
 

Management Systems  
in  

Production Engineering  

  
2021, Volume 29, Issue 2, pp. 151-161 
 

 
Date of submission of the article to the Editor: 01/2021 
Date of acceptance of the article by the Editor: 03/2021 

DOI 10.2478/mspe-2021-0020 

 
 
 

AUTOMATED DESIGN OF AFFORDABLE MODULAR CUSTOM INSOLES  
BY MULTI-CLASSIFICATION ALGORITHMS 

 
 
 

Hnin Phyu KHAING, Supapan CHAIPRAPAT, Tuanjit NA RUNGSRI 
Prince of Songkla University 

 

Chumpol YUANGYAI 
King Mongkut’s Institute of Technology Ladkrabang 

 

Suriya JIRASTITSIN, Sumate CHAIPRAPAT 
Prince of Songkla University  

 
 
 

Abstract: 
Custom designed insoles are a niche product that is not always affordable to all who need them. When commer-
cial insoles are fabricated using advanced technologies, the insoles in this study are assembled out of pre-cut 
modular components to keep the production cost down, hence their price. In this study, algorithms driven by a 
fuzzy inference were proposed in comparison with a decision tree in order to select the best component combi-
nation. One hundred and twelve subjects were recruited to collect foot data extracted from their foot images. 
Approximately 95% of 182 AI-designed insole pads were found in perfect agreement with the professional podi-
atrist’s decision with acceptable 5% deviation. Differences in the algorithms’ strength were also discussed. In ad-
dition to their superior performance, both algorithms allow the podiatrists to speed up the diagnosis and design 
phases. This approach, when integrated with applications of mobile devices for remotely retrieving foot data, will 
expand another simple yet effective customer-oriented product design service. 
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INTRODUCTION 
In developing countries, healthcare services are inaccessi-
ble to many patients, particularly those with limited finan-
cial or physical capacity. While high-quality and well-
equipped service providers are concentrated in urban ar-
eas, rural public hospitals are always understaffed. They are 
struggling to serve an increasing number of patients. Their 
staff end up suffering from chronic fatigue leading to men-
tal and physical health deterioration. For patients, lack of 
appropriate and timely diagnosis and treatments deterio-
rates their quality of life or, in some cases, costs their lives. 
The situation is worsening during the COVID-19 pandemic 
when access to the hospital is restrained by city lockdown 
and stringent disease control. 
Nowadays various commercial service providers exploit in-
formation and telecommunication technology (ICT) to de-
velop their telehealth systems, promoting accessibility for 
people in need. Developed at an incredibly fast pace, ICT 
will soon become a core mechanism around which medical 
applications evolve [1] . Even now, it is clearly evident that 
digital health systems operated on the ICT platform are 

playing an important role in healthcare service industry [2]. 
During the COVID-19 pandemic, travel restrictions are in ef-
fect in most parts of the world as a measure to suppress the 
spread of the disease. Hospital and clinic visits are limited 
to critical and emergency cases only. Inaccessibility of 
health services has left people helpless with chronic condi-
tions, a channel for remote diagnosis must therefore be de-
veloped. As sensors and mobile devices, especially 
smartphones and mobile tablets are becoming indispensa-
ble in daily life, they hold the key to emerging remote diag-
nosis technology. These devices can offer high resolution 
digital blueprints of the patient’s conditions at virtually no 
cost.  
Considerable effort in utilizing digital information in medi-
cal diagnosis and treatment has been made during the past 
years. A great proportion of such has been dedicated to de-
signing and manufacturing foot orthotics which focuses pri-
marily on custom insoles for patients with foot abnormality 
as shown in Figure 1. It was reported that around 90% of 
clinic visits are due to pronation [3], and supination, though 
less common, causing difficulties and pain that could lead 
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to more serious conditions if not timely treated. Diagnosis 
of patient’s foot parameters is traditionally performed us-
ing specific equipment at a foot clinic.  

 

 
Fig. 1 Abnormal foot alignment (right foot) 

 

In this work, custom insoles designed by a traditional ap-
proach handled by a foot expert are compared with ones 
obtained from a newly proposed system. For the latter, 
foot parameters are assumedly to be extracted from im-
ages remotely submitted by individual patients. By doing 
so, the number of hospital visits can be minimized, re-
sponding to a preventive measure in a contagious area. 
However, the parameters obtained are of great uncertainty 
and variability, and there are no definite rules for determin-
ing the insole assembly most suitable for each case. The use 
of artificial intelligence (AI) techniques is needed. In this re-
search, the system driven by an AI algorithm is developed 
to suggest the insole that provides healing effect and most 
comfort fit in a fraction of time and at an affordable price 
of around $30, a 10-16 folds reduction compared with the 
prices of commercial insoles. When the insoles are de-
signed by the proposed AI system, lead-time is significantly 
shortened, relieving the hospital from its high workload. It 
is expected in the future that the system will be installed in 
provincial health facilities to improve accessibility to the 
service. Our proposed system will play a part in the digital 
tele-healthcare ecosystem which will be the standard of the 
new normal during and beyond the COVID-19 pandemic.    
 

LITERATURE REVIEW 
ICT innovations offer remote foot measurement which pa-
tients can submit their own foot images for preliminary di-
agnosis. Key foot parameters of an individual can be ob-
tained in a form of digital information [4, 5]. Walking be-
havior of an individual such as step count, gait speed and 
stride length could be monitored by the help of a mobile 
phone camera [6, 7, 8]. The devices together with recently 
developed design applications such as “FitMyFoot” [9] and 
“Doc Sols” [10] are among new advancements in custom 
insole design and manufacturing. As complicated as their 
shapes are, custom insoles are more effectively designed 
and manufactured by computer-assisted technologies such 
as finite element analysis [11, 12], CAD/CAM/CNC [13, 14, 
15, 16] or additive manufacturing [12, 17, 18] than the con-
ventional processes. Moreover, high quality commercial 
custom insoles available in the market are made of special 
materials to provide healing effects with great comfort. In-

vestment in such a procedure drives the price of commer-
cial custom insoles to the point where only customers in the 
upper niche market can afford ($300-$500). An approach 
with lower cost and simpler construction of the custom in-
sole is needed, especially for those with limited healthcare 
resources and personal income. Benefits of such affordable 
technology are even more prominent when travel re-
strictions and social distancing are in effect.  As a regional 
public healthcare center in one of developing countries, the 
hospital in our case study deals with a number of patients 
suffering from either pronation or supination seeking diag-
nosis and treatment every day. The current procedure as 
shown in Figure 2 starts with an incoming patient who is 
referred by a doctor registering for diagnosis. If the doctor 
decides that the treatment would involve a custom insole, 
the patient’s foot will be carefully examined and measured 
by a podiatrist. The patient will then be released and come 
back once again for an insole trial, which takes approxi-
mately 25-60 days on average. If the insole fits the patient’s 
foot as expected, the design procedure is complete, other-
wise the insole will be fixed for another trial in the next visit 
which could again take months. This lengthy waiting period 
is also a common problem in many countries, even the de-
veloped one such as Sweden [19]. It is even longer during 
the pandemic due to the limited entry policy of patients to 
the hospital. This has led to extended suffering and deteri-
oration of the patient’s condition. Although studies related 
to custom insole design can widely be found; no previous 
work has discussed how to automatically and optimally ar-
range modular components to obtain an insole that serves 
individual’s fit in real time.  
 

