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Assembly instructions are detailed directives used to guide the assembly of products across various
manufacturing sectors. As production processes evolve to become more flexible, the significance of assembly
instructions in meeting rigorous efficiency and quality standards becomes increasingly pronounced. Neverthe-
less, the development of assembly instructions often remains unstructured and predominantly dependent on the
experience or personal skills of the designer. This paper aims to address these issues by pursuing three main
goals: (i) deciphering the assembly process and the information that characterizes it, thereby providing a tax-
onomy of instruction constituents; (ii) presenting a framework to assess the various formats in which such in-
formation can be communicated; and (iii) introducing a step-by-step method, named S-AID, which offers a
consistent methodology for designers during the instruction design phase. Overall, this research provides a
rigorous taxonomy of the building blocks of assembly instructions and defines their relationships with various
instruction formats. Furthermore, by proposing a systematic design method, this works aims to address the
redundancy and inconsistency commonly encountered in traditional instruction design processes. The proposed
methodology is illustrated using a real-world case study involving the assembly of a mechanical equipment.
Finally, the effectiveness of the S-AID method was evaluated quantitatively through comparative analysis with
other instruction sets, focusing on metrics such as process failures, assembly completion time, and perceived
cognitive load.

1. Introduction recognised, much of the existing research in this area focused on eval-

uating different formats for instruction delivery (Dorloh et al., 2023).

The manufacturing industry is currently undergoing a significant
transformation. Traditionally dominated by mass production method-
ologies, the sector is now increasingly embracing a paradigm shift to-
wards mass customisation (Barravecchia et al., 2023; Villani et al.,
2018). This shift demands more flexible production processes to manage
diverse product varieties (Capponi et al., 2024; Gervasi et al., 2020).
While crucial for maintaining competitiveness, these adaptable pro-
cesses can often be onerous and complex to manage for the workforce.
By guiding operators through unfamiliar and complex assembly pro-
cesses, well-designed assembly instructions have the potential to miti-
gate the likelihood of errors and boost efficiency (Fiorentino et al.,
2014). This is particularly important in sectors where high competi-
tiveness or strict quality standards prevail (Franceschini et al., 2019).

While the need for comprehensive assembly instructions is widely
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Numerous studies examined the impact of different instruction presen-
tation formats on operator performance, exploring ways to optimise the
effects of instructions (Arguel and Jamet, 2009; Van Genuchten et al.,
2012). Further research investigated tailoring instructions to match the
operator’s experience level or the task’s complexity (Radkowski et al.,
2015). Additionally, comparisons among various instruction delivery
tools—including augmented reality (AR), paper-based, and video
methods—showed significant differences in performance outcomes.
Notably, AR instructions showed to significantly reduce error rates when
compared to video-based instructions (Loch et al., 2016), with these
beneficial effects increasing with task complexity (Alessa et al., 2023).

Despite existing studies, there remains a lack of a systematic,
adaptable, and reproducible methodology for designing assembly in-
structions, highlighting a significant gap in the literature (Geng et al.,
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Fig. 1. Representation of assembly sequence from a manual and cognitive perspective.
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Fig. 2. Exemplification of the human Information Processing (HIP) model
(Atkinson and Shiffrin, 1968; Ganier, 2004; Wickens et al. 2021). Symbol
legend: 1 = Sensory memory raw stimulus processing; 2 = Working memory
information element extraction; 3 = Working memory schemas retrieval;
4 = Working memory action selection and planning.

2020; Laviola et al., 2024). This study therefore seeks to address this gap
by introducing a Streamlined Assembly Instruction Design (S-AID) method,
aimed at enhancing the adaptability and efficiency of assembly in-
structions. This method provides a systematic approach to defining the
number of instructions required to accurately represent an assembly
process, determining the content of each instruction, and selecting the
most appropriate formats for their presentation.

The remainder of this paper is structured as follows. Section 2 ana-
lyses the assembly process from a cognitive perspective and provides a
taxonomy of the constituent elements of instructions. Section 3 gives an
overview of instruction formats and provides a framework for repre-
senting their relationship to the instruction building blocks defined in
Section 2. Section 4 provides a map for assessing instruction formats.
Section 5 presents the proposed S-AID method. Section 6 presents an
empirical investigation of the S-AID method. Finally, the discussion and
conclusion section discusses the contributions, limitations and possible
future research directions.

2. Background

An assembly sequence is a detailed process that outlines the steps
required to assemble various parts into a complete product. It specifies
the exact order in which parts should be combined in an assembly
process and the correct way to integrate them (Hu et al., 2011). The
steps in the assembly sequence, referred to as tasks, transform a system

from its initial state to its final state, resulting in a subassembly or
finished product. However, such a description provides only a partial
understanding of the assembly sequence. Before any coupling occurs,
components must be recognised, grasped, oriented, and correctly posi-
tioned in their mounting location (Boothroyd and Alting, 1992). Each of
these manual actions results from a cognitive decision-making process.
In particular, the operator uses the information at his disposal to
determine and programme the actions necessary to complete the as-
sembly sequence (Ganier, 2004).

Viewing the assembly sequence from this perspective reveals it as a
chain of cognitive decisions, each determining the course of manual
actions (see also Fig. 1). In scenarios where the operator is familiar with
the process, these decisions are made automatically. Conversely, for
unfamiliar processes, the operator requires supporting information to
guide decision-making.

2.1. Human information processing model

Instructions are an indispensable guide for inexperienced operators
or those faced with unfamiliar tasks. Thus, by comprehending the ways
in which human beings process information for decision-making, the
necessary content for instructions can be determined.

The segment of the human mind responsible for decision-making is
known as the cognitive architecture and is subject of interest in cognitive
science (Del Missier et al., 2013; Patterson et al., 2014). This architec-
ture comprises three types of memory: sensory memory, working memory,
and long-term memory (Sweller et al., 2019). The process by which
external information is processed by the cognitive architecture and used
to conduct decision-making processes can be outlined as follows (see
also Fig. 2):

1) Sensory memory raw stimulus processing: sensory memory acts as an
initial gateway for external stimuli, capturing information through
sensory organs. It processes a sequence of sensory inputs by con-
verting them into electrical impulses. These impulses are then further
transformed into raw information that can be processed by working
memory (Atkinson and Shiffrin, 1968). Assembly instructions are
part of the external stimuli that an operator receives while executing
the assembly.

2) Working memory information extraction: working memory processes
incoming sensory information, comprising colours, shapes, sounds,
and haptic sensations (Wolfe, 1994). Working memory scans this
continuum to extract discrete information chunks, known as infor-
mation elements, which guide decision-making processes to achieve
predetermined task goals (Miller, 1956). To illustrate, when deter-
mining the optimal positioning of a component within a subassembly
with multiple potential orientations and mounting positions, two
distinct information elements are required: one defines the correct
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Table 1
Taxonomy of AFs proposed by Van Holland and Willem (2000). Symbol legend:
D = Dynamic information. S = Static information.

Assembly Type
Feature

Category Description

Handling Feeding S Feeding is the way the component is
supplied into the assembly system, e.g.
by trays or feeders, and the predefined
position and orientation of the
component.

Fixturing represents the way the
component must be fixed in jigs or
fixtures.

