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Abstract

Physically based simulation is a technique to virtually reproduce natural phenomena of

the real world in computers based on physical principles. This technique is widely used in

many fields, including aerospace/mechanical engineering, and medical science, due to its

high precision as well as low cost. Together with physically based rendering, physically based

simulation can be used for making special effects in movies, such as flood, hurricane and fire.

With the development of 3D printing in recent years, the research topic of digital fabrication has

attracted much attention. Physically based simulation can improve the quality of 3D printed

products. By performing stress analysis before printing, we can make the structure of the printed

model more stable. By mechanical analysis, we can even print models whose physical property

will satisfy certain constraints.

Surface mesh plays an important role in simulation. First, thin shell objects (i.e. paper,

cloth, shell, bubbles) are usually represented by surface mesh directly. Second, the shape of

most objects are represented by surface meshes, which are widely used for collision detection

and real-time rendering. Third, dynamic mesh can be used to track the surface of fluid, which

has no static shape. Although all objects in real world possess finite volumes, the topology

and computation of volumetric mesh are usually very complex. If the computational model

can be approximated with surface mesh, the computational cost can be greatly reduced, thus

improving the performance of simulation.

In this thesis, we modeled three kinds of materials: water droplet, viscous sheet and plastic

sheet, using surface mesh. The shape of water droplet is mainly influenced by surface tension,

so we can simulate the motion of water droplet using a deformable surface model while ignoring

the water flow inside. Merging and splitting of water droplets can be simulated through Boolean

operations and mesh optimization. Surface mesh is very suitable for the simulation of viscous

sheet and plastic sheet, as they are both thin shells. We apply these simulation methods in

the virtualization of two traditional fabrication techniques: hydrographics and thermoforming,
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proposing "Computational Hydrographic Printing" and "Computational Thermoforming", which

can be used for 3D surface coloring. We built prototype systems of these new techniques, and

validated their usability and robustness through physical experiments.

The contributions of this thesis are as follows.

• We proposed a mesh based real-time water droplet simulation method. Using a deformable

surface model, this method is able to simulate droplet motion, the hydrophilic effect, and

droplet flowing on solid surfaces. This method reduced water droplet simulation from 3D

volume to surface meshes, thus greatly reduced computational cost, making the whole

system real-time and allows user interaction.

• We model the viscous sheet floating on water using surface mesh, and simulate the

phenomenon of viscous sheet stretches and wraps around the object as it is immersed

into the water. We apply this simulation in the virtualization of hydrographics, which

is a traditional surface coloring technique. We proposed "Computational Hydrographic

Printing" method, which solved the problem of precise alignment between color pattern

and 3D model. We built a prototype system using off-the-shelf hardware, which combined

virtual simulation, system calibration and controlled immersion. We further extended this

technique to multiple immersions to solve the problem of color deviation due to large

stretch. In each immersion, we only color a certain part of the model, and finally get a

seamless texture after immersing in all directions.

• We model plastic sheet using surface mesh, and simulate its stretching under air pressure,

which finally adhere to the mold surface. We apply this simulation in the virtualization

of thermoforming, which is widely used in industry to make thin shell plastic products.

We proposed "Computational Thermoforming" method, which is able to make digital 3D

models into physical objects, with the help of 3D printing. First, we simulate the thermo-

forming process, taking the digital 3D model as mold. We calculate a pre-distorted pattern

according to the stretch of the simulated plastic sheet, and print it on the transparent

plastic sheet physically. By simulating the venting process, we detect potential air pockets

between the plastic sheet and mold, setting vacuum holes accordingly, and print vented

mold using 3D printing. We improved a small-scale vacuum forming machine, making it

possible to align pattern on plastic sheet with mold. After vacuum forming, the printed

IV



úô�ÆÆ¬Æ Ø© ABSTRACT

pattern will adhere to the mold surface, forming a physical reproduction of the digital

model. The plastic sheet will give the pattern a protective layer.

Keywords: Fluid Simulation, Surface Tension, Mean Curvature Flow, Surface Coloring, 3D

Printing, Viscous Sheet, Hydrographics, Plastic Sheet, Thermoforming, Texture Mapping
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(a)6N�ý [1] (b)�5N�ý [2] (c)�5N�ý [3]

ã 1.1 ã/Æ¥Ôn�ý�Ì�SN

1�~°(�ó§�["3ã/Æ¥§Ôn�ýK�\ �uÀú�J��(§Ó�´é

O���ÇÚm��¦�p§3iZ�¥$��¦U
?1¢��ý"

3ã/Æ¥§ïÄ��2�����)6N!Ù�!�5N�§Xã1.1¤«"Ød�

	§�k�[(ÑDÂ!^5ÔN!fN-E!ÔN»��"�
Jp�ý�Ý§ã/Æ

¥Ï~Ñ¬3�yÀú�J�cJeéÔn�.?1¿©�{z"

1.1.1 ÔÔÔnnn���ýýý���nnnØØØÄÄÄ:::

ã/Æ¥Ôn�ý�nØÄ:´ëY0�åÆ§Ù�ýé�õ´÷*ÔN"ùa÷*

ÔNÄ�$Ä5Æ�±ÏL�©�§�/ª5£ã [4]µ

ẋ= f (x, t) (1.1)

Ù¥ f´��ýé��G��§§Ï~´XÚG�x±9�mt�¼ê§ẋK´xé

�mt��©"÷v�§1.1�¯K¡�Ð�¯K§=�½TXÚ3Ð©��t0�G

�x(t0) = x0§ÒU
ÏL¦)�§1.1§éù�XÚ3���mS�þ�G�?1O�"

Ôn�ýÒ´�âäN¯Ké�§1.1?1¢~z§¿¦)�L§"

1.1.1.1 c�î.{

XJ�§1.1U
wª��Ñ¼êL�ª§@oÒ�±^IO��©�§¦)�{é

��XÚ?1�ý"�´õêE,XÚÑæ^lÑzL�§Ïd�§1.1�^ê��{5

O�"�{ü�¦)�{�c�î.{§=

2
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x(t0 + h) = x(t0) + hẋ(t0) (1.2)

Ù¥§hL«S�O���mÚ�"�XÚ3t0���G�x(t0)9G��Cz�

Ýẋ(t0)®�§Ò�±�âúª1.2ée���(t0 + h)�G�?1O�"EdL§§l

¢y��XÚ�Ôn�ý"

c�î.{�`:´úª{ü§UìÙ½ÂÒU
��¦)§���¯¤±��"�

´c�î.{ê�¦)Ø½ [5]"U÷vÂñ^��S�Ú�h�XÚlÑz�°Ýk'§

lÑz°Ý�pÚ�Ò���"éup°Ý�Ôn�ý§ÙO��ÇÒ¬�~$"ÏdO

�Ã^�Âñ���î.�{¤�
Ôn�ý�Ì6�{"

1.1.1.2 ��î.{

��î.�{q¡Ûª�{§ÙúªL«�µ

x(t0 + h) = x(t0) + hẋ(t0 + h) (1.3)

�úª1.2�«O3u�©�æ^�´(t0 + h)����©"ù�UÄ¿�XI�ée

���XÚ�G�?1oNµ�§¦�ÙG�9G���©ÑfÐÎÜXÚ��¦"�´

duù�UÄ§¦�O�Ã^�Âñ§ÏdÃØlÑz°Ýkõp§Ñ�±ÏL�Ú�5

O�§l��Jp
�ý�Ý"ØLù�UÄ¦�¦)C�E,§Ï~�¦ f´���

5XÚ§,�ÏL¦)�5�§|O�Ñe����G�"

ëìBaraff [5]�Lã§^XoldL«þ����G��þ§XnewL«²L�mh��X

Ú�¦)�G��þ§Kúª1.3L«�

Xnew =Xold + hf (Xnew ) (1.4)

½Â∆X =Xnew −Xold§u´úª1.4�±��

Xold +∆X =Xold + hf (Xold +∆X) (1.5)

=

∆X = hf (Xold +∆X) (1.6)
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é f (Xold +∆X)ÏL���VÐm5Cq§

f (Xold +∆X)u f (Xold) + f ′(Xold)∆X (1.7)

òÙ�\úª1.6§�

∆X = h
�

f (Xold) + f ′(Xold)∆X
�

(1.8)

òÙÜ¿Óa�§¿�¤Ý
�/ª§u´�±�Ñz�ÚS�XÚG��Oþµ

∆X =
�1

h
I − f ′(Xold)

�−1
f (Xold) (1.9)

�ª��XÚ�G��#�

Xnew =Xold +∆X (1.10)

l��í�L§�±wÑ§��î.{Ôn�ý�Ø%´úª1.9§=¦)z�ÚS

�XÚG��Oþ"ù�ÚO��¦)���5XÚ§Ïdz�ÚS�'c�î.�E,

�õ"�´éuõê¯K§ f ′´DÕÝ
§úª1.9�O��±3�5�mS�¤"��§

du���5XÚ�¦)´Ã^�½�§�±æ^��uc�î.{��mÚ�§Ïd

o�O��Ç'c�î.{�p"

1.1.1.3 ·�²ï¯K

éu�aAÏ�¯K§XJòh?�ÚO�§h←∞§u´úª1.9{z�

∆X = −
�

f ′(X0)
�−1

f (X0) (1.11)

Ù¥X0´��XÚ�Ð©�G��þ"ù�a¯KÒ�¡�·�²ï£Quasi-static¤

¯K§§O��´��XÚ²LÃ���m�ª��²ïG�"·�²ï¯K39åÆ©

Û�¥A^�~2�§'XO��k9XÚ��9²ïG����ª§Ý©Ù"

1.1.2 ÔÔÔnnn���ýýý���lllÑÑÑzzz���{{{

31.1.1!¥�Ñ
Ôn�ý�nØÄ:9¦)�{§XÚG�x´�m�Ý§t´�m

�Ý§Ôn�ý�¢�´é�©�§ẋ = f (x, t)£úª1.1¤3�m-�mþ?1¦)"é
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(a).�KF{�N�� [7] (b).�KF{âfXÚ [8] (c)î.{�m�� [9]

ã 1.2 Ôn�ý�lÑz�{ �â��ýé��Ôn5�§æ^Ü·�lÑz�{§U
wÍ

Jp�ý�ÝÚ°Ý"(a).�KF{�N��Ï~^u�!�5NÔn�ý§��º:�±��

Ônëê½Â��I§ÏL��ë�'X¦)�©�§"�./CL�¬¦���þC�§ÒI�

é��?1`z§±�y¦)�½"(b).�KF{âfXÚÏ~^u6N�ý§Ônëê½Â

3âfþ§duâf�±gd$Ä§¦)�©�§I�é|¢�Câf"(c)î.{�m��Ï~

^u6N�ý§Ônëê½Â3�½��m�Iþ"

uE,�¢SÔnXÚ§�©�§¦)I�éÙlÑz�Xnew = Xold + hf (Xnew )£ú

ª1.4¤§Ù¥G��þX´é�m�lÑz§�mÚ�h´é�m?1lÑz"¤±��

¢S�ÔnXÚÏ~´ëY½Â§lÑ¦)"

3ëY0�åÆ¥§éÔN�$Äkü«£ã�{µ.�KF{Úî.{ [6]"3.�

KF{¥§ÔN�Ônëê½Â3ÔN�ÛÜ�IXþ§¿�XÔN�å$Ä§Ïd�¡

�N�IX"Ï��n)Ò´òÔN�©¤Nõ�:§ÃØÔNXÛ/C§Ônëê��

Ñ��½Â3éA��:þ"î.{¥§ÔnëêK´½Â3.�IXþ§L«�´�

c�m¥�½�:�ÔnG�"Ï��`§ÃØÔNXÛ$Ä§Ñ�´é�cfÐ²Læ

�:�@�:Ô�ÔnG��£ã".�KF{Úî.{nØþ´���§�±�p=

z§�3¦)¢SÔnL§�§æ^Ü·��{¬¦¯K��{z"