 
Fig. 2 Schematic diagram of the current design procedure  
at the podiatric unit 
 

By adopting the telecommunication technology, foot 
measurement can be carried out with much less effort. 
The bottleneck now has shifted to the design and assem-
bly processes. To control the production cost, the podia-
trist put together the pre-cut modular insole components 
(Figure 3).  
 

 
Fig. 3 Pre-cut insole components  
(a) heel and sole wedge; (b) arch support; and (c) (heel wedge 
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The components, which will be later detailed, are made of 
polymer that can absorb pressure at particular areas un-
der the foot. Component selection relies heavily on foot 
diagnosis carried out by knowledgeable and experienced 
podiatrists. 
 

METHODOLOGY OF RESEARCH 
Sample Collection 
In this study, adults between 18 and 60 years of age with 
and without abnormalities of foot supination and pronation 
were recruited. Subjects with a history of serious foot injury 
or who had undergone foot surgery were excluded. One 
hundred and twelve subjects (47 males and 65 females) 
were included, resulting in 182 subjects which was suffi-
cient for conclusive clinical trials [20]. Both left and right 
feet were assessed for most of the subjects, while some 
had only one foot measured. All subjects gave their in-
formed consent for inclusion before participating in the 
study. The study was conducted in accordance with the 
Declaration of Helsinki, and the protocol was approved by 
the Office of Human Research Ethics Committee (HREC) of 
an affiliated institution. 
 

Modular Insole Components 
Upon deriving foot parameters from the images, tradition-
ally a podiatrist will deliberately select the components 
summarized in Table 1 to accommodate abnormality re-
vealed by the parameters.  
 

Table 1 
Available insole components with their supporting  

areas and sizes 

No. Component Supporting area Size Remark 

1 Lateral heel 
wedge 

Lateral side  
of the heel area 

Height = ⅛ in 
Length = 3 in  
Width = 1 in  

 

2 Height = ¼ in 
Length = 4 in 
Width = 1½ in 

3 Medial heel 
wedge 

Medial side  
of the heel area 

Height = ⅛ in 
Length = 3 in  
Width = 1¼ in  

 

4 Height = ¼ in 
Length = 4 in 
Width = 1½ in 

5 Arch 
support 

Arch area Height = ¼ in 
Length = 4½ in 
Width = 1 

 

6 Height = ½ in 
Length = 5 ½ in 
Width = 1 ½ in 

7 Lateral heel 
and sole 
wedge 

Along the longi-
tudinal (length-
wise) and lateral 
side of the foot  
 

Height = ¼ in 
Length = 3 in 
Width = 1¼ in 

 

8 Height = ⅜ in  
Length = 4 in 
Width = 1½ in 

9 Medial heel 
and sole 
wedge 

Along the longi-
tudinal (length-
wise) and medial 
side of the foot  

Height = ¼ in 
Length = 3 in 
Width = 1¼ in 

 

10 Height = ⅜ in  
Length = 4 in 
Width = 1½ in 

Due to variability sourced from a patient’s foot structure 
and a measurement process, the podiatrist’s skills and ex-
periences are of utmost importance. To alleviate reliance 
on the expert and allow more rapid design of the insole, a 
computerized system is proposed to identify the right 
pieces to be put together to make the most suitable insole 
for the patient. 
 

Heel and Sole Wedge 
A heel and sole wedge (H-SW) is one piece of material sup-
porting the foot along the sole down to the heel. It can 
correct the abnormal foot alignment or deviation of the 
forefoot in the posterior view. In this study, lateral and 
medial H-SWs can be chosen from two available sizes (⅜ 
in and ¼ in). A lateral H-SW is suitable for foot misalign-
ment as a result of supination of the foot. That is when 
the pronated foot needs a medial H-SW to correct its mis-
alignment. 
 

Arch Support 
An arch support is an insole component designed to re-
store natural foot functions. It corrects the posture and 
provides balance to flat footed patients. It also benefits 
individuals with high arches by offering proper foot align-
ment and stability. Runners with normal arches need arch 
supports for injury prevention and shock absorption. 
Arch-support orthotics are also prescribed to those with 
discomfort and/or abnormal skeletal alignments in the 
structures of the lower extremity [21]. In our setup, arch 
supports are available in two sizes: (1) Height ¼ in · Length 
4½ in · Width 1 in, and (2) Height ½ in · Length 5½ in · 
Width 1½ in. 
 

Heel Wedge 
A heel wedge is a piece of material supporting the heel 
area. The heel wedge helps ease pressure and stress on 
muscles, tendons, and joints, alleviate lateral or medial 
heel pain, and prevent harmful ankle twisting. In addition, 
heel wedges can help neutralize pronated and supinated 
heel angles. In this study, heel wedges are divided into the 
lateral heel wedge and the medial heel wedge. Each 
comes in two sizes: (1) Height ⅛ in · Length 3 in · Width 1¼ 
in, and (2) Height ¼ in · Length 4 in · Width 1½. 

 

Insole Designed by the Traditional Method 
The subjects’ feet were personally examined by an expert 
using a Harris mat and a goniometer which are traditional, 
simple, quick, cost-effective diagnostic tools. The Harris 
mat set includes an imprint mat, prescription paper, an 
inkpad and a roller. This measurement method is cur-
rently operated at the clinic in the hospital where this 
study was conducted to obtain foot parameters needed 
for a diagnosis. It produces a weight bearing imprint of the 
foot, thereby measuring pressure disbursement and arch 
shape. In the experiment, each subject was measured 
twice and the contour lines outside the foot and toes were 
drawn to obtain accurate shape data. An arch pattern is 
clearly revealed by the footprint, as shown in Figure 4. A 
goniometer was used to measure the angle of the foot. 
Using the measurement obtained from personal contact 
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with the subject, the expert put together the insole com-
ponents to create a custom insole out of his knowledge 
and experiences. 
 

