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Abstract: A single-function product cannot meet various needs of different users when the product
user or use environment changes. A transformable product with multiple functions can meet different
needs of users. It is critical to determine product functions that a transformable product should have
in the product design. However, it is a challenge to decide required functional components of a
transformable product in the design process. A clustering method is proposed in this paper using
undirected graphs for segmentations of needs in the time dimension. A need-based function model
is built to form product function chains based on cost of the function transition distance between
different function chains. Undirected graphs of the function chains are constructed according to the
similarity of product functions. The interrelated subgraphs are then used to form multiple functions
of a transformable product based on segmentations. A wheelchair is developed as an example to
verify the proposed method. The method improves the design process of transformable products
accurately and effectively.

Keywords: product design; transformable product; function chain; transition distance;
graph representation

1. Introduction

A product has to meet diverse requirements of various users in order to be competitive in the
market. Although different products have been developed to meet different user needs, many products
provide only a single function, which cannot fully utilize capacity of product resources such as material
and space for a variety of user needs. There are products with multiple functions in the market.
Some of these products perform different functions through the structural reconfiguration, and some
provide multiple functions using a fixed structure. Because of the importance of multi-functional
products, different methods have been proposed for design of multi-functional products, such as
the reconfigurable design, adaptive design, modular design, and product family design. There are
two kinds of reconfigurable design applications: one is the reconfiguration of manufacturing system
resources to meet different design requirements [1–4], and the other is the reconfiguration of product
function modules to form different design solutions [5–7]. The adaptive design was proposed by
Gu et al. [8] to design products that can meet different needs in product design and applications.
Design adaptability refers to the ability of the existing design to create new or modified design to
meet changeable requirements. Product adaptability refers to the ability of the product to meet
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changing needs in applications [9]. The modular design is widely used to form a product by using
independent function modules [10,11]. The module refers to a unit composed of a component or
a group of components to perform a function of the product. Each module can be easily attached,
detached, modified, relocated, and replaced for upgrading, modifying, recycling and reusing of the
product [12,13]. Common modules of the product can be used as platforms [14,15]. The concept of the
product platform can be used to design flexible products with similar common function modules to
meet different customer needs [16,17].

These existing methods can effectively guide the design of multi-functional products. However,
when there is a need for a product to change functions only through structural transformation without
replacing components, the modular product will not be able to meet the requirement. A transformable
product is necessary to meet the need. A product is called the transformable product that can change its
physical structure to perform different functions or enhance existing functions. For example, the Osprey
plane can be transformed between helicopter and aircraft, and Aquada can be formed as either a car or
ship [18,19]. There are also many transformable products applied in the architecture and furniture
industry [20–22]. Transformable products can often be smaller and lighter than equivalent single-state
products or a set of single-function products [23]. Transformation is an action of changing the physical
structure of a product in order to perform different functions or enhance an existing function. In order
to effectively design transformable products, transformation design methods are required [24].

Comparing with a general product, the transformable product uses less material and space to meet
different use requirements. It is critical to determine product functions that a transformable product
should have in the product design. Although many approaches have been proposed for design of the
transformable product, there is a lack of the effective way to identify all potential functions and select
the appropriate set of functions for a transformable product. This paper reviews the related work of the
design method of transformable products, and proposes a new method to decide required functional
components of a transformable product in the design process. This paper focuses on the conceptual
design stage of transformable products as the early stage of design determines 80% of product lifespan
cost [25]. This paper proposes an effective approach to improve the design for transformable products.
The approach integrates methods of needs clustering based on the time correlation, decision-making of
the function chain similarity based on transition distances, and segmentation of graph representation.

We will first introduce the representation of users’ needs using a standard form. The needs are
clustered according to the time dimension. Function chains of the needs are then established after
clustering, and the transition distance between function chains is determined according to the cost
measure. The similarity between function chains is obtained according to the transition distance, and
final functions of the transformable product are determined based on the similarity. A wheelchair is
developed to verify our proposed method. The proposed method improves the conceptual design
process of transformable products. A mathematical model is developed to make the design process
of transformable products accurately and effectively. The systematic design process enables the
computer-aided design of transformable products.

