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ORIGINAL ARTICLE

New Hybrid AD Methodology for Minimizing 
the Total Amount of Information Content: 
A Case Study of Rehabilitation Robot Design
Tao Yang1*  , Xueshan Gao2,3 and Fuquan Dai4

Abstract 

Converting customer needs into specific forms and providing consumers with services are crucial in product design. 
Currently, conversion is no longer difficult due to the development of modern technology, and various measures can 
be applied for product realization, thus increasing the complexity of analysis and evaluation in the design process. 
The focus of the design process has thus shifted from problem solving to minimizing the total amount of informa-
tion content. This paper presents a New Hybrid Axiomatic Design (AD) Methodology based on iteratively matching 
and merging design parameters that meet the independence axiom and attribute constraints by applying trim-
ming technology, the ideal final results, and technology evolution theory. The proposed method minimizes the total 
amount of information content and improves the design quality. Finally, a case study of a rehabilitation robot design 
for hemiplegic patients is presented. The results indicate that the iterative matching and merging of related attributes 
can minimize the total amount of information content, reduce the cost, and improve design efficiency. Additionally, 
evolutionary technology prediction can ensure product novelty and improve market competitiveness. The methodol-
ogy provides an excellent way to design a new (or improved) product.
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1  Introduction
With the development of technology, an increasing 
number of technical measures have become available to 
solve engineering problems. Designers and engineers are 
beginning to realize that there are multiple alternative 
technological solutions (design parameters) for achieving 
specific needs (customer requirements). In the contem-
porary era characterized by the explosive development 
of technology, customer demands have become person-
alized and diversified, and emphasis has been placed on 
quality and the customer experience [1]. However, tra-
ditional research focused on finding appropriate techni-
cal solutions based on customer needs, organizing the 
design process, and solving practical engineering prob-
lems is hampered by information occlusion, the limited 

knowledge and experience of engineers, and the lack of a 
systematic design philosophy for guiding the design pro-
cess. In other words, designers were limited by technical 
factors, so they focused on the process of determining 
design parameters.

Suh [2] suggested that the information axiom could 
be used in optimal selection when multiple functional 
requirements (FRs) exist. Suh noted that one could mini-
mize the information content by specifying the largest 
allowable tolerance when stating FRs and integrating the 
design parameters (DPs) into a single physical variable. 
Evaluation of design schemes through information axi-
oms can optimize design schemes, increase the success 
rate of design and development, and enhance robustness 
[3‒6].

In recent years, many scholars have performed exten-
sive research to expand and improve AD theory. Emilio 
Sarno et  al. [7] associated TRIZ and reliability-cen-
tred maintenance (RCM) with AD to obtain practical 
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solutions. Kremer et al. [8] presented an AD, TRIZ, and 
mixed integer programming (MIP) method to develop 
innovative designs. Ko [9] modelled an AD and TRIZ 
hybrid approach to solve contradictions.

Although these studies have successfully provided the 
basic principles and conceptual framework for product 
innovation design and improvement, most of these stud-
ies focused on the independence of axiomatic design, 
especially decoupling the design matrix if it is coupled. 
Most research on the information axiom has concen-
trated on the evaluation scheme. Krishnapillai and Zeid 
suggested that each designer has a unique way of gener-
ating design alternatives [10]. Each design alternative has 
advantages and disadvantages that affect customer satis-
faction [11].

A novel systematic method is lacking that can help 
designers minimize the total amount of information 
content to create innovative products that can surprise 
customers in the context of new trends and competitive 
markets.

Suh [4] suggested that the information axiom can 
be used in optimal selection when multiple functional 
requirements exist. Suh noted that one could minimize 
the information content by specifying the largest allowa-
ble tolerance when stating FRs and integrating the design 
parameters into a single physical variable.

Although Suh proposed some guidelines for minimiz-
ing the total amount of information content, there is still 
a lack of specific practical technology for implementing 
the relevant work. The theory most similar to Suh’s infor-
mation axiom concept is trimming theory [12], which 
aims to remove or integrate parts and components while 
maintaining system functionality [13, 14]. However, trim-
ming theory does not provide specific methods for iden-
tifying the design parameters that should be trimmed, 
does not define information content, and lacks a theoreti-
cal framework.