 
Fig. 4 Conventional foot examination  
a – use of a Harris mat; b – footprints obtained from the Harris 
mat 

 

Insole Designed by the Proposed Automated Method 
Along with the traditional method, the automated 
method was also conducted to determine if both ap-
proaches could be used interchangeably. With the auto-
mated approach, the foot parameters were extracted 
from foot images, instead of directly measured from the 
subjects. An image acquisition procedure was designed to 
be as simple as it could be handled by a common 
handheld device, yet informative enough to extract the 
key design parameters. Alignment of the camera was con-
trolled by the patient or their relative following simple in-
structions. In a setup, the camera was to be first aligned 
with the object, as shown in Figure 5, otherwise, distor-
tion or deviation would be induced.  

 

 
Fig. 5 Foot and camera alignment for side view and back view 
imaging 
 

In this study, the resolution for acceptable quality images, 
allowing a podiatrist to make an accurate judgment, was 
720 pixels by 1280 pixels, which can be taken by a 1-meg-
apixel camera. The extraction of the design parameters 
from the foot image can be simplified and are self-explan-
atory and provide examples to patients. Techniques for 
extracting foot parameters from digital image files are 
widely available in academic reports, commercial soft-
ware. Hence, this article mainly focuses on the system 
driven by an algorithmic procedure to identify the most 
suitable design alternative once the parameters are ob-
tained from the images. 
 
System Inputs (Design Parameters) 
Challenges of this automated approach lied in the deter-
mination of parameters critical in designing the orthotic 
insole, and views of the foot that could expose those pa-
rameters. Redmond [22] classified foot features using the 
foot posture index (FPI). The measurement procedure 
documented in his worksheet is a diagnostic clinical tool 

to quantify the degree of abnormalities, pronated or supi-
nated, with scores from 1 to 5. The FPI measurement is 
well-illustrated and simple to conduct from foot images of 
two different views. In this study, after our preliminary 
analysis, only three out of original six indices were consid-
ered sufficient by the podiatrist for selecting the pre-cut 
insole components for mild abnormality. The first indica-
tor was inversion/eversion of calcaneus represented by a 
divergence of the midline of the foot away from (eversion) 
or towards (inversion) the ideal vertical line, called the 
“Heel Angle”. The second one was the height of the me-
dial longitudinal arch from the ground to the curvature of 
the arch, designated as the “Arch Height”. The last indica-
tor was abduction/adduction of the forefoot on the rear 
foot, designated as “Deviation” in the posterior view by 
comparing the lateral and medial side of the foot. These 
indices are referred to in this study as insole design pa-
rameters or system inputs, which also indicate the degree 
of abnormalities following the standard in the worksheet 
[22]. As such, only two views of the foot: the rear and side 
views were sufficient to reveal the abnormalities of the 
foot. 
After receiving the foot images from the patient, the im-
ages were processed and analyzed to extract the design 
parameters; “Heel Angle”, “Arch Height”, and 
“Deviation”. The parameters were quantitatively evalu-
ated by Java Version 1.6 of ImageJ application. ImageJ is 
an open-source image processing program developed at 
the National Institutes of Health (NIH) for scientific analy-
sis of multidimensional images. Details of each parameter 
are as follows. 
 

Heel angle  
For each foot, “Heel Angle” (θ) can be obtained by meas-
uring from the inside of the foot. There are two types of 
posterior view of the rear foot: valgus and varus as shown 
in Figure 6a and Figure 6b, respectively.  
 

 
Fig. 6 Valgus and varus  
(a) valgus of the left and right feet, and (b) varus of the left 
and right feet 
 

Arch height 
Preliminarily, “Arch Height” was measured according to 
the worksheet [22] from the ground to the highest point 
of the arch. However, in an obese subject the true arch 
height was obscure due to excessive body fat. “Arch 
Height” of a foot was obtained by measuring the navicular 
height of the foot [4, 23]. The navicular height is defined 
as a perpendicular distance between the horizontal refer-
ence line representing the floor level and the prominent 
point of the medial side of the foot, as shown in Figure 7. 
Although Nilsson et al. [23] established cut off values ac-
cording to the navicular height or the arch height as 

 

     
a       b 
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shown in Table 2, these definite rules cannot be practi-
cally applied as vagueness between the adjacent catego-
ries causes classification uncertainty. 

 

 
Fig. 7 Navicular height with the foot in subtalar neutral position 
 

Table 2 
Cut off values for navicular height (NH) or arch height 

Test NH (cm) 

Severely low arch < 2.7 
Low arch 2.7 to 3.5 
Normal 3.6 to 5.5 
High arch 5.6 to 6.4 
Severely high arch > 6.4 

Source: [23]. 

 
Deviation 
“Deviation” is a difference in distance between the lateral 
and medial sides. However, in mild pronation and supina-
tion, the deviation was found to be very minimal and had 
little influence on designing the insole. So, it was not fur-
ther explored in this study. 
Since there are no crisp rules for designing the modular 
insole, a podiatrist basically assembles the components 
from his knowledge and experiences. To shorten the de-
sign lead time, the following algorithmic systems were de-
veloped based on the decision criteria of the specialists in 
the podiatric unit of the hospital.  
 

System Outputs (Design Solutions) 
With a total of 4 different heel wedges, 2 different arch 
supports, and 4 different heel and sole wedges (H-SW), 
theoretically there are 75 design alternatives as follows. 

− The number of design alternatives when the insole is 
not a necessity = 1  

− The number of design alternatives when an orthotic 
insole comprises only one component (either heel 
wedge, arch support, or heel and sole wedge) =  
4+2+4 = 10 

− The number of design alternatives when an orthotic 
insole comprises two components (a pair of two dif-
ferent components) = (2·4) + (2·4) + (4·4) = 32 

− The number of design alternatives when an orthotic 
insole comprises three components (a set of three dif-
ferent components) = 2·4·4 = 32 

− The total number of possible insole design alterna-
tives = 1+10+32+32 = 75 

After being screened by the expert, the number of practi-
cally feasible combinations was 53, as shown in Table 3. 
Some alternatives were excluded if the components con-
flict with each other. In this study, AI systems that choose 

the most likely alternative to be selected by the expert out 
of all feasible design alternatives are proposed. 
 

Table 3 
All combinations of pre-cut insole components 

 

System Architecture  
Artificial intelligent techniques have been employed in 
various diagnoses and treatments of patients’ health con-
ditions. Their recent advances in healthcare product de-
sign can be found in [24, 25, 26]. In this study, a fuzzy in-
ference technique, long-known but still holding a domi-
nant position in this field, was tested against the newer 
algorithm, the decision tree algorithm.  
 