éAu.�KF{Úî.{§éëY�m�lÑz�©�UÔNNÈlÑÚU�m�

IXlÑ§Xã1.2¤«"�*þù§.�KF{Ò´rÔNNÈ�¤éõ�¬§¿�ò

z��¬��þ8¥3���:þ§�¤��âfXÚ"éuØ�3�½(��ÔN£X

6N¤§Ò����âfXÚ¦)§¦)�©�§�I�éz�âf±>�½��S?1

|¢§Xã1.2(b)¤«"XJÔN�3�½�(�£X�5N¤§=âf�m�3�½�ë

�'X§@oÒé��ÔN�NÈ)¤��§��ÙlÑ�{§Xã1.2(a)¤«"�©�

§ÒÏL�����'X5¦)"XJ��C/�~ì�£X�ì�.���5N¤§@

o�I�é��?1`z§l~�O�Ø�"du÷*ÔNÑ´d�*âf£©f!�
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f¤�¤§lù�¿Âþ`§.�KF{´éÔNï������{§ÏdÙ·^���

~2§l�N�6NÑ�±�ý"

�´§^.�KF{âfXÚ¦)�©�§�§âf�m���Ø�¬�~�§Ï

d¬4�/ü$O�°Ý"�é6N�ý§î.{�O�¬��°("î.{´U�m

�IXlÑ§Ò´é.�IXy©��§Ônëê��l�m¥��½ �æ�§X

ã1.2(c)¤«"�*þù§î.{£ã�´�cù���§fÐ²L�m¥æ�:Ô��

â�Ônëê¶ØÓ��æ�: ��Ó§�*	���U®²Ø´�5�Ô��â"î

.{¦)�©�§3�m��¥��§Ïd�'^âf��°Ý�péõ"XJÔN¿Ø

´¿÷��î.��§'X�3gd�¡�Y§KI�wª/L�ÔN¤Ó��§¿éÙ

�\Ü·�>.^�"

é�N?1�ý�§Ï~^.�KF{ò�N�NÈlÑz�o¡N!½8¡N�

�"éu��GÔN§�±òÙ{z�²¡n���!½o>/��§òn�(�ü��

�§l��ü$O�E,Ý"éu��G6N£Xí�¤§���^n���5L�"

3î.{6N�ý¥§¡����±^5Jl6N�gd�¡§¿�ÏL¡��5é6N

�\L¡Üå"

1.1.3 ÔÔÔnnn���ýýý���¢¢¢~~~zzz

du�«ý¢a>KA���þI¦§O�Åã/Æ¥Ôn�ý�ïÄ���~2

�§A�ºX
F~)¹���¡¡"l÷*þ`§·�)¹¥�>��ÔN�±©�f

N!�5N!�5N!6No�a"Ù¢g,.¥Ô�/�õ«õ�§Ôn5��Ñ´ë

YCz�£Xã1.3¤«)§�´3?1Ôn�ý�§�âÔN�Ä�/�§ÀJÜ·��

.5£ã"éu/C�L¡/GCzØ��ÔN§��¦^·���5L�"éuL¡

/GCzì��ÔN£X�5N¤§·���®²Øv±£ãÙ/G§d�ÒI�Ä��

ã 1.3 Ôn�ýÌ�é��©a [10] g,.¥�Ô�/�õ«õ�§ÙÔn5��ª�uëY

Cz§Ïd§��m¿vk²(�.�"·�÷*þòÙ©��N!�5N!�5N!6No�

a"éu/C�L¡/GCzØ���N!�5N§Ï~^·���?1�ý"XJ�5N/GC

z'��§ÒI�¦^Ä���§;�Ï���þeü��ê�O�Ø½"du6Nvk�½�

/G§Ïdõ¦^î.{½.�KFâfXÚéÙ?1�ý"
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�"vk�½/G�6N§KI�^î.{½ö.�KFâfXÚ5�ý"�â�ý

é��Ôn5�§úª1.1�¢~z�ØÓ�Ôn�§§XfN$Ä�§!�5�§!6

NNavier-Stokes�§�§é�§?1S�¦)§�ª�¤Ôn�ý"

1.2 êêêiiizzz���EEEVVVããã

êiz�E´ÏLCAD^�?1�O§ÏLO�Å���~á½Oá�{?1\ó§

ò�OÚ�E;�(Ü3�å��«k?�Eng"ê�ÅKæ^~á�E§8cEâ®

²'�¤Ù§���õ´�.Åì§Ì��´ó�z)�"3D�<EâKæ^Oá�E§

CAcuÐ�~×�§Åì�~N´�.z§$�®²?\
ÊÏ[Ì§¦�êiz�E

?\
/�<�E0��"

3ê�\óEâ�5�A^�c§E,/G�.�UdóúäÃH�§¤�ép§z

��¬Ñ�´��²â¬"�XO�Åêi��Eâ£CNC¤�uÐ§^ê�ÅK�¤E

,¡�H�§¦�E,�.�El²âC�Eâ§��ü$
¤�"cÙ´C
c5F

ª¤Ù�3D×£Eâ§�Ï
¢Ô�.�J[�.�m�>."ò¢Ô�.ÏL3D×£

¤�êiz�.§,�Ò�±^ê�\óEâ�5�E�§u´âk
·�8U�¬«a

4Ù´L�."

,æ^~á¤.Eâ�ê�\óE,k�½�Û�5"Äk§¦+�5�)�ü$


ü��¬�¤�§�´XJ�?1�1þ!$�ü��¬)�§Ù¤��,ép"Ù

g§=B´�.�ê�ÅKd��,�~[B§I�;��Eâ<
?1ö�§Ïd�1

þ)�Ñ´��;�ó�5�¤§)�±ÏÑ'��£Ï~I�êU$�ê�¤"ê�\

ó�¬�U´ü�á��M�ÔN§¡/G�¬ÉÅìgdÝ���£'Xn¶ê�V

K�U\ópÝ|¤§=B^8¶ó�Åì<§��Ué�¬	L¡?1H�§Ã{UC

ÔN�SÜ(�"Ïd3�¬�OL§¥§I�o��ª�¬�\ó�{§$��
Bu

\óã+�Ü©�¬5U"

���'§3D�<æ^Oá�Eó²§ò���.N�z§¿òá�Å�æÈ�ª/

¤��ÔN"du�±��é�.?Û�:£$��)á�SÜ�:¤?1ö�§ÏdÃ

ØõoE,��.Ñ�±^Ú���{5�E§$��±���Ñ¥��SÜ(�"^õ

«á�·Ü�<§��±�EÑá�ìC�ÔN§½öçÚ�.§Xã1.4¤«"y3�.

���LKæÈ£FDM¤3D�<Å9�<Ñád�®²�~B¨§ÊÏ^r��±�É§

3�1þ)�¥U
k�/ü$¤�"�´Ï�ù
`:§¦�3D�<×�Ê9§3Nõ

+�®²��2�A^"cÙ´3�O�ã§�O��±�\;5uõU�¢y§Ø2
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(a)9�5��j3D�<1 (b)1¯ä�3D�<2 (c)®"æÈ3D�<3

ã 1.4 û^çÚ3D�<�¬ 8c®²kõ«û^çÚ3D�<Å¯"(a)��LKæÈ£FDM¤

3D�<Å�±Cõ��Þ§¢y�ìCçÚ�<¶½ö�<L§¥<ó����j�ôÚ§¢

yôÚ�GCz" (b)õá�1¯ä�3D�<Åò���.N�z§ÏL�z�N��½�«

á�§¢yØÓá��·Ü£�)ôÚÚMÝ¤�<§l�)ìC�J"8c�k?��<

Å(Stratasys Connex3)�±¢yn«á�·Ü"(c)®"æÈ3D�<Å�±3æÈL§¥�xÚ®

"��CMYK�$XÚ§¢y�çÚ3D�<"

L©[Òu´Ä�B�E§�.�Å��±ÏL3D�<p���§l�� á
�¬m

u±Ï"3�Æ+�§Â�!Â¸�ì(ÑI�ü�½�§3D�<Ò�~äk¤�`³"

ù
`:¦�3D�<¤�CAcïÄ�9:"

3D�<´òêiz�.¢Nz�L§§òÔn�ýA^u�.�O½ö�EL§¥§

�±é�.�Àú!åÆ½$ÄÆ�¡�5U?1J,"8cù�¡�Ì�ïÄ���

)µ

• ���...			***���EEE¦�E��.ÎÜA½�«nôÚ!L¡BRDF!gL¡Ñ��"

• ���...rrrÝÝÝ©©©ÛÛÛÏLé�.rÝ?1©Û§U
�yÙåÆ5��½"

• ���...$$$ÄÄÄ©©©ÛÛÛ�.��Ò´��Å�(�§½ö¦�.U
÷vA½�$Ä^�§

X²ï!^=�"

oN5`§~á�E�ê�ÅK®²´�~¤Ù���¶Oá�E�3D�<Eâÿ

?uåÚ�ã§��32,�ïÄcµ"

1ã¡5µhttp://3dforged.com/wp-content/uploads/2013/12/Two-color_globe_610x407.jpg
2ã¡5µhttp://www.engineering.com/Portals/0/BlogFiles/3D%20Printing/0214/color%20prints.jpeg
3ã¡5µhttp://3dprinting.com/wp-content/uploads/2012/07/Full-color-sandstone.jpg
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1.3 ïïïÄÄÄyyyGGG

ã/Æ¥Ôn�ý�A^��´��ý¢a�>KA�"ÏLéÔn�.?1{z§

p�/O�Ñ�¿!öY!»�!�Â�¥�ÎÜÔn5Æ�Äx§(Üý¢a�/ì§

�ª¦x¡¥y%ý�Àú�J"CAc§êiz�E!cÙ´3D�<Eâ3ã/Æ¥�

��
2�'5§Ôn�ý�±^ué3D�<�.�	*!(�?1`z§��ÎÜ�

½õU��."¡��3Ôn�ý�¥�kéõ�A^§�)��(��.£XÙ�!�

Ü!ÊÈ���¤�ï��Ôn�ý§�.�-Euÿ§±9�ª��/"

1.3.1 fffNNN$$$ÄÄÄ���ýýý

(a)CAD^�CATIAÅ�$Ä�ý4 (b)fN$Ä�ý [11]

ã 1.5 fN$Ä�ý fN$Ä�ý3CAD+�2�^uÅ�(��$Ä©Û"¡��3fN$

Ä�ý¥�Ì��^´-EuÿÚ�/"

fN$Ä�ý3ó�?CAD^�£XPro/E§SolidWorks¤¥A^�~2�"���Å

�"��O�¤�§òÙJ[�C�3�å§�½ÌÄ"��$Ä�ª£X�½,��¶

!�=Ä¤§lÄ"��$ÄG�Ò�±�â�å�¦)§l�[��Åì�$1§$

�ë�"��Aå©Û��±ÓÚ�¤""��m��åQ�±´J[C���½��å

a.£XÓ¶!�¡�¤§��±´ÏL"��m-Euÿ¢��)��å"3iZÚ�

¥§����¹{ü�fN$Ä�ý"X3D�ÔaiZ���§±9|µ¥�äOá��

J¶2DiZ£X/²ä��j0¤¥��ÔN�m�-E§Ñ´ÏLfN$Ä�ý5¢y

�"

4ã¡5µhttp://s3images.coroflot.com/user_files/individual_files/original_178545_dO4wcsgBnomSX8LLOGydFf5bg.jpg
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¡��3fN$Ä�ý¥Ì�L«fN�/G§^u-EuÿÚ�/"oN5`§f

