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Abstract—Design objectives orientation is an important 

indicator of product research and development. Concurrent 

design Strategy are introduced to coordinate relevant 

departments to communicate and implement product design 

processes through clear product design objectives, so that the 

research and development process can increase efficiency, 

control costs and reduce risks. This research uses the "Rational 

method" for product design, excluding the "Perceptual 

method" black-box design process, and transforms the "black -

box" design into the "Transparent-box" design, making the 

design process transparent and reasonable, and the design 

results are productive and commercial produce. In this research, 

we use welcab drivers and wheelchair users to feedback on the 

use of " Wheelchair Tiedown and Occupant Restraint Systems 

" (WTORS), using observation methods and researchers' actual 

operation methods to find product problems, and applying 

"Objectives tree" Set design objectives, perform product design 

analysis with "morphology chart method", use "DFMA" design 

methods for detailed product mechanical design, and use the 

"DFA" concept to reduce the number of parts, optimize part 

design, component interference, assembly analysis, to enhance 

product quality and assembly solution. This research integrates 

the concurrent design method to quickly combine the design of 

the "Wheelchair Tiedown and Occupant Restraint Systems" to 

achieve the design objectives of product safety, fast operation, 

and reasonable price. 

Keywords—Welcab, WTORS, Objectives Tree, Morphological 

Chart Method, DFA  

I. INTRODUCTION  

With the continuous advancement of medical technology 
and the improvement of public health, human life expectancy 
continues to increase. With the increase in the elderly 
population, the proportion of people with disabilities in the 
population of various countries has increased year by year. 
According to the statistics of the Taiwan Ministry of Health 
and Welfare, by 2018, the number of people with disabilities 
is about Taiwan's total population is 5%, and the number of 
disabled people is about 1.17 million[1]. Therefore, due to 
medical, school, social, travel and other purposes, the need for 
people with disabilities to be able to move and move is 
increasing day by day[2]. 

 The system of assisting wheelchairs and occupants 
transferred to the vehicle to effectively restraint the 
wheelchair and occupants is called "Wheelchair Tiedown and 
Occupant Restraint Systems", hereinafter referred to as 

WTORS[3], and consists of 2 parts: (1) Wheelchair Tiedown ：

In-car wheelchair fixing system,(2) Occupant restraint : where 
the occupant (wheelchair user) is fixed on the wheelchair. 
Poorly designed and operated WTORS will not be able to 
effectively protect the occupants in a car accident or sudden 
braking of the vehicle. Therefore, designing a set of WTORS 
quick-combination release system can reduce operating errors 
and increase the timeliness. It can effectively protect the safety 
of wheelchair occupants when an accident occurs. 

When a wheelchair occupant is hit, if the wheelchair 
tiedown system or the occupant restraint device fails, it will 
cause the wheelchair user to overturn or even throw out of the 
vehicle[4]. The design of this product is aimed at standard and 
systematic design of WTORS to achieve the following 
purposes (1) Fast product installation: easy product 
installation and simple construction. (2) Quick combination of 
operation: quick combination of wheelchair, saving operation 
time. (3) Safe use: Standard combined design to ensure the 
reliability and consistency of WTORS. (4) Ensure that the 
operation is reliable: simplify the operation process and 
prevent the equipment operator from using the equipment 
incorrectly. (5) Improve product reliability: simplify parts and 
mechanism design to improve durability[5,6]. 

II. BACKGROUND THEORY 

A. Objectives tree 

The "Objectives tree" can be used in the execution of 
different industrial fields or product design projects. The 
purpose of setting the objectives tree is to use a tree structure 
to classify product design objectives hierarchically, to clarify 
the relationship between objectives and sub-objectives, and to 
target the bottom-level objectives finds out the method to 
complete the objectives, the steps are as follows: (1) List the 
main design objectives of the product; (2) Develop different 
sub-objectives of the product objectives down, and sort them 
according to high and low levels; (3) Draw the product 
objectives tree a graph showing the relationship between high 
and low classes and the methods to achieve each objective. 

The design objectives come from customer needs, the 
company's new development project needs, and the design 
discussion summary with the team, etc. The simple and clear 
design objectives are like the rudder function, guiding the 
designer and the team to carry out the design and design stage 
review. As the objectives and sub- objectives are listed and 
arranged in relation to each other, the relationship between 
each other becomes clear at this time, and the sub- objectives 
must meet the objectives of the upper level. When the " 



objectives tree" is drawn, the product is transformed from a 
text description into a tree-like objectives diagram. The main 
objective and sub-objective hierarchical relationship is 
generated, and the lowest-level objectives need to be given a 
"method" to achieve the objectives. Therefore, the " objectives 
tree" is controlled by the main objectives. The relationship 
between the development of the objective and the previous 
objective is "how", and the relationship from the secondary 
objective to the main objective is "why"[7]. 