2. Related Research

Different methods have been proposed for design of transformable products. Singh et al. [24]
developed transformation products through induction and deduction using three principles and
twenty facilitators. A proposed transformation principle provides a general direction to form a certain
type of mechanical transformation. The transformation facilitator is a design structure to help create
mechanical transformation. Weaver et al. [23,26] analyzed the transformation process of a large number
of transformable systems. The use frequency of transformation principles and facilitators in each
system is counted. Correlations between transformation principles and facilitators are decided for their
use priority in the design process. Transformation principles and facilitators can also be used together
with modified mind-maps, and other methods such as T cards, word trees, case-based automated
design, and example design [27–31]. Son et al. [32,33] studied the human behavior influenced by
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transformable products to develop new tools for designers in conceptual design of transformable
products. Difficulties that designers may encounter in designing transformable products were found,
causes of the difficulties were analyzed, and the effective design process of transformable product was
inferred [34]. A transformable product is normally designed based on following three considerations:
(1) the product needs packaging for portability and deployment; (2) multiple functions are required in
one system for the use convenience; (3) multiple-functions products with dissimilar configurations
share common material and/or energy flow [27–29]. Four transformation indicators were proposed
including sharing functions; adhering to a variable; accommodating a process; and storing [30]. The
design solution can be improved to enhance quality, novelty, and feasibility by categorizing the
problem context to decide whether a product is suitable for a transformable product or a single function
product [31]. The above existing research involves many aspects of transformable products, but how
to determine the final function of transformable products has not been solved.

As the transformable product is closely related to the need of users and use environments,
a human–machine–environment system should be considered in the design of transformable
products [35], as shown in Figure 1.
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For design of a product that can be changed to meet needs of environments or function changes,
Desouza et al. [37] proposed a method to let users participate in the design process. Hazelrigg et al. [38]
simplified the design into two steps: generating all possible design concepts and selecting the best
solution. In order to fully obtain possible solutions, all the user needs have to be considered. Needs
can be acquired through user interviews, group discussions, and Big Data analysis [39,40]. Needs
are then processed by designers in product design to meet the needs. A normalized expression of
needs was used to translate users’ descriptions into design specifications [41]. An extension theory has
been applied in product design to study possibility of function expanding using engineering laws and
methods for innovation [42]. The extension theory can describe and analyze design using an extension
matrix. Quality Function Deployment(QFD) is a multi-level deductive analysis method to transform
customer requirements into design specifications, component characteristics, process requirements,
and production requirements [43,44]. Axiomatic design divides design problems into four domains:
user domain, function domain, structure domain, and process domain. User requirements, function
requirements, design parameters, and process variables are applied in the design process. The mapping
process from the user domain to function domain can guide the creativity of designers, the mapping
process from a functional domain to physical domain can assist designers in conceptual design of
transformable products [45–47]. Scenarios can be proposed for dynamic descriptions of user–system
interactions [48]. Scenarios are usually narrated in the form of stories, including settings, actors,
agent’s goals, scenario’s goals, plot, and timeframe [49]. Building scenarios based on needs can
evolve functions of transformable products. Functional decomposition can recognize design problems.
Through decomposition, designers can get a clear understanding of design problems and requirements.
Many scholars have studied the process of functional decomposition from different perspectives [50–52].
A functional decomposition process is shown in Figure 2.
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Figure 2. Functional decomposition [52].

The lowest sub-functions can be arranged in a logical relationship to form a function chain, which
reflects the process of realizing the functions [53]. Analyzing the similarity between function chains
of single function products can determine whether they should be merged into function chains of
transformable products. There are two forms of the function chain: serial and parallel chains, as shown
in Figure 3.

Appl. Sci. 2020, 10, 406 4 of 21 

 
Figure 2. Functional decomposition [52]. 

The lowest sub-functions can be arranged in a logical relationship to form a function chain, 
which reflects the process of realizing the functions [53]. Analyzing the similarity between function 
chains of single function products can determine whether they should be merged into function chains 
of transformable products. There are two forms of the function chain: serial and parallel chains, as 
shown in Figure 3. 