Therefore, we can redefine the meaning of minimizing 
the total amount of information content, which involves 
not only reducing the number of information compo-
nents, the uncertainty of design parameters and the 
complexity of consumer operations but also enhancing 
robustness. This paper attempts to provide a new design 
model to avoid unnecessary complexity in the design sys-
tem and enhance customer satisfaction and help design-
ers simultaneously solve problems and evaluate projects.

This paper introduces the AD methodology, trimming 
technology, ideal final results, and evolution theory in 
Section 2. Section 3 presents the proposed hybrid meth-
odology. In Section 4, a case study is investigated to jus-
tify and verify the method. Finally, the conclusions are 
summarized in Section 5.

2 � Methodology
To meet customer requirements and improve customer 
satisfaction, designers need to find the best designs 
among the alternative designs by continuously consider-
ing the principle, effect and structure of design parame-
ters to achieve specific functions. In this process, to cope 
with fierce market competition, companies must improve 
the customer experience at the lowest cost, so the design 
process becomes complex. With developments in sci-
ence and technology, there are now many ways to achieve 
specific functions and increase the amount of informa-
tion processed. However, from the customer experience 
perspective, it is best to achieve these functions with as 
few operations as possible. The methodology described 
below was proposed to improve the traditional axiomatic 
design and minimize the total amount of information 
content under the premise of satisfying the independ-
ence axiom constraint based on AD theory, the trimming 
technique, the ideal final results (IFRs), and technology 
evolution theory.

2.1 � Axiomatic Design
Suh proposed the AD concept in 1978 to maximize the 
productivity of a manufacturing system in all cases. Suh 
showed that when axiom conditions are satisfied, the 
robustness, performance, and reliability of the system 
and corresponding organization are improved.

Axiomatic design defines the process of product design 
as a procession of the designer choosing appropriate 
design parameters (DP) to achieve specific requirements. 
The main theoretical framework involves mapping rela-
tionships among customers, requirements and design 
parameters. The process includes 4 steps: (1) abstract-
ing the customer needs (CNs); (2) mapping the customer 
needs in the FR space; (3) constructing the product func-
tion structural tree and determining design parameters 
to achieve specific functions based on the relevant prin-
ciple, effect and structure (e.g., design parameters; DPs); 
and (4) mapping the selected optimal solution to the pro-
duction process (with process variables; PVs). Finally, a 
product is obtained. According to the axiomatic princi-
ple, the mapping process and areas are shown in Figure 1.

In addition to the main theoretical framework, there 
are two design axioms for product design, which can be 
stated as follows.

Axiom 1 (the independence axiom) involves main-
taining the functional requirements of independence. 
Specifically, when there are two or more functional 
requirements, every requirement should be met with-
out affecting the others, which requires the selection 
of design parameters that meet the overall functional 
requirements as well as the individual functional 
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requirements. When a DP changes, the corresponding 
FR changers and the other dependent FRs are affected.

Axiom 2 (the information axiom) involves minimizing 
the total amount of information content to obtain the 
conditions of the optimal scheme.

2.2 � Trimming Technique
The trimming technique was first proposed by Litvin and 
Gerasimov in the mid-1990s and was first published in 
Russian and then in English [12]. Sheu and Ho developed 
a set of trimming methods with significant results [14].

Trimming is a method of deleting some components 
while enhancing system ideality and reducing costs [14]. 
Trimming can eliminate or reduce harmful effects on the 
system, improve maintainability, reduce the difficulty of 
operations, and reduce the system costs. These traits are 
all necessary in contemporary design. There are many 
complex products, and customers usually need to read 
complicated manuals and follow specific functions and 
steps. These steps can be simplified or avoided with trim-
ming methods. Additionally, trimming can be used to 
minimize the total amount of information content.

2.3 � Ideal Final Result
Obtaining the ideal final result (IFR) [15, 16] is one step 
in the TRIZ [17‒19]. The following formula can express 
the IFR.