Gripper represents how the product is
gripped from the supply position, i.e.
the way it is fitted into the tool in use.
Grasping Areas represent the allowed
contact surfaces between the tool used
to move the part and the part itself.
Involved form feature type represents the
shape of the faces that come into contact
during fastening.

Final Position represents the position and
orientation assumed by the subassembly
at the end of the assembly operation.
Insertion Position represents the position
and orientation assumed by the sub-
assembly in the initial stages of
insertion into another component.
Insertion Path represents the trajectory
linking the final position and insertion
position of the assembly.

Tolerances represent the dimensional
tolerances for connecting a component
to a sub-assembly.

Contact Areas represents to the surfaces
of the component and sub-assembly that
come into contact during the insertion
path;

Internal freedom of motion concerns the

Fixturing D

Gripper D

Grasping areas S

Connecting  Involved form S

feature type

Final position S

Insertion S
position

Insertion path D

Tolerances S

Contact areas S

Internal freedom D

of motion range of movements allowed to the
component within the sub-assembly
once it is fastened.

Geometric S Geometric Refinements are special

refinements refinements to facilitate assembly, e.g.

rounding and chamfering.

Visual  Auditory  Haptic

Writtes

Spoken text = .
i Vibrotactile cues

Dynamic 3D product model

St: D product model

Fig. 3. Taxonomy of single instruction formats.

Audio cues

component orientation, and the other specifies the appropriate
mounting position. Working memory analyses sensory perceptions to
identify these elements, thereby guiding decision-making to achieve
task goals.

3) Working memory schemas retrieval: due to its limited capacity, work-
ing memory can only process a few information elements
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simultaneously, typically ranging from five to seven (Sweller, 1994).
However, learning allows aggregation of elements into schemas
stored in long-term memory (Chandler and Sweller, 1991). When
needed, working memory retrieves these schemas, each loading as a
single information element (Chandler and Sweller, 1991). From an
assembly perspective, this implies that if the process is familiar,
working memory can retrieve all necessary information from
long-term memory schemas for decision-making.

4) Working memory action selection and planning: based on the external
information and past experiences stored in the long-term memory,
the operator decides and plans the manual actions required to
perform the assembly (Ganier, 2004).

The information processing model offers invaluable insights for in-
struction design. To develop effective instructions, designers must
analyse the decision-making processes within the assembly sequence to
identify critical information elements. Subsequently, designers must
differentiate between those elements that are likely to be familiar to the
operator from previous experience or directly affordable from the
component to be assembled (Norman, 2002), and those that are not. This
allows the essential information required for the task to be defined.
Finally, the instructions should be organised to contain a concise set of
these elements.

2.2. Information elements taxonomy

The previous section relates the content of instructions to the notion
of information element derived from cognitive science. As a result, for
instruction design to be both systematic and scalable, it is necessary to
search for the basic information in manufacturing that can play the role
of information element.

To this end, the concept of Assembly Features (AFs) is herein intro-
duced. AFs encompass the geometrical and non-geometrical properties
of product components that can influence the modelling, planning, and
execution of the assembly process. These features have significant me-
chanical and functional implications, as they are the elements that
enable the final product to perform the functions for which it is designed
(De Fazio et al., 1993). Notwithstanding the mechanical nature of AFs,
the operator’s cognitive architecture utilizes these attributes as essential
information elements for understanding the assembly sequence (Wang
et al.,, 2021). This establishes a vital connection between the
manufacturing domains and the informational domain.

The taxonomy proposed by Van Holland and Willem (2000) (see
Table 1) is considered in the S-AID method, as it combines flexibility and
ease of use. The chosen taxonomy encompasses a wide range of AFs
categories, allowing for flexibility in representing the diverse assembly
processes found in manufacturing settings. Additionally, it features a
concise set of items, prioritizing simplicity and user-friendliness.

Van Holland and Willem (2000) distinguish between two categories
of AFs:

o Handling Features: refer to the collection of information necessary for
manipulating the component involved in the assembly process.
Handling AFs range from the initial position of the component when
it is fed into the work area to the way the component is transported to
set up assembly.

Connecting Features: denote the compilation of information required
for affixing the component in the appropriate assembly location.
Connecting AFs span from the surfaces involved in fastening to the
specification of the component’s orientation prior to and following
assembly.

AFs can represent either static information, i.e. the spatial relation-
ships between the elements involved in the assembly and their toler-
ances, or dynamic information, which can only be fully rendered by
showing the evolution of the system over time. While the taxonomy of
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Joining Flange

Instructions for Securing Flange :

Positioning of Oval Flange : Place Oval Flange on the upper surface of the Square Flange such
that it aligns with the four holes furthest from itself.

Orientation of Square Flange: Ensure that Oval Flange is positioned so that its flat face 1s facing

upwards.

Flange.

Bolts Commissioning: Retrieve two long bolts from the component feed tray.

Bolts Positioning: Insert the two bolts into their respective holes located on the surface of Oval

Nuts Commissioning: Retrieve two nuts from the component feed tray.

Tightening: Secure the nuts to the inserted bolts by rotating them clockwise until fully tightened.

Fig. 4. Written text instructions describing the assembly of a flange using two nuts and two bolts.

AFs allows for a comprehensive description of an assembly process, not
all AFs have to be provided to the operator through instructions. In-
formation requirements are herein redefined as the subset of AFs that
the operator cannot derive from previous experience and therefore must
be provided by instructions.

3. Instruction formats and assembly features

The variety of formats for presenting AFs within instructions is
considerable, with each approach having its own potential and limita-
tions. An overview of the different instruction formats and the AFs they
can represent is given in the following sections.

3.1. Instruction formats

Instruction formats are characterised by two dimensions: (i) the
sensory channels used to deliver information, and (ii) the presence of
single or multiple types of media. A taxonomy of individual formats,
distinguished by the engaged senses is provided in Fig. 3. Instruction
formats span from visual to auditory, and haptic modalities. Senses such
as taste, and smell are used by operators as a means of detecting hazards
during production. However, in the manufacturing context, they are not
currently used as conventional means of communicating instructions.

The diverse types of instruction formats are:

e Written text: this format can describe all AFs (Bieger and Glock,
1985). However, to correctly understand a textual instruction, its
symbols undergo a semantic processing by the cognitive architecture
(Baddeley, 1979). The semantic processing has two main effects: it
increases cognitive load by overloading working memory, and when
numerous AFs are described, it may hinder timely interpretation of
the text. As an illustration, a joining operation, which entails the
positioning of a component on a sub-assembly, the specification of its
orientation, and the completion of the operation with a fastening,
can be cumbersome to convey using textual instructions. An example
of textual instruction describing a joining task is presented Fig. 4.