 
 

(a) (b) 

Figure 3. Two forms of the function chain [53]. (a) serial function chain; (b) parallel function chain. 

Although these methods are not specially used to design transformable products, they can 
greatly assist the design for needs acquisition and function design of transformable products. 

3. Proposed Method 

For a large number of user needs, the need correlation can be analyzed using the extension 
theory as follows: 

 
 
 
 

=  
 
 
 
  

1

2

3

4

5

6

User
Scene
Time

Activity
Current situation

Expected situation

N u
u
u

N
u
u
u

.  

User means people have the need. Scene is the scenario where the need exists. Time is when the 
need is required. Activity means actions to respond to the need. The current situation is the state of 
current activities at the time of the application. Expected situation means the expected activities at 
the time of the product application. Potential need sets of a basic product are represented by N = [N1, 
N2, …, Ni, …, Nm]. u1–u6 are specific descriptions of user, scene, time, activity, current situation, and 
expected situation. The importance of each need is determined by a comparing table [54] as shown in 
Table 1. 

Table 1. Comparison of the importance of each need. 

Needs N1 N2 … Nm 
N1 N1 N2 … N1 
N2  N2 … N2 
…   … … 
Nm    Nm 

Figure 3. Two forms of the function chain [53]. (a) serial function chain; (b) parallel function chain.

Although these methods are not specially used to design transformable products, they can greatly
assist the design for needs acquisition and function design of transformable products.

3. Proposed Method

For a large number of user needs, the need correlation can be analyzed using the extension theory
as follows:

N =



N User u1

Scene u2

Time u3

Activity u4

Current situation u5

Expected situation u6


.

User means people have the need. Scene is the scenario where the need exists. Time is when the
need is required. Activity means actions to respond to the need. The current situation is the state of
current activities at the time of the application. Expected situation means the expected activities at the
time of the product application. Potential need sets of a basic product are represented by N = [N1, N2,
. . . , Ni, . . . , Nm]. u1–u6 are specific descriptions of user, scene, time, activity, current situation, and
expected situation. The importance of each need is determined by a comparing table [54] as shown in
Table 1.

Table 1. Comparison of the importance of each need.

Needs N1 N2 . . . Nm

N1 N1 N2 . . . N1
N2 N2 . . . N2
. . . . . . . . .

Nm Nm
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According to the frequency of needs appearing in the matrix, the importance of needs can be
decided and recorded as wi. For two needs with the high importance, the relationship between them
will also be very important in the needs set. The sum of the two needs importance is used to express
the weight of the two needs relationship. Dividing the sum by m − 1 is for the weight normalization,
where m is the number of needs. The weight of the relationship between two needs is decided using
Equation (1):

wNiN j =
wNi + wN j

m− 1
. (1)

Different functions of a transformable product are applied in different time periods [1], such as 0,
1, 3, 6, and 10, can be used to indicate the degree of time dependency [55]. Transformable products
meet different needs at different times, so needs should be clustered in the time dimension to facilitate
the design of transformable products. The time correlation between potential needs can be expressed
in levels of 0, 0.3, 0.6, and 1. As shown in Equation (2),

∂(CNiu3)

∂(CN ju3)
=



0 (CNiu3)∩ (CN ju3) = 0
0.3 (CNiu3)∩ (CN ju3) , 0 and

(CNiu3)∪ (CN ju3) ,
[
(CNiu3) or (CN ju3)

]
i, j ∈ [1, m];

0.6 (CNiu3)∩ (CN ju3) = (CN ju3) and i , j.
(CNiu3)∪ (CN ju3) = (CNiu3)

1 (CNiu3)∩ (CN ju3) = (CNiu3)∪ (CN ju3)

, (2)

where (CNiu3) ∩ (CN ju3) = 0 represents that there is no intersection of two needs in the same

time, (CNiu3) ∩ (CN ju3) , 0 and (CNiu3) ∪ (CN ju3) ,
[
(CNiu3) or (CN ju3)