Fuzzy inference technique 
In this study, a fuzzy inference technique was chosen to 
deal with the vagueness of the design parameters before 
classifying them into an appropriate design solution. Com-
pared to other more complicated fuzzy models, a simple 
fuzzy constructed from IF-THEN rules can easily represent 
human reasoning and decision making. Its schematic con-
cept is shown in Figure 8.  
 

 
Fig. 8 Fuzzy inference method for proposing an appropriate 
design alternative of an insole 
 

Its application in product development is widely found, 
and Lee et. al. [27] discussed this in a case of a modular 
personal computer. In this fuzzy model, the inputs 
(independent variables) were “Heel Angle” and “Arch 

Design  
Solution 

No.  
of components 

Feasible design alternative 

N0. 0  

N1. 1 
lateral heel wedge (height ⅛ in · 
length 3 in · width 1¼ in) 

: : : 

N11. 2 

lateral heel wedge (height ⅛ in · 
length 3 in · width 1¼ in) 
arch support (height ¼ in · length 
4 ½ in · width 1 in) 

: : : 

N35. 3 

lateral heel wedge (height ⅛ in · 
length 3 in · width 1¼ in) 
arch support (height ¼ in · length 
4 ½ in · width 1) 
lateral heel and sole wedge 
(height ⅜ in · length 4 in · width 
1½ in) 

: : : 

N52. 3 

medial heel wedge (height ¼ · in 
length 4 in · width 1½ in) 
arch support (height ½ in · length 
5 ½ in · width 1½ in) 
medial heel and sole wedge 
(height ¼ in · length 3 in · width 
1¼ in) 
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Height” while “Design Soln.” is the output (dependent var-
iable). The input and output variables were first trans-
formed or fuzzified into fuzzy sets defined by their mem-
bership function (Table 4). For simplicity and sufficiency, 
triangular and trapezoidal functions were used to con-
struct the functions.  
 

Table 4 
Membership functions of system inputs and output 

System Input  System Output 
Fuzzy 

Variable 
Level Range  

Fuzzy 
Variable 

Level Range 

Heel  
Angle 

Avery low 
[76.00-80.00-
80.50] 

 
Design 
Soln. 

N0 
[0.00-
0.00-0.50] 

 Alow 
[80.00-82.75-
85.50] 

 N1 
[0.50-
1.00-1.50] 

 Amedium 
[85.00-85.50-
95.00] 

  N2 
[1.50-
2.00-2.50] 

Arch 
Height 

Hvery 
low 

[1.00-2.70-
2.80] 

  N3 
[2.50-
3.00-3.50] 

 Hlow 
[2.70-3.15-
3.60] 

  N4 
[3.50-
4.00-4.50] 

 Hmedium 
[3.50-4.55-
5.60] 

  N5 
[4.50-
5.00-5.50] 

 Hhigh 
[5.50-6.00-
6.50] 

  N6 
[5.50-
6.00-6.50] 

 
Hvery 
high 

[6.40-6.50-
7.50] 

  N7 
[6.50-
7.00-7.50] 

     N8 
[7.50-
8.00-8.50] 

     N9 
[8.50-
9.00-9.50] 

     N10 
[9.50-
10.00-
10.50] 

     N11 
[10.50-
11.00-
11.50] 

     N12 
[11.50-
12.00-
12.50] 

     N13 
[12.50-
13.00-
13.50] 

     N14 
[13.50-
14.00-
14.50] 

     N15 
[14.50-
15.00-
15.50] 

     N16 
[15.50-
16.00-
16.50] 

 
Relationships between the input and output variables 
were established based on decision and judgement of the 
expert, and these were expressed in the form of fuzzy 
rules (Table 5).  
 

 

 
 
 

Table 5 
Rules associated with no. of design solution of the orthotics 

Rule 
No. 

If 
Heel Angle 

is 
And 

Arch Height 
is 

Then 
Design Soln. 

is 

1  medium  medium  N0 

2  low  medium  N3 

3  very low  medium  N4 

4  medium  high  N5 

5  medium  low  N5 

6  medium  very low  N6 

7  medium  very high  N6 

8  low  high  N15 

9  low  low  N15 

10  low  very low  N16 

11  low  very high  N16 

 
After inferencing, the fuzzy sets will be defuzzified into a 
particular choice or a crisp real value. There are many dif-
ferent methods of defuzzification: center of area, center 
of gravity, center of sums, center of largest area, first of 
maxima, middle of maxima in which centroid method 
(also called center of area, center of gravity) is the most 
favored method. Using the centroid method, a crisp value 
(x*) from a membership function µ(x) can be obtained as 
follows: 

𝑥∗ = ∫
𝜇(𝑥)𝑥𝑑𝑥

𝜇(𝑥)𝑑𝑥
  (1) 

For example, when Heel Angle is 86.99 ̊ and Arch Height is 
6.46 cm, Design Soln. of the insole (N) can be calculated 
from the aggregation of Rule 4 and Rule 7. Defuzzifying 
the aggregated function arrives at 5.7, hence Design Soln 
is N6. 
 
Decision tree 
In product development, there are always many design al-
ternatives to be contemplated, and in many occasions, 
they are associated with uncertainty. When this is the 
case, a decision tree is worth mentioning and proved to 
be effective as in a smartphone project [28]. A decision 
tree is a classifier used to visually display a decision 
scheme. For multiple classification, a decision tree, unlike 
logistics regression, can handle non-linear relationship be-
tween variables. In this study, 7 classes of foot pattern 
were under consideration using 2 continuous “Heel An-
gle” and “Arch Height” as predictors. Salford Prediction 
Modeller (SPM 8.3) was used to construct the tree with 
10-fold cross validation. The decision tree consisted of 11 
nodes and its rule are as shown in Figure 9. 
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Fig. 9 Decision rules for determining the most suitable insole 
 

RESULTS OF RESEARCH 
Performance Evaluation of the AI Systems  
To evaluate the performance of the techniques proposed 
in this article, the results were compared with those of the 
expert or podiatrist who examined the same cases in per-
son (referred herein as “the traditional method”). One 
hundred and eighty-two foot images were also collected 
from the subjects before being randomly partitioned into 
two independent sets: training and test sets. The first set, 
training set, was used for developing the classification sys-
tem. The test set was subsequently evaluated in compar-
ison with the expert decisions to indicate the system per-
formance. Examples of prediction from the fuzzy system 
are shown in Table 6 and the summaries of classification 
results from both techniques are in Table 7 and 8. 

 
Table 6 

Results from the fuzzy system when the test data was 20%  
of the total 182 foot samples 

No. 

