can also define it as the last stage in the production process. It greatly af-
fects the quality of the product and especially the time needed to make the fi-
nal product. The presented article is a contribution to the improvement of 
methods in the field of technological design of the product in terms of assem-
bly, resp. in the field of methodologies known as DFA, which in its entirety 
means Design of Assembly. The general objective of improving the assembly 
process is in most cases reducing the cost of the product. With the gradual 
development of the technologies coming into practice, companies are focus-
ing mainly on improving the elements of assembled products of the assembly 
system. This state can be achieved, for example, by reducing the number of 
components, so the complexity and laboriousness of the assembly will be rad-
ically reduced. This in turn leads to a decrease in unit assembly costs. Proper 
assembly settings can help a company succeed in the competition and thus 
contribute to a stable position of the company in the market. The aim of the 
article is to find the other objective indicators of assembly quality evaluation. 
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1. Introduction 

Assembly plays a decisive role in global production in terms of its share in the 
total costs of the products assembled and in terms of the number of people 
working in the field. 

The author [1] indicates that the percentage of the workers in assembly out of 
the total number of the workers in manufacturing in the U.S.A. ranged from 
26.3% (bicycles) to 45.6% (automobiles), while the cost of the product assembly 
represented typically more than 50% of the total costs. 
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Despite the above-mentioned importance of assembly in the industry, the 
discontinuous production processes have not been paid adequate attention until 
recently. It was sufficient to manufacture parts and then an operative reasonably 
and inexpensively assembled each product manually. 

Total automation of the assembly is often not feasible for economic and also 
social reasons. There will always be individuals seeking to perform manual jobs 
and humanized and mechanized assembly will always provide job opportunities 
for them. 

2. A Part as an Object of Assembly 

This chapter will define the material properties of the components, and discuss 
the shape, theory of orientation of the parts as well the calculation of laborious-
ness of the parts.  

2.1. Material Properties of a Part  

The material of a part has a decisive impact on the complexity and laboriousness 
of assembly. Examples of the parts manufactured of various materials are listed 
in Figure 1. 
 

 
Figure 1. Part as an object of assembly. Classification of material properties of parts: 1— 
Solids; 2—Brittle, abrasive, and flexible materials; 3—Gaseous, liquid, gels, and loose ma-
terials [2].  
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In terms of assembly, the important are the features of the components related 
to the handling. The solid, fragile, or flexible components are handled in differ-
ent ways. 

The free-form components in liquid, pasty, granular or powdery states 
represent a special group. Their positive feature in terms of assembly is that their 
assembly handling is simple. The materials are just fed into the assembly cavity. 

After filling the cavity, the material solidifies, forming a solid component 
which fills any cavity, regardless of its size and tolerance. The example includes 
the mounting of semi-conductor elements in epoxy resins in electronics or seal-
ing the glass into the frames of headlights. A special feature of this procedure is 
that the component is “produced” during assembly, while eliminating the issue 
of orientation. This includes adhesives, which, after solidification, form a 
“bonding element” just like a solder and other binders. 

The adhesives also have remarkable features, such as locking (in screw bonds), 
insulation or conducting elements (bonding copper wires with carbon brushes 
for electric motors) [3]. 

Very progressive are multi-material parts made of different materials in dif-
ferent situations. The composite materials are also common in engineering. Va-
rying the structure and density of the filling material (e.g. carbon fiber) in epoxy 
resins, a light aircraft or a robotic arm can be manufactured with varying 
strength in different places [4] [5]. 

The revolution in electrical engineering and assembly in terms of miniaturisa-
tion was the discovery of the semiconductor effect and its subsequent use in the 
development of new electronic devices (diode, transistor, photodiode, a semi-
conductor laser) and circuits (integrated circuits, ICs). The semiconductor effect 
can be achieved by adding miniature amounts of the dotant (e.g. phosphorus) to 
the base material (e.g. silicon).  

The task of “how to invent an invention” is the subject of general methods of 
creativity, e.g. TRIZ method (from Russian: teoriya resheniya izobretatelskikh 
zadatch, equivalent of the English acronym TIPS “the theory of inventive prob-
lem solving”) [6] [7]. The invention may have originated by applying Value En-
gineering. No single method is enough if the investigator does not possess supe-
rior knowledge in the given field (e.g. the invention of laser and the “semicon-
ductor effect”). 