]
mean that there is a partial

intersection of two needs in the use time.
(CNiu3) ∩ (CN ju3) = (CN ju3) and (CNiu3) ∪ (CN ju3) = (CNiu3) represent that the usage time of

Nj is a true subset of the usage time Ni.
(CNiu3)∩ (CN ju3) = (CNiu3)∪ (CN ju3) represents that Ni and Nj work at the same time.
The time related degree of all needs can be obtained by calculating the time correlation of each

pair of two needs. According to Equations (1) and (2), the time independence between needs can be
obtained using Equation (3):

ri j =
wNiN j

Max
{
ωNiN j

} × ∂(CNiu3)

∂(CN ju3)
, (3)

where Max{wNiN j } is the correction coefficient for values in the matrix easily distinguishable. According
to Equation (3), the relationship matrix of needs can be established using Equation (4):

R =

N1

N2
...

Nm


r11 r12

r22
. . .

rmm


N1 N2 · · · Nm

. (4)

The graph theory uses a graph as its object of study to transform the relationship matrix into
a graph [56]. According to the relationship matrix, we can draw a need-related undirected graph,
in which nodes are needs and edges are the relationship between the needs. Segmentations of the
undirected graph are decided by setting an appropriate threshold. Each interconnected subgraph
forms a kind of need with the time dependence. Each kind of need corresponds to a potential state
of the product. Function design is conducted for each product form to obtain a function chain of the
product in each use state.
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Function chains express sub-functions and their relationships. A directed graph can represent
the logical relationship between nodes [56]. Function chains can be expressed by directed graphs, for
example, G = (F, L), where F = {F1, F2, . . . , Fn}, L = {L1, L2, . . . , Ln}. G is a function chain, F is a set
of sub-functions of function chain G, and L is a set of relationships among sub-functions. Figure 4a
shows a directed graph of a function chain in which a product performs one function. In practice, a
product function can be used many times. A chain of multiple functions is shown in Figure 4b.
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Figure 4. Function chains (a) function chain that performs one function; (b) function chain that performs
multiple functions.

When a product needs to perform multiple functions, it needs to be transited from one function
chain to another. Much research has been done on the transition from one graph to another [57–60].
The cost of a transition is directly related to its suitability. The lower the cost of the transition, the higher
the possibility that the two function chains can be converted to each other. The higher the similarity
between the two function chains, the easier conversion of the chains. The transition from one function
chain to another requires a series of operations, including the node converting, deleting, adding, and
edge deletion and addition. Two function chains G1 and G2 are shown in Figure 5.
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The sum of costs of all operations from G1 to G2 is called the distance of transition from G1 to
G2, expressed by Trans{G1, G2}. The similarity between G1 and G2 is expressed as Sim{G1, G2} using
Equation (5):

Sim{G1, G2} = 1−
Trans{G1, G2}∑

|Gi|
, (5)

where |Gi| is the total number of nodes and edges in G1 and G2. The distance of transition from G1 to
G2 is calculated by Equation (6):

Trans{G1, G2} = con(F1, F4) + add(F5) + add(L6) + add(L7) + add(L3), (6)

where con(Fi, Fj) converts node Fi to node Fj, del(Fi) deletes node Fi, add(Fi) adds node Fi, del(Li) deletes
edge Li, and add(Li) adds edge Li.

The cost of deleting and adding one node or edge can be assigned as one unit currency. Because
there may be some similarity between two nodes, the cost of converting nodes is designed as 1-Sim{Fi,
Fj}. Sim{Fi, Fj} is the similarity between nodes Fi and Fj. The higher the similarity, the lower the
cost of conversion. Semantic similarity computation has many applications in information retrieval,
information extraction, word sense disambiguation, and machine translation [61,62]. In this paper, we
use it to calculate similarity between two nodes based on the semantic similarity. All words are stored
on a word tree according to the semantic relationship. The similarity of words can be calculated based
on their distance in the word tree. The similarity of nodes is calculated by numbering them for their
distance on the word tree using Equations (7)–(10) [63].
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(1) If two words are not in the same tree.

Sim
{
Fi, F j

}
= 0.1. (7)

(2) If two words are in the same tree.