Heel Angle Arch Height Design Soln. 

(degree) (cm) Expert Output Fuzzy Output 

1 89.76 5.21 N0 N0 

2 89.00 4.26 N0 N0 

3 85.83 5.30 N0 N0 

4 86.87 3.89 N0 N0 

5 86.30 5.20 N0 N0 

6 86.33 4.32 N0 N0 

7 84.98 5.60 N5 N15* 

8 84.66 3.13 N15 N15 

: : : : : 

37 84.36 4.35 N0 N3* 

 
 
 

 

 

 
Table 7 

Summary of the fuzzy system results by Design Soln.  
(80:20 split to training and test) 

Design 
Soln. 

Output by 
Disagreement 

(cases) 
Remarks Expert 

(cases) 
Fuzzy system 

(cases) 

N0 18 17 1a 

a It was classified 
by the system as 

N3. 
N3 6 6 0  
N4 1 1 0  

N5 5 4 1b 

b It was classified 
by the system as 

N15. 
N6 1 1 0  
N15 4 4 0  
N16 2 2 0  
Total 37 35 2  

 
Table 8 

Summary of the decision tree results by Design Soln.  
(80:20 split to training and test) 

Design 
Soln. 

Output by 
Disagree-

ment (cases) 
Remarks Expert 

(cases) 
Decision Tree 

(cases) 

N0 18 17 2* 
*Both were clas-
sified by the sys-
tem as N3  

N3 6 6 0  
N4 1 1 0  
N5 5 4 0  
N6 1 1 0  
N15 4 4 0  
N16 2 2 0  
Total 37 35 2  

 
DISCUSSION 
In this study, confusion matrices were used to represent 
classification performance. The matrices display numbers 
of cases decided by the expert against those predicted us-
ing the fuzzy system (Table 9) and the decision tree (Table 
10).  
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Table 9 
A confusion matrix of predicted results from the fuzzy system  

(80:20 split to training and test) 

 Predicted Design Solution 
N0 N3 N4 N5 N6 N15 N16 

Ex
p

e
rt

’s
 D

e
ci

si
o

n
 N0 17 1 0 0 0 0 0 

N3 0 6 0 0 0 0 0 

N4 0 0 1 0 0 0 0 

N5 0 0 0 4 0 1 0 

N6 0 0 0 0 1 0 0 

N15 0 0 0 0 0 4 0 

N16 0 0 0 0 0 0 2 

 
In the tables, performance measures clearly show agree-
ment (true positive and true negative) and disagreement 
(false positive and false negative) between the expert and 
the computerized systems. In this multi-class perfor-
mance evaluation, for easier interpretation, the confusion 
matrix shows the results with respect to the Design Soln. 
For the case predicted as Design Soln i, it was labeled as 
“true positive” (TP) when the expert also said so or “false 
positive” (FP) when the expert said otherwise. If the ex-
pert chose Design Soln i for any cases, but the system pre-
dicted something else, it was called “false negative” (FN), 
and “true negative” (TN) is the summation of cases in the 
matrix that did not belong to any of the previously men-
tioned measures.  
 

Table 10 
A confusion matrix of predicted results from the decision tree  

(80:20 split to training and test) 

 Predicted Design Solution 

N0 N3 N4 N5 N6 N15 N16 

Ex
p

e
rt

’s
 D

e
ci

si
o

n
 N0 16 2 0 0 0 0 0 

N3 0 6 0 0 0 0 0 

N4 0 0 1 0 0 0 0 

N5 0 0 0 5 0 0 0 

N6 0 0 0 0 1 0 0 

N15 0 0 0 0 0 4 0 

N16 0 0 0 0 0 0 2 

 
The total numbers of TP, TN, FP, and FN (designated as 
TTP, TTN, TFP, and TFN, respectively) of Design Soln i can 
be mathematically explained in Eq. (2-5) [29]. 
𝑇𝐹𝑁𝑖 = ∑ 𝑓(𝑖, 𝑗);  𝑓(𝑖, 𝑗) =

𝑖,𝑗 ∈𝐷
𝑗≠𝑖

 

= {
1 ; 𝑤ℎ𝑒𝑛 𝑡ℎ𝑒 𝑒𝑥𝑝𝑒𝑟𝑡 𝑐ℎ𝑜𝑠𝑒 𝐷𝑒𝑠𝑖𝑔𝑛 𝑆𝑜𝑙𝑛 𝑖 𝑏𝑢𝑡 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑗.

0; 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

(2) 

𝑇𝐹𝑃𝑖 = ∑ 𝑓(𝑗, 𝑖);  𝑓(𝑗, 𝑖)

𝑖,𝑗 ∈𝐷
𝑗≠𝑖

= 

= {
1 ; 𝑤ℎ𝑒𝑛 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐷𝑒𝑠𝑖𝑔𝑛 𝑆𝑜𝑙𝑛 𝑖 𝑏𝑢𝑡 𝑡ℎ𝑒 𝑒𝑥𝑝𝑒𝑟𝑡 𝑑𝑒𝑐𝑖𝑑𝑒𝑑 𝑜𝑛 𝑗.

0; 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

 

(3) 

𝑇𝑇𝑁𝑖 =  ∑ ∑ 𝑓(𝑗, 𝑘);  𝑓(𝑗, 𝑘)

𝑖,𝑘 ∈𝐷
𝑘≠𝑖

𝑖,𝑗 ∈𝐷
𝑗≠𝑖

= 

= {
1 ; 𝑤ℎ𝑒𝑛 𝑡ℎ𝑒 𝑒𝑥𝑝𝑒𝑟𝑡 𝑐ℎ𝑜𝑠𝑒 𝐷𝑒𝑠𝑖𝑔𝑛 𝑆𝑜𝑙𝑛 𝑗 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 𝑑𝑒𝑐𝑖𝑑𝑒𝑑 𝑜𝑛 𝑘.

0; 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

 

(4) 

𝑇𝑇𝑃𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑓(𝑗, 𝑗);  𝑓(𝑗, 𝑗)

𝑗 ∈𝐷

= 

= {
1 ; 𝑤ℎ𝑒𝑛 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐷𝑒𝑠𝑖𝑔𝑛 𝑆𝑜𝑙𝑛 𝑗 𝑎𝑛𝑑 𝑠𝑜 𝑑𝑖𝑑 𝑡ℎ𝑒 𝑒𝑥𝑝𝑒𝑟𝑡.