B. Morphological chart method 

The purpose of "Morphological Chart Method" is to 
provide a wide range of potential functional solution options, 
develop different solutions based on product functions or 
features, and finally select the most suitable product 
combination, and generate multiple product design proposals 
for evaluation and discussion[8], the steps are as follows: (1) 
List the necessary features or functions of the product; (2) List 
the solutions that can be completed for individual features or 
functions; (3) Draw a chart of all possible solutions, and 
display the "morphological chart" A combination of possible 
solutions; (4) A possible (best) combination plan or sub-
combination plan is defined, and the subsequent design 
process is provided. 

After confirming the product design objectives and 
functions, the "morphological charts method" is one of the 
design methods for designers (teams) to design ideas and 
design proposals. When executing the "Morphology Charts 
method", it is necessary to briefly list the product features or 
functions, and each is independent and comprehensive, so as 
to avoid overly lengthy and unnecessary descriptions. 
"Morphological charts method" can generate a huge number 
of solution combinations, but these solutions are not all 
reasonable and executable. The best solution design can be 
selected through rule of thumb, team evaluation, or design 
evaluation, or combine different solutions and modify to 
produce the best design preliminary to meet the design 
objectives. 

C. PUGH concept selection method 

Stuart Pugh published the Pugh concept selection method 
in the 1980s, called the Pugh concept selection method[9]. Its 
purpose is to quickly screen design concepts and improve 
them. It is a method often used in design evaluation. Design is 
a process of divergence and convergence and providing 
multiple solutions. After divergent conceptual design, the best 
solution must be converged and selected from many design 
ideas. PUGH is often used in design selection and non-design 
decision-making. It can also be used to integrate and optimize 
finalized design concepts. PUGH's execution procedure has 
the following four steps: 

Step 1: Determine the comparison items: Assign relative 
weight to the design objectives, and arrange the design 
objectives from top to bottom in the leftmost row of the matrix 
as comparison items. 

Step 2: List the candidate ideas for design evaluation: 
Place the candidate ideas at the top of each row of the matrix 
(column). 

Step 3: Set a datum, compare the ideas with the datum for 
the comparison items listed in step 1, and give a comparison 
score at the corresponding position of the column and row, the 
scoring method and score are divided into 5 levels. 

Step 4: Calculate the total score of each candidate : After 
multiplying the individual score of each idea by the weighted 

score, the weighted total score of each candidate  is obtained. 
The ranking order can be obtained according to the score 
ranking, so that the best design idea can be selected. 

D. DFA(Design for Assembly) 

The purpose of assembly design is to set the appropriate 
(minimum) number of parts of the product and optimize the 
parts of the product. By redesigning the product components, 
it can achieve the best assembly and reduce production costs. 
The steps are as follows: (1) Assess the efficiency and 
rationality of individual parts relative to product assembly, (2) 
Assess the theoretical minimum number of parts with product 
functions, (3) Optimize parts, evaluate manufacturability and 
best cost. 

The above step (1) is to evaluate the grip, direction, 
mobility, placement and safety of individual parts. The above 
step (2) asks the following five questions about the component 
(1) Does this part need to move relative to other parts in the 
operating state, that is it cannot perform normal operation 
without this part, (2) Does this part need to be combined with 
other parts? The assembled parts are separated or different 
materials are used, (3) Whether to separate this part from the 
assembled parts before assembly and maintenance can be 
carried out, (4) Whether only this part can perform the 
required function, (5) Due to manufacturing feasibility factors, 
it is necessary to separate the parts and perform the same 
function together after assembly. If one of them is met, it 
means that the part needs to exist separately, so as to ensure 
the minimum number of product parts. 

III. CASE STUDY-DESIGN A PRODUCT OF WTORS 

A. Product collection and investigation 

Market products are mainly developed countries such as 
Europe and the United States, Asian countries have developed 
relatively late in this field, As shown in TABLE I for market 
product analysis. WTORS wheelchair tiedown methods have  
3 types as below[2]:  

(1) Strap-type tiedown : Use seat belts and ground anchors 
to tiedown the wheelchair and the vehicle platform. The 
advantage is that it is cheap and compatible with different 
brands of wheelchairs. The disadvantages is that it takes time 
to construct and tiedown the wheelchair. The wheelchair takes 
about 120-180 seconds on average to complete the process, 
and it is easy to endanger the protection of the occupants due 
to operating errors.  

