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Abstract. Technical systems with only one unique function cannot meet the
diverse needs of users. The transformable system can perform different functions
through the structure change in the application. A key step of designing a
transformable system is to search an optimal path of the transformation process
between different functions of the system. Through analyzing the system
composition, the diversity needs can be implemented in multiple environments and
actions. Different use environments and active objects form different states of a
system. The distance between different use environments or active objects can be
measured based on similarity of their characteristic parameters. In order to save
resources and simplify operations, a minimum spanning tree of an undirected
graph is formed using the Kruskal algorithm to search the optimal transformation
path. A transformable wheelchair is designed using the proposed method in a case
study.

Keywords: Product design, Funtion transformation, Path planning, Kruskal
algorithm.
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1 INTRODUCTION

A technical system with multi-functions can meet diversified user needs in different environments
[29]. An effective method is required to design a multi-functional system. A technical system can
be divided into two types, one uses the fixed structure, the other applies the transformable
configuration. The latter is a resource-saving solution compared to the former one. Different states
are decided by configurations of this kind of the system in performing a certain type of functions.
Transformation refers to a process in which the technical system changes its morphology in order
to perform a certain function or improved function [23]. Osprey aircraft, Satellite antenna, and
Swiss army knife are some examples of transformable systems. The first step of development of a
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transformable technical system is to plan different function states and paths of the state
transformation.

Functions of a technical system are designed based on user needs [19]. Functions are
performed through interactions of system elements and environments [10]. Diversity needs may
come from the existing or new users. The needs include different functions in the same
environment, same function working in different environments, or different functions working in
different environments, as shown in Figure 1.
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Figure 1: Product needs and system domains.

Environment refers to related elements outside a system, object refers to a target of the system.
Changes in user needs can lead to changes of the system and object. Changes of environment and
object will make the technical system difficulty working effectively. The system needs to be
redesigned to adapt to the change. Therefore, this paper proposes a method to find related
environments and objects in design for transformable systems. Based on similarity of related
factors, distances of different working states are decided using the Kruskal algorithm to form a
search tree with the shortest distance for the optimal transformation path. A transformable
wheelchair is designed to verify the proposed method.

2 RELATED REASERCH

Some exiting desigh methods can be used to design transformable systems. Modular design
emphasizes that a product is formed by functional independent modules. The addition, separation,
modification, relocation and replacement of modules can realize partial changes of a product [13-
147]. Modularization strategies and design methods of the product life cycle have been proposed [9,
11, 16-17, 22]. Modularization can be applied in transformable products to reduce design
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redundancy. Reconfigurable design forms different design schemes by rearranging and combining
product modules [6, 8, 12]. Reconfigurable systems have flexibility in changing the product
configuration. Adaptive products provide different functions by changing the form of mechanical
systems. These design methods provide guidelines for design of product functions and structures
[27, 32]. These methods also provide guides in the design process of transformable systems.

A transformation design method was proposed by Singh et al [27] to consider the
transformation principle of a product in the transformation of different states. When there is a
single-functional system suitable for design as a transformable system, advantages and
disadvantages of two types of systems are discussed [2, 5, 28]. Singh et al. [25] proposed a
design framework of the plot-goal-need-capability. T card was designed to record the
transformation principle. The card supports the definition and implementation of each principle and
operator. The color and shape of the card are different according to relevance of the principle. The
combination of mind maps and transformation principles can spread design thinking to develop
different transformation products [24]. Transformation principles are used in different fields in the
different frequency. After studying a large number of products, the priority of principles can be
summarized [28, 30]. Camburn et al. [6] Proposed a desigh method to improve the quality,
novelty and flexibility of the solution. Son et al. [26] studied positive effects of the transformation
on the environmental protection. However, there is a lack of a method to plan the transformation
path between multiple states of a system.