N�$Ä��{ü§ü�fN$��±�Ñ$ÄG��)ÛL�ª"�k3õ�fNu)

�p�^�§X-E!�U�§��XÚ�$ÄâI�ÏLê��{5?1�ý"Ïdf

N$Ä�ýÌ�ïÄ8I´J,O�5U§cÙ´3�5�|µ�ý�§Jp-Euÿ�

�Ý"

þV90c�±c§fN$Ä�ý£XHahn [12]§Baraff [13]�<¤¦^�fNÔn�

.�8U¿Ã��«O§�É�u��Åì�O�5U§�Ué{ü�.?1�ý"ü�

�¹�200�n�/��.§zvO��mI�8s"�2000c§Mirtich [14]é400�àõ>

/�ý��
1FPS"2003c§Guendelman�< [15]é500�]õ¡N�ýzvO�I�3©

¨"�2012c§Tonge�< [11]é5000�pÝ�U�]õ¡N®²U
��60FPS��ý�

Ý"�Ý�J,��¡8õuM�$��Ý��ÌJp§,��¡�8õuJÑ��«\

�-Euÿ��{"

8c§-Euÿ®²¤�
Õá�ïÄ��§�5�õ�\�(�9�{�J

Ñ [16–21]"ÏLGPU¿1O�§®²U
���z���.�¢�-Euÿ [22]"ù
-E

uÿ�{Ø=�±^ufN$Ä�ý§��±A^u�5N!�5N��ý�¥"

1.3.2 ���555NNN���ýýý

(a)���5N [23] (b)���5N [24] (c)n��5N [25]

ã 1.6 �5N�ý é��!��!n��5Næ^éAÿÀ�Ý���?1�ý"Ù¥§��

�5N£XÙ�¤¦^¡��5ï�"

3�E�¥§ÏLk���{éÅ�"�?1rÝ©Û§®²¤�CAD^��IO�

�"3>KA��¥§�5N�ý���A^´<Ô�Ú�ÞuÚÑC�$Ä�ý"Ù

¥§ÑC£Ù�¤¦^¡��5ï�Ú�ý"

@Ï�Ù��ý´^�þ��XÚ¢y� [26]§�¬Ù�´�Üo>/��§�þ8
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¥3��º:þ"3ØÓ�º:�m\\n«��©O-|n«Aåµ��º:�m\\

��-|.�Aå¶é�º:�m\\��-|��Aå¶m�º:�m\\��-|�

Aå"XÚÏLc�î.�{¦)§¿é�.����	�\�å§l¢yÙ���

ý"duæ^
c�î.¦)§�
�±XÚ½�U¦^�Ú�§ÏdO�'�ú"�

�Baraff�< [27]JÑ�/�Ú�Ù��ý�{0§ÏLk���{éÙ�?1ï�§¿ò

��î.A^u�§¦)§l4�/Jp
�ý�Ý"ld±���î.{A�¤�


Ù��ý�IO�{"

Ù��ý�Ì�ïÄ��kµ

• U?Ù��Ôn�.§¦Ù�ý¢Ù�Ôná5�\�C"

• JpÙ��-Euÿ�Ç§Up��?n�Ù¦ÔN-E±9g-E"

• Jp�ýO��Ý§ÏL°{�.§Jp¿15§½öýO�§¢y�ý�\�"

8c®²kNõïÄ�éù
¯KJÑ
)û�Y"3U?Ù�Ôn�.�¡§

Choi�< [28]ÏLéÙ���?1ï�§¢y
%ý�½º�J"Goldenthal�< [24]ÏL

éÙ�V\�	��å±9�«¯�ÝK�{§¦�3�Ó�O��Ýe�ÌJp
Ù

��.�Xê§¦ÙÓý¢�Ù��\�C"Kaldor�< [29;30]JÑ
�«±n��Ä�

ü )¤Ù�§¿��3n�ºÝþ?1Ù��ý��{§�±éf�/��Ù�?1

�~°[��ý"Volino�< [31]òÙ�ï��St.Venant-Kirchhoffá�¿ÏLFEM¦)§¦

��ý(J�\�Cý¢."Wang�< [32]ÏL�¬Uì�½�ª.��Ù��¬§¼

�FEM¥Ù��Ônëê"

3Jp-Euÿ�Ç�¡§Bridson�< [33]�Ù��ý\\
�@k��-EuÿÚ

?nÅ�§¦�Ù�3�Ù§ÔN�>½öÙ���U3�å�§U
Ï�Þå��3

¥y�(�/G"Selle�< [2]3dÄ:þ?�ÚU?§¦�éu4p©EÇ�Ù��.�

U
�(�?n�ÔN��>"Baraff�< [34]JÑ
�«?n��g���{§ÏLO�

�����§uÿÑ®²Bß�«�§léù
«�AÏ?n"ù«�{3BkÑC�

Äx�Ú¥AOk^§Ï�Äx�Ú���¬Ñy�þ�g�£ù´���½�{Linear

Blend Skinning��k"�¤§ÏLAÏ?nÅ�yÑCÙ��ý��(5"

3Jp�ý�Ý�¡§Müller�< [35]JÑ
Äu ��Ä��ý�{§ÏLòÙ�

�Éå{z�º:�m�{ü�å§U
¼���ý�q�Àú�J"ù@�{�¤�


NVIDIA PhysXÙ��ý�Ä:�{§A^uiZ�¥�¢�Ù��ý"ù«�{��

±ÏLïá�g(�?�Ú\� [36]§½öÏLü���5)¤Ù��½º [37]"Aguiar�
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< [38]JÑ
�«0uÑC�����½Úý¢Ôn�ý�m�)¤�{§ÏLé�þ�

ý(J�ÆS�ï�.§l¢y
ÑCÄx�¢�)¤"Feng�< [39]JÑ
�«/C

N���{§ò$©EÇÙ�/G��N�¤p©EÇ§¢y
¢�Ù��ý"Wang�

< [40]é;�ÑCz�'!?ÑýO�Ñp©EÇÙ�/G§,�3¢��ý��âz�

'!��Ý§��òéA�p©EÇÙ�/G©3�å§¢y�p?Ù��ý"

Ø
Ù��ý	§���5NÏ~¦^�G�þ��XÚ5�ý"Bergou�< [41]JÑ


;��é���5[j��/C?1�ý��{"Selle�< [23]^�þ��XÚéÞ

u?1
p°Ý��ý"n��5~�uó§CAD¥é"�rÝ?1©Û§KÏ~¦^o

¡N½á�N��§¿^k���{?1�ý"ã/Æ¥Ï~én��5N?1{z§±

÷v>KA��p�O�"Patterson�< [25]|^á�N��5Cq?¿/G�5N§l

\��ý"Tan�< [42]3�5N¥\\� �^§¦�^r�±���5N�oN$Ä"

1.3.3 ���555NNN���ýýý

(a)���5N [43] (b)n��5N [44]

ã 1.7 �5N�ý �5N´�5N3�.��¹e�*Ð"ò/C©)��5Ú�5§��5

/C�uá��4�§Òm©�5/C§�.Ã{2£�ÙÐ©/�"���5N´ÏL¡��5

�ý�§Ù¥á���ÏL���¡��·��Ý5¢y"

�5N´�5N3�.��¹e�*Ð§�.�Ç�L�½��§ÒÃ{2¡EÙ�

�/G"ÏdO��{õ´ò/C©��5Ú�5�U\§��5/C�L�½ê�§Ò

ò/C\\��5/Cþ"

�5N�ý����A^´�[ÔN»��L§"O’Brien�< [45]^o¡N��Ï

LFEMé�5N?1�ý§�âAå´Ä®²�u4�Aå§�äÔNò¬�)»�� 

�§l�[f5»��L§"¦� [46]�?�ÚÏLò/C©��5Ú�5üÜ©§=

�â�5/C�Aå5�ä´Äu)»�§l¢y»�cU
äk�½§Ý��5/
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C"Molino�< [47]JÑ
�«¦»��)� �ØÉ��r�K���{"Pfaff�< [3]`

z
�¿?���§;�
ÏlÑzE¤�Ø�§lJp
�5/C9»��Àú�

J"Chen�< [48]ÏLé»�(J?1�?n§9Ù¥yØþ!á�»���J"

é¡��FEM�ýV\�5/C§ò¬�)�òè���(�§Xò�½ö�½º�

�Ñ"Burgoon�< [49]ÏLé���.�/CO\�5©þ§¢y
ò��J��ý"

Rohmer�< [50]?�ÚÏL÷òèé��?1[©§¦�òè����>éà"Narain�

< [51]ÏLÄ���¢y
���>�òè�éà§¿�U
é�!7á!Ù��õ«�

�(��òè?1�ý"Miguel�< [52]ÏLé?�¤�Ù�SÜ�Þå?1�ý§l¦

�Ù�oNþ¥yÑaq�5�¢£A5"

1.3.4 666NNN���ýýý

6Nvk�½�/�§Ïd6N�ý�{Ø=�O�Ônëê§�U
?nÙ/��

ì�Cz§Ïd´Ôn�ý�¥��E,��a"lO��{þ©a§�±©�.�KF

{Úî.{"l6NLy/�þ©a§�±��©�ÊÈ6N!�N!íN§±9Ù¦A

Ï/��6N"z«/��6NÔn5��O'��§Ïd3�ý�I��é�gA:,À

JÜ·��.?1�ý"¡��3��6N�ý!n���GÊ56N�ý!6Ngd�

¡�l�+�ÑkA^"

1.3.4.1 ÊÈ6N

ÊÈ6N´�Ê¢{å�~�§��,¥y6NA�§ÎÜ6N$Ä�§�Ô�§'

X·�!ã�"ã/Æ¥éÊÈ6N��ý§K�\2�/�)¹¥~���ÊÈÔ§$

(a)��ÊÈ�Î [53] (b)��ÊÈ�� [54] (c)n�ÊÈÔN [55]

ã 1.8 ÊÈ6N�ý ã/Æ¥�ÊÈ6N§2�/�)¹¥~���ÊÈÔ"Ù¥��ÊÈ�

��ý�¥§��æ^¡��5L«"
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�ò/C�~ì���5N�8\Ù¥"Ïd§éÊÈ6N��ý§Qk.�KFSPH�

{§�kî.{§�kÏL�5N�ý�Ä���(Ü��{"

Carlson�< [55]^��Ê5Xê5L«ÊÈ6N§¿^âf5�l6NL¡$Ä§l

�[Ñ0��Kz"Goktekin�< [56]ò�5úª��\\Navier-Stokes�§§l¦6

Näk�½��5§�[�GÔ��$Ä"Bargteil�< [44]ÏLo¡N����5/Cé

Ê56N?1�[§���/CL��§éo¡N��?1æ�"Batty�< [57]�ÑÊ

56N>.^����éuO�O(5K�é�"Wojtan�< [10]��^�5/Ck��

�{§^Ä�o¡N��éÊ56N?1�ý"Bergou�< [53]ÏL{z�.éÊ5[j

?1
�ý"Batty�< [54]ÏLÊ5���.§éÊ56N�?1
�ý"Stomakhin�

< [58]éÈ?1
Ôn�ý§ÏL(k���ò.�KFÚî.ü«�{(Ü¦^§��


%ý��J"Paiva�< [59]ÏLU?SPH¥Ê5�L�§¢y
éÊÈ6N��ý"

1.3.4.2 �N

(a)SPH6N�ý [60] (b)î.{6N�ý§¡���lgd�¡ [61]

ã 1.9 �N�ý �N�wÍA�´�3gd�¡"SPH´é6NNÈ���lÑz§ÏdU,

ÒU
L«6N�3��m«�"î.{ò���mÚ�y©��§Ïd�I�P¹6N�gd

�¡"¡���±�^uwª��l�¡$Ä§¿�ÏL��¢yL¡Üå��J"

