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Abstract- This paper outlines the combination of Taguchi method with response surface methodology (TM/RSM) aimed at 
optimizing the operating parameters used in wood-fired ceramics. A Taguchi experiment was first performed to obtain an 
efficient experiment design and analyze the effects of various operating parameters on the surface of the resulting ceramics. 
These results were then used in RSM to predict operating parameters at discrete levels. Clay location, clay composition, and 
kiln temperature were selected as the major control factors. An L18 orthogonal array was then used to guide further 
investigation in order to reduce the number of experiments. The objective was to maximize the amount of ash and gloss, while 
minimizing marks caused directly from the fire.  
Our results revealed that at 1240�, vessels placed on the bottom shelves at the front of the kiln accumulated the largest quantity 
of ash. At 1260�, white clay vessels placed in the same position obtained the most pronounced gloss. At 1260�, white clay 
vessels placed on the bottom shelves in the center of the kiln were least affected by fire marks. This study demonstrates the 
feasibility of using TM/RSM in the design of operating parameters for wood-fired ceramics and provides a valuable reference 
for ceramics experts seeking to obtain ideal surface effects. 
 
Index Terms- wood-fired ceramics, ceramist, surface effect, Taguchi method, response surface methodology, orthogonal 
arrays. 
 
I. INTRODUCTION 
 
One form of creating ceramics, wood-firing has 
become a trend among ceramists in recent year, and it 
could even be claimed, a world-wide ceramic art 
fashion. The fascination lies in the challenges 
presented by its wide range of mutability, nature and 
abundant variations, and ever-appealing aesthetic 
charm. All such esthetic sensibilities come from the 
jubilant dancing of “clay”, “fire” and “ashes.” These 
three elements coupled with changes in various 
temperatures can transform into quite divers 
enchanted beauty [1].    
Wood-firing has long been extensively practiced in 
Taiwan, with its many ceramists and kilns. In fact, 
Taiwan could, without much exaggeration, be termed 
Taiwan’s leading area for wood firing. Yet, few lovers 
of wood-fired ceramics today have the opportunity to 
gain familiarity with the technology of wood-fired 
ceramics in Taiwan. Firewood has been used a fuel for 
firing ceramics in Taiwan for over a century. Wood 
firing, gloss and ash glaze are major culture 
characteristics of Taiwan’s ceramics culture. However, 
in the past, firewood, gas, coal and even heavy oil have 
been nothing more than fuels with which to fire 
ceramic wares.  
 
A noted in Miaoli, Taiwan figure, Lai Chi-ts’ai, 
created and built the Hanpao Kiln in 1981, thereby 
laying the foundation for Miaoli’s wood-fired 
ceramics practice. He was influenced by the Japanese 
ceramist Sugihara Ken and smitten with natural 
ash-glazed ceramics. This aesthetic sensibility was 

completely at odds with prevailing tastes among  
 
Taiwan’s ceramic producers of the days, who had 
gradually switched over to new-style shuttle kilns to 
save labor and reduce costs and produce brighter and 
clearer glaze colors. Gas-fueled glaze firing was seen 
as progressive, while traditional wood-firing 
symbolized backwardness. Taiwan’s economy look 
off in the 1980’s, and ceramic industrial technology 
advanced quickly. During this time when all ceramics 
kiln manufacturers were replacing their traditional kiln 
lines with electric, gas and tunnel kilns to raise 
productivity and quality, only the Hanpo Kiln 
persisted in using traditional noborigama to produce 
flower vases, tea sets, and household ceramic ware. 
The distinctive quality of wood-firing really attracted 
the notice of the ceramic and ikebana communities [2].  
In the recent years, many studies have appeared in the 
literature involving the wood-fired ceramics for kilns. 
For the wood-firers of today wood-firing represents an 
entire aesthetic which evolves from personal choices 
of both materials and processes. Some seek “the quiet 
touch of the flame” accentuating a glazed surface, or 
giving subtle ash effects on unglazed surfaces. Others 
combine wood-firing and salt or soda glazing to 
achieve satisfying effects. Yet others want their work 
to 'really look wood-fired', bearing evidence of the 
intensity of fire over many days of high temperature 
firing. What they all have in common is an attraction 
to the process of wood-firing, which allows them to be 
both actively and creatively involved in the firing [3].  
“Chunk” is the basic component in the expression and 
structure of a three-dimensional form. The visual 
effect created by the accumulation of “chunks” 
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releases a sense of blockage or hindrance, and 
produces an impression of anxiety and impact, as well 
as a gradually widening understanding among viewers. 
The primary purpose of this study is the creative role 
of “chunks” in ceramic art; their unique features, such 
as accumulation and amassment, their ever-increasing 
ability to express meaning, as well as their massive 
visual effect. In this way, the timeless and mammoth 
quality of earth and land are capable of being 
conveyed to the viewer [4].    
 