Sim{Fi, F j} = cos
(
n×

π
180

)(n− k + 1
n

)
×


0.65 In the second branch;
0.80 In the third branch;
0.90 In the f ourth branch;
0.96 In the f i f th branch;

(8)

where n is the total number of nodes in the branch layer, and k is the distance between two branches.
(3) When numbers are same and the end number is ‘=’.

Sim
{
Fi, F j

}
= 1, (9)

(4) When numbers are same and the end number is ‘#’.

Sim
{
Fi, F j

}
= 0.5. (10)

Using the semantic similarity calculation software of the synonym forest, we can calculate the
similarity of two words according to the above definitions [64]. After calculating transition distances
of function chains, the transition distances are weighted according to Equation (11):

wSpSq =

∑
wNi +

∑
wN j

z− 1
Ni ∈ Sp N j ∈ Sq, (11)

where z is the number of function chains, divided by z − 1 to make the sum of the weights be 1. The
weighted transition distance of two function chains is calculated by Equation (12):

WSim{Gp, Gq} =
wSpSqSim

{
Gp, Gq

}
Max

{
wSpSq

} , (12)

where Max{ωSpSq } is the correction coefficient to make values in the matrix easily distinguishable.
For an undirected graph A = (G, W), where G = {G1, G2, ..., Gn}, W = {W1, W2, . . . , Wm}. G is a set

of function chains, and W is a set of similarity between function chains. Using threshold value W0
removes edges less than W0 in the undirected graph and deletes independent nodes. A new subgraph
A0 is generated. Interconnected nodes in subgraph A0 are the function chains of the transformable
product. The connection between nodes indicates that the function chains represented by these nodes
can be transformed each other. Each interconnected node represents a state of a transformable product,
and these nodes form the concept of a transformable product. As it is difficult to map the functional
domain to physical domain directly, physical components can be designed by refining functions in the
mapping process, as shown in Figure 6.

For a certain function, the solution to realize the function can be selected by designers firstly.
Components for implementing the function are then determined. The number of identical components
in each state represents the space and material savings of the transformable product. The effectiveness
of the method can be evaluated according to the proportion of shared components, as shown in
Equation (13):

P =
NCT∑
NCSi

, (13)

where P is the proportion of shared components, NCT is the number of components in the transformable
product, and NCSi is the number of components in the i-th state. The trend of technological evolutions
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is used to improve the level of idealization [65]. The calculation equation of idealization levels is as
follows:

I =
∑

UF∑
HF +

∑
EX

, (14)

where I is the idealized level,
∑

UF is the sum of useful functions,
∑

HF is the sum of harmful functions,
and

∑
EX is expenses including cost, space, consumed energy, noise, etc. In this paper,

∑
UF is the

number of useful functions,
∑

HF is assumed as 0 because the harmful function should not be proposed
in design, and

∑
EX is the number of components in the product.

Appl. Sci. 2020, 10, 406 7 of 21 

calculated based on their distance in the word tree. The similarity of nodes is calculated by numbering 
them for their distance on the word tree using Equations (7)–(10) [63]. 

(1) If two words are not in the same tree. 

{ , }=0.1i jSim F F . (7) 

(2) If two words are in the same tree. 

0.65       ;
0.80            ;1{ , } cos     
0.90          ;180
0.96             ;

i j

In the second branch
In the third branchn kSim F F n
In the fourth branchn
In the fifth branch

π

− +   = × ×   

   


 (8) 

where n is the total number of nodes in the branch layer, and k is the distance between two branches. 
(3) When numbers are same and the end number is ‘=’. 

{ , }=1i jSim F F , (9) 

(4) When numbers are same and the end number is ‘#’. 