�N�wÍA�´�3gd�¡§^.�KF{£SPH¤Úî.{Ñk�g�`³"

SPHò6NUNÈy©¿Ä��âf§Ïdù
âfU,ÒU
L«6N�3��m«

�"�SPHA^��é2§O�´u¿1§�±��¢��ý"î.{ò���mÚ�

y©��§ÏdI�P¹6N�>.§lé6NSÜ?1�ý§¿3L¡þ��>.^

�"L¡��Ò´�«U
wª�l6Ngd�¡��{§Ó��U
ÏL��O�L¡

Üå§¿?1�ª�p�þ�/"
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Müller�< [62]òSPHÚ\ã/Æ6N�ý�§®²�±���p?O�6N�ý"�

��[3dÄ:þéSPH?1
�«U?§¦ÙU
A^u�õ�|µ§½ö���p�

O��Ç"Solenthaler�< [63]JÑ
Predictive-Corrective Incompressible SPH£PCISPH¤§

ÏLéâf��Ý?1?�§¦SPH�ý¥6N�Ø �y���
)û"Solenthaler�

< [60]JÑ
�«üºÝSPH�ý�{§�ºÝâf^uO�6N�oN$Ä�J§3ó

¹E,�ÛÜO\?1�ºÝâf§¦6NL¡äk�õ�[!§�IO\�þO�§Ò

U¦(J�����J,"Schechter�< [64]�JÑ
ÏL3�NL¡V\��/_(â

f05�[�NL¡é6N�áN�^§ù�6NÒ�±NX3ÔNL¡Ø´��Ñ

m§l¢y�%ý��ý�J"Mercier�< [65]é$°ÝSPH�ý�(J?1�?n§3

ÙL¡��Ü¤p°Ý[!§l¢y�p°Ý6N�ýaq�(J"

SPH6N�ý�Ì�":´°Ý$"duzgO�ÑI�lâf�±�?1��§�

�Ø�¬Øä\È"ÏdSPHÌ�A^u>KA�!iZ�é°Ý�¦Øp�|Ü"î

.{¦^�½��§;�
��Ø�§�±¢y�p°Ý��ý§Ïd´ó�?CFD^�§

±9p°Ý6N�ý�Ì6�{"

ã/ÆuÐ�@Ï§égd�¡�6Nõ´�¤pÝ|5O�"ÏLù«�{�±

�[�¡Y��Å« [66]§¿�O�6N3²¡S�$Ä�¹ [67]"XJ�âfXÚ�(

Ü§��±��{ü�Ysím��J [68]"Foster�< [69]KÏL36N¥þ!ÑÙâf§

4âf�X6N�6|$Ä§òkâf©ÙÚÃâf©Ù����.?��gd�¡§

¿V\éA�>.^�"¦��òd�{*Ð�n��ý§�´É�u$�Uå§¦^

���©EÇé$§�UwÑ6N��V$Ä��"Ó�¦�æ^c�î.{¦)§Ï

dS�Ú�¬É���§O��Çé$"Jos Stam [70]JÑ
�«3?Û^�eÑU
�

yNavier-Stokes�§¦)½��.�KF{µstable fluid"du½5U
�y§Ïd3

O�¥�±¦^���Ú�§lwÍJp
$��Ç§$�®²U
��¢�O�"�

´stable fluid�[�´¿÷��Nì�6N§Ø�¹gd�¡§�duÙ¦)�{ÑÑ

é�§��uÊ56N§Ïd3ó§O�¥Ø���§�´3ã/Æ¥^u�)Àú�J

�6N�ý"ld±�§XÛégd�¡?1L�§¤�6N�ýïÄ�:"

Foster�< [71]æ^âf�level set�(Ü��{L�gd�¡§±stable fluid��6N

¦)�{§3?1��N�ÄL§��ý�§QÏLlevel setL«
6N�L¡§qÏLâ

f�)�í��J"Enright�< [72]?�ÚJ,
gd�¡�Jl°Ý§��/ì(Üå

5§�±�Ñ�~p�þ�Äx"Losasso�< [73]ÏLl�ä5é¦)�m?1y©§l

U
�Ð/�±6NL¡�[!"Selle�< [74]�´|^âf�level set·Ü��{§ò

O�L§¥duÑÑ���[!#\�6NL¡§l¢y�\´L�Àú�J"
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�CAc§dué6N�ýL¡(J��¦ØäJp§Ñy
��^¡��L�6N

L¡��{§Ù`:´U
���±6NL¡�[!§;�level set��{3)¤¡�

�[!¿�"Wojtan�< [75]¦^
Ä�n���§|^N�(�uÿ��/CL§¥�

KÜ��ä§¿�U
ÏLõ«Ôn�{?1�ý"�U?
¡KÜ��ä��{ [76]§

¦�[��(��UÏL¡5L�"Thürey�< [61]3ù@�{�þ§���L¡�\\


L¡Üå§l¦��ý(J3÷*Ú�*þÑU
ÎÜÔn5Æ"Edward�< [77]Ï

L¦^�«g·An����{§¢y
�^$©EÇ�6N�ý��ÒU�3´L�6

NL¡[!"

1.3.4.3 íN

(a)»��ý [60] (b)ëÒ�ý§���lëÒL¡ [78]

ã 1.10 íN�ý íNU
¿÷?¿�m§ÏdíN¥�»�½ëÒ�y�I�^âf½ö�

�5L«"

��N�ýØÓ§íNU
)ä¿¿÷?Û�m§ÏdØ�3gd�¡"�íN3

�½�m�$ÄL§¥§�ÝCz��ÑØO§Ïd�±��Ø�Ø 6N·^Navier-

Stokes�§"íN�ý�é�£ëÒ!»��¤Ï~vk²w�©.¡§ÏdØ��	§

��±æ^�Ý|½âfL«"

Fedkiw�< [79]ÏLo��?16N�ý§¿wª/éµ^?1\r§l¡EÑ3

��¥�²wK�[!"Nguyen�< [80]ÏL�[-�-����íN)ä§é�í¥

�»�?1
�ý"Feldman�< [81]�[
�í¥]2�â�¿��J§�K¦^Ø5

KN��5L�6N�¦)«�§l�Ð/?n6N��N�>. [82]"Kim�< [83]3

ëÒ�L¡��?1�ÅÜ¤§l$©EÇ�ëÒ±�?6��ª)¤p©EÇëÒ"

Horvath�< [84]ò3D6N�m�¡¤��X��2D6N�ý§±�$�O�m�¢y
>
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K?O»��/"Mullen�< [85]JÑ
�«UþÅU�È©�{§)û
ÛªÈ©¦)L

§¥UþÑÑ¯K"Pfaff�< [78]��^n����l6|�$Ä§¿�3��þ��V\

[!§l¢yp°Ý�ëÒ�J"

1.3.4.4 Ù¦AÏ/�6N

(a)Y%�ý [86] (b)í��ý [87]

ã 1.11 L¡ÜåÌ��6N�ý �6NL¡È�NÈ�'é��§ÙL¡Üåé6N$Äò

å�wÍ�K�§Ï~ÏL²þÇ6éL¡Üå?1�ý"²þÇõ´ÏLL«ÔN/G�

¡��5O��"

Navier-Stokes�§Lã�´6N�÷*$Ä§éu6N�«����*y�£XL

¡Üå!í��¤KI�ÏL;���{éÙ?1£ã"

Wang�< [86]ÏL36N��N�> ��EJ[²¡§¦Y%/¤�>�§l

�[Ñ�%3�NL¡áN¿EÄ��J"Kim�< [88]ÏLNÈ?���{§¦�level

setL«�6N�&�ýL§¥NÈ����?�"Cleary [89]§Thürey [90]§Hong [91]§±

9Busaryev [92]�<ÑJÑ
éY¥�3��þ�í�ï���{"Lenaerts�< [93]òõ�

á��áYy�A^uSPH�¥§ÏLòá��¥�8��ÉÄ�¤�÷*�Ônëê§

l¢yéù«y��¯��["

1.3.5 õõõ���ÍÍÍÜÜÜ���ýýý

õ�ÍÜ�ý´�[òõ«g,y���p�^"'X23Y¡��E§fNÚ6N

�m��^´�p�§ÏdI�é§��å?1�ý"õ�ÍÜ�Ø%´���m�>.

^�I��±ëY§��SÜK�âg��Ôn�§�O�"

3�¹SPH6N�XÚ¥§�±ò¤kÔNÑ)¤âf§læ^Ú��µe?1

�ý"Akinci�< [97]ÏL3�NL¡)¤âf§ò�N�6Nâf�\Ó��µe¥O
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(a)õ�6N [94] (b)6N-fN [95] (c)6N-�5N [96]

ã 1.12 õ�ÍÜ�ý õ�ÍÜ�ý´�[òõ«g,y���p�^§z��m>.^�ë

Y§z�SÜ$ÄÎÜgC�Ôn�§"

�§¢y
SPH6N�ýL§¥�6N�NÍÜO�"Ren�< [98]^SPHéõ�6?1


�ý§�±�[ÑØÓôÚ�6N·Ü�ôÚ�Cz"î.{��±^uõ�ÍÜ�ý"

Génevaux�< [95]ÏLO��N�6N�m��p�^å§�[
6N�fN��p�^"

Guendelman�< [96]é6NÚ���5N��p�^?1
�ý§Ù¥���5N´^¡

��5�ý�"Losasso�< [94]ÏL*Ð�level set¢y
õ�6�ý"

1.3.6 ÔÔÔnnn���ýýý333êêêiiizzz���EEE¥¥¥���AAA^̂̂

ã/Æ¥Ôn�ý���´^u>K!iZ�J[|µ�Äx��"�Xêiz�E

�E�uÐ§cÙ´3D�<Eâ�?Ú§Ôn�ý3�E+��3u���^"é�.

?1rÝ©Û§�±3¢S�Ecuÿyf�Ü "é�.?1$Ä©Û§éÑ�Uu)

Z��(�"^u�E�Ôn�ý®²Ø=�uÀú�J§ÏdéO��°ÝÒk
�p

��¦"3D�<�#�ïÄ���)A½	*�.�E!ÏL�5N�ý?1�.rÝ©

Û!ÏLfN$Ä�ý?1�.$Ä©Û�"

1.3.6.1 �.	*�E

�.�	*Ì��ûuAÛ/GÚ«nôÚ§�±ÏLû^�çÚ3D�<Å5�E"

��.L¡BRDF§gL¡Ñ���¬K�Àú�J"8cû^�çÚ3D�<Åd�[B§

��U¦^�½á�"Ïd�é8c3D�<3�.	*�E�¡�3�"�§�Æ.

JÑ
õ«U?�Y"Brunton�< [99]ò²¡�ÚNEâí2�N��¥§ÏLr| á

�����«�á�§^���kn«á��Stratasys Objet500 Connex3�<Å¢y
�

çÚ�<"Lan�< [101]JÑ
�«��A½BRDFL¡��{"kÏL3D�<���k�
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(a)«n�< [99] (b)BSSRDF�< [100] (c)BRDF�< [101]

ã 1.13 A½	*�¬�E��#?Ð ÏLé�<�{?1U?§Ø=�±�<Ñp�þ��

çÚ�.§$��±/¤�½�gL¡Ñ�§½L¡BRDF"(a)ÏLN��ÚN�{§^õá�1

¯ä�3D�<Å¢yp�þ�çÚ�<"(b)�<U�©Ù�õ«á�¿`zÙ|Ü§/¤A½g

L¡Ñ��J��."(c)3D�<�²��$�<�(Ü§¦�.L¡äkA½BRDF"üÌã��

ÓÀ�*	�Ó���.§1 ���ØÓ�Àú�J"

(��pÝ|§,�2^UV²��<Å3�(�þ�$§¦AÛ+ôÚ�o�J/¤�½

�BRDF"Chen�< [102]±9Vidimče�< [103]ÏLõá�SLA-3D�<Å§é�½	*�.?

