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a  b  s  t  r  a  c  t

We  present  Wowtao,  an  easy-to-use  pottery  manufacture  system  to take  digital  creativity  into  the  real
world. Our  approach  is able  to create  customized  pottery  virtually  on mobile  phones  or  tablet  computers
interactively  and quickly.  Our  work  takes  integration  of  the  customer  in product  personalization  into
consideration  to support  personal  design  in  pottery  manufacture  field.

Different  from  other  virtual  pottery  design  systems,  our  approach  simulates  the  entire  physical  pottery
design  process,  such  as  modeling,  painting,  seals,  firing  and  customization,  and  provides  the  ability  to  have
the designed  results  fabricated  by  real artists  or a  3D  printer.  To  make  the  designed  results  manufacturable
by  artists,  our  approach  imposes  some  industrial  constraints  (both  geometry  and  decorations)  when  the
Personalized design
Mobile platform
Parametric model
3D end-product

user designs  his/her  personalized  potteries.  Our method  only  requires  simple  and  intuitive  interactions,
so  even  novices  can follow  the  workflow  to  create  pretty  potteries  easily.  We  optimize  the  design  process
to  perform  real-time  operations.  Our  informal  user  study  shows  that  a first-time  user typically  masters  the
operations  within  10 minutes,  and can  construct  interesting  and  satisfactory  3D  pottery  models  within
minutes.

©  2020  Elsevier  B.V.  All rights  reserved.
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1. Introduction

Pottery is the process of forming and manufacturing vessels and
other objects with clay and other ceramic materials. As a traditional
culture and handcrafted artwork in China since ancient times, pot-
tery was used to serve people in daily life [1], and it gradually
spreads around the world. The advances in the Internet technol-
ogy and mobile devices make it possible to revitalize the practical
pottery industry from offline to online. On one hand, Computer
Graphics (CG) and Virtual Reality (VR) are filling the gap between
the cyber and physical world [2], and these technologies can sim-
ulate the designing and manufacturing processes before they are
physically carried out [3]. On the other hand, additive manufactur-
ing and 3D printing bring about a revolution in the way products
are manufactured and distributed to end users [4–7]. As a result,
manufacturers are capable of transforming today’s manufacturing

paradigm to online personalized manufacturing with the help of the
accumulated big data and knowledge [8]. Inspired by this concept,
we reproduce the visual art of Chinese pottery in a virtual environ-
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ent by learning the preset pottery knowledge of master potters
uring the interactive design processes. Moreover, real pottery art,
irtual environment, and real pottery products form a closed loop
n our system, which makes it easy to manufacture the designed
irtual potteries into real products if necessary.

Nowadays, a lot of design tools previously depending on tradi-
ional manual operations have been replaced by digital operations.
sing Computer-Aided Design (CAD) to improve the design produc-

ivity has become an irresistible trend. Digital simulation enables
he designed products to be predicted and previewed before
eing industrially manufactured, and thus the design data can be
xchanged more directly and conveniently between designers and
otters. Pottery design, which consists of 3D modelling, texture
apping, and human computer interaction, also attracts many

ttentions in Computer Graphics.
Significant developments have been made on 3D modelling sys-

ems like Igarashi’s work [9]. As a branch of them, pottery design
btained many achievements as described in the works on mod-
lling by Vinayak et al. [10,11] and Chiang et al. [12], the research

n reconstruction and decoration by Willis and Cooper [13], and
he review on colloidal processing by Lewis [14]. These researches

ainly focusing on the virtual display, modeling or part of the
hole process have the limitation of creating potteries in reality.
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Fig. 1. The interface of the system shown on tablet computer.

Our work expands the modelling and decoration part to a complete
workflow for designing pottery products, considers the industrial
constraints and offers personalized customization parts like adding
photos and bottom seals design. Through intuitive human com-
puter user interactions, Wowtao is able to simulate the whole
industry stream process of pottery design for constructing final 3D
end-products, with the help of a computer aided parametric design
method similar to Chu [15]. Without complicated operations, even
novices can create nice potteries within minutes as shown in Fig. 1,
which can be further fabricated by real artists or a 3D printer. Fig. 2
shows one user is creating pottery via Wowtao in a virtual potter-
making experience zone.