(1)Ideality =

∑

Benefits
∑

Cost+ Harmful function
.

The ideal solution originally proposed by Altshuller is 
that the system develops in the direction of improving 
the ideal level of the system. Moreover, the IFRs achieve 
the most significant degree of self-service (self-realiza-
tion, self-delivery, and self-control) in the case of a mini-
mal change in the system.

This theory can help improve the existing technical 
system by considering the solution to the problem and 
obtaining an optimal solution by overcoming traditional 
boundaries and seeking new technical methods.

2.4 � Technology Evolution Theory
Technology evolution theory is an essential branch 
of TRIZ. Altshuller suggested that the evolution of a 
technological system is not random but follows spe-
cific objective laws [18, 19]. Many scholars have since 
enriched technology evolution theory [20, 21]. The eight 
patterns of evolution proposed by Terninko et  al. [22] 
were considered in the paper.

3 � New Hybrid Axiomatic Design Methodology
The prerequisite for minimizing information is to deter-
mine the design parameters or functions required by 
a given operation. We first use AD theory to map func-
tional requirements and design parameters for structural 
attribute correlation calculations. First, AD is adopted to 
analyse the design problem, decompose the main prob-
lem into a sub-hierarchy level problem and map design 
parameters. Then, the attributes of the design param-
eters are determined to be related or not, which is the 

Figure 1  Mapping processes of domain sand areas (Suh, 1990)
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core objective and key step in information minimization. 
We propose the following criteria for attribute-related 
judgement.

(1)	 Determining whether functional requirements 
(FRs) are relevant or not.

	 The goal of this criterion is to determine whether 
some FRs can be achieved with a single design 
parameter (DP) based on an achievable index.

(2)	 Determining whether design parameters (DPs) are 
relevant or not.

	 The objective of this criterion is to determine 
whether some components can be replaced with an 
intrinsic function or other components based on an 
achievable index.

(3)	 Calculating the total amount of information con-
tent.

where I is the total amount of information content 
and p is probability.

The design parameters to which attributes are related 
should be iteratively matched and merged based on trim-
ming techniques, the IFR, or technology evolution the-
ory. After the above operations, we obtain the new design 
parameters and a new solution and then determine 
whether the new solution has the lowest information 
content. If not, the physical domain (PD) is transformed 
back to the functional domain (FD) based on zigzagging, 
which is the process of decomposing a design into hier-
archies by alternating between domains and redescrib-
ing the design parameters as functional requirements. 
Finally, this process is repeated until the optimal solution 
is obtained.

An operational model is constructed to help designers 
conveniently use the proposed method in product design, 
as shown in Figure 2 (we propose a hybrid algorithm that 
includes mapping, zigzagging, and iterative matching and 
merging based on DPs, as shown in Appendix).

4 � Case Study
4.1 � Defining the Design Problems
Many regions have ageing societies, and there are many 
people with ambulatory dysfunction in those regions. 
Moreover, many areas are facing shortages of medical 
workers [23]. A rehabilitation robot is regarded as one 
way to solve this problem [24, 25]. We worked with the 
China Rehabilitation Research Center (CRRC) to design 
a new mobile chaperonage lower limb rehabilitation 

(2)I = log2
1
/

p,

training robot (MCLLRTR). The requirements of the 
robot are summarized as follows:

(1)	 Assist impaired individuals in exercises for leg reha-
bilitation;

(2)	 Detect and record the gait and recovery informa-
tion;

(3)	 Provide a flexible mechanical structure for patient 
security;

(4)	 Have as few operational rules as possible for the 
lower limbs;

(5)	 Have a low cost.

4.2 � Innovative Process Based on the New Hybrid 
Methodology

Step 1: Define the necessary level of AD syntax.

	 According to the CRRC, the training content 
used in rehabilitation varies according to the level of 
dysfunction and physical condition. In this work, we 
mainly focused on late-stage rehabilitation training 
and the development of a mobile robot for rehabilita-
tion training. The essential FR (FR1) can be expressed 
as follows: the design parameters must be appropri-
ate for a lower limb rehabilitation training robot.