A graph consisting of points and lines without loops is called a tree. A graph may contain many
trees. A tree that can traverse all points of a graph is called a spanning tree. The spanning tree
with the minimum weight sum of edges is called the minimum spanning tree [31]. A transformable
system can be represented by a graph, in which points represent states and lines represent
distances between the states. If each state can be transformed, it will make the system very
complex. Therefore, it is very important to find the minimum spanning tree of a transformable
system. The minimum spanning tree is one of the most studied problems in the combinatorial
optimization. Fast greedy algorithms can be applied in solving this problem, including the Prim
algorithm, Kruskal algorithm and Boruvka algorithm [1, 3]. The Kruskal algorithm is one of the
faster methods to find the minimum spanning tree in a graph [8, 18]. Kruskal [15] proposed the
Kruskal algorithm to solve the problem of travel agents. The basic idea is to choose the edge with
the least weight without making up the loop. The Kruskal algorithm is widely used in the circuit
system design, campus path planning, etc [4, 20-21]. The minimum spanning tree of a
transformable system can be found by the Kruskal algorithm as the optimal transformation path.

3 PROPOSED METHOD

3.1 Distance Between Environment and Object

Figure 2 shows a transformable system with four states, where nodes S1, S2, S3 and S4 represent
four states of the system.

Figure 2: A transformable system with four states.
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Edges or connections of nodes represent distance between the nodes. Before planning the
minimum spanning tree, we should first find the distance between each state. Application
environments and objects of a technical system can be analyzed according to user needs. The
environments and objects are combined according to application scenarios to obtain potential
states of the system as shown in Figure 3.
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Figure 3: Combination of environments and objects.
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Because the system is related to environment and object, the distance between them is used to
represent the distance between states. Environments can be represented as follows.

67',1 ‘flll vil

B=| : (3.1)

where E; is the itn environment in which the technical system works, ej is the jin environmental
factor of Ej, fij is the feature of ej;, and v; is the feature value range. Similarly, the object is
expressed as follows.

0.71 fll U./J
O] B v (3-2)
A similar environment with the original system environment will have a close distance between

them, which is easy for their transformation. The environment distance has a relation with
environment similarity as follows.
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D(E, E)=1-Sim(E, E,) (3.3)

Where Sim(Ei, Ej) is the similarity between environment E; and Ej. Similarly, the object distance
has a relation with object similarity as follows.

D(O, Oj):l—Sz'm(O,, OJ) (3.4)

As the environment and object are related to the system, the distance of different forms of a

system is decided as follows.

D(E, E)+D(O, 0)
2

Environmental factors include different features of a system. Some features of environmental
factors will directly affect the system. The similarity of these features represents the similarity of
environmental factors. Features include physical, chemical and geometric features, etc [33], as
shown in Table 1.

DS, S)) = (3.5)

Feature type Feature name Feature dimension
Force N
Physical Density g/cm3
Affinity L/mol
Chemical Reaction rate mol/(L-s)
Volume cm3
Geometric Length cm

Table 1: Classification of features.

If similarity between different features is 0, and rj is the similarity between features f; and f;, value
vi of feature fi is in [a, b], and value v; of feature fjis in [c, d], the feature similarity can be decided
by Equation (3.6).

r, = Simlf, 1) (3.6)
When f, = o 1 = 0.
When f;; = f';j’
(1)7% Jv., .= d_CA
i = Ty,
(2v, Cu., 1. = bia‘
LT d—e
b—c
B)v. Nu. =0 and a<c, 1, = )
2 [ ij d_a
(4)’[)].. Nov. =0 and a > ¢, .= d_a.
2 1] ij b_c

(5)y, N,

= 0, 7. =0.
ij

where Sim(fi, fj) is the similarity between feature fi; and fi;. The similarity between two
environments can be decided as follows.
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=

4 3.7

¥ (3.7)

where N is the sum of feature numbers in two environments. Similarly, the similarity of different
objects can be decided by Equation (3.8).

Sim(0,,0)) = % (3.8)

The distance between two system states can then be decided by Equations (3.1)-(3.8).