e Picture: provide a realistic representation of the system’s state during
assembly. This static visual information is explicit and does not
require interpretation, allowing operators to easily extract the

necessary details to perform the task at hand. As a result, pictures are
generally timelier than text. However, due to their static nature, they
can represent dynamic information only in an implicit way (Bieger
and Glock, 1985, 1986). An example of a picture describing an
assembled product is shown in Fig. 5A and Fig. 5B.
Video: can dynamically depict the assembly process, providing a
complete representation of the required actions (Hegarty, 2012). The
sequential presentation of information in videos necessitates the
viewer to complete the entire presentation to achieve full compre-
hension, which makes them less time-efficient than pictures. To
illustrate, for simple tasks like identifying the component to be
assembled, pictorial representations are more immediate than
videos. Conversely, videos excel in guiding detailed motor tasks,
such as fastening and grippers manipulation, where demonstrating
precise movements and actions is crucial (Hoffler and Leutner,
2007).
Static 3D product model: with augmented reality devices 3D models of
assembly components can be holographically displayed, overlaying
onto reality. These static holographic representations share the
representational capabilities of pictures but require less cognitive
processing. Their three-dimensional nature allows operators to grasp
object details, aiding mental visualization of the assembly system
(Huk, 2006). An example of a static 3D product model is displayed in
Fig. 5C.
Dynamic 3D product model: a dynamic 3D product model can be
created by animating a static 3D product model, which can then be
presented in a video-like format. This enables the evolution of the
assembly system to be represented. Such dynamic 3D models can be
presented in an AR environment and share both the representational
capabilities and limitations of videos.

e Auxiliary Materials: are a collection of visual aids such as arrows,
circles and parts lighting designed to display a restricted set of AFs in
an immediate and straightforward manner (Tversky et al., 2000). An
example of auxiliary materials displaying the movement to secure a
bolt is represented in Fig. 5D and Fig. 5E. It is important to note that
these formats do not convey meaning per se; rather, they are
dependent on external contextual information. For example, an
arrow designated to indicate an object to be grasped is incapable of
conveying information without an image representing the object
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Fig. 5. Examples of instruction formats - (A) Picture showing the semi-assembled state of a mechanical component; (B) Picture showing the final assembled state of a
tile cutter; (C) Static 3D product model describing the positioning of a component and the insertion of two bolts; (D) Auxiliary material showing the fastening of two
bolts; (E) Auxiliary material showing the path for inserting two rods.

itself. For this reason, auxiliary materials are generally used within
multimedia formats in combination with pictures or videos. This
analysis considers them to be equivalent to independent formats for
two main reasons. Firstly, the integration of AR allows the repre-
sentation of auxiliary materials superimposed on the reality, thereby
eliminating the need for additional context and enabling auxiliary
materials to be presented independently. Secondly, an understanding
of the relative strengths and weaknesses of these formats allows for
their informed integration into multimedia formats.

e Spoken Text: the provision of textual information in audio mode can
be utilized to describe the AFs required to perform an assembly.
Spoken text and written text are of the same nature and suffer from
the same weaknesses in terms of timeliness. In addition, for long and
complex texts, the audio format may underperform the written text.
Information is retained in the working memory for a short time un-
less it is continuously refreshed. While this rehearsal is straightfor-
ward for written text, it becomes more challenging for spoken text

when the listener cannot control the pace of the information delivery
(Dunham et al., 2020).

e Audio Cues: are unique sounds used to convey specific information or

commands to a user. These can range from simple tones or beeps to
more complex sound sequences. Their main use is in assisting
humans in manipulating objects in AR and virtual reality (VR) en-
vironments (Zahariev and MacKenzie, 2007). However, the same
approach may be extended to real manufacturing contexts. To
illustrate, confirmation cues can be employed to provide immediate
feedback on the completion of a task, such as part positioning or
grasping (Canales and Jorg, 2020).

Vibrotactile Cues: they direct the motor actions to be performed by the
operator through continuous feedback provided by means of haptic
stimuli (Sigrist et al., 2013). Vibrations are provided in the form of
waves and can vary in parameters like amplitude, frequency,
waveform, and duration (Han and Schulz, 2020). Varying these pa-
rameters enables continuous feedback to be generated regarding the
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(A)

Cutting Cutting
Component 3

Component 1

Fig. 6. Tile cutter used as an example for evaluating picture format represen-
tational ability - (A) Tile cutter components with their respective identifiers; (B)
Assembled tile cutter from a lateral view; (C)Assembled tile cutter from a
frontal view.

proximity to the location of a component to be gripped, or the correct
position of the part to be assembled (Arbelaez et al., 2019).

e Multimedia instructions: multimedia instructions integrate multiple
formats to capitalize on their respective strengths and provide
comprehensive representational capabilities. Nevertheless, the
effectiveness of multimedia instructions is contingent upon the
complementary use of the constituent formats (Ayres and Sweller,
2014; Sweller and Chandler, 1994). Merely duplicating the same
information across different formats can have negative effects on
instruction processing (Kalyuga et al., 1999). For instance, the use of
an arrow to indicate the position of a part to be grasped and the
simultaneous provision of textual description in written form within
the same instruction can result in a state of cognitive overload and a
reduction in the clarity of the instruction. Common examples of
multimedia formats used for presenting instructions include video
and text (Lee and Shin, 2012), video and audio (Lee and Shin, 2012),
picture and auxiliary materials (Heiser and Tversky, 2006), picture
and text (Schnotz, 2014).

3.2. Representational ability framework

Based on the previous analyses, a comprehensive framework has
been deployed to effectively associate AFs with different instruction
formats. This framework enables designers to identify the specific in-
formation that each instruction format can represent, making it a
valuable tool for identifying the formats capable of representing the
information elements required by a task.

The construction of the framework is based on the following
premises:

e The potential of each instruction format was evaluated by consid-
ering its individual and independent form. As an example, in tradi-
tional assembly instructions, pictures are often intended as
multimedia format combining technical drawings or photographs
with additional elements such as text, dimensioning, arrows, or

Computers in Industry 165 (2025) 104232

markers indicating an area of interest. In contrast, in this study, a
picture strictly refers to the depiction of the components involved in
the task, alone or in their assembly context.

An instruction format was deemed capable of depicting an AF only if
it could provide a complete and explicit representation of the feature.
As a practical example, an image capturing the final assembled state
of a subassembly does not provide explicit guidance on the transition
from its initial disassembled state. Consequently, the operator must
infer this solely based on his skills or previous experience. For this
reason, formats of a static nature have been considered uncapable of
representing AFs which require the representation of the evolution of
the system to be fully conveyed.

A case study illustrating the process of assembling a manual tile
cutter serves as a representative example. Fig. 6 depicts the manual tile
cutter, both in its assembled state and in its disassembled form. Table 2
provides a practical illustration for determining which AFs can be
effectively represented by a picture. Table 3 presents the framework,
which was developed by applying the same evaluation criteria used for
the picture format to other instruction formats. Some examples of
evaluations conducted for the other formats are discussed below:

o Written and spoken texts: are effective for describing both static and
dynamic AFs due to the flexibility of verbal representation.

e Audio and vibrotactile cues: provide straightforward sensory feedback
for basic spatial tasks, such as guiding the placement of components
in assemblies or identifying the correct part to be assembled from the
feeding tray. However, providing sensory feedback to guide complex
manual actions such as fixturing or joining operations is not a viable
option.

Videos and dynamic 3D models: can convey both static and dynamic

information. To illustrate, these formats can display how tools and

parts interact, including the AFs related to gripping areas and
component insertion paths. In addition, videos and dynamic 3D
models can visually convey AFs of degree of freedom by showing the
movement and allowable directions of components post-assembly.

However, without textual integration, these formats may not

adequately convey necessary assembly tolerances.

e Auxiliary materials: examples of auxiliary materials such arrows and
circles enhance instruction by indicating component positions and
highlighting specific regions on component surface, thereby repre-
senting AFs like grasping and contact areas. Furthermore, while
these materials can indicate directions for simple insertions and de-
grees of freedom, they fall short in fully and explicitly representing
complex AFs such as gripper and fixturing. Being non-verbal, they
also cannot explicitly convey tolerances.