The levels of polychlorinated dibenzo-p-dioxins and 
dibenzofurans have been determined in bottom ash 
and ash samples from different wood combustion 
systems for heat production effect between 6-850 kW. 
Both untreated wood and waste wood were burned. 
The concentrations expressed as 2, 3, 7, 8-tetrachloro 
dibenzo-p-dioxin equivalents in bottom ash were in 
the order of 1 pg/g when natural wood was incinerated. 
However, in filter ash the levels were about 2 orders of 
magnitude higher. Burning of waste wood resulted in 
concentrations in the range of 1-10 ng/g 2,3,7,8-TE. 
The reason for the high filter ash burden seems to be 
secondary formation on the ceramic filter surface at 
temperatures around 3500C. Incineration of the 
combustible fraction of household waste in a small 
stove increased 2, 3, 7, 8-TE levels in the bottom ash 
by three orders of magnitude compared to charcoal 
(0.5 pg/g). The PCDD/PCDF congener patterns found 
were influenced by both the type of wood burned and 
the construction of the combustion system [5].  
Many studies have also appeared in the literature 
involving the Taguchi and RSM methods. The subject 
of this paper is the robust and quality-oriented design 
of an electromagnetic wave absorber. Taguchi's 
parameter design is employed first to optimize the 
absorption efficiency of the wave absorber over a wide 
bandwidth while reducing the sensitivity of the 
optimized performance to a number of hard-to-control 
variables [6]. 
Changing the cross-sectional shape of 
superconducting field coils can reduce the total 
harmonic distortion (THD) of the air gap magnetic 
flux density (AGMFD) for superconducting wind 
turbine generators (SWTG). This paper proposes an 
approach to optimize the cross-sectional shape of the 
superconducting field windings for SWTG to 
minimize the THD of the AGMFD. This approach is 
based on the response surface methodology (RSM) 
and the particle swarm optimization (PSO) [7].  
This paper presents an optimum design procedure for 
the cascaded controller of the PCS unit using Taguchi 
method. To apply the design parameters obtained from 
Taguchi method, a renewable energy application is 
chosen where a variable-speed wind turbine generator 
system is connected to the power grid through two 
back-to-back PCS units. The effectiveness of the 
designed parameters using Taguchi method is then 
compared with that obtained using response surface 
methodology and genetic algorithm (RSM-GA) 

method under the grid fault condition [8]. 
Wood-firing is a form of creation unlike others that 
use different mediums. Where a piece is placed in the 
kiln will determine its final appearance. Every kiln 
will vary in temperature, atmosphere (reduction vs. 
oxidation) and amount of ash deposit throughout. The 
local aesthetics of wood-firing derive from several 
factors. These include: wood-firers trying to determine 
and control the temperature curve of kiln, put clay in 
different location, and select varied clay composition. 
The wood-fired ceramics must find optimal expression 
amidst thousands upon of fine touches. The choice and 
inclination of such fine touches reveals the ceramics’ 
mentally and indulgences. In this study, the operation 
parameters of wood fired ceramics on the surface 
effect are determined in two stages.  First, a Taguchi 
experiment [9] is performed to analyze the effect of 
operating conditions on wood fired ceramics. The 
results thus obtained are treated as local optimal values 
for Response Surface Methodology (RSM) [10]. 
Moreover, the Taguchi method is also employed to 
control the factors and their levels. With the proper 
orthogonal arrays selected, the signal-to-noise ratios 
(SNRs) of the experimental results are obtained to 
identify the relationship between the operation 
parameters of wood fired ceramics and the maximum 
the ash, gloss and minimize the fire marks for ceramics. 
Next, the RSM algorithm is employed to determine the 
optimum operation parameters of wood fired ceramics 
since the algorithm can effectively deal with discrete 
nonlinear programming problems and generate 
high-quality solutions. 
 