(2) Clamp-type tiedown : Use seat belts and clamps to 
tiedown the wheelchair and the vehicle platform. The 
advantage is low price, it can be compatible with different 
brands of wheelchairs and ground-free anchor construction. 
The disadvantage is that it takes time to tiedown the 
wheelchair. It takes about 120-180 seconds on average to 
complete the process. It is easy to make mistakes in operation 
and endanger the protection of occupants.  

(3) Docking system : The advantage of System is that the 
construction and the combination of the wheelchair are fast, 
and it takes about 5 to 10 seconds to finish the combination of 
the wheelchair. And because the wheelchair is indeed 
combined, the probability of operation errors is reduced, and 
the occupant protection ability is effectively improved. The 
disadvantage is that the wheelchair is heavy and the structure 
is designed as a single-point fixed wheelchair, high price, etc., 
this case focuses on the rapid docking system combined with 
wheelchairs, and improves the shortcomings of this system as 
the development objectives. 



TABLE I.  ANALYSIS OF EXISTING PRODUCTS. 

 

B. Product objectives 

According to the user experience method, observation 
method, inquiry method, and actual operation of the WTORS 
system, use objectives tree method to set product design 
objectives. The main objectives are: (1) Rapid product 
operation, (2) Product safety, (3) Rapid construction, (4) 
Operation is accurate, (5) Product reliability, the main 
objectives is to develop sub-objectives according to levels, 
and so on. The design objectives are: (1) Wheelchair 
combination and release fast, occupant seat belts fast and 
reliable, (2) Wheelchair release protection, Multi-point seat 
belt design, standard combined design, (3) Dock installation 
is quick and easy, small in size, simple in shape, (4) 
Reasonable storage mechanism, (5) Easy and simple 
combined release mode, (6) Solid, the structure is simplified 
and eventually developed into 13 design objectives, project 
objectives tree as shown in Fig. 1. 

 

Fig. 1. Objectives tree of product design of WTORS. 

C. Establishing Functions and Setting Requirements 

In this study, the Transparent box method was used to 
analyze the WTORS process, and the necessary functions 
were generated according to the needs of the operation process, 
and then the "boundary" of the product function was 
formulated to base the design specifications. The WTORS 
system wheelchair integration process is (1) the occupants 
fasten seat belts, (2) ) Ensure the safety belt, (3) transfer the 
occupant and wheelchair to the vehicle (using the lift), (4) 
push the wheelchair and occupant to the WTORS system, (5) 
the wheelchair combined with the WTORS system, (6) ensure 
the wheelchair combined, the process is shown in Fig. 2. 

 
Fig. 2.  Transparent-box of  WTORS 

Develop quantitative product requirements based on the 

product operation process: (1) Wheelchair Tiedown: 

Wheelchair Tiedown: less than 10 seconds, product flame 

resistance rating UL94V0, product height less than 100mm, 

(2) Occupant restraint: three-point seat belt, tension test 

greater than 9800N, single-handed after the operation is 

released, the impact can be released without tools. (3) Product 

construction: the joint between the device and the vehicle 

platform is greater than 3 points and must pass the impact test, 

the dock construction time is less than 30 minutes, and it is 

suitable for installation in a commercially available welfare 

vehicle. 4) Product price: product manufacturing cost under 

USD1,000-1,500, construction cost under USD100-150, (5) 

product reliability: product service life needs to be more than 

10 years and 62,400 times, (6) product safety: crash test 

compliance ISO10542-1, double system protection of release 

device, the product requirements  is shown in TABLE II. 

Define design requirements as below : 

1)D:is the demand, as the necessary function. 

2)W: is the wish, as the non-necessary function. 

TABLE II.       SPECIFICATION FOR PRODUCT OF WTORS. 

 

D. Generating Alternatives 

Apply morphological chat methods to implement product 
concept development. According to product specifications, it 
is set as: (1) Wheelchair safety belt, (2) Wheelchair storage, 
(3) Wheelchair and dock combination mechanism, (4) 
Wheelchair release mechanism, (5) Dock and car Platform 
combination, (6) Wheelchair and dock combined guidance, 
and develop all possible solutions based on this function, as 
shown in TABLE III. Evaluate the best (suitable) solution for 
each function according to the concept development, and 
generate 3 development combinations in series, as shown in 
Fig. 3. After screening the proposals, they are organized as 
follows, as shown in Fig. 4. 