For the sake of brevity, multimedia formats (see Section 3.1) are not
directly included in Table 3. Multimedia formats encompass the repre-
sentational capabilities of the individual constituent formats. Therefore,
the framework enables users to readily deduce the representational ca-
pabilities of a multimedia format by aggregating the AFs represented by
its constituent formats.

4. Framework for instruction formats assessment

From the analysis of the instruction formats, it emerges that while
some provide detailed information, their complexity can make them
difficult to understand quickly, potentially affecting timely compre-
hension. Conversely, formats that prioritize immediacy tend to be less
informative, lacking the details required for thorough understanding
and execution.

In the design of effective instructions, it becomes essential to
consider these distinct format characteristics, ensuring they align
appropriately with those of the task for which the instruction has been
created.
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Evaluation of AFs suitable for pictorial representation. Symbol legend: N.A. = Not Applicable; the image cannot fully and explicitly represent the corresponding AF.

Assembly
Features

Representable by means
of a Picture format?

Motivation

Example of AF conveyed with a Picture format

Feeding

Fixturing
Gripper

Grasping areas

Involved form
feature type

Insertion position

Final position

Insertion path

Tolerances

Contact areas

Internal freedom
of motion

Yes

No

No

Yes

Yes

Yes

No

No

A picture of the component helps quickly identify and distinguish it from
others in the feeding zone. The adjacent image serves as a simple reference
for operators to recognize cutting component 3.

Given its dynamic nature, fixturing cannot be fully captured through a static
picture.

A picture is insufficient to capture the full dynamic process of fixing a
component in a tool and then moving it to the assembly area.
Representing Grasping areas requires the identification of specific surface
regions suitable for grasping. In a pictorial representation, supplementary
graphic elements like colour coding are essential to distinguish these areas
effectively.

This AF involves spatial and static information since it requires recognizing
the shapes of contacting faces during connection. For instance, the adjacent
image highlights the shapes involved in assembling the support on the base,
aiding in identifying the mounting position.

Insertion position refers to the initial spatial orientation and position of a
component before assembly. Its static nature makes it apt for pictorial
capture. The adjacent image depicts the alignment of the support prior to be
fixed on the base.

The Final position pertains to the component’s arrangement upon assembly
completion. Its inherently static characteristics make it suitable for pictorial
representation. The adjacent image represents the final position of the
cutting component 3 by depicting the state of the subassembly after
fastening completion.

This AF requires the dynamic trajectory of a component during insertion to
be represented. For this reason, it cannot be fully captured by a static
picture.

Tolerance details are often nuanced and require numerical or textual
information, making them unsuitable for representation solely through a
picture.

This AF involves identifying regions on component surfaces that directly
contact during assembly. Additional graphic elements within a component
picture are crucial to distinguish these areas from others not in direct
contact.

The Internal freedom of motion involves the dynamic aspects of component
movement within the assembly, making a static picture insufficient for its
representation.

N.A.

N.A.

N.A.

N.A.

(continued on next page)



M. Bartolomei et al.

Table 2 (continued)

Computers in Industry 165 (2025) 104232

Assembly Representable by means Motivation Example of AF conveyed with a Picture format
Features of a Picture format?

Geometric Yes Geometric refinements are the geometric details of the components involved

refinements in the assembly that enables coupling. The image beside represents a case 0

where a geometric refinement, i.e. a round, of cutting component 3 allows it
to be easily inserted into its mounting position on cutting component 2.

R

To drive the identification of most suitable assembly instruction
format for a specific task, two evaluation dimensions are introduced:
Representational Ability and Processing Efficiency.

Representational Ability of the i-th format for the j-th task (RA;;) s
computed as follows:

ReAFi J
TR

RA;j = (@]

Where:

e n: total number of single and multimedia instruction formats
assessed by the instruction designer.
N: total number of tasks forming the assembly process under
consideration.
Represented Assembly Features (ReAFyj): denotes the number of AFs,
identified as information requirements for the j-th task, that the i-th
format can represent.
Total Requirements (TRj): is the number of AFs identified as infor-
mation requirements for the task being analysed. RA;; assesses
whether the instruction format possesses the capability to present the
AFs required for the analysed task. An i-th format with an RA;j value
of less than 1 is not able to represent the j-th task.

Processing Efficiency (PE;y) of the i-th format for the j-th task is
computed as follows:

Table 3
Matrix relationship between AFs and single media formats.

—
?'S\ j?
&
_ PTy; L i
Where:

e n: total number of single and multimedia instruction formats
assessed by the instruction designer.

e N: total number of tasks forming the assembly process under
consideration.

e Processing Time (PT;y): is the time required for an operator to process

the i-th instruction format equipped with the j-th task’s information

requirements. This value is derived from an assessment conducted by

the instruction designer. This assessment requires careful consider-

ation of the characteristics inherent in the instruction format, as well

as the type of AFs demanded by the task.

Task Time (TT)): is the estimated time to complete the j-th task.

The PE;; relates the time needed to fully access and understand the
content of an instruction to the duration of the task. As an illustrative
calculation example, consider a j-th task where the execution time is
60 s, while the PT;; of an i-th instruction format presenting the infor-
mation requirements for the j-th task is 180 s. According to Eq. (2), the
resulting value of PE;; is 3. From a practical standpoint, this means that
the time required to access and understand the instruction is three times
longer than the duration of the task.

Considering these two variables, it is possible to place each instruc-

Single Media Format

Written Picture = Video  Static Dynamic Auxiliary Spoken Audio Vibrotactile
text product product material text cues cues
model model
Assembly Handling Feeding . . . . . . . . .
Features Features Fixturing . . . .
Gripper . . . .
Grasping areas . . . . .
Connecting Involved form . . . . . . . . .
Features feature type
Insertion . . . . . .
position
Final position . . . . . .
Insertion path . . . . .
Tolerances . .
Contact areas . . . . .
Internal . . . . .
freedom of
motion
Geometric . . . . . .

refinements




M. Bartolomei et al.

7

RA,

REPRESENTATIVE AND
NOT_EFFICIENT
(R_AND_NE)
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RA,

RA;; <RA;

PE;; < PE, PE, PE;>PE, PE,,

Fig. 7. Synthesis map of the instruction formats for each j-th task. Represen-
tational Ability (RA;;) VS. Processing Efficiency (PE; ).

tion format within the synthesis map outlined in Fig. 7. In the map, the x-
axis represents the PE; ; variable, while the y-axis corresponds to the RA;,
j variable.

The synthesis map displays four quadrants. The vertical threshold
PE; enables a distinction to be made between inefficient and efficient
formats. The PE; value is set by the instruction designer based on the
emphasis on process efficiency. More rigorous time demands of the
process necessitate a lower PE; value. The horizontal threshold, on the
other hand, represents the representational ability required to render
the task at hand. The threshold value of RA; is set equal to 1. Formats
that fall below this threshold lack the necessary representational ability.
Conversely, those that have an RA;; value equal to 1 are considered
capable of representing the task.

The content of the quadrants of the synthesis map can be described as
follows:

e The top-right quadrant, named “Representative and Not Efficient”,
contains instruction formats that have a robust representation
capability but require an extended processing time. Such formats
offer comprehensive and detailed depictions of the task’s informa-
tion requirements, although they lack immediacy in information
presentation.