1�<��{§¿?�Ú�E
��õá�3D�<Å [104]§¢y�p?�	*�J"

Ø�.L¡«nôÚ	§duk
�<á�äk�½�ß15§Ïd��±ÏLO�

¦�.äkA½�gL¡Ñ��J"Dong�< [105]ÏLØþþÝ�á�©�9|Ü§�<

Ñ
äkA½V�L¡Ñ���Ç©Ù¼ê£BSSRDF¤��."Miloš�< [100]�´ÏL

éõ«Ä:á�ïáBSSRDFêâ¥§¿éÙ?1|Ü§¦Ù|Ü����ª(J�8I

�.�BSSRDF��§l¢yéA½gL¡Ñ��J��E"

1.3.6.2 �.rÝ©Û

ò3D�<�.���5NéÙ?1Aå©Û§�±3�<cé�.�j�§Ý�µ

�§;��<���.ÏrÝL$»�"Stava�< [106]�é�.(�rÝf�$�ØU

| g�þ�¯K§JÑ�«ÏLAå©Û§éÑ(��f�Ü©§léÙ?1\r

��{"Äké�.)¤o¡N��§,�é���.3å|¥±9ÛÜÉ�	å�¹

?1FEMAå©Û§ÏLSÜ���É~�þ!�.ÛÜ\þ§±9O\| (���

{�ØAå8¥�«�§�ª�y�.�<Ñ5�(�k�p�rÝ"Zhou�< [109]JÑ


�«�\°��O��.(��fÜ ��{§?���Ý�;�3D�<�¢Ô�.

3¦^L§¥ÏAå8¥E¤»�"Lu�< [110]�~�3D�<L§¥á���Ñ§JÑ


�«3�.SÜ)¤·¶G�É��{"ù«�{ÏLé�.?1åÆ©Û§`z·¶
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(a)Aå©Û [106] (b)�5Ný/C [107] (c)�(� [108]

ã 1.14 �5NAå©Û33D�<¥�A^Y~ (a)ò�.�¤�5N?1Aå©Û§éÑ(

�þ�f�?§¿ÏL\o!¥�~!O\| ��{?1U?§¦�ª�<��.äk�p�

rÝ"(b)é�5N?1ý/C§¦�<�^N�.3å�^e/C��§��O�./G��"

(c)ÏL�(�¢y÷*þØÓ��5rÝ§¦�ü�á��<��.÷*þ¤�Øþ!�5�Ô

N"

�/G§¦�.��rÝ�þ�þï"

á�rÝ©Û3��^N�.��±u����^"Skouras�< [111]JÑ�«ÏL

õ«�5á�·Ü�<§�EAÏåÆ5U�.��{"Chen�< [107]�é^Ná�3

åe¬u)/C�¯K§JÑ�«éÐ©�</G?1`z��{§¦��.3åe/

C����ª/�§��O���"Pérez�< [112]é8¡N�G�.�(�?1`z§¦

�Ùý¢�.3�½�å^�e¥y�/G��O���"

¦+á��«ak�§�ÏL�<Ñ�(�§é�NåÆ5��¬å����^"

Bickel�< [113]JÑ
�«�EÎÜ�½Ôn5���5N�.��{"ÏL�ï���

¹�«á�!�«�(��á�¥§ò�«¡Gá��U3�å§ÏLO�¦�ù
á

�9(�|ÜÑ��5N�8I�5NÔn5���C§¿ÏL3D�<ò�.��Ñ5"

Panetta�< [114]^8«�(�|Ü��N�.§¦�.�Ü©U
äkØÓ�åÆ5�§

$�U
¦oNäkK�Ñt'£á�üý�Ø �§oNÈ�O�¤"Schumacher�

< [108]�^aq��{��
oN¥y�þ!�5��."

Éå©Û3�O�./G��¬k�
¢S�^å"éuNÈ�u3D�<Åó���

��.§�±òÙ©�Nõ�¬©O�<§��2|C����N£�YÊÜ½�<�

ý3�¹Ú��¤"Luo [115]±9Yao�< [116]òAå©Û���.©�{`z8I��§

;�3�Aå?�©§¦�|C��.�\(¢"Wang�< [117]JÑ
�«�<�.�~

�Ñá¦^��{"ò�.©�	��ocÎ(�| §é| ?1Éå©Û¿`z(

�§¦�3Ø~frÝ�cJe~�á��Ñ"��2\\| (�§¦����.ØI
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��	�| á�§=���^FDM�<Å�<"Dumas�< [118]ÏL^r�½«nã~

)¤3D�<�.�AÛ/G§¦AÛ�ãYkaq�º�"rÝ©Û�±�y[��(

�Ø¬É�»�"

1.3.6.3 �.$Ä©Û

(a)É�å$Ä [119] (c)fN$Ä [120]

ã 1.15 fN$Ä�ý33D�<¥�A^Y~ (a)éfNÉ�å$Ä;,?1�ý§¦)¤�

Å�(�ÎÜA½�$Ä5Æ"(b)éfN$Ä!cÙ´^=?1�ý§¿é�.?1`z§¦Ù

U
�úÚ��^=��±²ï"

é3D�<�.?1fN$Ä�ý§�±���þ©Ù÷vA½�¦��."Prévost�

< [121]JÑ�«43D�<�.�±²ï��{§ÏLUCN�z�.SÜ(�½öé�.

?1/C5N�% �§¦ÙU
Uì�OÕá3²¡þ"Bächer�< [120]JÑ�«Ï

LN�N�z�.%§¦ÙU
�úÚ��^=��{"Musialski�< [122]^ £¡

¢yaq��J§¦�.äk���`z�m"

éu3D�<�Å�ë�(�§éÙ?1É�å�$Ä�ý§�±¦ÙÎÜ�½�$

Ä5Æ"Zhu�< [123]JÑ�«gÄ)¤�$ÄÅ�ä��{"^r�½�.�$Ä�

ª��§�{gÄ)¤���.$Ä�Å�(�§¦�.Uì�½;,$1"Coros�

< [119]JÑ�ë\9¸Ó`z�{§U
4�;�^r�OÅ�ä"Ceylan�< [124]ÏL

`z¸Ó��Ü§¦�Å��.U
±�½��Äxaq��ª$Ä"Megaro�< [125]�

O
�@U
4ÊÏ^r��õvÅì<�XÚ"XÚU
gÄ)¤��<Ü�§^{ü

"�ÚûÅÒ�±�¤|C"Bächer�< [126]JÑ
�«U
4^r�B?6ë\XÚ�

�{"^r�I�½�þ&E§XÚÒ�±)¤��<§¿�U�($1�ë\�."

1.4 yyykkk���{{{`̀̀""":::©©©ÛÛÛ

Ôn�ý�9+�¯õ!é�«g,y�kØÓ��{éÙ?1�ý§¡���¦^
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��~2�"�©�9Ù¥n«y���ýµY%!Ê56N��!�5��§Ïd:

Ó�'�yk�{?1'�"Ê56N��Ú�5��Ñ´^¡��5L«�"

1. YYY%%%

Wang�< [86];��éY%3ÔNL¡6Äy���ý�{§ÏLJ[²¡5�E6

N��N��>�"¦�æ^î.{?16N�ý§ÏLâflevel setL«Y%L¡§

ÏdU
��¢yY%�KÜ�©�"duY%º�é�§î.{I�é�m?1

é°��[©§Ïd7Læ^DÕ(��;Ônëê"ù«�{�Ð?´°Ýép§

�ý(J�ý¢Ôny���5éÐ¶Ì�":´$�þ�����Ç4$§A

¦¨�ÄxI�êU��m5�ý"Wang�< [127]�JÑ
ÏLfY�§§^pÝ

|L«Y%��{"ù«�{¦$�þ�Ì~�§�=�uéY%3�NL¡wÄ

�y�?1�ý"Thürey�< [61]^Ä����l6Ngd�¡��{�U
�)Y

%§�ù«î.-.�KF(Ü��{Ì��éÏ^6N�ý§vk�éY%?1`

z§Ïd�ý�Ý'�ú"

2. ÊÊÊ555666NNN������

Batty�< [54]éÊ5��?1
�ý"��æ^
Ä���§Aé�.���ì�/

C§$�»���¹§ÙSå�¹��.�Ê¢å!�å!L¡Üå"duæ^


.�KF��§Ïdù��{�·^u��Ê5��§Ã{��*Ð���Ún

��A^"éu�
A½�A^£X23Y¡þ�Ê5��¤§Så��.��±U

Y{z§lJp�ý�Ý"

3. ���555������

Pfaff�< [3]é��á���5/C9»��J?1
�ý"��^p°Ýn���

L�§¿�¬�âAåÄ�n�z§¦��¿U
÷X�(�Aå©Ù�)"á

�/C��5/CÚ�5/C�U\§�5/C�§ÝÚ�mk'§Ïd��XÚ

I�ÏLÄ��ý5�["éuO·�XÚ§XJI�^·�²ï�ª¦)§Ò�

UC�5/C��.�§"

8cÔn�ý��'ó�õ´A^u>KA�§3êiz�E+�§A^Ì�8¥

3�5N�ýÚfN$Ä�ý"ù
�ýÑ´�é3D�<�.��?1�§Ù¢Nõó²

6§��±ÏL�ý��JpÚUõ"éDÚó²?1Ôn�ý§k�U¬4�/ÿÐ

DÚó²�·^��§¦Ù3êiz�E¥U
u�#��^"�©¤?1�Ôn�ýÌ

�^un�¡XÚ§äN�¹Y=<Úý�9�¤.ü«ó²"
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éuY=<ó²��ý�kPanozzo�< [128]�·�A�Ó�?1�ó�§�{�·�

�q§�¦��¤JuÙ�´u·�"¦�ÏL·�²ï��ªéÔn�§?1¦)"d

u�K
�m�ëê§O��Ý�±\¯§�´Ó¢SÔnL§�'Ø�¬O\"�¦

���{Ø|±õg=<§ÏdÃ{?nI�é��¡?1��XÚ�E,�."

ó�¥éý�¤.ó²��ý®²kNõó� [129–131]"�´ù
ó�Ø�9¡X

Ú§�éý�¤.���$Ä?1�ý§O���/C��þÝ©Ù§l`z�ä�O

9¤.L§¥�9Ïó²"�
ó�?��ý^� [132]¦+k�é�ãY�½ ý�¤.