(1) Idea A: A2+B2+C1+D1 +E2+F2 
(2) Idea B: A3+B1+C2+D2+E1+F1 
(3) Idea C: A1+B1+C2+D1+E1+F3 

TABLE III.           MORPHOLOGICAL CHARTS OF WTORS 

 



 
Fig. 3.  3 ideas combinations of  WTORS 

 
Fig. 4.  3 ideas organization of  WTORS 

E. PUGH Evaluation Design Alternatives     

For each level of the objectives tree lever 1, lever 2, and 
lever 3, use the ranking-order method to assign weights to the 
design objectives, as shown in TABLE IV, V, VI. According 
to the 3 best design proposals developed by the morphological 
chart method, the PUGH concept is selected, and the ranking 
result is IDEA A>IDEA B>IDEA C, and finally IAED A is 
selected for engineering design based on the quantitative 
comparison results. The evaluation process and results are as 
shown in TABLE VII . 

TABLE IV.           LEVER 1 OF WEIGHTTD OBJECTIVES  

 

         TABLE V.           LEVER 2 OF WEIGHTTD OBJECTIVES 

 

TABLE VI.           LEVER 3 OF WEIGHTTD OBJECTIVES 

 

         TABLE VII.           PUGH EVALUATE DESIGN IDEAS 

 

F. Engineering Design 

Based on the design objectives, design specifications and 
morphological chart, the best design proposal is conceived 
and developed, using 3D CAD tools, DFM and DFA as the 
concept, to evaluate product functionality, manufacturability, 
adaptability, cost factors, transportation packaging, etc. Give 
parts materials, surface treatments, 3D functions and parts 
dimensions to perform engineering design. The engineering 
design results are as follows: (1) Dock shape and mechanism 
design, dimensions as shown in Fig. 5, (2) Wheelchair shape 
and mechanism design, (3) Wheelchair 3-point safety belt 
design. The design results are followed by product 
development procedures such as sample making, design 
verification, design adjustment, trial production, trial mass 
production, and mass production. Combination of wheelchair 
and dock as shown in Fig. 6,7, product exploded view and 
BOM as shown in Fig. 8. 

 
Fig. 5.  Design and dimension of  Dock 

 

Fig. 6.  Before combining Wheelchair and  Dock 



 

Fig.7 .  Finish WTORS system 

 

Fig.8 .  Product explode and BOM 

IV. DISCUSSION AND RESULTS 

The author serves company that research, manufacture, 
and modify barrier-free vehicles, and also operates 
transportation services for people with disabilities. Therefore, 
there are many opportunities for in-depth discussions and 
feedback with wheelchair users and WTORS operators to find 
out the advantages and disadvantages of the product. In 
addition, the author has a better understanding of the existing 
problems and market niches of the WTORS system through 
actual operation of the product and observation. 

This research case can obtain the following clear research 
results and data: (1) In line with market analysis and research, 
WTORS design products can be commercialized. (2) Three 
proposals for concept development, (3) 3D model 
construction of feasible solutions for concept development 
one item, (4) One engineering drawing, including parts 
drawing, product assembly drawing, exploded drawing, and 
parts bill of materials (BOM). 

V. CONCLUSION 

Using the concurrent design method and rational methods 
for product design has the advantage of systematically 

developing the design process and recording the process and 
results[10], so that information can be effectively managed 
and applied. This research integrates "Objectives tree method", 
"Transparent box method", "morphological chart method" and 
other methods in the product design of  WTORS. The purpose 
is to find "product opportunities" through market product 
research, so as to formulate a objectives tree to clarify product 
design objectives. Guide the design to clearly implement the 
design objectives, use the transparent box method to analyze 
the product operation process to develop product 
specifications, adopt product specifications to meet user and 
market needs, apply morphological chat methods to develop 
functional requirements solutions, and obtain the best product 
design solution Finally, the engineering design stage for 
mechanism design. Using DFA concept design and analysis 
for engineering design, this method will ensure that the 
product parts reach the minimum number and the best 
component optimization. The results of this study found that 
the program conversion design process is rigorous and rational. 
The results are mass-produced, the products are marketable, 
and the design information can be completely retained. It is 
hoped that the industry and academia can exchange 
experience and apply research with each other. 
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