Nowadays, some manufacturing companies are running their
business by integrating mobility and customers in the product
design, which can be further deployed on mobile devices [16]. From
a mass customization and personalization view, Mourtzis et al. [17]
discussed the challenges in the design and planning of manufactur-
ing networks. Inspired by their work, we develop Wowtao for the
rapid construction of virtual pottery products. Given initial models
and painting decorations, our system allows real-time interactive
rendering on mobile phones or tablet computers without dedi-
cated 3D rendering hardware. Moreover, the designed models can
be saved for future refinement.

Our contributions can be summarized as follows:

1. We  develop a real-time, interactive, and easy-to-use virtual pot-
tery design system, which is available as Apps in Android and
Apple stores.
2. We  present a large amount of pre-collected classic models and
painting decorations for design reference.

3. A novel pottery shape deformation method is designed for touch-
based devices with industrial constraints derived from real
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Fig. 2. A novice user is creating virtual pottery using Wowtao.

pottery-making industry, which guarantees that the designed
pottery models are manufacturable in practice.

The paper is organized as follows. After describing the related
orks in Section 2, we  introduce our user interface and system

perations in Section 3. Section 4 describes the structure represen-
ation and constrained deformation algorithm for pottery models.
he implementation details and the user study are presented in
ections 5 and 6, respectively. Finally, we conclude our work and
iscuss future work in Section 7.

. Related work

.1. Personalized design

In recent years, Industry 4.0 has been introduced as a popular
erm to describe the trend towards digitization, automation and
ustomization of the manufacturing environment. It is a widely dis-
ussed topic which has the potential to affect entire industries by
ransforming the way goods are designed, manufactured, delivered,
nd paid [18,19]. Industry 4.0 increases the flexibility to manufac-
ure products with a level of customization (or personalization)
imilar to the era of crafts manufacturing. As addressed in [20],
ersonalized design is becoming a trend in the field of consumer
roducts. To bridge the gap between virtual and physical prod-
cts, Virtual Reality and Computer Graphics provide a new means
o design personalized product intuitively and interactively with

 flexible experience [5]. Chu et al. [20] propose a computational

ramework for personalized design of the eyeglass frame based on
arametric face modeling. Such a personalized design may  add new
alues to a product according to personal preference. To fabricate
esigned virtual products, additive manufacturing and 3D print-
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ing technologies [21] can be employed to print functional product
design. 3D printing changes the way that people design and man-
ufacture products, and lots of tools are developed for different 3D
printable designs with customization [22,5–7]. Different from their
work, we focus on pottery design and manufacturing. Our sys-
tem supports personalized design using parametric modeling with
mobile touchscreen devices, and the product design is rigorous,
short, and sufficiently manageable [23]. Moreover, we  impose some
industrial constraints on the design in order to make the designed
pottery fabricable and 3D printable.

2.2. Modelling system

A design system can simulate the real manufacturing process,
or create models from a sketch-based method [24–26], freehand-
drawing [27], and associated models [28]. There have been many
pottery modelling tools such as the approaches based on web or
Kinect cameras [29], and the work of Lee et al. [30] for desktop PC.
Vinayak et al. [10] present an interactive system for rapid 3D shape
exploration through natural hand and arm motions. It proposes a
paradigm of natural and exploratory shape modeling through 3D
interactions for creating, modifying and manipulating 3D shapes
(the three components of shape exploration) in 3D space. Vinayak
et al. [31] also propose a paradigm of shape-gesture-context inter-
play wherein the interpretation of gestures in the spatial context
of a 3D shape directly deduces the designer’s intention and the
subsequent modeling operations. Dangeti et al. [32] introduce a
technique called digital wheel-throwing to create digital potter-
ies using certain number-theoretic techniques of digital geometry.
Through this work, thick-walled potteries can be created success-
fully and efficiently to have the final product ultimately resembling
a real-life pottery. The method is robust, efficient, and easy for
implementation. However, the work cannot be deployed for man-
ufacture due to lacking industrial constraints and complete design
steps like decoration and firing process. Apart from the articles
which propose detailed methods of pottery modelling, there are
several design platforms for virtual pottery modelling. The system
developed by Gao et al. [33] presents an interactive installation
for virtual potteries, which adopts intuitive in-air hand interac-
tions with the help of motion sensing technology. Once a virtual
pottery work is completed, it can be shared to a social network
automatically, and the mesh data will be saved for future use like 3D
printing. The pottery-making training system presented by Chiang
et al. [12] allows users to create customized pottery pieces based
on the models. It provides simulated exercises as well as problem-
solving tasks designed in accordance with the design principles.
However, these works do not add standard rules of pottery man-
ufacturing. Our system is inspired by the previous gesture-based
modelling system with which 3D pottery modelling can start with
a predefined state and use a homogeneous cylinder to represent the
transformable pottery structure. In addition, our method provides
a complete framework with classical preset models and a variety
of in-store decorations. Wowtao creates virtual potteries with per-
sonalized operation modules and industrial constraints, which is
easy-to-use for novices and suitable for factories to manufacture
real potteries.