The top-left quadrant, named “Representative and Efficient”, contains
instruction formats that provide a high degree of representativeness
and require little processing time. These formats strike a balance

(A)
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between efficiency and effectiveness, providing clear and concise
instructions.

The bottom-right quadrant, named “Not Representative and Not Effi-
cient”, contains formats that possess a low representational ability
and require a long processing time. These formats may be inadequate
in providing a precise and efficient depiction of the task’s
requirements.

The bottom-left quadrant, named “Not Representative and Efficient”,
contains formats that exhibit a low representational ability and a
short processing time. While these formats present information in a
swift and straightforward manner, their simplicity restricts their
ability to represent the task comprehensively.

5. S-AID step by step assembly instruction design

This section introduces a Streamlined Assembly Instruction Design (S-
AID) method aimed at supporting the development timely and relevant
instructions tailored to the operator’s experience level. The method
guides designers through a step-by-step process, starting with the
decomposition of the assembly sequence into subtasks, moving on to the
identification of information requirements, and ending with an analysis
of the capabilities and constraints of potential instruction formats. For
every subtask, the final output of the method is a set of AFs that are
required to convey the instruction, accompanied by an optimal format
that can efficiently and effectively represent them.

The description of the method is accompanied by a case study that
serves to illustrate the explanation of each step. The case study involves
the assembly of a mechanical equipment (see Fig. 8A and Fig. 8B),
whose parts are listed in Table 4.

5.1. Step 1: assembly process subdivision

In the first step, the assembly process is divided into different sub-
tasks. This essential step enables the definition of the manual operations
to be executed by the operator within each subtask. These operations are
essentially what instructions are required to convey, making the sub-
division of the process crucial for defining the content and boundaries of
each assembly instruction.

The rationale used for subdivision is critical for two main reasons:

e Alignment with AFs Representation Logic: Task content must be
consistent with the logic of AFs, which describe assembly at the
component level. As a result, the assembly process is subdivided
based on a component-oriented logic, with each main component
assigned a task encompassing all required operations. Connectors,
when present, are managed within the component’s assembly rather
than being treated as separate tasks.

Balanced Operation Count: Every segment resulting from the assembly
sequence must maintain a balanced number of operations. An

Oval Flange 2 @
Oval Flange 1 @

-
- Square Flange
-

Fig. 8. Mechanical equipment used in the case study- (A) Assembled mechanical equipment; (B) Constituent parts with their identifiers.
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Table 4
List of the mechanical equipment parts with their
relative identifiers.

Component Identifiers
Base B

Square Flange SF

Oval Flange 1 OF1

Oval Flange 2 OF2
Connectors 1 C1
Connectors 2 C2
Connectors 3 C3

excessive number of operations requires detailed, complex in-
structions that can compromise practicality. Conversely, overly
granular segmentation leads to an increased number of instructions,
which may disrupt the continuity of the assembly process. Following
Stork and Schubo (2010) methodology, each task is divided into two
subtasks: the commissioning subtask, involving all operations related
to component handling, and the joining subtask, which covers posi-
tioning and securing the component to a subassembly.

The formalization of task subdivisions is detailed in Fig. 9, where the
initial subdivision outlines a set of task-level elements. For each element,
one or two subtasks are identified based on the component’s charac-
teristics. Specifically, a single commissioning subtask is assigned to a
generic base component (the component on which all others are
mounted). For all other components, two distinct subtasks are
generated.

Table 5 provides an example of a breakdown for the assembly of
mechanical equipment (see Fig. 8A and Fig. 8B).

5.2. Step 2: information requirements identifications

The second step in applying the method involves constructing a
matrix to identify and select the AFs that serve as information re-
quirements for each subtask in the assembly process. The columns of the
matrix represent the subtasks, while the rows list the AFs.

The process begins with a thorough analysis of the decision-making
required for each subtask, followed by the selection of relevant AFs for
inclusion in the matrix.

It is essential that this selection is tailored to the operator’s experi-
ence level to ensure that the information provided is aligned with their
existing expertise. In this consideration, the matrix is constructed based
on the operator’s familiarity and proficiency with the tasks, with the aim
of including only the most relevant and essential AFs for each subtask.
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This approach ensures that novice operators can receive detailed guid-
ance, while experienced operators are provided with concise and rele-
vant information.

As an example, Table 6 identifies the AFs that are information re-
quirements for the subtask 'Square Flange (SF) Joining . Fig. 10 pro-
vides an overview of the information requirements for all the subtasks of
the mechanical equipment assembly process (see Fig. 8A and Fig. 8B),
specifically tailored for a novice operator.

5.3. Step 3: mapping of information requirements to instruction formats

The third step of the methodology addresses the different formats
through which the instruction content can be effectively conveyed, by
establishing a correlation between the information requirements of each
subtask and the instruction formats delineated in Section 3.1.

To facilitate the selection process, a matrix relating to each subtask
can be created (see Fig. 11). The columns list the individual instruction
formats, together with a collection of multimedia formats chosen by the
designer. The rows, conversely, list the subset of AFs assessed as infor-
mation requirements for the examined subtask. It is crucial to
acknowledge that while the analysis permits the consideration of all
possible instruction formats for comprehensiveness, real-world sce-
narios often impose constraints based on the instruction delivery tools at
the designer’s disposal. For example, if the designer has access only to a
monitor, the capability is limited to delivering monitor-based in-
structions. Consequently, formats such as static and dynamic 3D models,
which require AR technologies, must be excluded from the column of the
matrix.

In detail, Step 3 can be subdivided into three sequential sub-steps, as
shown below using the square flange joining subtask as an illustrative
example (see Fig. 11):

1) Matrix creation: in the first sub-step, the matrix that links the infor-
mation requirements with the instruction formats is constructed.
This begins with the matrix defined in step 2, from which the list of
AFs is filtered to include only those assessed as information re-
quirements for the specific subtask being analysed. Fig. 11 exem-
plifies this sub-step for the SF joining subtask.

2) Association between information requirements and instruction formats:
relying on Table 2 as a reference, the information requirements that
each format can represent are determined. Fig. 12 offers a practical
demonstration of this process applied to the square flange joining
subtask.

3) Definition of multimedia formats: utilizing the matrix resulting from
the previous stage as a basis, suitable multimedia formats can be

Assembly Process

Assembly Level

A
Task 1 -
o ¥y
Sub-task N Sub-task >

1 2

A

— Taskn Task Level
Y 4
-] Sul]:tlask N Sub}-{task Subtask Level

Fig. 9. Formal representation of the process subdivision.
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Table 5
Practical example of the subdivision of a mechanical equipment assembly process.
Assembly Level Task Level Subtask Level Description
Mechanical Equipment Base Fixturing Base Commissioning The base must be fixed on the workbench by means of a clamp.
Assembly Square Flange Square Flange The square flange must be identified and grasped by the feeding tray.
Assembly Commissioning
Square Flange Joining The square flange must first be positioned over the base and then secured by means of screws and
nuts (see Connectors 1 in Fig. 8B).
Oval Flange 1 Oval Flange 1 The oval flange 1 must be identified and grasped by the feeding tray.
Assembly Commissioning
Oval Flange 1 Joining The oval flange 1 must first be positioned over the square flange and then secured by means of
screws and nuts (see Connectors 2 in Fig. 8B).
Oval Flange 2 Oval Flange 2 The oval flange 2 must be identified and grasped by the feeding tray.
Assembly Commissioning
Oval Flange 2 Joining The oval flange 2 must first be placed on the free holes in the base and then secured with nuts and

screws (see Connectors 3 in Fig. 8B).