Sim(E,E.) =

3.2 Optimal Transformation Between Different States

A graph G(S, D) can be constructed using the system state as node S, and the distance between
states as edge D. The minimum spanning tree can be found by the Kruskal algorithm as shown in
Figure 4 [31].

| Input weighted connected graph |
v

Sort the edges from small to large,
dlleI"'ldm

Tz dy, i=1, j=2

Output T,
Finish

Tz T+dj
i=i+1
j=j+1

Figure 4: Flowchart of the Kruskal algorithm.

Steps of the Kruskal algorithm are as follows.

1) Sort edges from small to large, di, dz, ..., dm.

2) T<dy, i=1, j=2.

3) If i=n-1, output T, and the algorithm ends, otherwise, go to 4).

4) If dj is added to T, a loop is formed, then j=j+1, go to 3). Otherwise go to 5).

5) T<T+dj, i=i+1, j=j+1, go to 3).
An optimal transformation path can be found to traverse all states with the minimum distance. The
technical system is evaluated by the idealization level as follows [33].

7= XU
wXH+wC (3.9)

where I is the degree of idealization. A large I indicates the high value of a technical system. U is
the benefit of the technical system. In this paper, it is expressed by the number of environments
and objects that the system can adapt. H is the harmful function of the system. In this paper, it is
expressed by the failure index. Key state has a high failure index because it is related to more
than one other state and used frequently. Therefore, the failure index is expressed by the
proportion of key states. C is cost of the technical system based on the normalized design
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complexity which is expressed by the distance between states. «: and 2 represent the weight of
H and C, which is determined by designers according to different situations.

In Figure 1, the change of environments and objects may cause their relationship change for
the system from a standard affect to a harmful affect. Altshuller proposed 76 standard solutions in
TRIZ [33] to be specially used to solve the deficiency or harmful affect between system factors.
The application process of the standard solution can assist in the configuration design for each
state of the system.

4 CASE STUDY

The wheelchair is considered as a technical system in the case study. Users are adults with
mobility difficulties. The main environment is outdoor in normal weather conditions. A wheelchair
model is shown in Figure 5.

Figure 5: 3D model of the wheelchair.

In Figure 5, the environment element associated with the system is a smooth road, which is
characterized by the height of obstacle. The object element associated with the system is adult,
which is characterized by the horizontal displacement, supporting capacity, supporting area and
displacement of thigh. Environments of the wheelchair are represented in Equation (4.1).

E = Smooth road Height of obstacle cm [0 — 3] (4.1)
Objects of the wheelchair are as follows.
Adult Horizontal displacement m [0 — o9]
Adult  Supporting capacity kg [0 —90]
V| Adult Supporting area m’ [0.1-0.3] (4.2)

Adult  Displacement of thigh cm [0—5]

Potential environments and objects can be obtained according to diverse user needs. Features and
values of potential environments are listed in Table 2.

Features E1 E> Es E4 Es Ee Ez
Height of obstacle (cm) [0-3] [0-30] [0-3] [0-3] [0-1] [O-1] [O-1]
Rainfall (mm/h) [2-10]
Flow rate (L/min) [0-6]
UV index [5-15]
Wind velocity (m/s) [0-20]

Table 2: Features and values of different environments.
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In Table 2, environment conditions are normal (Ei1), step room (Ez2), outdoor with strong sunshine
(E3), outdoor with wind and rain (E4), indoor (Es), toilet (Es), and shower room (E7). Features and
values of potential objects are shown in Table 3.