	 An appropriate design parameter (DP1) is 
required to satisfy FR1. Thus, DP1 can be described 
based on the relevant conversion technology and 
structure.

	 There is only one design parameter (DP1), and 
there is no property-related phenomenon. Therefore, 
we need to decompose FR and DP continuously.

	 According to DP1, the further decomposition of 
FR1 represents the following FRs:

	 FR11: Provides a proper rehabilitation mecha-
nism for rehabilitation training involving hemiplegic 
patients;

FR12: Able to detect and record gait and fall infor-
mation;
FR13: Able to adjust dimensional parameters and 
ensure safety;
FR14: Provide simple operations with good interac-
tivity; and
FR15: Have a low cost.
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Figure 2  Operational model for minimizing the total amount of information content
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The FR hierarchy is constructed from the corre-
sponding DP hierarchy.
	 The alternative solutions and various DPs are 
analysed based on the new hybrid methodology, as 
previously noted.
Step 2: Calculate the relevance index of each 
domain, i and j, to determine the design parameters 
to which attributes are related.
	 The final relevance index for each domain, i 
and j, is calculated based on the accumulation of 
weighted subrelevance indices from the abovemen-
tioned 3 criteria indices using Eq. (3).

 where i and j are the indices of the relevance calcula-
tion and Rij is the final relevance index for DPs i and 
j, and its value ranges from −1 to 1. Fij , Dij , and Pij 
are the three relationship indices for i and j. These 
indices are related to the functional requirements, 
design parameters, and properties. ωF, ωD , and ωP 
are the weights of the corresponding 3 indices. The 
weight of each factor is between 0 and 1, and the sum 
of the 3 weights is equal to 1.
Step 3: Iteratively match and merge the design 
parameters until the DP with the lowest information 
content is obtained.
	 We can identify the target DPs (according to 
the following iteration condition: if Rij > 0.6 ) that 
can be integrated or trimmed based on the rel-
evance index and then iteratively combine them. 
According to FR12, the corresponding DP12 should 
be able to detect gait and fall information and 
record the training time, number of steps, and 
movement speed. We conducted related inves-
tigations and research on the existing gait detec-
tion technology and summarized several common 
methods, such as those based on image detection 
[26], environmental perception-based detection 
[27], and wearable sensor detection [28, 29].
	 We can use the hybrid model to minimize the 
total amount of information content. We identified 
DP12 as the target of iterative combination based on 
the relevance index. According to trimming tech-
nique (1), as discussed in Section 2.2, the IFRs (self-
realization) and technology evolution theory (in this 
case, evolution rule 5: transition to a flexible system 
or a mobile system to improve controllability), as 
noted in Sections  2.3 and 2.4, we finally met some 

(3)Rij = ωFFij + ωDDij + ωPPij ,

detection requirements by arranging the photoelec-
tric sensors at specific spatial locations and applying 
a novel classifier algorithm. The novel classifier algo-
rithm is detailed in another paper [30‒32]. Com-
pared to other sensor combination methods, the 
use of photoelectric sensors dramatically reduces 
the complexity of the design. We can list the design 
parameters that meet the functional requirements in 
the design matrix and calculate the information con-
tent of the design parameters. The relevance index 
and total amount of information content between 
the FR and DP matrices are given in Table 1 based 
on the new hybrid methodology, as previously dis-
cussed.
	 In this article, we use the accuracy rate of dif-
ferent alternative solutions as the basis for calculat-
ing the information content and set the recognition 
accuracy rate Ai to calculate the information content 
using Eq. (4):

where TP+FN represents the number of samples that 
are positive, and P+N is the total number of samples.

	 As shown in Table  1, we found that for gait 
detection and fall detection, the solution of wearable 
sensors has the least information content; for step 
counting, detecting the training time and detecting 
the patient’s walking speed, the solution of photoelec-
tric sensors has the least information content.
	 To accurately recognize the various states of the 
patient in real time, we proposed a multi-sensor sys-
tem to obtain multiple features and classify activities 
from different dimensions. The system board was 
designed with a STM32 microprocessor powered by a 
5 V battery. To improve the accuracy of fall detection, 
we developed a tri-sensor detection system (as shown 
in Figure 3) for our specific rehabilitation robot. The 
photoelectric sensors collect the spatial distribution 
features of the gait for activity recognition. The ten-
sion sensors collect the directional features by sam-
pling the difference in the same-side sensor signals. 