II. MODELING AND OPTIMIZATION 
APPROACH 
 
To obtain an optimal solution, this paper presents a 
TM/RSM searching algorithm for finding optimum 
operation parameters that dictate the quality of the 
wood-fired ceramics. The objective is to maximize the 
ash and gloss and minimize the fire marks for 
ceramics. The entire searching is divided into two 
stages. First, a Taguchi experiment is conducted to 
analyze the effect of different operation parameters 
conditions. Then, an RSM is applied to construct the 
appropriate model for predicting the surface effect of a 
specific wood fired, and searching for available 
discrete values of the operation parameters. The 
flowchart of the algorithm is shown in Fig. 1 and the 
basic concepts of the solution procedure are explicated 
as follows. 
 
A. Taguchi method 
The parameter design concept was introduces that 
improves the quality of a product whose 
manufacturing process involves significant variability. 
Parameter design reduces performance deviation by 
reducing the sensitivity of an engineering design to 
sources of variations rather than controlling the 
sources. Traditionally, the Taguchi method [9] for 
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product design is an experimental approximation for 
minimizing the expected target variance value for 
certain classes of problems.  
 
The purpose of orthogonal array is that with minimum 
simulations, the required result could be obtained by 
analyzing and matching these simulations. An 
orthogonal array is a fractional factorial matrix, which 
assures a balanced comparison of levels of any factor 
or interaction of factors. In this study, in the case of the 
larger-the-better  

 
Fig. 1 Flowchart of the proposed method 

 
characteristic, suppose that we have a set of 
characteristics. Taguchi recommends using the 
common logarithm of this S/N ratio multiplied by 10, 
which expresses the ratio in decibels (dB), a procedure 
which has been used in communications for many 
years. To be consistent with its application in 
engineering, the value of the S/N ratio is intended to be 
large for favorite situations; hence, the following 
transformation is used for the larger-the-better 
characteristic: 
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where  n = number of tests in a trial. To be 
consistent with its application in engineering, the 
value of the S/N ratio is intended to be small for 
favorite situations; hence, the following 
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B. Response Surface Methodology  
Response Surface Methodology (RSM) [10] is a 
collection of mathematical and statistical techniques 
useful for developing, improving, and optimizing 
processes. Applications of RSM can be found in 
chemical, engineering and clinical sciences. 
Nevertheless, there does not seem to be an established 
code of practice for the automated application of RSM 
in the field of simulation optimization. This study aims 
to find the optimal settings for an automated RSM 
procedure when there is very little information about 
the objective function. A framework of the RSM 
procedures for finding optimal solutions is presented 
with emphasis on the use of both stopping rules and 
restart procedures. It is expected that the proposed 
settings would achieve considerable improvement. 
General recommendations on the application of 
automated RSM algorithms in simulation optimization 
are also given.  
Fig. 1 shows the flowchart of the search procedure 
using TM/RSM, First, a Taguchi experiment is used to 
perform an efficient experimental design and analyze 
the robustness of the operation parameters on the 
surface effect for wood-fired ceramics. Then, the 
results from the Taguchi method are used as the 
experimental data for RSM that could predict the 
operation parameters of wood-fired ceramics at 
discrete levels.  The paper presents flowchart using 
TM/RSM method about the search procedure, which 
involves the following steps. 

Step 1: Construct an experimental system and the 
objective function.  

Step 2: Set input factors A~C within reasonable 
experimental range.  

Step 3: Use two-level factorial design.  
Step 4: Apply to the path of steepest ascent. 
Step5: Evaluate the objective function of the 

optimal area. If the best value of all current local-best 
solutions is better than the previous global-best 
solution, then update the value of the global-best 
solution and determine the corresponding optimal 
solution. Otherwise, repeat from Step 2.  

Step 6:  Perform 20 sets of central composite 
design. 

Step 7:  Conduct the second regression analysis. 
Step 8: Analyze the impact and effect of the three 

factors, and find the optimal combination of factors, 
and then obtain the best objective function. 

Step 9: End. 
A second-order model is commonly used for the 
multidisciplinary design in RSM. In general, the 
response model can be expressed as follows: 

2
1 1

k k
Y X X X Xi i ii ij ji io i i i j

       
  

     (3) 

where Y is the response variable, X is the 
independent variable,   is the reaction of the 
observed noise or error, and , , ,i ii ijo      are 
coefficients of the second-order regression equation. 
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III. RESULTS AND DISCUSSION  
 
To confirm the computer simulation results, an 
experimental system was implemented for 
determining the operation parameters that dictate the 
quality of wood-fired ceramics on the surface effect. 
The experiment was conducted in Asia-Pacific 