?1ãYý/CõU§�vk�Ä.����ÚçCz¿éÙ?1ý��§�Ø�9�ä

üí�����`z"ù
^�Ñ´¡�;�^r§^�d�ép§��I�;���

�é¦^á��Ônëê?1ÿÁ§¿Ø·^u�<^r�3D�<�.XÚ"Schüller�

< [133]JÑ��{�ù
^�¢y�õU�Ó§Ó��JÑ
ÄuÀú�����ëê�

O�{"Mellor�< [134]Ú�';| [135]J�
^�kI½������?1ý�¤.§¿

^ÀúXÚÿþ���/C§léãY?1ý/C��{"ù«�{�`:´U;�ÿ

ÁE,�Ônëê§Ïd·^��é2"":´I�;��×£C�§éz���.ÑI

�?1�gI½§Ïd·Ü5�z)�§éü�½��¬ö�Òw�LuE,"

1.5 ���©©©óóó���

�©^¡��éY%!Ê56N��!�5���n«Ô�?1
ï�Ú�ý"Y%

NÈé�§Ù/GÌ�ÉL¡Üå�K�§Ïd�±�ÑY%SÜ�6N$Ä§ÏL¡�

����/C?1�ý"Y%�m�KÜ�©�§�±ÏL¡���Ù�$�9��`z

5¢y"Ê56N��Ú�5��Ñ´��(�§Ïd^¡���±éÐ�éÙ?1�

ý"�©òùü«�ýEâA^uü«DÚ�Eó²�J[zµY=<Ú9�¤.§JÑ

/�O�Y=<M0Ú/�O�9�¤.0��{§¦ÙU
^un�¡�çXÚ"·

��E
ù
#.ó²��.XÚ§¿ÏL¢�y²
Ù¢^5Ú��5"

1�Ù·�JÑ
�«��6NÄuL¡����/C�¢��ý�{§U
é�%

�$Ä±9�ÔN�>¿3ÙL¡wÄ�y�?1�["Äu�ºÝb�§�±ò6NS

Ü�6Ä{z¤�Ù¡���/C"3z��O�Ú�¥§T�.k^Ûª²þÇ6$

��)L¡Üå��J§,�wª��E��NL¡��>�§��2^�X����$

�?nÿÀ(�Cz¿Jp���þ"ÏL¢�y²
T�.�¦+{ü§�´U
�)

´L�6N�J§U
��¢��ý�$��Ý"

1nÙ·�é23Y¡þ�Ê5��3ÔNE\Y¥��).���J?1
�ý§
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¿òÙ^u�[Y=<Eâ§JÑ
/O�Y=<M0��{"ÏLé��Y=<ÔnL

§?1�ý§�±�âY=<��/C§��ýC/ãY§¦�<kù�ãY�Y=<�

3/C��§U
3�.L¡fÐ/¤���«n"ù��{oäDÚY=<ó²<M�

þp!·^��2�`:§Ó�)û
éE,¡<M�ãY��.J±éà�¯K"

1oÙ·�é^z��¡3�íØåe.�¿b3�äL¡�y�?1
�ý§¿ò

Ù^u�[ý�9�¤."ÏLé��ý�¤.L§?1�[§�â���.��¹§O

�Ñý/CãY§òÙ<3ß²��¡þ"�â���b3�.L¡�L§§��3D�.

I���üí�� �§¿ÏL3D�<��¢Ô�.§���ä"�ª^ý�9�¤.ò

�kãY�ß²��¡b��.�L¡"u´ãYÒb3
�.�L¡§Ó�/C���

¡��ãYCX
��ß²�o�"

��é�©
?1o(§¿JÑ8��U�ïÄ��"
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12Ù ÄÄÄuuu¡¡¡���������¢¢¢���YYY%%%���ýýý���{{{

36N�ý¥§NÈ¬K�6N�$Ä�J"�þ6N3$Ä�§Y¡/GÌ�ÉS

Ü6|K�"6NNÈ��§L¡Üå��^Ò¬�²w"��NÈ��Y%§L¡Üå

òåÌ��^"Äuù�*	§�ÙJÑ
�«Äu¡���¢�Y%�ý�{"ÏL�

���/C§éY%�$Ä!Y%��YL¡�>§±9Y%3�NL¡wÄ�y�?1

�ý"Äu�NÈb�§ò6NSÜ�n�N�6Ä{z¤�Ù¡���/C§l¦O

�þ�Ì~�"3z��O�Ú�¥§k^Ûª²þÇ6$��)L¡Üå��J§,

�wª�E6N��NL¡��>�§��2ÏL�X����$�?nÿÀ(�Cz§

¿Jp���þ"

·�ÏL�X�¢��ý¢�§�y
�.�O(5"T�.¦+�~{ü§%U


�)´L�6N�J"¤�O�¢��)�[Y%-E�Ñy3L¡�Å«§YÎÏL¡

Üå�ä��J§±9Y%3�NL¡wÄ�"¤JÑ��ý�{U
��Óý¢Ôn

¢������(J§¿�'yk�ý�{�O��Ý¯����êþ?"

2.1 ¯̄̄KKK���JJJÑÑÑ

Y%3F~)¹¥�?��§'Xú¿�Àæ�§½ö�U��I"Ó�ºÝ�6N

�ý�'§Y%��ýKäkÕA�]Ô5 [86]"Y%NÈé�§ÏdL¡Üå�^�J

�~²w§¦�Y%äkNõÕA�Ôn5�§'XÓ�NL¡�>�§¬ÏL¡�Y5

��É�)ØÓ��>�£ã2.1¤"XJ^n�N�5L«Y%§ÒI��~[���

y©"Ó�3ù«�ÊÝÚL¡Üå�^e§I�^�~��O�Ú�§âU�yO��

°ÝÚ½5§Ïd�mÚ�mm�Ñ�~� [86]"o�§�õêÏ^�6N�ý�{Ñ

Ø·ÜY%$Ä��ý"

XJ^¡��5£ãY%§K�±'n�N��Ð/L�Ê5ÚL¡Üå��J"�

ÊÝ¦Y%SÜ�6|C�²w§Ù�JÒ�´�ÑY%SÜ�$Ä§��ÄY%L¡

�G�"L¡Üå�±^L¡�²þÇ5O�§Ù�J´¦�¡C��\²w§Ó�

25



úô�ÆÆ¬Æ Ø© 12Ù Äu¡���¢�Y%�ý�{

(a)�YL¡§Y%¬3L¡þ�m1 (b)ÕYL¡§Y%¬ ¤�ì2

ã 2.1 g,.¥�Y% L¡��Y5¬K�Y%�/�§/¤ØÓ��>�

�±4¡ÿÀ(��$��\°�"

Äuþã*	§�©JÑ
�«Äu¡���¢�Y%�ý�{"T�{áu.�K

F{§éL¡����/C�[Y%$Ä§�U�[�NL¡éY%��Y�^"ÏLù

«�{§ò6N�ý�gdÝln�N�ü$�¡���º:þ§��~�
$�þ"ù

��{Ì��¹üÜ©µ

• ��/C$�JÑ
�|��/C$��{§¦Y%�$ÄÎÜÔn5Æ"'X§

ÛªÇ6$��±���)L¡Üå�J§�>�$�U
�[Y%3�NL

¡��Y�J"

• ��ÿÀ$�¦^
�|��ÿÀ$�§^uJp���þ§±9?nÿÀCz§

^u�[Y%gd�KÜ�©�"

�@XÚ´¤kù
$��kÅ(Ü§�p�ÜâU¢yY%��[§z��Ñ�é

Y%�ý?1
`z"'X§¦+��`z®²�ïÄ
éõc§��XWojtan�<�Ñ

�@� [61;75;76]§3ý�A^u6N�ýù«ÿÀC�4�ª��A^�§E,I�;�?

1`zâU�y°�5"Ød�	§¦+Müller [136]ÚBrochu [137]ÑQ²ïÄLL¡Ç6

Ú�±NÈ�{§�¦���{3Y%ª�KÜ�©��E,|µ¥Ã{��A^"ÏL

òù
$�KÜ?��XÚ¥§¿ÏLéý¢Ôny�?1�ý§5�yT�{éY%�

ý�p�5"ù
Ôny��)Y%�-E§YÎ��ä§±9Y%3õ«ÔNL¡�w

Ä"�©�;.¢�|µ�¹20000�n�/§Ù$��Ý�±��30fps"·��Óý¢

�Ôn¢�Àª�
'�§±�yT�{�O(5"

1ã¡5µhttp://www.designyourway.net/blog/resources/big-collection-of-water-and-ice-textures/
2ã¡5µhttp://www.seriocomic.com/photos/surface-tension
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网格形变运算 网格拓扑运算

外力

隐式曲率流

接触角

体积修正

网格融合

网格分裂

网格优化

ã 2.2 Y%¢��ý�{6§ã ��/C$�^uü�Y%�Ôn�ý§��ÿÀ$�K^u

?nY%�KÜ�©�§¿é��?1`z"ÏLùü|$�S�¦)§¢y
�¹NõY%��

|µ�¢��ý"

2.2 ���{{{VVVããã

�ÙJÑ�L¡����/C�{§;�^uY%ºÝ�6N�ý"3ù�ºÝe§

Y%�Ê5ÚL¡Üå�J�~²w§Ï$ÄÌ�dÙL¡/G¤û½"ù��{�±

©�ü�Ì�Ü©"1�Ü©KIü�Y%�Ôn�ý§�¹�X����/C$�"ù


$�ò	å!�Þå!L¡Üå§±9Ù¦�
��6N¤äk�y�Ñ�Ä?�§l

¦Y%$ÄÎÜÔn5Æ"1�Ü©KIY%m��p�^§�¹�X����ÿÀ$

�§�)��¦�§���©§±9UJp���þ�`z"ù
ÿÀ$�U
¦Y%�

)KÜ�©���J§¿��y
����þ§lJp
/C$��°�5"���{

¥§¤k$�Ñ´é¡����ö�§Ïd?n�Ýé¯§�y
XÚ�¢�5"

��XÚ�6§Xã2.2¤«"��/C$�^uü�Y%�Ôn�ý§�¹
o�

/C$�"Äkò	å�^3��þ§�)åÚ�NL¡��>å",�ÏLÛªÈ©

O�²þÇ6§¦���)L¡Üå��J"�
4Y%��NL¡�>��)�Y

½ÕY��J§ÏL�>�$�§�â�N��N�m��Y5§wª��E�>�"�

�§^NÈ?�$�5�Öê�O�L§¥�)�NÈ��"�Y%¡��/C�¤�§

·�^��ÿÀ$�5?nY%�m�KÜ�©�§Ó�Øä/é��?1`z§Jp�

��þ±�y/C$��°�5"

3��XÚ¥§$��m�pÕá§oNG1"z�$�Ñ�±À�é��º:�

ÝÚ £��g�#"c��$�¥º:�ÝÚ £�ÑÑ§Ò��e��$��Ñ\"

�
{zL�§·�^vold
i Úxold

i L«º:i3$��c��ÝÚ £§^vnew
i Úxnew

i L«º

:i3$�����ÝÚ £"

du��$�G1��pÕá§�$��m��å^��U¬�)Àâ"'X§NÈ
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?�$�¬UC���/G"34à�¹e§�#�����U¬�)g�§����ÿ

À(���å"�å�m�Àâ�±ÏLaqGaussõSeidelS���{Å�z)§��¤

k��åÑ��÷v"�3¢�¥§z�ÚS�ÑØ¬¦���)ì�Cz§Ïdù�¯

KÄ��±�Ñ"��I�AÏé��´§�Y%��NL¡!cÙ´E,¡�>�§

6N��þ¤É	å�¹�~E,§XJ?nØ�Ò�U��NÈ��§½ö¦Y%��

�Bß�N"�éù«�¹§·�3�\	å$��§ò��þ¤k��NL¡�>�º

:ÑIPÑ5§3Ù§$�¥V\�	� ��å§��ÙBß�NL¡"

2.3 ������///CCC$$$���

�©ÏL��/C$�§éü�Y%?1Ôn�ý§¢y
�¦)Navier-Stokes�§

aq��J"�ÄuN��6N�ýØÓ§·���ÄY%�L¡/G§Ïdò¯K4�

/{z§Jp
O��Ç"

2.3.1 			ååå

3T��.¥§	å�)å!��NL¡�>å!�Þå±9Ê¢{å"·�

^vold
i L«º:i��c�Ý§@oå��^�±��L«�vnew

i = vold
i + g∆t,Ù¥vnew

i ´

�#���Ý§g´å\�Ý§∆t´�mÚ�"u´§º:i� £xi�±ÏLc�î.