The invention of a new technology (e.g. printed circuit boards, multi-material 
component) may also have a major impact on the assembly.  

DFA methods can be applied only for the inventions “of the second order” 
(the principle remains, but a better arrangement is preferred), since they entered 
the scene, when competitors had already switched to more favourable inventions 
[8]. 

In terms of assembly, products can be divided into three basic groups: 
Group 1: Solid (incl. composite) products; 
Group 2: Products with flexible surface; 
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Group 3: Free-form products (Figure 1). 
A product made of flexible parts is for example a wiring harness in the pas-

senger cars. The flexibility of cables and undefined shape of the product nearly 
eliminates the automation of the assembly. The solution to this problem may be 
to find a new invention enabling the transfer of energy from the battery and sig-
nals from the panel in other than a wired manner. 

Other examples are the conductors that are difficult to be handled and 
oriented by a machine. There is a trend to replace them with solid components 
(PCB, WIRE WRAP technology, sandwich construction, etc.). 

The brittle and abrasive components cannot be garbled or vibration-oriented 
(e.g. light bulbs), as this impedes the possibility of easy and inexpensive automa-
tion. 

The scope of this article will allow us to focus only on the most commonly 
used components in engineering, which are made of metal or plastic materials 
with satisfactory toughness and low brittleness. 

The most frequently used in mechanical engineering are rigid parts (Figure 1, 
group 1), which do not require special treatment (orientation and handling) in 
the common assembly machines. An unfavourable feature is the specific shape of 
each component, which poses problems with grasping and orientation in partic-
ular [9]. 

2.2. Shape of a Part and Orientation 

Let us first define shape, orientation and symmetry. 
The shape is a unique spatial arrangement of neighbouring areas separating 

the material of the body from the environment. 
The areas can be defined mathematically (cylinder, cone, polynomial cam 

surface). Such surfaces smoothly interlock (having common curves) or intersect 
at the intersection’s areas. 

In exceptional cases, the shape is a single mathematical surface (sphere, ellip-
soid, i.e. mathematically defined shapes). There are also shapes mathematically 
undefined, with unknown boundaries of areas (for example, a bust of a human 
head). 

The technical surfaces and shapes defined mathematically will be discussed 
further. 

The orientation in the most complex cases is the sequential or simultaneous 
rotation of the body around the axes x, y, z, until the body in the system of the 
axes x, y, z is oriented from the random to the desired angular position. 

The shape of the body determines if all three rotations are to be performed or 
if the rotation around each of the axes must be a full revolution. 

The common definitions of symmetry [10] differ in detail, but they agree that 
planar shapes may be symmetrical with respect to the straight line, and spatial 
ones with respect to the plane, while the line and the plane represent the “mirror 
symmetry”. 
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The symmetry in geometry is a property of shape, where each point A of the 
body surface on one side of the symmetry plane has its associated point A* lying 
on the perpendicular line on the opposite side of the symmetry plane. This is at 
an equal distance from the plane of symmetry as point A (Figure 2(a)). The de-
finition also applies to space. In space, plane is the “mirror symmetry”. 

The prism is symmetrical with respect to the planes ρ1, ρ2, ρ3 (Figure 2(c)), 
the cylinder with respect to the volume of planes intersecting the axis of symme-
try o1 (Figure 2(d)), the ball has three such axes o1, o2, o3 (Figure 2). 

The symmetry with respect to the axis means that, for a given body, there is an 
infinitely large volume of symmetry planes passing through the axis of symme-
try. 

The symmetry with respect to the point means that there are infinitely many 
axes of symmetry passing through that point. 

According to various encyclopaedia and dictionaries, the word symmetry has 
different meanings in cosmology, biology, medicine, etc. If the body is symme-
trical with respect to the horizontal plane in any orientation, two positions are 
acceptable: the upper side or the lower side of the body is above the plane of 
symmetry.  

The symmetry reduces the number and size of standard movements. Apart 
from symmetry, important for assembly are the various relationships between 
the contour width, thickness and length of the body – slenderness ratios, affect-
ing the percentage of the components falling on a plane and placed on the sur-
face X, surface Y, and surface Z, etc. 