0; 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

(5) 

where: 
D is a set of possible design solutions,  
TTPtotal is always used to calculate an accuracy as in Eq. (6), 
N is the total number of cases tested. 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =  𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑇𝑇𝑃𝑡𝑜𝑡𝑎𝑙

𝑁
 (6) 

Using only Eq. 6 to evaluate both classifiers, their accura-
cies turn out to be equally the same which are 94.59%. 
However, to determine which classifier has better perfor-
mance, further analysis is needed. Weak classification sys-
tems can be simply identified by low accuracy, which may 
result either from low true positive (TP) or high false pos-
itive (FP) rate. Sources of weakness can be distinguished 
by the generalized precision (P), recall (R), and F1-score. In 
this study, precision of Design Soln i is a proportion of 
cases predictively fit with Design Soln i (TTP+TFP) that also 
are chosen by the expert (TTP). Recall of any Design Soln 
is a ratio of correctly predicted cases over a total number 
of cases the expert chose for that Design Soln. Both preci-
sion and recall are generally preferably close to 1. How-
ever, in some occasions one can be found very high when 
the other is unacceptably low, then it is inconclusive to re-
port the performance. If a single measure representing 
them is needed for the sake of convenient indicator, F1-
score is considered more reliable than the accuracy value. 
In most real-life problems, the cost of wrong prediction 
(false positive and false negative) could be highly signifi-
cant and accuracy falls short of taking it into account. F1-
score, a harmonic mean of precision and recall, gives a 
better measure of the incorrectly predicted cases than ac-
curacy. Both techniques: a fuzzy inference and a decision 
tree, have exactly the same number of true positive (35), 
hence the same overall accuracy (94.59%). However, 
slight difference between their precisions and recalls is 
observed, leading to a little greater F1-score of the deci-
sion tree. In Table 11 and Table 12, the decision tree has 
a perfect precision in all Design Solns except only N3. Us-
ing the fuzzy system, this problem is also detected, but 
even worse with a false positive found with N15 in addi-
tion. Similar comments are applicable with recall. 
 

Table 11 
Performance metrics of the fuzzy system  

(80:20 split to training and test) 

 

n
 

TT
P

 

TF
N

 

TF
P

 

TT
N

 

P
re

ci
si

o
n

 

R
e

ca
ll 

F 1
-s

co
re

 

F 1
-s

co
re

*n
 

N0 18 17 1 0 19 1.00 0.94 0.97 17.49 

N3 6 6 0 1 30 0.86 1.00 0.92 5.54 

N4 1 1 0 0 36 1.00 1.00 1.00 1.00 

N5 5 4 1 0 32 1.00 0.80 0.89 4.44 

N6 1 1 0 0 36 1.00 1.00 1.00 1.00 

N15 4 4 0 1 32 0.80 1.00 0.89 3.56 

N16 2 2 0 0 35 1.00 1.00 1.00 2.00 

Average      0.95 0.96 0.95  

Total 37 35 2 2     35.02 
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Table 12 
Performance metrics of the decision tree 

(80:20 split to training and test) 

 
n

 

TT
P

 

TF
N

 

TF
P

 

TT
N

 

P
re

ci
si

o
n

 

R
e

ca
ll 

F 1
-s

co
re

 

F 1
-s

co
re

*n
 

N0 18 16 2 0 19 1.00 0.89 0.94 16.94 

N3 6 6 0 2 29 0.75 1.00 0.86 5.14 

N4 1 1 0 0 36 1.00 1.00 1.00 1.00 

N5 5 5 0 0 32 1.00 1.00 1.00 5.00 

N6 1 1 0 0 36 1.00 1.00 1.00 1.00 

N15 4 4 0 0 33 1.00 1.00 1.00 4.00 

N16 2 2 0 0 35 1.00 1.00 1.00 2.00 

Average      0.96 0.98 0.97  

Total 37 35 2 2     35.08 

 
Since the numbers of cases in each class are not even, its 
F1 – score should be weighted to avoid dominance of De-
sign Soln with a larger number of cases. From Eq. (10), the 
weighted F1 – score of the fuzzy system and decision tree 
are 0.9466 and 0.9482, respectively.   

𝑃𝑖 =
𝑇𝑇𝑃𝑖

𝑇𝑇𝑃𝑖 + 𝑇𝐹𝑃𝑖
 (7) 

𝑅𝑖 =
𝑇𝑇𝑃𝑖

𝑇𝑇𝑃𝑖 + 𝑇𝐹𝑁𝑖
 (8) 

𝐹1 − 𝑠𝑐𝑜𝑟𝑒𝑖 =
2𝑇𝑃𝑖

2𝑇𝑃𝑖 + 𝑇𝐹𝑃𝑖 + 𝑇𝐹𝑁𝑖
 (9) 

𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝐹1 − 𝑠𝑐𝑜𝑟𝑒𝑖 =
∑ 𝑛𝑖

𝑛
𝑖=1 𝐹1 − 𝑠𝑐𝑜𝑟𝑒

𝑁
 (10) 

For the fuzzy inference, a few observations of wrong pre-
dictions were found in 2 cases where the system chose N0 
and N5 (arch support: Height ¼ in · Length 4½ in · Width 1 
in) as the most suitable alternatives. Without knowing 
this, the expert found N3 and N15 the best insoles for the 
individuals (N3 (medial heel wedge: Height ⅛ in · Length 3 
in · Width ¼ in) and N15 (medial heel wedge: Height ⅛ in · 
Length 3 in ·Width 1¼ in and arch support: Height ¼ in · 
Length 4½ in Width 1 in), respectively). The disagreement 
occurred when the measured design parameters were in 
an overlapping area between neighboring fuzzy sets. With 
the decision tree, wrong predictions were found in only 
N0 (no insole needed) cases, instead of N3 (medial heel 
wedge: Height ⅛ in · Length 3 in · Width 1¼ in). For such 
cases in-depth analysis showed that the insole designs 
proposed by both techniques were slightly different from 
the expert’s decision but still acceptable to the podiatrist.  
In sum, the subjects recruited in this study were ordinary 
people without any obvious abnormalities. After the ex-
periment, some subjects realized that they have had 
symptoms of either pronation or supination and agreed to 
continue with getting the insoles predicted by the pro-
posed techniques, certainly at an affordable price. Most 
people would not seek help unless they experience pains 
or injuries, and that is probably too late. It would be ideal 