{ , }=0.5i jSim F F . (10) 

Using the semantic similarity calculation software of the synonym forest, we can calculate the 
similarity of two words according to the above definitions [64]. After calculating transition distances 
of function chains, the transition distances are weighted according to Equation (11): 

          
-1

i j

p q

N N
S S i p j q

w w
w N S N S

z

+
= ∈ ∈
  , (11) 

where z is the number of function chains, divided by z − 1 to make the sum of the weights be 1. The 
weighted transition distance of two function chains is calculated by Equation (12): 

{ , }
{ , }

{ }
p q

p q

S S p q
p q

S S

w Sim G G
WSim G G

Max w
= , (12) 

where Max{𝜔ௌ೛ௌ೜} is the correction coefficient to make values in the matrix easily distinguishable. 
For an undirected graph A = (G, W), where G = {G1, G2, ..., Gn}, W = {W1, W2, …, Wm}. G is a set of 

function chains, and W is a set of similarity between function chains. Using threshold value W0 
removes edges less than W0 in the undirected graph and deletes independent nodes. A new subgraph 
A0 is generated. Interconnected nodes in subgraph A0 are the function chains of the transformable 
product. The connection between nodes indicates that the function chains represented by these nodes 
can be transformed each other. Each interconnected node represents a state of a transformable 
product, and these nodes form the concept of a transformable product. As it is difficult to map the 
functional domain to physical domain directly, physical components can be designed by refining 
functions in the mapping process, as shown in Figure 6. 

 
Figure 6. Mapping of functions–solutions–components. Figure 6. Mapping of functions–solutions–components.

Comparing the idealization level of a transformable product to multiple products with the same
functions can effectively determine whether the function implementation has been improved. The
idealization level of a transformable product divided by the idealization level of existing products is
the change degree of the idealization level, as shown in Equation (15):

C =
It

Ie
, (15)

where C is the change degree of the idealization level, It is the idealization level of a transformable
product, and Ie is the idealization level of existing products.

4. Case Study

A wheelchair is developed in a case study to verify our proposed method. The wheelchair
is required to meet needs of people with walking difficulty due to illness, injury, or disability [66].
Different user groups or different usage environments may have different needs for the wheelchair.
The collected user needs are listed in Table 2.

Table 2. User needs for a wheelchair.

No. Needs

1 Climbing stairs without the other help
2 Backrest can be adjusted
3 Avoiding sun and rain in wheelchair
4 Sleep in wheelchair
5 Working in wheelchair
6 Moving for navigation
7 Using in the bathroom
8 Taking a bath in a wheelchair

These needs are formalized for details as shown in Table 3.
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Table 3. User needs.

No. User Time Scene Activity Current
Situation

Expected
Situation

N1 All the user Travel time Stair case Climb the stairs With other’s
help Without help

N2 Paralyzed user Changing posture Indoor Sitting Seat angle not
adjustable

Seat angle
adjustable

N3 All the user Where there is
sunshine or rain Outdoor Driving wheelchair

forward No shelter Have shelter

N4 All the user Afternoon Indoor Sleep Sit down Lie down

N5 Business people Work time Office Work Work at desk Work in
wheelchair

N6 Outgoing user When going out Outdoor Driving wheelchair
forward No navigation Have

navigation

N7 Paralyzed user When going to the
toilet Bathroom Use the toilet With help Without help

N8 Paralyzed user When taking a
bath Bathroom Take a bath With help Without help

Needs in Table 2 are compared for the importance as shown in Table 4.

Table 4. Comparisons for the importance of needs for a wheelchair.

Needs N1 N2 N3 N4 N5 N6 N7 N8

N1 N1 N2 N1 N1 N1 N1 N7 N8
N2 N2 N2 N2 N2 N2 N2 N2
N3 N3 N4 N3 N3 N7 N8
N4 N4 N4 N4 N7 N8
N5 N5 N5 N7 N8
N6 N6 N7 N8
N7 N7 N7
N8 N8

The needs are weighted based on results of Table 4, as shown in Table 5.

Table 5. Weight of needs.