2.3. Interaction

The fusion between real world and artificial information needs
to be taken into consideration like Marino’s work [34]. Interaction
is very important for a virtual design system, and it should provide

users with enjoyable experiences. Most of the works concentrate on
hand-gestures or touch-screen based interaction. Zheng et al. [35]
try to understand hand gestures in daily life. Jeannerod [36] iden-
tifies two functional requirements of finger grip during the action
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f grasping: (a) adaptation of the grip to the size, shape, and use
f the object to be grasped and (b) coordination between the rela-
ive timing of the finger movements with hand transportation (i.e.,
hole hand movements). In addition to the hand gesture, Mapes

nd Moshell [37] simulate the input devices by emulating a pair of
D mouse and a keyboard, which is relatively simple and effective.
oulic et al. [38] use digital glove and take into consideration of
eriving a visual restitution consistent with the user manipulative

ntentions while respecting the integrity of solid interaction with
riction. In this paper, we adopt the touch-screen based interac-
ion method because our system is installed on mobile phones and
ablet computers, which are available for ordinary people.

. User interface and system operations

This section describes the detailed process of Wowtao. Through
eal-time touch-screen based interface, Wowtao simulates differ-
nt stages of the pottery manufacturing process. More than forty
ifferent types of pottery images are collected and displayed in the
eference sample database, which can be further supplemented or
pdated by users themselves. In industry, pottery design usually
onsists of the following sequential phases: preparing clay, pot-
ery molding, firing, painting (or stamping), and glazing. Our mobile
evice based system supports pottery molding, firing, painting (or
tamping), and sealing, which are executed in real time. Even users
ithout any 3D modelling experience are able to create virtual
otteries with simple operations. In addition, Wowtao provides a
rading platform between users and pottery manufacturers, where
he designed works by users can be uploaded online to factories for
roduction, and the fabricated potteries are delivered to them by
ail within seven days.

.1. Overview

The whole framework of Wowtao is displayed in Fig. 3. Users
egin with deforming and shaping a predefined pottery model
hrough single-touch interactions. After the automatic firing phase,
sers then paint or add decorations on the surface and the bottom
f the deformed pottery model. Finally, users can preview the fin-
shed product and save it or submit the data online via Internet
o factories to fabricate real potteries. The following subsections
emonstrate each process of the system.

.2. Creating a new pottery

In this initial pottery molding phase, users can create their
esired potteries through touch-screen based interactions. Pre-
ollected classical models such as vases, flowerpots, etc., are
resented as references at first as shown in Fig. 4. The virtual pottery
odels can be deformed and reshaped following the users’ fingertip
ithin given manufacture constraints provided by pottery industry

actories. Fig. 5 shows an example of pottery with the radius and
eight changed. Concrete operations can be described as below,

eftward sliding makes radius smaller in contrast to rightward slid-
ng. Upward sliding makes the circular ring higher in contrast to
ownward sliding.