for the public to have a convenient and affordable access 
to the service providers for foot diagnosis. Overall, both 
AI techniques demonstrated superior performance in 
choosing a suitable design alternative in a fraction of time 
with the decision tree expressing slightly more reliability. 
Both can work interchangeably with the expert in this task 
for a promising future of the online custom insole design. 
However, when compared with the decision tree tech-
nique, the fuzzy inference is more tedious in construction.  
Testing the insole, the podiatrist assembled the insole 
components according to the design chosen. Five patients 
were asked to come in for the insole trial and the podia-
trist examined suitability of the insole when put on the 
shoe. The insoles were expected to either normalizing an 
abnormal heel angle by pushing up the sole in case of pro-
nation or supporting the arch in case of supination. The 
subjects were real patients who visited the podiatric clinic 
because of their feet conditions. It was evident that the 
insoles chosen from this study had a great impact on the 
abnormal feet. They helped straighten up the tilted feet 
structure, that expectedly relieved unbalanced foot pres-
sure and alleviate foot pain. 
Overall, foot images submitted by a patient are informa-
tive enough for remote diagnosis, so that the computer-
ized system can choose an insole design to fit each pa-
tient. Without investment in advanced equipment in 
crafting, the custom insole could now be accessible and 
affordable to all patients and to a larger public needing 
foot care related to pronation and supination.  A practical 
telehealth system to serve this type of preliminary diag-
noses is being developed. 
 
CONCLUSION  
In summary, foot images with sufficient resolution sub-
mitted by a patient are informative enough for the system 
to choose an insole design that fits the patient’s needs. 
Without investment in advanced equipment in crafting, 
the custom insole could now be accessible and affordable 
to all patients and to a larger public needing foot care re-
lated to pronation and supination.   
A practical online system to serve this type of preliminary 
diagnoses is being developed; however, the proposed 
models still have some limitations and deserve intensive 
investigation in the following issues. 

− The samples participated in this study did not cover all 
possible foot abnormalities. More complicated and se-
vere cases should be investigated. 

− Performance of the models can be improved by intro-
ducing more parameters. 

− Derivation of foot data in this study requires such a 
skillful operator as a podiatrist to work on the images. 
A powerful automated image processing application is 
in need to help retrieve the data with lesser assistance 
of the podiatrist.  

The system based on the approach developed in this study 
can help relieve an influx of patients coming to hospitals 
and clinics with foot abnormalities. This remote diagnosis 
system supports travel restriction and social distancing 
policies in the midst of difficult circumstances of  
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COVID-19, and will be the norm for future tele-healthcare 
system. 
 
CONFLICT OF INTEREST 
The authors declare that there is no conflict of interests. 
 
ACKNOWLEDGEMENT 
This study was supported by the Higher Education Re-
search Promotion and the Thailand’s Education Hub for 
Southern Region of ASEAN Countries Project Office of the 
Higher Education Commission. Assistance in manuscript 
preparation by the Publication Clinic of PSU is also appre-
ciated. 
 
REFERENCES 
[1] M. Ingaldi and R. Ulewicz, “Evaluation of Quality of the e-

Commerce Service,” Int. J. Ambient Comput. Intell. IJACI, 
vol. 9, no. 2, pp. 55-56, Apr. 2018. 

[2] A. Kuwabara, S. Su, and J. Krauss, “Utilizing Digital Health 
Technologies for Patient Education in Lifestyle Medicine,” 
Am. J. Lifestyle Med., vol. 14, no. 2, pp. 137-142, Apr. 2020, 
DOI:10.1177/1559827619892547. 

[3] G. Fabry, “Clinical practice. Static, axial, and rotational de-
formities of the lower extremities in children,” Eur. J. Pedi-
atr., vol. 169, no. 5, pp. 529-534, May 2010, 
DOI:10.1007/s00431-009-1122-x. 

[4] S. C. Cobb, C. R. James, M. Hjertstedt, and J. Kruk, “A Digital 
Photographic Measurement Method for Quantifying Foot 
Posture: Validity, Reliability, and Descriptive Data,” J. Athl. 
Train., vol. 46, no. 1, pp. 20-30, 2011, DOI:10.4085/1062-
6050-46.1.20. 

[5] C.-H. Lin, Z.-H. Qiu, and C.-C. Yeh, “Image processing for 
rear foot image evaluating leg and foot angles,” Measure-
ment, vol. 126, pp. 168-183, Oct. 2018, 
DOI:10.1016/j.measurement.2018.05.054. 

[6] C. P. Hurt et al., “Assessing a novel way to measure step 
count while walking using a custom mobile phone applica-
tion,” PLoS ONE, vol. 13, no. 11, Nov. 2018, 
DOI:10.1371/journal.pone.0206828. 

[7] M. A. Kamizi, L. H. Negri, J. L. Fabris, and M. Muller, “A 
Smartphone Based Fiber Sensor for Recognizing Walking 
Patterns,” IEEE Sens. J., vol. 19, no. 21, pp. 9782-9789, Nov. 
2019, DOI:10.1109/JSEN.2019.2927456. 

[8] H. Tamura, K. Sakurai, and K. Tanno, “A Study on High Ac-
curacy Stride Estimation on Smartphone Combining Accel-
eration Sensor and Gyro Sensor,” J. Robot. Netw. Artif. Life, 
vol. 5, no. 2, pp. 83-88, Sep. 2018, 
DOI:10.2991/jrnal.2018.5.2.2. 

[9] “FitMyFoot | Comfort you need in shoes you love,” FitMy-
Foot. https://fitmyfoot.com/ [accessed Jan. 10, 2021]. 

[10] “Doc Sols - Digital Podiatry App,” Doc Sols. 
https://docsols.com.au/ [accessed Jan. 10, 2021]. 

[11] J. Niu, J. Liu, Y. Zheng, L. Ran, and Z. Chang, “Are arch-con-
forming insoles a good fit for diabetic foot? Insole custom-
ized design by using finite element analysis,” Hum. Factors 
Ergon. Manuf. Serv. Ind., vol. 30, no. 4, pp. 303-310, 2020, 
doi: https://DOI.org/10.1002/hfm.20841. 

[12] L. Tang et al., “Functional gradient structural design of cus-
tomized diabetic insoles,” J. Mech. Behav. Biomed. Mater., 
vol. 94, pp. 279-287, Jun. 2019, 
DOI:10.1016/j.jmbbm.2019.03.003. 

 

 

[13] P. W. Anggoro et al., “CNC milling of EVA foam with varying 
hardness for custom orthotic shoe insoles and process pa-
rameter optimization,” J. Mech. Eng. Sci., vol. 13, no. 3, 
Art. no. 3, Sep. 2019, DOI:10.15282/ 
jmes.13.3.2019.10.0436. 

[14] B. Bawono, P. W. Anggoro, A. P. Bayuseno, J. Jamari, and 
M. Tauviqirrahman, “Milling strategy optimized for orthot-
ics insole to enhance surface roughness and machining 
time by Taguchi and response surface methodology,” J. 
Ind. Prod. Eng., vol. 36, no. 4, pp. 237-247, May 2019, 
DOI:10.1080/21681015.2019.1646327. 