Needs N Weight W

N1 0.14
N2 0.22
N3 0.08
N4 0.11
N5 0.06
N6 0.03
N7 0.19
N8 0.17

Weights of needs in Table 5 were decided by using the method proposed in Table 1. All needs
are compared by a pairwise method. For two needs, the more important one is listed in Table 4 after
the comparison. The final weight of a need is decided by its appearance times in Table 4. Weights in
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Table 5 are normalized values; therefore, the total weights are 1. According to Equation (1), wNiN j is
calculated as shown in Equation (16):

wNiN j =

N1

N2

N3

N4

N5

N6

N7

N8



0 0.051 0.031 0.036 0.028 0.024 0.047 0.044
0 0.043 0.047 0.04 0.036 0.059 0.055

0 0.027 0.02 0.016 0.039 0.038
0 0.024 0.02 0.043 0.04

0 0.013 0.036 0.033
0 0.031 0.028

0 0.051
0


N1 N2 N3 N4 N5 N6 N7 N8

. (16)

Using Equation (3), the relationship matrix of needs is established as shown in Equation (17):

R =

N1

N2

N3

N4

N5

N6

N7

N8



0 0.26 0.16 0 0 0 0 0
0 0.22 0.48 0.41 0.18 0.3 0.28

0 0.14 0 0.08 0 0
0 0 0 0 0

0 0 0 0
0 0 0

0 0
0


N1 N2 N3 N4 N5 N6 N7 N8

. (17)

According to the relationship matrix, we can draw the needs-related undirected graph as shown
in Figure 7.
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Designers can choose different thresholds in different scenes based on the design requirements.
For a given threshold value R = 0.4, the resulting segmentations of the graph are shown in Figure 8.
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Go downstairs in a wheelchair, climb stairs to a smooth road and continue to 
drive the wheelchair forward. 
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Adjust angle of the seatback to change sitting posture, adjust table board for 
office use, and adjust seat to sleep flat during break. 

S3 N3 Drive the wheelchair in rainy days, adjust the shelter to block wind and rain. 
S4 N6 Guide road when driving a wheelchair 
S5 N7 Go to toilet and clean in wheelchair 
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The product functions in the scenario are obtained through the description of the scenario. 
Function chains of the six states are obtained after the function decomposition as shown in Figure 9. 
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Figure 8. Segmentations of needs-related undirected graph.

As shown in Figure 8, the needs are divided into six categories corresponding to six potential
states, as shown in Table 6.

Table 6. Scenario description of six states.

States Needs Scenario Description

S1 N1
Go downstairs in a wheelchair, climb stairs to a smooth road and
continue to drive the wheelchair forward.

S2 N2, N4, N5
Adjust angle of the seatback to change sitting posture, adjust table
board for office use, and adjust seat to sleep flat during break.

S3 N3
Drive the wheelchair in rainy days, adjust the shelter to block wind
and rain.

S4 N6 Guide road when driving a wheelchair

S5 N7 Go to toilet and clean in wheelchair

S6 N8 Take a bath in wheelchair

The product functions in the scenario are obtained through the description of the scenario.
Function chains of the six states are obtained after the function decomposition as shown in Figure 9.
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According to Equations (7)–(10), transition distances between any two function chains can be
obtained as shown in Equation (18):

Trans{Gp, Gq} =

S1

S2

S3

S4

S5

S6



0 12.48 5.67 5.8 19.49 21.49
0 20.8 20.35 28 30

0 0.9 17 19
0 17 19

0 4.9
0


S1 S2 S3 S4 S5 S6

. (18)

Using Equation (5), the similarity of two functional chains is obtained as shown in Equation (19):

Sim{Gp, Gq} =

S1

S2

S3

S4

S5

S6



0 0.52 0.62 0.61 0.19 0.17
0 0.17 0.19 0.18 0.17

0 0.94 0.26 0.24
0 0.26 0.24

0 0.86
0


S1 S2 S3 S4 S5 S6

. (19)

Based on Equation (11), weights of the distance between any two function chains are obtained as
shown in Equation (20):
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ωSiSq =

S1

S2

S3

S4

S5

S6



0 0.106 0.044 0.034 0.066 0.062
0 0.094 0.084 0.116 0.112

0 0.022 0.054 0.050
0 0.044 0.040

0 0.072
0


S1 S2 S3 S4 S5 S6

. (20)

According to Equation (12), the weighted similarity is obtained as shown in Equation (21):