We are interested in the parts that, after falling, are placed on the surface 
where they will be assembled in a product (without necessity of being oriented). 
We are interested in increasing their number [9]. 

 

 
Figure 2. Part as an object of assembly. Symmetry—basic concepts: (a) Rectangle; (b) 
Circle; (c) Prism; (d) Cylinder; (e) Sphere. 
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2.3. Theory of Orientation 

Unfortunately, the parts from the production are usually supplied for assembly 
in a disordered and disoriented state. This is the reason why the research papers 
study the orientation of components mainly deal with automatic orientation [11] 
[12] [13]. 

The first theoretical contributions focused on explanation the shape classifiers 
and sample solutions of automatic orientation and reported a catalogue of suc-
cessful solutions [14] [15]. Only some of the papers have tried to arrange the 
parts according to the degree of symmetry. 

Along with the shape and size of components assembled, the orientation [16] 
is crucial for the performance and assembly costs. Professor Boothroyd was the 
first researcher to deal with the issue of the component’s orientation and the 
systemisation of the procedure [12]. 

Boothroyd [13] [17] concentrated only on the orientation of slender parts of a 
cylindrical shape. He found the prevalence of two types of symmetry, or asym-
metry, so called “α symmetry” and “β symmetry” (imbalance) (Figure 3). These 
values are considered as a criterion of assembly complexity. 

Alpha Symmetry—the symmetry plane perpendicular to the longitudinal axis 
of the part. 

Beta Symmetry—the symmetry with respect to rotation of the part around the 
longitudinal axis. 

Later, he quantified the “α and β symmetries” [12] with respect to the required 
rotation angles in degrees (Figure 4). 

The cylinder in Figure 3 is “α and β symmetric” and can be nested to the 
opening by its upper or lower side. When orientating a cylindrical part which 
has been nested from one side, it is already “α asymmetric” and can be inserted 
into the opening only by one side. Similarly other displayed components were 
assessed; however, the last oriented component could not be measured by the 
author. 

In his work, Boothroyd stated that it was only the beginning of this theory, as 
it does not apply to the components which are not axially symmetric, but are 
quite general in form. 

 

 
Figure 3. Boothroyd theory of orientation [1]. 
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Figure 4. Component as an object of assembly [1]. 

 
Before the assessment, Boothroyd pre-oriented the component so that its lon-

gitudinal axis was in the direction of axis “z” (Figure 3). The component was 
thus rotated by “gamma symmetry”; however, its value was not assessed. 

Valentovič focused on the above-mentioned theory by resolving the orienta-
tion of components that are not axially symmetric, i.e. he solved the orientation 
theory of components of any shape.  

Valentovič [18] [19] found that, regarding the three-dimensionality of space, 
three symmetries should be distinguished for each shape (whether it is slender or 
not). Each of them can be measured by the number of revolutions (or fractions 
of a revolution). 

He developed a theory applicable on all possible shapes of parts. Let us illu-
strate it first on the “flat” components (Figure 5(a)). As can be seen, e.g. a circle 
does not have to be oriented into a circular hole; it can simply be put into the 
hole [9]. 

If it is necessary to insert a square into a square hole, in the worst case a quar-
ter revolution can be taken; if it is necessary to insert a hexagon into a regular 
hexagonal hole, in the worst case, a sixth of a revolution can be taken. If the 
shape is quite general, the full revolution is needed in the worst case. 

The author of the theory developed the principle for all three views and con-
cluded that to assess the complexity and laboriousness of orientation, it was ne-
cessary to carry out the operation three times: in a draft view, side view and plan 
view of the part (Figure 5(b)). The orientation of a sphere in all three views does 
not need any revolutions, which means that laboriousness is equal to zero. 
However, when orienting a cylinder (Figure 5(b)), 1/2 a revolution in the draft 
view is needed, 1/2 a revolution in the side view and 0 revolutions in the plan 
view. When orienting a cylinder embedded from one side, 1 full revolution in 
the draft view is needed, 1 full revolution in the side view and 0 revolutions in  
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Figure 5. Laboriousness of orientation and assembly: (a) Orientation in plane measured 
in revolutions; (b) Orientation in space measured in revolutions (Po); (c) and (d) Labo-
riousness of orientation (Po) and trajectory laboriousness (Ps). 
 
the plan view. The figure similarly explains the orientation of other shapes, even 
the most complex ones. To orientate the latter components, 1 revolution was 
needed in draft view, 1 revolution inside view and 1 revolution in plan view. 