[15] P. Watasuntonpong, M. Pimsarn, and A. Tantrapiwat, “Dy-
namic feed rate in multiple independent spindles CNC mill-
ing machine for orthotic insole manufacturing,” Int. J. In-
nov. Comput. Inf. Control, vol. 15, pp. 2149-2163. 

[16] S. Xiong, J. Zhao, Z. Jiang, and M. Dong, “A computer-aided 
design system for foot-feature-based shoe last customiza-
tion,” Int. J. Adv. Manuf. Technol., vol. 46, no. 1, pp. 11-19, 
Jan. 2010, DOI:10.1007/s00170-009-2087-7. 

[17] M. Davia-Aracil, J. J. Hinojo-Pérez, A. Jimeno-Morenilla, 
and H. Mora-Mora, “3D printing of functional anatomical 
insoles,” Comput. Ind., vol. 95, pp. 38-53, Feb. 2018, 
DOI:10.1016/j.compind.2017.12.001. 

[18] Z. Liu, P. Zhang, M. Yan, Y. M. Xie, and G. Z. Huang, “Addi-
tive manufacturing of specific ankle-foot orthoses for per-
sons after stroke: A preliminary study based on gait analy-
sis data,” Math. Biosci. Eng. MBE, vol. 16, no. 6, pp. 8134-
8143, Sep. 2019, DOI:10.3934/mbe.2019410. 

[19] G. Jarl and L. M. N. Hermansson, “A modified walk-in clinic 
for shoe insoles: Follow-up of non-attendants,” Prosthet. 
Orthot. Int., vol. 43, no. 6, pp. 597-600, Dec. 2019, 
DOI:10.1177/0309364619879285. 

[20] M. A. Pourhoseingholi, M. Vahedi, and M. Rahimzadeh, 
“Sample size calculation in medical studies,” Gastroen-
terol. Hepatol. Bed Bench, vol. 6, no. 1, pp. 14-17, 2013. 

[21] D. Kelaher, G. A. Mirka, and K. Q. Dudziak, “Effects of semi-
rigid arch-support orthotics: an investigation with poten-
tial ergonomic implications,” Appl. Ergon., vol. 31, no. 5, 
pp. 515-522, Oct. 2000, DOI:10.1016/s0003-
6870(00)00018-1. 

[22] A. C. Redmond, J. Crosbie, and R. A. Ouvrier, “Develop-
ment and validation of a novel rating system for scoring 
standing foot posture: The Foot Posture Index,” Clin. Bio-
mech., vol. 21, no. 1, pp. 89-98, Jan. 2006, 
DOI:10.1016/j.clinbiomech.2005.08.002. 

[23] M. K. Nilsson, R. Friis, M. S. Michaelsen, P. A. Jakobsen, and 
R. O. Nielsen, “Classification of the height and flexibility of 
the medial longitudinal arch of the foot,” J. Foot Ankle Res., 
vol. 5, p. 3, Feb. 2012, DOI:10.1186/1757-1146-5-3. 

[24] T. Davenport and R. Kalakota, “The potential for artificial 
intelligence in healthcare,” Future Healthc. J., vol. 6, no. 2, 
pp. 94-98, Jun. 2019, DOI:10.7861/futurehosp.6-2-94. 

[25] L. Skrzypczak, E. Skrzypczak-Pietraszek, E. Lamer-
Zarawska, and B. Hojden, “Micropropagation of Oeno-
thera biennis L. and an assay of fatty acids,” Acta Soc. Bot. 
Pol., vol. 63, no. 2, Art. no. 2, 1994, 
DOI:10.5586/asbp.1994.023. 

[26] E. Skrzypczak-Pietraszek and A. Hensel, “Polysaccharides 
from Melittis melissophyllum L. herb and callus,” Pharm., 
vol. 55, no. 10, pp. 768-771, Oct. 2000. 

[27] W. B. Lee, H. Lau, Z. Liu, and S. Tam, “A fuzzy analytic hier-
archy process approach in modular product design,” Ex-
pert Syst., vol. 18, no. 1, pp. 32-42, 2001, 
https://DOI.org/10.1111/1468-0394.00153. 

 



H. P. KHAING et al. – Automated Design of Affordable Modular Custom Insoles…  161 
 
 

[28] Jei-Zheng Wu, Kuo-Sheng Lina, and Chiao-Ying Wub, “Inte-
gration of Scenario Planning and Decision Tree Analysis for 
New Product Development: A Case Study of a Smartphone 
Project in Taiwan,” Int. J. Ind. Eng., vol. 22, no. 1, pp. 171-
182, Jan. 2015. 

 

[29] M. Sokolova and G. Lapalme, “A systematic analysis of per-
formance measures for classification tasks,” Inf. Process. 
Manag., vol. 45, no. 4, pp. 427-437, Jul. 2009, 
DOI:10.1016/j.ipm.2009.03.002. 

 
 

 
Hnin Phyu Khaing  
Prince of Songkla University 
Faculty of Engineering 
Department of Industrial Engineering 
HatYai, Songkhla, 90112, Thailand 
e-mail: hninphyukhaing91@gmail.com 
 

Supapan Chaiprapat, (corresponding author) 
Prince of Songkla University 
Faculty of Engineering 
Department of Industrial Engineering 
HatYai, Songkhla, 90112, Thailand 
e-mail: supapan.s@psu.ac.th, schaiprapat@gmail.com 
Telephone: +66 74 287159; +66 89 7336639 
Fax: +66 74 287026 
 

Tuanjit Na Rungsri 
Prince of Songkla University 
Faculty of Medicine 
Department of Orthopedic Surgery and Physical Therapy 
HatYai, Songkhla, 90112, Thailand  
e-mail: ching_ga@hotmail.com 
 

Chumpol Yuangyai 
King Mongkut’s Institute of Technology Ladkrabang  
Faculty of Engineering,  
Department of Industrial Engineering,  
Bangkok, 10540, Thailand 
e-mail: chumpol.yu@kmitl.ac.th 
 

Suriya Jirastitsin 
Prince of Songkla University 
Faculty of Engineering 
Department of Industrial Engineering 
HatYai, Songkhla, 90112, Thailand 
e-mail: suriya.j@psu.ac.th 
 

Sumate Chaiprapat 
Prince of Songkla University 
Faculty of Engineering 
Department of Civil Engineering 
HatYai, Songkhla, 90112, Thailand 
e-mail: sumate.ch@psu.ac.th 
 
 

 
  