WSim{Gp, Gq} =

S1

S2

S3

S4

S5

S6



0 0.48 0.24 0.47 0.11 0.09
0 0.14 0.14 0.18 0.16

0 0.18 0.12 0.10
0 0.10 0.08

0 0.53
0


S1 S2 S3 S4 S5 S6

. (21)

An undirected graph of the matrix in Equation (21) is then established as shown in Figure 10.
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For a given threshold value R = 0.4, the resulting segmentation of the graph is formed in Figure 11.
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Therefore, two final concepts can be formed for the wheelchair based on two segments formed in
Figure 11, and the first concept has three states S1, S2, and S4. Its function chain is shown in Figure 12.
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The second concept consists of S5 and S6, its function chain is shown in Figure 14.
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According to Equation (13), the proportion of shared components in the first concept can be

calculated as 70%. The proportion of shared components in the second concept can be calculated as
75%. More than half of the parts are reused, which saves a lot of material and space resources compared
to the single-function wheelchairs. The number of useful functions and number of components are
shown in Table 9.
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Table 9. Useful functions and related components in two concepts.

Product Number of Useful
Functions

Number of
Components

Transformable product in first concept 13 14
Multiple single-function products in first concept 13 20

Transformable product in second concept 8 9
Multiple single-function products in second concept 8 12

According to Equations (14) and (15), the change degree of the idealization level can be calculated
as 1.43 in the first concept, and 1.33 in the second concept. The results show that our proposed method
increases the level of the product idealization and conforms to the trend of technological system
evolutions in the design for transformable products.

5. Discussion

A transformable product uses the less resource and space than single-function products. Methods
were proposed in this paper to decide required functional components and conceptual design of
transformable products. Although there are many methods proposed to decide the need and design of
transformable products [27–31], the method proposed in this research improves the existing methods by
providing an effective tool to assist designers in the design of transformable products. A mathematical
model was established for the design process of transformable products accurately and effectively. It
proposed the time correlation to cluster the needs, which is a quantitative clustering method that can
better assist designers to cluster needs. Segmentations of needs were used to form scenarios of function
chains. The transition distance was determined by the cost of transition between different function
chains. By calculating the distance between function chains, the similarity between them are more
objectively. A weighted undirected graph was built according to the transition distance. After the
undirected graph segmentation, the connected subgraphs were used to form final design concepts of
transformable products. The segmentation of graph makes the final concept more systematic. The case
study verified our proposed method in the design of a transformable wheelchair. Compared to the
existing wheelchairs on the market that can only drive passengers on the smooth road, two concepts of
the proposed transformable wheelchair can meet various needs of operation functions. Although the
number of the possible detailed constructions of wheelchairs is huge or infinite, the conceptual design
of wheelchairs to meet transformable requirements is limited considering the available functional
components and configurations. We used benchmarking and expert evaluations to generate concepts
and select the feasible solution. The design results were evaluated by comparing the idealization level
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of transformable products with the existing products. The two concepts generated in the case study
demonstrated effectiveness of the proposed method. The results show that our proposed method
increases the level of the wheelchair idealization and conforms to the trend of technological system
evolutions in the design for transformable products. In this paper, we evaluate results by comparing
the idealization level of transformable products with the existing products. If the idealization level
is improved by the proposed method, it shows that the method is effective. We are working on
considering more factors to evaluate transformable products. The optional solution will be searched in
the further work. It will consider not only the technical implementation but also expectations of the
industry and users to evaluate transformable products. The method improves the conceptual design
process of transformable products. However, the process is mainly a manual process which needs the
design knowledge of designers. The current method is for the redesign of an existing product, not for
development of new products. The design process is mainly a manual process that needs the design
knowledge of designers. The further work will extend the method to the new product design. More
factors will be considered to search an optional solution and evaluate design solutions. The method
will include not only the technical implementation but also expectations of the industry and users. A
software tool will be developed for the automatic design of transformable products. Further work will
also apply the proposed method to different transformable products for the method improvement.
Interfaces of transformable products will be considered. A machine learning method will be used to
decide the change need of transformable products from one state to another.
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