.3. Painting on the surface and bottom design

In the painting phase, users can decorate the deformed pottery
odels with textures shown in our provided icons, part of which are

hown in Fig. 6, or their own phone albums on the surface every-

here by touch-rotation based operations as shown in Fig. 7, as
ell as erasing them. The pottery model is a scaled version of a

eal object, with the same scale applied to its decoration, which
nsures the finished pottery from our system can be manufactured
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Fig. 3. The complete workflow of Wowtao which includes five stages: modeling process, painting process, bottom design process, firing process, and completion process.
Modeling process, painting process, bottom design process are user design processes and firing process, and completion process are automatic processes that users not
involved.

Fig. 4. Part of classical samples offered by the system.
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ig. 5. Modeling process: the left one shows the origin model and the right one is
he  result after deforming.

ith the standard decoration decals. Touch operations outside the
ottery will be regarded as changing the viewpoint by rotating the
ottery. Bottom painting is an optional part for carving words. We
rovide several fonts and color choices, and design the layout of
he stamp mark to deal with input words of different lengths as
hown in Fig. 8. The designed models are sent into the automatic
ring module for generating the virtual end-products and saved for

uture refinement or real manufacture.

. Algorithm
In this subsection, we describe how the system constructs a
D pottery in the view of algorithm details. A pottery model is
epresented as a polygonal mesh in the initial phase. Each edit-
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Fig. 6. Part of decorations for reference offered by the system.

Fig. 8. Two different types of seals.

Fig. 9. The top section (left) and the side part (right) of our model.

F

R
B
b

w

s
o
b

Fig. 7. Painting process: the left one shows the original model and the right one is
the  result after painting. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

ing operation modifies the mesh for conforming to the specified
shape according to the user’s input. The initial and final models
are always topologically equivalent to double-layer cylinders. Our
designed algorithm can be deployed in the mobile platforms for
virtual model generation, which is adaptive for real manufacture
and 3D printing.

4.1. Structure representation

We  divide our pottery structure into three parts: side, bridge

and bottom. The side part is described as a vertical sequence of
n circular rings, as shown in the right part of Fig. 9. It consists of
two simple and homogeneous cylinders (inner and outer) defined
by Pn,m = {(hi, Ri, ri) | Ri = R(Hi), ri = r(hi), h1 < . . .hn ∈ R}, where

H

t

s

5

ig. 10. Structure of our model: the whole structure (left) and the bottom (right).

i and ri are outer and inner radii of circular ring Ci, respectively.
ased on the definition, the vertices’ positions of the side part can
e easily obtained by

→
v i,j,w =

[
−ri,w sin

(
2j�

n

)
, hi, −ri,w cos

(
2j�

n

)]T
, (1)

here w ∈ {0, 1} denotes vertices.
The left part of Fig. 9 shows the bridge component. It is a

equence of sector clips, linking the top circular ring’s inner and
uter vertices. Defining � as the clip angle, the bridge vertices can
e determined by

→
v i,j,w,k = →

v oc + R cos(k�)
→
noc + R sin(k�)

→
n⊥. (2)

→ 1
∑ → → → →
ere v oc = 2 w v i,j,w , noc is the normalization of v oc , and n⊥ is

he normal vector perpendicular to
→
noc .

As demonstrated in the right part of Fig. 10, the component con-
ists of two  circles, and each circle contains m + 1 vertices: one is
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 predefined rough or classical model, and then the user designs a new pottery model via
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Fig. 11. The flowchart of our pottery modeling algorithm. Our system starts from a
touch-based pull/push deformations.

at the center, and the other is from the outer circle. The left part of
Fig. 10 shows the whole structure of the pottery mesh.

4.2. Deformation models

Different from the method of Agathos et al. [39], which drives the
deformation of the input model indirectly using a simplified control
mesh, our method first generates a predefined rough or classi-
cal model, and then deforms it directly by touch-based operations
without employing such a control mesh. Fig. 11 shows the flowchart
of our pottery modeling algorithm. According to the homogeneous
cylinder structure, the deformation of our virtual pottery model is
conducted by deforming the profile curve, i.e., by modifying the
radius of each section. Since the deformation of the profile is akin
to Gaussian distribution, we choose Gaussian function to constrain
deformation. Suppose we put a force on circular ring Ci, the defor-
mation formula of its inner radius to become fatter can be written
as

ri = ri + s0 arctan(rmax − ri) ∗ 1√
2��

e
−

ri − r

2�2 , (3)

and to become thinner can be written as

ri = ri + s0 arctan(ri − rmin) ∗ 1√
2��

e
−

ri − r

2�2 . (4)

Here, rmax and rmin are the maximum and minimum radii, respec-
tively, r is the radius of the selected circular ring, s0 is the scale
factor, and � decides the deformation range: the larger � is, the
wider the range is.