{5O�µxnew
i = xold

i + vnew
i ∆t"XJ�ýL§¥6N¬��NL¡�>§@o3�#º

: £��§I��äz�º:´ÄBß
�NL¡"XJ®²Bß§ÒrTº:� 

£xnew
i �#�3�NL¡þ�xnew

i ��C:§¿ò�Ý±����5��ª�#�µ

vnew
i = vold

i −
�

(vold
i − vs) · ni

�

ni (2.1)

Ù¥vs´�N3xnew
i ��Ý§ni´3xnew

i �{�"�*�)ºÒ´ÏLúª2.1§¦�Y

%��NL¡3{�þ�é·�§���þ�é�ÝØC"Ó���â6N��N�m�

Ê¢5§éù
º:�\�Þå§Ù�{�µ

vnew
i =







0
�

�vold
i

�

�< ε

vold
i − εv

old
i

�

�vold
i

�

�

−1
otherwise

(2.2)

Ù¥εL«�ÞXê���"º: £�±�âvnew
i Úvold

i ����?�µxnew
i =

xold
i + (v

new
i − vold

i )∆t"
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3î.{6N�ý¥§Ê¢{åØ¬���	å5O�"�3.�KF{¥§I�3

6NL¡�º:�	�\{å§ù�ÒU
¢yaquÊ¢{å��J"Ó�þ���.

¥�{åaq§T�.�{ådü�5�¤µ

vnew
i = (1−µ∆t)vold

i +η∆t∆vold
i (2.3)

Ù¥1��´�½�Ê¢{å§z�ÚS�ÑUì�½�'Çµ¦�Ý~�§aqu

�í{å¶1��´ÏLLaplacian-Beltrami�f5O�§aqu6NSÜ�é6Ä�)�

{å§Ù{åXê�η"Ù¥1���Navier-Stokes�§¥�Ê¢{åaq§�´TÊ¢

{å´½Â3¡��þ§Navier-Stokes�§´½Â3N��¥"µ��Ï~30.3�0.5�

m§η��Ï~30�0.1�m"ÏL¢�uy§O�η��U
¦��Cz�\²w§l

U
;�Ï���þeü���O�Ø½5§Ïd3O�L§¥k�U¬�	�O

�η��(2.4!)"

2.3.2 ²²²þþþÇÇÇ666

ã 2.3 ²þÇ6 ²þÇ£ã
¡þ�:��§Ý§�â���ØÓk�kK"²

þÇ6¦¡ª�²w§±d5�[L¡Üå��J"

ÓSussman�< [138]��{aq§·�^²þÇ65�[L¡Üå��J"�x�Y

%L¡Sþ�?¿�:§γ´Ç6Xê§∇2
S´S�Laplace-Beltrami�f"²þÇ63ë

Y¡þ�½Â�

∂ x
∂ t
= −2γκn= γ∇2

Sx (2.4)

Ù¥κn´3{�nþ½Â�²þÇ"�âDesbrun�< [139]JÑ��Ûª�{§²þ

Ç63lÑn���þO�úª�µ
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xi

xj

ij

ij

ã 2.4 >é��½Â αi jÚβi j¡�>x i − x j�é�"Ù{uÚcotαi j + cotβi j ´�E��.Ê.

dÝ
�ëê§Ó�����`z$�¥>�=��O^�"

�

I+ γ∆tM−1L
�

Xnew = Xold (2.5)

Ù¥X´º: £�¤���þ§∆t´S�Ú�§M´�þÝ
§L´ÏLLaplace-

Beltrami�f�E�.Ê.dÝ
£é¡
¤§Ù�E�{�µ

½ÂN(i)�º:i�����§KÝ
L��"��

li j = −
1
2
(cotαi j + cotβi j) for j ∈ N(i) (2.6)

lii = −
∑

j∈N(i)

li j (2.7)

Ù¥αi jÚβi j´>i − j�é�§Xã2.4¤«"duIÚLÑ´é¡
§úª2.5�±ÏL

ü>Ñ¦±MC¤�½é¡��5XÚ"^�k���Choleskyý^�ì��ÝFÝ{5

¦)ù��5XÚ§)Ñ#�º: £�þ"��Ñ#�º: £��§z��º:��

ÝÒ�±2g��#µvnew
i = vold

i + (x
new
i − xold

i )/∆t"

2.3.3 ���>>>���

Y%��N�>�§�NL¡��Y5¬¦Y%�m§Y%�L¡Üåq¬¦Y%

Â §üö��²ïG��§B/¤
½��>�"�NL¡�Y5���¬K�Y%

�m�§Ý§Ï~^½�>���é�Y5�½þ£ã"½�>�½Â�µ�Y%3

�NL¡��²ïG��§�N!�N!�ín��.?§�N/�í�.²¡��N²

¡¤¤�Y�"

�©JÑ
�«���>�$��{§ÏLO�½�>���c�>���5��

°Ä�>�§±d5¢y�Y��J§¿4Y%��±½�>�·�3�NL¡"ÏL
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ã 2.5 ØÓ�Y5L¡þY%�½/G ÏL��ØÓ�½�>�§�±�[Y%3ØÓ�

Y5L¡þ�·���/G§ã¥�Y%l��m½�>��g�60◦§90◦§120◦"

in
Ln A B

C
O surfacePn

ã 2.6 �>�«¿ã ùÚ��Y%��NL¡��>�

ù«�{§�±�[ÑY%3�«�Y5L¡þ�/G§Xã2.5¤«"XJ�NL¡�

Y²��§@oÏL�>�$���±°Ä��$Ä§�)ã2.17¥�Y%3��Àæ�

þwÄ��J"

�>�$��1�Ú´éÑY%����NL¡��>�"32.3.1!O�	å�§®

²r¤k��NL¡bÜ�:IP
Ñ5£P�bÜ:¤§u´·�r¤k��bÜ:�

��bÜ:½Â��>:"�>:Ò�3un�£íN!6N!�N¤�.� �þ"�

>�Ò´ò�>:ë�¤4Ü��>�8Ü§Xã2.6¤«"

��>��EÐ��§�e5Ò�c�£Ä�>�§¦Ù/¤½�>�"�Wang�

< [86]�éN�level setJÑ�J[L¡�{£ÏL3�>�þV\J[L¡§ÏL²þ

Ç6Ûª°Ä�>��£Ä¤ØÓ§·��²þÇ½Â3��þ§¿�É���þK�

é�"�>�NC  ´���þ���/�§�3Nõ�àåÚ]�§Ïd�>�N

CO�Ñ5�ÇØ��U¬é�"

Ïd�©æ^wª�{�E�>�"kO��c��>�§,��âÙê���£Ä
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�>�þ�º:"Xã2.6¤«§À����>:§P�O§¿òÙn���n�/P�A§

B§C§u´º:O?6N/�í�.¡�{�nLdA§B§Cn�¡�¡È\�²þ{�5

L«"�NL¡{�ni ÚnL�Y��´±Ù�{��ü��²¡�Y�§Ïd�±��º

:O?�>���O"

�
¦�>����u½�>�§·�ò�>:÷�NL¡c�£Ä"ÏL��>

:�\>.å��{Ä��¢y�>�N�"¢SÔnL§¥§��3¢£y� [86]"

>.åéu¢£y��U
éÐ��[">.åúª�µ

fbnd =















0

α(θ − θ r
c )np|np|−1

α(θ − θ a
c )np|np|−1

θ r
c < θ < θ

a
c

θ < θ r
c

θ > θ a
c

(2.8)

Ù¥θ r
c Úθ

a
c©O´�òÚc?�>�§α´>.å���Xê§np´Y¡{�nL3�

NL¡�ÝK��£ã2.6¤"úª2.8��*)º´�>:o´�XU
¦>.å~���

�£Ä§�du�òÚc?�>�ê�ØÓ§�3�½�¢£«�§3��«�SÑU


�±½"ÏLù�úª§Ø=�±¢yã2.17¥@�Y%3��Àæ�þ·���J§

$�3>.å�L¡Üå��Ó�^e§�U
¢yã2.19¥Y%�]!3ÔN.Ü��

J"

2.3.4 NNNÈÈÈ???���

��/C$�ÚÿÀ$�¿ØU�yY%NÈð½"cÙ´²þÇ6$�§¬¦�

��NÈØä �§Xã2.7"�d�©JÑ
ü«NÈ?�$�§ÛÜNÈ?�Ú�Û

NÈ?�§;�NÈØ�È\���ª�)²w�NÈCz"

ã 2.7 ²þÇ6$�L§¥�NÈ�� du4Ü¡�oÇ��£�	âÑ¤§Ïd²þ

Ç6ª�u¦�� �"XJØ?1NÈ?�§��Ò¬3²þÇ6��^eÅìÂ §�ª

��"
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ÛÜNÈ?�ÏL?�/C��Ý5Ûª�?�NÈCz"Müller [136]ÚEckstein [140]�

<3²þÇ6O�¥Ú\
NÈ?�§�©JÑ�NÈ?��{U
?�¤k$�¥

Y%�NÈØ�£�)²þÇ6$�¥�Ø�¤"ÄkO�z��Y%�f5�Ý£3

�ý¥òz�Y%Ñ��fNO�²£�ÝÚ^=�Ý§¿wª�P¹¤§¿òÙl��

��Ý|¥�Ø§ù��{�ÛÜ�Ýuiâ¦�Y%�)/C§¿��NÈCz"�ai�

ü L¡Èþ�NÈCzÇ§O��{�µ

ai = ui · ni (2.9)

Ù¥ni´6NL¡3º:i?�{�"Ó�O�Ñº:i��N(i)Sai�þ�āi:

āi =

∑

j∈N(i)
A ja j

∑

j∈N(i)
A j

(2.10)

Ù¥Ai´º:i�·Ü¡È£½Âë� [141]¤"òāilui¥Ø�µ

ui = ui − āini (2.11)

d�{ÓEckstein�< [140]JÑ�ÛÜNÈ?��{aq§�´¦�´é²þÇ6�

�?�§·�´é��/C��Ýui5?�"ù��±¦ÛÜNÈ?��CX¡�2§

é¤kÚåNÈCz�/CÑk�"

�ÛNÈ?�K´wª���?�NÈCz"ÄkO��cNÈ�Y%�Ð©NÈ�

�§,�O���ØNÈ�z�º:I�£Ä�åld = ∆V/A§Ù¥∆V´NÈ�§A´

o�L¡È"��òº:÷Ù{�£Äui = ui + dni"duNÈ�o´ÏLwªP¹�Ð©

NÈ5O�§ÏdØ�3\ÈØ�¶�zgS�∆VÑé�§Ïd�ÛNÈ?��±�

�ép�°Ý"

ÏL¢�§·�uyÛÜNÈ?�U
'�ÛNÈ?��3�õ�L¡Å«£X

ã2.8¤«¤§,%ØU��ÛNÈ?�@�vk\ÈØ�"ù´Ï�úª2.10¥§āi�

´º:i?NÈCz�Ý���§vkÐ©NÈ���å§Ïd¬�3\ÈØ�"·�I

��âA^5ÀJÜ·�NÈ?��{"é�þ�Y%?1�[�§A�*	Ø�ü�Y

%L¡�Å«§Ïd�^�ÛNÈ?�"�ÄxI�âÑù
[!ÅÄ�§Äk?1ÛÜ

NÈ?�§,�2?1�ÛNÈ?�"

�NÈ?��¤�§2rY%�f5�Ý\£ui¥"d���L¡��Ý|B´U


�±NÈÅð��Ý|"
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(a)ÛÜNÈ?�§��ÅÄ�J²w"

(b)�ÛNÈ?�§��ÅÄ�Jéf"

ã 2.8 ÛÜNÈ?���ÛNÈ?��Jé' ��Ð©G���^/�Y%3L¡Üå�^e

�)/C"(a)ÛÜNÈ?�¥§z�º:?�þÑ�ûuÙ��§Ïd�¡¬�ÅL��D4$

Ä"(b)�ÛNÈ?�¥§º:�?�þ�ûu��¡��§ÏdØ2äkÅÄ�J§�kÏº:

.5����Ä"

2.4 ������ÿÿÿÀÀÀ$$$���

c©¥0�
éü�Y%?1Ôn�ý���/C$�§�!·�JÑ�[Y%�m

KÜ�©����ÿÀ$�"��ÿÀ$���^´?n��ÿÀCz§�)��KÜ!