Features 01 02 (OF! O4 Os Os 07 Os (O]} O10 Oi1u1 O
Distance of horizontal
moverent (m) . [0-001 [0-c0] [0-0] [0-00] [0-00] [0-00] [0-c0]
Weight to support

(kg)
Supporting area (m2)

Length of thigh
displacement (cm)
Distance of vertical
displacement (m)

Distance of tableware
displacement (cm)
Distance of axillary
displacement (cm)
Distance of shank
displacement (cm)

Distance of back
displacement (cm)

Distance of head
displacement (cm)
Distance of goods
displacement (cm)

[0-90][0-90][0-90][0-90][0-90][0-90][0-90][0-60][0-90][0-90][0-90][0-90]

[0.1- [0.1- [0.1- [0.11-[0.09-[0.05- [0.2- [0.05- [0.1- [0.15- [0.2- [0.1-
0.3] 0.3] 0.3] 0.31] 0.29] 0.15] 0.5] 0.2] 0.3] 0.35] 0.5] 0.5]

[0-5] [0-5] [0-5] [0-5] [0-5] [0-5] [0-5] [0-5] [0-5] [0-5] [0-5]
[0-00]
[0-1]
[0-2]
[0-5] [0-2] [0-5]
[0-5] [0-5]
[0-5] [0-5]

[0-5]

Table 3: Features and values of different objects.

Objects in Table 3 include adults travel (O1), adults up and down stairs (Oz), adults sitting (03),
adults for meal (04), adults in toilet (Os), adults in shower (Os), adults in rest (O7), children with
mobility difficulties (Osg), adults with upper limb injuries (O9), adults with lower extremity injuries
(O10), comatose adults (0O11), and goods (0i12). Through combining environments and objects, a
total of 21 potential states are obtained in Table 4.

O O O3 0Os4 Os O Oy Og Og Oi0 O11 O
E1 S1 S2 S3 S4 S5 S6
E> S7
Es S8 S9 S10 S11 S12
Ea S13 S14 S15 Si16 S17
Es S18 S19
Ee S20
E; S21

Table 4: Combination of potential environments and objects of the wheelchair.

Distances between states are calculated by Equations (3.1)-(3.8) as shown in Table 5. Table 5
shows the adjacency matrix of 21 states of the wheelchair.
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s1|s2|s3]|s4]ss5[s6[s7]s8]s9 [s10[s11][s12[s13[s14]s15]S16[S17[S18|S19]S20]S21
s1] 0 [0.120.000.14)0.27/0.240.5500.37)0.250.390.520.490.49)0.370.520.650.610.460.550.470.76
s2 0 0.120.220.31/0.320.61/0.250.370.47/0.56/0.57/0.3800.490.59/0.69)0.690.580.640.570.74
s3 0 0.140.27)0.25/0.55/0.37/0.250.39)0.52/0.50(0.490.380.520.650.63(0.46/0.550.470.76
s4 0 [0.230.290.59)0.47]0.390.2500.4800.540.590.5200.38)0.600.670.580.6 10.580.79
S5 0 0.280.7500.56(0.52/0.48/0.250.5800.69/0.650.60/0.380.710.680.690.770.81
S6 0 0.650.57)0.500.540.580.250.6900.630.670.710.380.590.630.59)0.73
s7 0 0.640.580.62/0.770.680.650.590.630.790.690.690.750.700.81
S8 0 0.120.2200.31)0.32)0.38)0.490.5900.690.690.66/0.720.650.83
) 0 0.140.270.25/0.49)0.380.520.650.630.54/0.630.5500.84
510 0 0.230.15)0.590.52/0.380.600.670.66/0.690.660.88
s11 0 0.330.6900.650.60/0.380.71/0.720.770.850.90
s12 0 0.690.630.67/0.710.380.670.710.670.82
s13 0 [0.1200.22)0.31)0.320.70/0.760.700.84
s14 0 [0.14/0.270.250.590.700.60.84
s15 0 0.230.29)0.700.7400.7000.89
516 0 0.330.800.820.890.91
517 0 0.710.750.72)0.83
s18 0 0.140.030.73
519 0 [0.150.76
520 0 b.72
521 0

Table 5: Distances between different states of the wheelchair.

A undirected graph is drawn to represent the initial transformation path by taking states as points
and distances as lines, as shown in Figure 6.