(4)Ai =
TP + TN

P + N
,

(5)Pi = Ai,

(6)Ii = log2
1

Pi
.
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Table 1  Information content analysis based on the new hybrid axiomatic design methodology

DP12

Alternative 
solutions

The final relevance index Information content 
(Recognition 
accuracy)Image 

processing
Wearable 
sensor

Photo-
electric 
sensor

Surrounding 
environment 
perception

Tension sensor

FR12

 FR121: Gait detection Image processing X 0.54 0.35 0.234

Wearable sensor X 0.68 0.136

Photoelectric sensor X 0.322

 FR122: Fall detection Image processing X 0.5 − 1 0.42 0.62 0.12

Wearable sensor X − 1 0.45 0.82 0.089

Photoelectric sensor X − 1 0.82 0.415

Surrounding environ-
ment perception

X 0.35 0.252

Tension sensor X 0.184

 FR123: Detecting the 
training time

Image processing X 0.42 − 1 − 1 0.252

Wearable sensor X 0.42 0.3 0.029

Photoelectric sensor X − 1 0.007

Surrounding environ-
ment perception

X 0.515

 FR124: Detecting the 
number of steps

Image processing X 0.42 0.56 −1 0.515

Wearable sensor X 0.78 0.76 0.089

Photoelectric sensor X 0.64 0.007

Surrounding environ-
ment perception

X 2.32

 FR125: Detecting the 
patient’s walking 
speed

Image processing X 0.42 0.52 0.32 0.252

Wearable sensor X 0.42 0.3 0.515

Photoelectric sensor X 0.25 0.007

Surrounding environ-
ment perception

X 2.32

Figure 3  The tri-sensor detection system
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The accelerometer sensor collects kinematic informa-
tion for activity recognition.
	 Through the new hybrid methodology, we suc-
cessfully designed a new low-cost robot that meets 
almost all the relevant requirements. Compared to 
the previous rehabilitation training robots, the cost of 
the new rehabilitation robot is reduced by as many as 
42%, and it allows patients to achieve omnidirectional 
actuation with straightforward manipulation, which 
significantly improves patient satisfaction.

5 � Conclusions

(1)	 Previous work has documented the effective-
ness and strength of AD in the process of product 
design. Moreover, many scholars have performed 
extensive research to enrich and perfect the related 
theory. However, these studies did not focus on 
minimizing the total amount of information con-
tent, which is important for improving system ide-
ality and customer experience. In this study, we pro-
posed an approach for minimizing the total amount 
of information content based on trimming technol-
ogy, IFRs, and technology evolution theory. The 
method can designers generate technically better 
solutions and create innovative products that can 
surprise users considering new trends and competi-
tive markets.

(2)	 This approach consists of an operational model of 
new hybrid methodology and related algorithms. 
Through the grammar structure of AD theory, the 
hierarchy of FRs is decomposed and mapped to the 
DPs to determine the design parameters for which 
attributes are related based on the relevance index. 
Finally, we reduce the total amount of informa-
tion content by iteratively matching and merging 
the design parameters that meet the independence 
axiom constraint, and the attributes are related 
based on trimming technology, the IFRs, and tech-
nology evolution theory. The operational model can 
help designers simultaneously solve problems and 
evaluate projects.

(3)	 Notably, to the best of our knowledge, this is the 
first study to propose a new hybrid methodology 
based on the iterative matching and merging of 

design parameters to minimize the total amount of 
information content. Our results provide compel-
ling evidence for the effectiveness of this approach. 
However, some limitations are worth noting. The 
iterative matching and merging process is time 
intensive, and some professional knowledge is 
required. Future work should focus on developing 
an effective control method for the iterative pro-
cess.
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