Table 6 efficiently represents them. In this way, the processing efficiency as
Analysis of information requirements for the Square Flange Joining in Fig. 10. compared to using each format separately can be enhanced.
Information Reasoning
Requirements 5.4. Step 4: instruction formats assessment and selection
Feeding Operator needs to identify the correct connector pair for
assembly. In step 4, for each subtask, the instruction formats are positioned
Involved form feature The operator without previous experience is unable to

within the synthesis map (see Fig. 7). Instruction formats that provide

ope choose which holes in the b“.ise to pla.ce the square .ﬂange the required representational capability and optimise the efficiency of
on. Consequently, the forms involved in the connection are . K R R R R
an information requirement. information presentation (i.e., that fall into the 'Representative and
Insertion position The square flange, equipped with through holes, permits Efficient’ quadrant) can be finally selected.
two potential orientations upon the base. An operator In detail, Step 4 can be divided into two sequential sub-steps:

lacking prior experience may be unable to discern the
appropriate orientation to select, thus necessitating

explicit instruction regarding the insertion position. 1) Instruction formats assessment: each instruction format is evaluated

Final position The operator must be instructed regarding the orientation according to the two parameters described in Section 4. Using the
and the appropriate locations for inserting the required matrices presented in Fig. 13 as a reference, the RA;; value is
bolts.

" . N he ik . determined using Eq. (1). For each instruction format, the value of
Inserti The inserti t ts the tighteni . - : - L
nsertion pa € tnsertion path reépresents the fightening o te screw ReAF;; is ascertained by counting the number of elements within the
Considering the inexperience of the operator, the insertion ’
path is considered an information requirement. rows. On the other hand, the value of TR; corresponds to the total
number of AFs considered as information requirements for the task

under consideration. This process is repeated for all formats listed in
defined. The combination of individual formats into a multimedia the columns of the matrix in Fig. 13. The PE; j value is derived by first

has two purposes: (i) it enables the merging of formats that, on their
own, cannot fulfil all information requirements, exploiting their

assigning a PTj j value to each format. The PT;j value is established by
considering the information requirements of the specific subtask.
complementary representational capabilities; and (ii) information According to Eq. (2), the PT;; value is then divided by the estimated
elements can be distributed to the instruction format that most time required for conducting the analysed subtask. Table 7 reports
the assessments, along with the associated considerations, of the

. .
Mechanical Equipment Assembly
Base
. - SF Assembly H— OF1 Assembly P OF2 Assembly
fixturing
Base SF . . OF1 . . F2 A
. e ™ ~ SF Joining IS Al OF1 Joining OF2 OF2 Joining
C ommissioning C ommissioning C ommissioning N COII]I]IISSIOIIIHg -
= Feeding . . . . . .
& | Fixturing i
"i; Gripper
= = | Grasping areas
« " .
~ Involved form feature type . . .
@
E Insertion position . . .
E] 1
S Final position .
[ [ -
= | T |Insertion path .
= )
£ £ | Tolerances
v 3
2 £ |Contact areas
< S - S
© | Internal freedom of motion
Geometrical refinements

Fig. 10. Practical example of information requirements definition for the mechanical equipment assembly process. Symbol legend: SF = Square Flange; OF1 = Oval
Flange 1; OF2 = Oval Flange 2.
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Fig. 11. Exemplification of the sub-step 1 for the square flange joining task.
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Fig. 12. Exemplification of the sub-step 2 for the square flange joining subtask.
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Fig. 13. Exemplification of the sub-step 3 for the square flange joining subtask.
Table 7

RA, 3 and PE, 3 assessment for the written text format for the SF Joining in Fig.

7.

Written Text

The verbal representation of the mutual position of the base and the square flange, their orientation and finally the screwing generate a long and complex

RA 3=1 ReAF;3=5  Written text can represent all five AFs which are information requirements for the third task.
TRz =5 Five AFs have been assessed as information requirements to represent the third subtask.
PE;3=2 PTy3=20s
textual instruction. The processing time for the operator is estimated at 20 s.
TT3=10s The estimated average duration of the square flange joining subtask is 10 s.

written text formats related to the subtask of joining the square
flange. The written text corresponds to the first format (i = 1), and
the assessment focuses on the joining of the square flange (j = 3).
Comprehensive results for all instruction formats can be found in
Fig. 14.

2) Instruction format mapping and selection: based on the results of the
assessment conducted in the previous step, the instruction formats
are allocated on the synthesis map. For the exemplificative case
study, the position of single and multimedia formats assessments is
reported in Fig. 15. Based on this map, the instruction designer can
evaluate and select the format that achieves a balanced mix of
representational ability and efficiency in presenting instruction in-
formation. In the case of the joining subtask involving the square
flange, the ideal format is a multimedia presentation of written text
and picture. If multiple formats appear in the optimal quadrant, the
designer should choose based on the lowest PE, ; values, indicating
greater efficiency for equivalent representational capability. If these
values are equal, selection may be refined based on the practical
difficulty of creating the instructions.

6. S-AID effectiveness preliminary verification
6.1. Experimental investigation

The proposed experimentation aims to preliminary evaluate the
effectiveness of instructions designed using the S-AID method. The
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assembly process of the mechanical component used to describe the S-
AID method was used as a case study (see Fig. 8). This process was
selected as it requires a sufficient degree of dexterity to screw the
components together. In addition, a relevant level of attention is
required for their positioning. Multiple assembly positions can be
selected and components can be positioned in different orientations,
making the use of instructions significant to the success of the assembly
process. The standard completion time for the assembly of the me-
chanical equipment is around 220 s.

The set of instruction created with S-AID method were evaluated
against three traditional instruction types—text, video, and picture—all
displayed on a monitor. A sample of 40 students (15 males and 25 fe-
males), aged 23-27 and inexperienced in the assembly task, participated
in a between-groups design study. Each subject, randomly assigned to
one of the instruction types, performed the assembly process once to
isolate the instruction type’s factor impact and prevent the learning
effects arising from task repetition.

The effectiveness of the S-AID versus traditional instructions was
measured using the following metrics:

e Assembly completion time: the time required to complete the task was
recorded. This variable is a dependable proxy for the operator’s level
of understanding of the assembly sequence and of the timeliness of
instructions.

e Number of process failures: during the task, the number of process
failures was recorded. Common examples of process failures are
incorrect selection, incorrect positioning (both assembly position
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Fig. 14. Assessment of instruction formats for the SF joining in Fig. 7.
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Fig. 15. Synthesis map of instruction formats for the SF joining in Fig. 8.

and orientation) and incorrect assembly of the component. This
performance metric allows us to understand the efficacy of the
instructions.