Institute of Creativity, Miaoli, Taiwan in 2013. Fig. 2 
shows crossdraft of experimental systems studied in 
this work, and specification of kiln is provided in the 
Table 1. Table 2 also shows control factors and levels. 
This study considered three potential factors such as 
clay location, kiln temperature and clay composition. 
The clay location is comprised of six levels: TF  

 
Asia-Pacific Institute of CreativityKiln  

Kiln type Crossdraft 
External size Long:6.6m,width:2.7m,Height:6m, Chimney height:6m 
Wood type miscellaneous wood, drift wood 
Kilncapacity 1.28m3 
Kiln facility Stoking hole, side-stoking hole, ember observation hole, air (passive) 

damper/ shelf damper.  
Frequency of use Biweekly 

Table 1Specification of kiln 

 
level 

factors 
 1  2  3  4   5   6 

A  clay location TF BF TM BM TR BR 

B  kiln temperature 1240oC   1260oC 1280oC - 
C  clay composition wood-fired clay  white clay clay - 

Table 2Control factors and levels 
 

 
Fig.2Crossdraftof experimental system 

 
(a) Before(b) After 

Fig. 3Comparison of clay bodies of kiln at the front views before 
and after firing 

 
(The top shelves at the front of kiln), BF (The bottom 

shelves at the front of kiln), TM (The top shelves at the 
middle of kiln), BM (The bottom shelves at the middle 
of kiln), TR (The top shelves at the rear of kiln), and 
BR (The bottom shelves at the rear of kiln), and kiln 
temperature, clay composition is comprised of three 
levels.  
The firing logbook was the information center for the 
firing. Over four days of a firing, consistency and 
communication are sustained through the firing 
logbook. The six firing stages were described with 
instructions specific to the design of the Asia-Pacific 
Institute of Creativity Kiln.  

Stage 1 : Removal of free water (0oC~180oC). 
Stage 2 : Removal of residual free water 
(180oC~300oC). 
Stage 3 : Removal of chemical water; silica 

inversion; bisque (300oC~724oC). 
Stage 4 : Firing to top temperatures 

(724oC~1240oC). 
Stage 5 : Sustained high temperatures (1240oC). 
Stage6 : Finishing and cooling after 2~3 days 

(1240oC~625oC). 
 

Fig. 3 shows the comparison of clay bodies of kiln at 
the front views before and after firing. Then, the 
confirmatory tests were conducted to verify the results 
optimal parameters condition. L18(61×32) arrays and 
S/N ratio are used to conduct a preliminary prior to 
observe the surface effect on clay was shown in Table 
3, and the S/N ratio was calculated according to 
Equation (1) and Equation (2).  
After the statistical analysis, analysis of variance 
(ANOVA) was generated to identify the significant of 
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the factors considered in this study. Table 4 show 
results indicated that clay location significant 
influenced for ash deposit based on the Pf = 0.01which 
less than 0.05. The contributions of each factor were: 
clay location (52.2%), kiln temperature (1.4%), and 
varied clay (13.3%), respectively. Table 4 also show 
varied clay significant influenced for gloss and fire 
marks based on the Pg=0.04, Pm=0.04which less than 
0.05. The maximum contributions of each factor were: 
clay location Cf (52.6%), varied clay Cg (29%), and 
Cm (13.2), respectively. 

Fig. 4 demonstrated the optimal quality levels of 
fire marks deposit for each factor are: clay location at 
A2, kiln temperature at B2 and varied clay at C2, 
respectively. The abbreviation of the optimal 
operation parameters combination is A2B2C2.Thus, 
the optimal firing conditions applied in the final 
confirmatory runs were: clay location (The bottom 
shelves at the front of kiln), temperature (1260oC) and 
varied clay bodies (white clay). Since white clay with 
little iron, clay bodies often provide a fine, light 
surface to display the numerous fire marks effects.    