The above-mentioned theories of orientation consider both big and small 
parts, and yet the size makes the difference. 

It is therefore recommended that the given laboriousness is not calculated on-
ly by using rotations (Po), but also considering the rotary trajectories to be car-
ried out (Ps). When turning a large part, trajectories are greater than when turn-
ing a small component. 
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The above-mentioned indicates that the laboriousness of orientation (Po) is 
the sum of the orientation trajectories of the draft view, side view and plan view 
as shown in Figure 5(c). This means that according to Valentovič, laboriousness 
of rotating a rectangle is 1/2 a turn. The author recommends that the laborious-
ness means a semi-circle (Figure 5(d)), i.e. it is a path described by a semi-circle. 
The same applies for other shapes. In this way, the sum of the pathways deter-
mines the laboriousness of the given component orientations. 

Figure 5(d) shows how to consider both the orientation and handling dimen-
sions of a component when investigating laboriousness (trajectory laboriousness 
of orientation—Ps). 

2.4. Calculation of Laboriousness of Assembly 

Because during a deep study of the literature it was not possible to find more re-
levant information, this encouraged the authors to process this issue not only in 
terms of theory, but also in terms of practice, which will be described below. 

Figure 6 illustrates a practical example of the above-mentioned theory: the 
prism is fastened in a clamp, there is a screw to be screwed into the top of the 
prism, and a pin to be inserted at the side.  

To calculate the laboriousness of the whole orientation, examined will be the 
laboriousness of all orientation movements (all movements in terms of orienta-
tion) performed within the process of assembly. 

First, the prism is to be oriented (Figure 6, position 1) by 1/4 of a revolution 
before being inserted into the clamp. Closely above the opening, the screw must 
be oriented (Figure 6, position 2); orientation can be calculated as described 
above (2 1/6 revolution). The future product must be then turned by 90 degrees, 
in order to insert the pin from the top, and then the orientation necessary for the 
pin 1 revolution, (Figure 6, position 3) can be calculated again. 

From the process of calculating the orientation, it is easy to derive: 
Trajectory laboriousness Ps: 

 

 
Figure 6. Laboriousness of assembly [20]. 1—Prism; 2—Screw; 3—Pin. 
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- Prism 1 1 1
1 1 12 2 2
4 4 4

r r r π + π + π 
 

; 

- Screw 2 2 2
12 2 2
6

r r r π + π + π 
 

; 

- Pin 3 3
1 12 2 0
2 2

r r π + π + 
 

. 

Assembly laboriousness Pm: 
- Prism: L1 (clamping); 
- Screw: 2L dn+ π  (screwing or feed and rotation);  

- Turning the hole for the pin into the vertical position: 1
1 2
4

rπ ; 

- Pin: L3. 
Total trajectory assembly laboriousness Pcs: 

cs s mP P P= +  [mm] 

where:  
Pcs = total trajectory and assembly laboriousness [mm], 
Ps = trajectory laboriousness [mm], 
Pm = assembly laboriousness [mm]. 

3. Conclusions 

The above-mentioned suggests that the orientation is a phenomenon typical for 
assembly and represents up to 50% of the amount of work performed in the 
process of assembly. It is because the parts are generally supplied for assembly in 
a disoriented position. 

When designing a product, it is not necessary to add partial laboriousness; it is 
enough just to minimize those variables that increase the overall laboriousness. 

Rules:  
1) The shorter the trajectory laboriousness, the better the product design. 
2) The total trajectory and assembly laboriousness can be decreased by 

choosing suitable forms and dimensions. 
Figure 6 presented in the article shows a practical example from practice. 

Further planned research by the authors will deal with the extension of the de-
scribed method to evaluate the complexity and laboriousness of the entire as-
sembly process. 
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