Considering the characteristics of touch-screen based mobile
devices, we deform the pottery by grabbing or pulling one section
to change its radius via the input point, on which the deformations
of the adjacent sections depend. Thus, we can easily get the hori-

zontal section of the pottery model and deform it. Moreover, when
users grab or pull via mobile device screen, the touched point will
generate a white pan as a response. Fig. 12 shows the deformation
process.

4

6

ig. 12. Deformation process: the left one and right one parts are the structures
efore operation, the left two and right two  parts are the deformation processes.

.3. Deformation constraints

To ensure the manufacturability of the designed models, we
ntroduce some industrial constraints derived from real pottery-

aking industry into our system. Let h be the height of the pottery,
i be the radius of the pottery at section i, n be the number of sec-
ions, l be the number of local maximum points of the profile curve,
nd s be the number of local minimum points of the curve. We  also
efine r1 as the radius at pottery mouth section, and rn as the radius
t pottery bottom section. Fig. 13 illustrates the symbols defined
bove. Then, the rules summarized by potters can be described as
ollows:

. 3.5 cm < h < 26 cm.

. max
(

7
52 h, 1.4 cm

)
≤ ri ≤ 9

26 h.
. For a section i which is a local minimum point, if there is no local
maximum point above it, the system should follow r1 <2.16 * ri.
. For a section i which is a local minimum point, if there is an adja-

cent local maximum point j above it, the system should follow rj
<1.7 * ri.
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Fig. 13. The symbols used for our deformation constraints.

Fig. 15. A real 3D printing product generated based on designed models via Wowtao.

F
m

6

t
t
t
fi
(
G
o
were asked to design three self-satisfied models similar to three
Fig. 14. Two end products created by our system.

5. For a section i which is a local minimum point, if there is an
adjacent local maximum point j above it and an adjacent local
maximum point k below it, then the system should follow rk <1.4
* rj.

6. If the pottery mouth is hyperbolic open, l and s should be less
than 4, respectively, otherwise less than 3.

5. Implementation

Our system is implemented as a smart-phone (tablet computer)
application on the Android and iOS systems without any input
device, which is running at 60 fps on the latest Android and iOS
systems. Fig. 14 shows some final virtual potteries created with
Wowtao by an experienced user. Please refer to the accompanying
video for the live demo.

The geometric shapes, textures, bottom seals of a designed pot-
tery can be exported in a standard data format and uploaded to a
server. Thus, factories can use them for manufacture or 3D print-
ing. Fig. 15 shows a 3D printed end-product which is identical to
the physical product. The top left part of Fig. 16 shows the virtual

pottery generated by our system and the top right part shows the
corresponding product manufactured by factories according to this
designed model. The bottom part of Fig. 16 shows another pair.

r
d
t

7

ig. 16. Two pairs of real products (right) and associated designed virtual pottery
odels (left) created via Wowtao.

. User experience

We evaluate the efficiency and effectiveness of our Wowtao sys-
em through intensive experiments. Three groups of participants in
heir twenties, randomly invited from a university where the male
o female ratio is roughly the same, attended our experiments. The
rst experiment is performed to test the efficiency of our system
see Section 6.1) by inviting two groups of participants: Group A and
roup B. Group A consists of twenty novice users; Group B consists
f five experienced participants. All the participants in two groups
eference pottery models (see Fig. 17). The second experiment is
esigned to test the effectiveness of Wowtao (see Section 6.2). In
his experiment, another twenty participants, which is call Group
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Table  1
The time cost for finishing the design of virtual potteries according to the reference pottery models.