&S7

520,

8S3

A S21

—® S9

Figure 6: The initial transformation path of wheelchair states.
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If all the connected states in Figure 6 can be transformed each other, the system will be very
complex and difficult to design. Edges in Figure 6 are sorted by numerical values, di1=0.01,
d>=0.03, d3=0.115, ..., d210=0.91. Let d: be the initial tree T, and edges from d2 to d210 are added
to T in the order from small to large. When there is a loop in T after adding di, diis deleted, di+1, is
continuously added until all the edges have been tested, then T is the minimum spanning tree.
This process can be completed by running a computer program such as codes in MATLAB. The
minimum spanning tree in Figure 6 can be searched using the Kruskal algorithm for the optimal
transformation path as shown in Figure 7.

s,
®55 %5y %5y %55 sy ¥sg 257 ®57s
®5s 055 0570°575%575° 57,2 579% Sz,

.877.872 .876 .827

Figure 7: The optimal transformation path of wheelchair states.

The tree in Figure 7 is searched for the optimal transformation path, in which nodes represent 21
states of the wheelchair. Connected lines indicate that these states can be transformed each other.
The environment of the wheelchair has been changed from E: to Es3. The environmental factor
ultraviolet in E3 has a harmful effect on adults. According to the application process of the standard
solution, the 9th standard solution can be used, which is: if there is a harmful effect between two
substances, a third substance can be introduced to eliminate the harmful effect [33]. The solution
is to install a shield on the wheelchair to block ultraviolet rays, as shown in Figure 8.

- Radiation
Ultraviolet Adult
rays
- Radiation
Ultraviolet Adult
rays

Shield

Figure 8: Application of a standard solution to eliminate harmful effects.

According to the application of standard solution in Figure 8. A 3D model of the wheelchair in
environment Es is shown in Figure 9.
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Figure 9: Wheelchair in environment Es.

Following the above method, each state of the transformable wheelchair is designed using
standard solutions shown in Figure 10.

i

513I‘E

s11 }_& s12 .%2'516 ﬁsm

Figure 10: Wheelchair model on optimal transformation path.
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States S8, S9, S10, S11 and S12 in Figure 10 are also obtained according to the 9th standard
solution. As the Kruskal algorithm is a greedy algorithm, the solution obtained in each step will be
better than the previous step. The optimal transformation path is therefore unique. The designer does
not need to choose the optimal path from multiple paths.

The design result is a transformable wheelchair with 21 working states. If the transformation
path is not planned, it will make the design complex and difficult to determine the key working
state. This research mainly focuses on planning the optimal path. The idealization level of the
system designed according to two paths in Figures 6 and 7 is evaluated to verify the effectiveness
of the proposed method. Evaluation indexes of the system are used in the solution evaluation
shown in Table 6.
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Initial transformation Optimal transformation

Evaluation indexes Weight

path path
Number of environments 7 7
Number of objects 12 12
Failure index 1 0.38 01=0.4
Normalized design complexity 0.54 0.02 02=0.6

Table 6: The evaluation indexes of the wheelchair.

The idealization degree of the system is evaluated by Table 6 and Equation (3.9). The idealization
degree of system Is according to the initial transformation path is as follows.

_ YU B 7412
WY H+w,XC  04x1+0.6x0.54

=26.24 (4.3)

The idealization degree of system I according to the optimal transformation path is as follows.
7 Y B 7412
Y w Y H+w,>XC  0.4x0.38+0.6 x 0.02

=115.85 (4.4)

Obviously, Ia> I, the system based on the optimal transformation path is more effective.

5 CONCLUSIONS

A transformation product designed based on the optimal transformation path can save resources
and simplify product operations. In this research, potential environments and objects are
determined for diversity needs of product users. Distances between potential states of the system
are obtained based on similarity of environments and objects. The optimal transformation path of
states is planned to save resources and simplify transformation operations. A transformable
wheelchair is designed to illustrate the effectiveness of the proposed method. Further work will
apply the proposed method in design of different transformable products for the method
improvement.
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