Perceived cognitive load score: cognitive load refers to the amount of
cognitive resources needed to process information and complete a
task. In this study, the revised version of the NASA Task Load Index
(NASA-TLX) proposed by Gerjets et al. (2006) was employed to
measure perceived cognitive load. This scale conceptualizes cogni-
tive load as comprising three distinct items: (i) Task Demand, which
measures how much mental or physical activity is required for the
task, reflecting the intrinsic difficulty of the task; (ii) Effort, which
assesses how much effort is put into understanding the instructions
needed to perform the task, associated the cognitive resources used
to develop schemas of task performance; and (iii) Navigation Demand,
which gauges the effort required to navigate through the instructions
in search of the needed information, associated with extraneous load
due to potentially suboptimal instruction design. Each of these items
is rated on a scale from 0 to 100. Aggregate perceived cognitive load
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scores were calculated using an equal weighting across these di-
mensions to signify their equal relevance.

6.2. Instructions design set-up

The set-up phase of the experiment involved the creation of the in-
struction sets to be compared during the experiment.

First, the S-AID method was applied to the mechanical equipment.
The result of Step 1 and Step 2 of the method are illustrated together in
Fig. 10. The evaluations were conducted on the premise of the inexpe-
rience of the instruction recipients. Subsequently, from the formats
shown in Table 3, those that can be represented through the user
interface available in the assembly station, a monitor, were selected (see
the instruction formats in the first column of Fig. 16). Each format was
evaluated on RA and PE dimensions on each subtask. The results of Step
3 and Step 4 of the method are summarised in Fig. 16. An example of an
S-AID-developed instruction is shown in Fig. 18.

The three following alternative instruction sets, reflecting “tradi-
tional” method of instruction design, were developed:

e Text-based instruction: for each subtask, the actions to be performed
were described verbally in a minimal manner.

o Video-based instruction: a video was created for the assembly of each
component.

e Picture-based instruction: the format comprises a set of successive il-
lustrations that depict the assembly procedure of the mechanical
equipment, with each component represented by a diagram (for
example see Fig. 17).

It is notable that the evaluation of spoken text was not included in the
list of traditional formats. This is due to the fact that spoken text has
comparable characteristics to written text, making its evaluation
potentially redundant. Furthermore, in the context of this assembly, the
length of the text to be provided in audio mode would have accentuated
its inefficiency in terms of timeliness. In particular, as outlined in Section
3.2, it is inefficient to quickly locate and rehearse important information
in stand-alone spoken instructions (Dunham et al., 2020).

6.3. Experimental procedure

The experiment involved assigning each participant a specific type of
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Fig. 16. Illustration of the result of the application of the S-AID method to the mechanical equipment assembly process.

instructions to perform a one-time assembly of the mechanical equip-
ment. At the beginning of the experiment, participants were informed of
the study’s objectives and the identifiers of the mechanical equipment
components. This ensured that they could quickly associate the
component names mentioned in the textual instructions with the correct
parts in the work area. Subsequently, participants were trained on how
to interact with the monitor interface, including how to scroll through
and review instructions. This training ensured that each participant
could navigate the instructions with ease. Once participants confirmed
their comfort with the interface, they were given the opportunity to
commence the trial by giving a start signal, thereby synchronizing the
trial’s start with the experimenters’ collection of completion times. The
operations executed by the participants during the assembly of the
mechanical equipment are detailed in Table 5. During assembly execu-
tion, any process failures were recorded. Assembly was considered
complete when the participant placed the assembled product back into
the feeding tray. Following the completion of the assembly, participants
were invited to complete the modified NASA-TLX to assess their
perceived cognitive load. Finally, participants were also asked to pro-
vide unstructured feedback regarding the completeness and immediacy
of the instructions.

6.4. Results

This section details the results of the comparison of instructions
created using the S-AID methodology with “traditional” single-format
instructions. The analysis focuses specifically on the response vari-
ables of assembly completion time, process failures, and perceived
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cognitive load. Perceived cognitive load analysis also involves the di-
mensions of task demand, effort and navigation demand.

The normality of the distributions for each response variable under
different instruction types of conditions was assessed using the Shapiro-
Wilk test. The test results indicate that the normality hypothesis cannot
be rejected for the distributions of assembly completion time, aggregate
modified NASA TLX perceived cognitive load score and its dimensions.
Consequently, one-way ANOVA tests were performed to analyse the
influence of the instruction type factor on each of the response variable.
To investigate the presence of significant differences between the groups
individuated by instruction types, a post-hoc analysis with pairwise t-
test and Bonferroni correction was performed for each response variable
(Lee and Lee, 2018).

The normality hypothesis was rejected for process failures distribu-
tions. Consequently, to analyse the influence of the instruction type
factor, the non-parametric test Kruskal-Wallis was adopted. Subse-
quently, to analyse the differences between the groups, a Wilcoxon rank-
sum post-hoc test with Bonferroni correction was performed.

6.4.1. Assembly completion time

Fig. 19 provides a comparative analysis of assembly completion
times across different instruction sets, with one-way ANOVA results
indicating a significant influence of instruction type on assembly
completion time (p < 0.001). Analysing the differences between the
different types of instruction, emerges that assembly processes con-
ducted with S-AID-based instructions present the lowest median. This
finding is further supported by post-hoc analyses, which identify sig-
nificant differences between S-AID-based instructions and both text-
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Fig. 17. Set of picture-based instructions used in the experiment for the assembly of the mechanical equipment. This figure presents the complete set of picture-based
instructions as displayed together for illustrative purposes. During the experiment, the illustrated pictures were provided to participants sequentially, one at a time

and without the arrows.

Place the Square Flange as shown in the picture and secure it following |
the steps listed below: |

| * Position the two short bolts inside the holes as shown in the picture.
. » Insert the nuts onto the bolts and secure them by turning
counterclockwise.

Fig. 18. Example of written text + picture multimedia instruction provided for
the square flange assembly subtask using the S-AID method.

based and video-based instructions, as detailed in Table 8. The longer
duration of the assembly processes with video-based instructions can be
explained by participants’ tendency to watch the entire video before
starting the task, leading to time inefficiency, especially for simpler
operations. This contrasts with the effectiveness of S-AID in producing
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immediate instructions tailored to specific task characteristics. Text-
based instructions proved to be the least time-efficient. Significantly
longer assembly completion times are observed with text-based in-
structions compared to all other instruction types (p < 0.001 for all
comparisons). This effect arises from the need to carefully read and align
textual instructions with real-world conditions, a process that is not only
time-consuming but also heavily dependent on individual capabilities.
Moreover, correcting process failures in tasks guided by textual in-
structions typically necessitates detailed re-reading, which significantly
extends the duration of the task. Finally, no significant difference
resulted between S-AID-based and picture-based instructions (p = 0.355).

6.4.2. Process failures

Fig. 20 displays the distribution of the number of process failures that
occurred during assembly execution with the four different instruction
sets.

The Kruskal-Wallis test demonstrates that the instruction set signif-
icantly influences the number of process failures (p < 0.001). A further
analysis of the differences between the types of instructions revealed
that the highest number of failures occurred when the task was executed
with picture-based instructions (see Fig. 20). The Wilcoxon rank-sum
post-hoc test with Bonferroni correction indicates that this effect is
statistically significant with respect to both S-AID-based and video-based
instructions (see Table 9). This variation primarily manifests in the op-
erations of base fixturing and bolts tightening. In these activities, the
participant must infer the required manual actions, as they are not
explicitly deducible from the pictures of the component. On the con-
trary, S-AID-based and video-based instructions explicitly provides this
information, thus eliminating the operator’s need to infer actions and
reducing uncertainty. Furthermore, trials conducted with S-AID-based
instructions exhibit fewer process failures compared to those using
video-based and text-based instruction. However, according to the
Wilcoxon-rank sum test, this effect is not statistically significant (see
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Fig. 19. Boxplot comparison of assembly completion times between different types of instruction.
based instructions were generally perceived as less demanding than both
Table 8

Results of statistical analyses for assembly completion times.