Average time cost (s) Modelling Painting Total time

Group A Group B Group A Group B Group A Group B

Ref 1 124.5 100.3 284.4 192.2 408.9 292.5
Ref  2 110.2 99.4 272.4 194.1 382.6 293.5
Ref  3 103.5 101.2 256.7 200.7 360.2 301.9

Fig. 18. Evaluation of similarity comparison according to the reference pottery mod-
els.

Table 2
Similarity comparison of designed results from two groups.

Average scores Ref 1 Ref 2 Ref 3
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Fig. 17. Three given reference pottery models presented to the participants in the
experiments. We use Ref 1 (left), Ref 2 (middle), and Ref 3 (right) to represent three
reference models, respectively.

C, were asked to evaluate the generated pottery models created by
Group A and Group B.

6.1. Efficiency of Wowtao

In the first experiment, we compared the time cost for finishing
the design of three given reference pottery models by novice and
experienced users.

As shown in Table 1, given a reference pottery model, it took
from 360.2 to 408.9 seconds for Group A and from 292.5 to 301.9
seconds for Group B on average to design a satisfactory simi-
lar model, respectively. Interestingly, the modelling time for two
groups were similar. However, it cost more time for novices to find
required decoration textures in the painting procedure as they are
unfamiliar with the system. Therefore, we can conclude that even
novices can master the design procedures of Wowtao efficiently.

6.2. Effectiveness of Wowtao

In the second experiment, by presenting the reference pottery
products and the designed models from Group A and Group B to
Group C simultaneously, we evaluated the effectiveness of Wow-
tao system to test its usability. Each participant from Group C was
required to assess the similarities between the reference product
and the two corresponding designed pottery models. The question-
naire is designed as follows: the result of Group A is better, the result
of Group B is better, and both are similar. In addition, participants
were asked to provide a five-level score (1 represents completely
different and 5 represents most similar) to each presented pottery
model in order to judge the similarity. A reference model along with
two corresponding designed pottery models by Group A and Group
B were randomly chosen five times to each participant from Group
C for assessment. Thus, 300 times evaluations were conducted in

total.

From Fig. 18 and Table 2, we can find that the qualities of the
designed pottery models from the novice users were rather similar
to those from the experienced users. In addition, there is almost no
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Group A 4.08 4.12 4.11
Group B 4.24 4.13 4.16

ifference between the designed models and the reference pottery
odels. The second experiment shows that our Wowtao system is

ery easy to use to design a satisfactory pottery model.
In summary, the above two experiments validated that Wow-

ao is intuitive and easy-to-use even for novice users, and users
an design satisfactory pottery products quickly. Moreover, par-
icipants commented that Wowtao makes it possible for them to
nderstand the pottery production process intuitively, and they can
reate their own  virtual pottery products similar to physical ones
asily.

. Conclusions and future work

We  have presented Wowtao, a virtual pottery design system
eployed in mobile devices, just like spinning clay on a real pot-
ery wheel. It provides a new means for novices with a creative
enius to design custom-to-made potteries at any place and any
ime, through simple shaping and painting operations. Casual users
an use their creativity to design their own piece of pottery based
n some classical pottery models and texture decorations created
y master artists. Besides enjoying the virtual pottery design, users
an also buy the designed potteries by having them fabricated by
eal artists or a 3D printer.

However, the current system is unable to generate irregular pot-
eries such as the ones with non-homogeneous deformations or a
eapot-like shape with a handle since the representation of our pot-
ery models is constrained by a homogeneous cylinder. Moreover,
he raise-up and push-down gestures were implemented using
roportion-based deformation, which may  violate the law of con-
ervation of mass.
In the future, we plan to design more flexible algorithms to deal
ith more types of potteries, such as potteries with handles, while

eeping the user interactions as simple as possible. We  are also
onsidering to supplement more reference samples so that users
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can create interesting products more easily. In addition, introduc-
ing haptic interaction or even volume soft sensor [40] will further
enhance the experience of pottery-making. By making the above
extensions in the upcoming version, Wowtao system will be more
efficient, robust and controllable. We  believe that it can stimulate
users to design more creative works and be contributive to the
pottery manufacture industry.
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