 
No. A B  C Surface effect (dB) 

ηa ηg ηc Objective 
function 

1 1 1 1 13.52 7.04 5.95 8.84 
2 1 2 2 15.69 14.7 6.87 12.42 
3 1 3 3 16.89 12.5 3.80 11.06 
4 2 1 2 15.75 2.57 7.68 8.67 
5 2 2 3 15.89 14.56 8.19 12.88 
6 2 3 1 19.17 10.08 2.28 10.51 
7 3 2 1 14.34 14.12 10.90 13.12 
8 3 3 2 10.52 11.14 7.41 9.69 
9 3 1 3 0.43 2.75 1.11 1.43 
10 4 3 3 10.96 10.92 1.74 7.87 
11 4 1 1 1.26 2.87 1.11 1.75 
12 4 2 2 13.46 12.84 8.64 11.65 
13 5 2 3 1.26 1.11 1.11 1.16 
14 5 3 1 15.63 19.25 3.40 12.76 
15 5 1 2 14.57 1.11 10.81 8.83 
16 6 3 2 10.86 9.96 5.95 8.92 
17 6 1 3 6.53 18.18 6.87 10.53 
18 6 2 1 1.11 19.92 3.80 8.28 

TABLE 3 L18 (61×32) ARRAYS AND S/N RATIO 
 

Parameter  
D
O
F 

Square sum F-test P_value Contribution(%) 
Sf Sg Sm Ff Fg Fm Pf Pg Pm Cf Cg Cm 

Clay location 5 61 145 2.7 2.57 1.08 0.23 0.01 0.44 0.94 *52.6 22 11 
Kilntemperature 2 1.6 104 0.1 0.16 1.94 0.01 0.85 0.21 0.99 1.4 16 0.3 
Varied clay 2 15 188 3.2 1.63 3.51 0.70 0.23 0.04 0.04 13.3 *29 *13.2 
Error 8 38 214 18.5 - - - - - - 32.7 33 75.5 
Total 17 116 651 24.5 -- - - - - - 100 100 100 

*Indicates the parameters which have a significant effect 
Table 4The ANOVA and contribution forash, gloss and fire marks 

 

 
Fig. 4Three optimal firingzones 
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(a) linear plot (b) frequency histogram 
(c) residual of fits scatter plot (d) the residual line 

chart 
Fig.5 Statistical analysis of wood-fired ceramics on surface 

effect 
 
Fig 5(a) is shows the diagram of residual plot. The 
Y-axis represents the variation residual and the X-axis 
represents the percentage value. The random variation 
residual is between 99% and 1%, where the 
distribution of residual value is between ±3. A straight 
line of y=12.25x+36.75 can be used to mimic the 
variation with R2=0.98. It is indicates that the data has 
the characteristic of normal distribution. The 
histogram of the residual values is plotted in Fig. 5(b).  
Fig. 5 (c) is the diagram of residual fit and this diagram 
rests with detection of the non-uniform variance crest, 
the omitted higher order terms and outliers. The 
Y-axis represents the residual value and the X-axis 
represents the surface effect. The surface effect varies 
within the range of 1dB~20dB randomly. Fig. 5(d) is 
the diagram of the residual line chart and this diagram 
rests with detect ion of the residuals with 
time-dependence. The Y-axis represents the residuals 
value and the X-axis represents the observation order. 
When the observation order is at 17th observation 
order, the residual is the maximum value of 2.5. 
Finally, the second-order regression equation of 
surface effect on clay composition using RSM as 
follows: 

Y = 10.06+0.93A-1.13B +0.08C+0.3A2-2.99B2 + 
0.82C2  (4) 

The response surface plot of wood-fired ceramics on 
surface effect was shown in Fig. 6. From this figure, it 
shows the variations of S/N ratio for surface effect 
verses temperature and clay location. These plots have 
a harness shape with the peak point stands for the 
maximum surface effect.In Fig. 7, the optimal 
parameter combination A4B2C1 was selected. 
According to the data in Table 2, the results from the 
orthogonal array experiments for the wood-fired 
ceramics are used as the experiment data to reduce the 
number of experiments and to maintain the 
representivity of samples for the TM/RSM.  
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Fig. 6 Response surface plot of wood-fired ceramics on 

surface effect 
 

 
Fig. 7Surface effectof optimization for wood-fired ceramics 

 
CONCLUSION 
 
In this paper, an advanced technical analysis 
combining Taguchi method and RSM technologies to 
create a robust design for wood-fired ceramics was 
proposed. The Taguchi experimental results were 
applied to systematically design for RSM. The design 
and development time for RSM can be reduced 
tremendously. This technique greatly reduced the 
number of experiments and provided superior 
performance results with significant interaction effects 
and nonlinear variations. The systematic approach 
accurately predicted the responses for the parameter 
combinations with non-discrete levels. On the basis of 
a comparison of the Taguchi and the RSM model 
compared with the experimental results, the 
experimental results prove that 34.96% and 34.14% 
reductions in variation of sensitivity could be achieved 
using Taguchi method and RSM algorithm. 
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