Post-hoc analysis (pairwise t-test with Bonferroni correction)

Comparison p-value adjusted
S-AID based vs. Text-based p < 0.001
S-AID based vs. Video-based p=0.012
S-AID based vs. Picture-based p =0.355
Text-based vs. Video-based p < 0.001
Text based vs. Picture-based p < 0.001
Video-based vs. Picture-based p > 0.999

Table 9).

6.4.3. Perceived cognitive load score

Fig. 21 displays a graphical comparison of the distributions of the
scores of each dimension of the modified NASA-TLX, as well as its
aggregate score, across the different instruction types.

One-way ANOVA analysis showed a statistically significant impact of
instruction type on Task Demand scores (p = 0.0051). Post-hoc analyses
revealed that text-based instructions were associated with higher
perceived task difficulty than S-AID-based instructions (p = 0.012),
likely due to their complex nature which requires extensive semantic
processing before being completely understood.

For the Effort dimension, which assesses commitment to learning the
task, the results of the one-way ANOVA showed that the type of in-
struction significantly affected the scores reported (p = 0.0098). A
significantly higher effort score was observed for picture-based in-
structions, with a statistically significant difference reported with
respect to video-based instructions (p = 0.006). On the contrary, S-AID-
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text and picture-based instructions. However, according to the pairwise t-
test with Bonferroni correction, these differences were not statistically
significant (see Table 10).

The Navigation Demand scores, which reflects the effort to find the
required information in the instructions, were significantly influenced
by the type of instruction (p < 0.001). S-AID-based instructions were
deemed clear and immediate, significantly reducing navigation demand
compared to text-based instructions (p < 0.001). Although S-AID-based
instructions showed generally lower perceived navigation demand,
these differences were not significant compared to picture and video-
based instructions (see Table 10).

As evidenced by the distribution of the aggregate scores of the
modified NASA-TLX, overall perceived cognitive load was generally
higher for text-based instruction. Significant differences were found
compared to S-AID-based and video-based instructions (p < 0.001 for
both). Video-based instructions reported the lowest perceived cognitive
load scores. The observed difference was found to be significant with
respect to picture-based instructions (p = 0.005), but not with regard to
S-AID-based and video-based instructions. The minor differences in
perceived cognitive load between video-based instructions and both S-
AID-based and picture-based instructions are primarily due to variations
in reported Effort dimension scores. This can be seen as a positive aspect,
demonstrating enhanced engagement and involvement in learning tasks
with S-AID and picture-based instructions.

7. Discussion and conclusions

This paper introduced the Streamlined Assembly Instruction Design (S-
AID) method, a systematic approach tailored to enhance the instruction
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Fig. 20. Boxplot comparison of the number of process failures between different types of instruction.

Table 9
Results of statistical analyses for process failures.

Post-hoc analysis (Wilcox rank-sum test with Bonferroni correction)

Comparison p-value adjusted
S-AID based vs. Text-based p =0.249
S-AID based vs. Video-based p=0.548
S-AID based vs. Picture-based p=0.0013
Text-based vs. Video-based p > 0.999

Text based vs. Picture-based p = 0.0054
Video-based vs. Picture-based p = 0.0056

design process in assembly operations. Central to S-AID is the under-
standing of the cognitive mechanisms that influence decision-making
during assembly, allowing for a detailed analysis of the information
requirements essential for effective task execution. By proposing a tax-
onomy of Assembly Features (AFs), S-AID equips designers with a robust
tool to identify and categorize necessary information, aiding in the
precise crafting of instructions.

The differentiation and classification of instruction formats also
stand as a specific contribution introduced by this paper. This classifi-
cation helps designers align the instruction format with the specific
characteristics and requirements of each assembly task. Furthermore, S-
AID introduces two critical assessment variables— Representational
Ability and Processing Efficiency —that guide the selection of the most
appropriate format to optimize both correct execution understanding
and efficiency of information presentation.

The S-AID method exhibits robust adaptability to various techno-
logical constraints, operator experience levels, and assembly processes.
Specifically, the method allows for the exclusion of technologically
incompatible instruction formats and adjusts information requirements
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based on the operator’s experience and learning style, thus ensuring
broad applicability and scalability across different operative scenarios.
The initial step of subdividing the assembly process into subtasks follows
the framework proposed by Stork and Schubo (2010), which is gen-
eralisable to the majority of assembly processes. Furthermore, the in-
formation requirement identification step is based on exhaustive
taxonomy of AFs derived from the Design for Assembly (DFA) literature
(Van Holland and Willem, 2000), ensuring its applicability for a wide
range of assemblies. This conceptual foundation can be considered as a
preliminary indication that, although the applicability of the method has
been showed for a single case study, it has the potential to be extended to
most of assembly processes and operational scenarios.

To verify its effectiveness, S-AID method was compared with tradi-
tional text, video and picture-based instructions in a case study. The
results showed that S-AID-based instructions reduces assembly
completion times and process failures while maintaining an acceptable
level of perceived cognitive load compared to other instruction types.
Overall, these outcomes demonstrated that S-AID-based instructions
achieve an optimal balance between exhaustiveness, as evidenced by
fewer process failures, and efficiency, as shown by reduced assembly
completion times.

By providing a structured framework for assembly instruction
design, S-AID approach introduces a systematic way to match instruc-
tion formats with the specific information requirements of different
tasks. The comprehensive taxonomy of AFs and the assessment variables
for representational ability and immediacy offer valuable insights that
can guide further research and improvements in instruction design. This
could lead to improvements in productivity and skill acquisition across
various industries.

Despite these strengths, it is important to acknowledge S-AID method
limitations. Firstly, the process of identifying cognitive processes to
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Table 10
Statistical analyses of the scores of the modified NASA TLX and its dimensions.

Response Variable Post hoc: S-AID-based vs.

Text-based Video-based Picture-based
Task Demand p=0.012 p > 0.999 p = 0.052
Effort p > 0.999 p =0.308 p=0.779
Navigation Demand p < 0.001 p > 0.999 p = 0.240
Modified NASA-TLX p < 0.001 p > 0.999 p = 0.061

determine information requirements can be complex and resource-
intensive, which may detract from its utility in smaller-scale or less
resource-abundant environments. Secondly, while S-AID is specifically
designed for assembly processes, its applicability to other contexts re-
mains unexplored. Finally, the effectiveness of the S-AID method was
preliminary verified on a single assembly process, with the product
being sufficiently representative of typical assembly challenges. How-
ever, to comprehensively evaluate its efficacy, further studies are
required. These studies should aim to operationally validate the S-AID
method across diverse real-world assembly contexts. Future research
should also focus on simplifying and streamlining the S-AID method
further, refining the assessment of instruction formats to better gauge
their representational abilities and the perceived cognitive loads they
impose. Digitizing and automating the process could significantly
reduce the application burden, making the method more efficient and
accessible. By incorporating these technological advancements, the S-
AID method could adapt to various assembly scenarios more effectively,
minimize human process failures, and ensure consistent quality in in-
struction delivery.
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