��©�§N���æ��Ý§±9Jp���þ"�Wojtan�< [75;76]�6uN��Ä�

���{ØÓ§·���{��6u¡����"A«��ÿÀ$��m¿Ø´��Õá

�§'X���©��þ´é��`z¥/á>£Ø0�AÏ?n§Ïd�!�ìVgJ

Ñ�gS§�g0���`z!���©Ú��KÜ"¢S$�¥§K´k?1��KÜ

$�§,�3��`z�Ó��¤���©§ù�3��KÜ$�¥�)�Nõ�~á�

>§ÑU
����Ø§l�y����þ"

2.4.1 ������`̀̀zzz

��`z�8I´Jp���þ§�y��/C$��½5§cÙ´²þÇ

O���(5"3z��mÚ�p§Ñ¬?1���ÛÜÿÀ`z§Ì��)Hoppe�

< [142]JÑ�n�ÿÀö�µá>£Ø!�>��±9>�=§Xã2.9¤«"éu�Ý�
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(a)á>£Ø (b)�>�� (c)>�=

ã 2.9 ��`z ÏLn«�{é��?1`z§á>£Ø!�>��§±9>�=§¦���

¤k�>�Ñ3�½��S§;�d�n�/�Ñy"ÏL��`z§Y%����þ��Jp§

lJ,
��/C$��½5"

ã 2.10 g·A�� duY%��NL¡�>�Ü©éY%�/GvkK�§Ïd�
JpO

��Ý§·�ÏLg·Aæ�§ü$�>¡þº:��Ý"

LK��>§òÙl¥m��¶éu�Ý�uK��>§òÙ£Ø"·�ò>�Ýe��

�0.04cm§�Ýþ�´Ùn�§ù��±�y�Z����þ [143]"�
Jp�Ý§·�

Ä�/�oü�`kè�£����æ§����æ¤§¦�U
¯��U>�^Sé>

?1�¯"Äk?1á>£Ø"zgÌ�ÑÏL��æé��c�á�>òÙ£Ø§£

ØL§¥¬���Ù���>�Ýu)Cz§ÏdI�òù
>3ü�æ¥� �Ñ?1

�#"Eù�L§§�����>�Ý�uK�"�>����{��aq"²Lù�

L§§����þò��4��J,",�2òé�{uÚ£ë�ã2.4¤�Kê£¿�X

��
Delaunay^�¤�>?1�=§?�Úé��?1`z"����þé��/C$

��O��Ý�O�½5k��K�§Ïd3��¢�XÚ¥kX�~���^"

3ù@��`zµee§g·A���±ÏLéz^>�Ý¦±����B�¢

y§Xã2.10¤«"'X§��^>?u6N��N�.�²¡þ�§Ò�ù^>��Ý

¦±�����§��u3�á>£ØÚ�>����ÿ§�ÝK����§ÏdT«

�º:��ÝÒ¬wÍü$"3ØI�º:�8æ��«�£XY%��N��>¡þ¤§
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Ò�±3ØO\�	O�þ�cJeü$��º:�Ý"

Y%��N�>�£ã2.6¤þ�>3��ÿÀ$�¥I�AÏ?n"ù^��/G

´wª�ï�§ØU�´UC§ÄKÒ¬¦Y%�/G�)²wCz§$�¬K��O�

½5"Ïdù^�þ�>ØU?1�=ö�§Ï�>�=¬�ä�>�¶��±?1á

>£ØÚ�>��§Ï�ùü�ö�Ø¬UC�>��ëY5§��UJp�>�þ�

���þ"

2.4.2 ���������©©©

���©�[�´�Y%©�¤�Y%"���©¿�Õá�$�§´3á>£Ø

�L§¥§éAÏÿÀ(��>?1AÏ?n¢y�"äN5`§XJÏL£Ø��á

>§uy��ÒÃ{�y6/5�£ë�ü:�>Ø��^——Ñy[+(�¤§@od

�ÒAé��?1�©"

6/��¥§ü��º:AT�����^>�ë"3ã2.11(a)(�)¥§>A-B��

Ý®²�u>���K�§�´��¥�Ý�á�>§Ïd3á>£Øö�¥ò�Äk

£Ø"¤k�6/��¥§º:AÚB�ú���º:CÚDÑ¬�3§ÙA�´CÚD©O

�¹3>A-B���¡¥"�´3ã«��/¥§º:E�´Ùú���º:§%Ø�¹3

>A-B���¡¥"d�XJòA-B��£Ø§@oÒò/¤�6/�[+(�µ:A£ò

A B

C

D

E A B
E

A’ B’
E’

(a)XJ£Øá>A-Bò/¤[+G(�§K3A�÷A-B-E�©��

A
B

C

D

(b)XJ���©��Ü©/¤o¡NA-B-C-D§KòÙ��íØ

ã 2.11 ���© ���©�[�Y%©�¤��Y%§ÏL3á>£Øö�¥§éÎÜAÏ

ÿÀ(��>?1AÏ?n¢y"
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:B¿\:A¤Ú:Eòkü^>�ë£�A-E>Ú�B-E>¤"��ÿÀ$��z�Úö�

Ñ7L�±���6/A5§¤±3ù«�¹e§·��ö�´ò����÷XA-B-E}

m§,�V\ü�¡ABEÚA’B’E’r��Ö�µ4¡"5¿d�ã2.11(a)(¥)þeü�©

lL«��®²�©¤ü¬§¢Sþ��}m��¿Ø£Ä:� �§AÚA’3�m¥´

Ü�§���´ÿÀ(�þ�©l"£ÓnBÚB’§EÚE’¤"#)¤�>A-B§A’-B’�Ý�

�>A-B�Ó§ÏdE,´��¥�á�>§3UY?1�á>£Øö�¥ò��g£Ø§

l/¤ã2.11(a)(m)¤«�/G§�Ò�¤
�g���©"

3á>£Øö�¥�UÑyXe��/µ�¹�£Ø>�ëÏ���´��o¡N§

Xã2.11(b)«"ù«�/Ñy��Ï´3���©ö��§·��e�Ù¢´�����

k�§Xã2.11(b)(¥)¤«"ù�k�NÈé�§���¹A�º:§UY£Øá>�

Ò��e
��o¡N"XJo¡N�>���UY£Ø§@oÒò��o¡N�åí

Ø§Xã2.11(b)(m)¤«"

��`zL§¥§XJéá>£Øö��?1
���©§ÒÏL��ëÏ5uÿ§

ò¤k�©m�f��Ñ����Õá�Y%"3dL§¥�NÈ��²þ©����f

��þ§¿ÏL�ÛNÈ?�$�5?�"

2.4.3 ������KKKÜÜÜ

�
�[ü��Y%�E§¿KÜ¤���Y%��/§I�é��?1KÜ$�"

O�L§¥§z�Y%ÑÄ��o����Ý§XJü�Y%���Ý��§Ò?�Ú

ÏL>-¡��ÿÁ�ä��´Ä��"�
\���uÿ§·��ë�O�����

ïAABBä"XJ²ÿÁü����(u)��§=ü�Y%A�KÜ§Òéùü���

?1Ù�¦¿ö�§�{Xã2.12¤«"

Äk^Baraff�< [34]JÑ��{�Ñü������"ü�Ãg��6/����§

Ù���½´�^£½A^¤4Ü�"�dü���¤k�>-¡�:�gë�¤"

,�÷��ò���m§é��m�¡#n�z§¦�ü���3��þk���ÿÀ

(�"�X±���©.�§é��?1©�IP [34]§�äz��n�/ u,���

��SÜ�´	Ü"z���þ�©�m�z�¬§�½�� u,�����SÜ½	

Ü"�±ÏLÀ���þ�:�,���u���,����¦�§ê�:�ê�Ûó5

5�ä"��·�ò¤k u,����SÜ�¡íØ§ò{e�¡©�å5§u´/¤

��µ4���"Ïn�z�)��þá>§ò3��`zL§¥��Ø"3dL§¥

���NÈ§ÏL�ÛNÈ?�$�£2.3.4!¤5Ö�"
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(a)¦�� (b)n�z�� (c)IP (d)|Ü

ã 2.12 ��KÜ ��KÜ�[ü��Y%KÜ����Y%§Ù¢�´��¦¿Ù�$�"

(a)ÄkO�ü������"ü�Ãg��6/����§��´�^£½A^¤µ4�"

�dü���¤k�>-¡�:�gë�¤"(b),�÷��òü����©§¿n�z"(c)3

z���þIPÑ¤k u,����	Ü�¡§(d)^ù
¡|¤#���§(J=�ü�Ð©

���Ù�/¿0"u´ü��Y%BKÜ¤����Y%"

���g��uÿÚ?n�daq"ØLÏL¢�uy3¢��ý¢�¥§g�uÿ

¿Ã7�"ù´Ï�Y%L¡Üå��J´¦Ù/GC��w§Ïd=B��6��3g

�§�¬é¯��§3�þY%�3�ØK�Àú�J"��§g�uÿ�~Ñ�§Ï~

$��m´ü�����uÿ���±þ"ù´Ï���uÿ�ÏLAABBä5GØ�þ

ålé���Ú¡§g�uÿ�¤k��Ú¡ålÑéC§AABBäÒÃ{¿©u��

J"�3���3g��§^þã�{?1��¦¿�U¬Ñy�Ø"'X���UØ2

´4Ü�"Ïd§XJ��¦¿$�¥Ñy?Û�Ø§�UÒ´��g����"·�

�Aé�{´6�Ø?1��KÜ§����/C¦�Ø���2?1KÜ"

2.5 ¢¢¢���(((JJJ

�©^¤JÑ�L¡����/C��{��
�X��6NÄx"·�^�

�8ØXeon 2.4GHz?nì§16G RAM�ó�ÕéXÚ?1ÿÁ"¢�¥§|µ�¹1�

�5��n�/§O��ÝÏ~U��10FPS�50FPS"²þ58%��m^u¦)ÛªÇ

6¿�¤��/C§30%��m^u-Euÿ§Ù{�m^ué��?1ÿÀö�§�)

��KÜ!©�§±9���þ`z"ÏL�X���y5¢�§y²
�ý(J�ý¢

Ôny�äk�p�¬Ü§Ý"¿?1
¢�Y%�ýÿÁ§5y²XÚ�p�5���

5"
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(a) (b) (c) (d) (e) (f)

ã 2.13 Y%�E�ý(J�Ôn¢�é' þ��ý¢Ôn¢�2§e���ý(J"

ã 2.14 Y%á3�Yá�L¡�ý(J�Ôn¢�é' þ��¢�(J4§e���ý(J"

2.5.1 ���yyy555¢¢¢���

• Y%�E

ù�ÿÁéü�Y%�¡�E?1
�ý§¿Óý¢Ôn¢��¹�?1
é'§

(JXã2.13¤«"�±wÑ§¦+�©��{�~{ü§��´U
O(��[Ñ

ü�Y%-EL§¥�)�«Å"

• Y%��NL¡%á

�
�y�>�$�34�^�e���5§·�éY%á3¿NX3�Y�NL

¡�L§?1�ý§ÙL§Xã2.14¤«"Y%3�>��NL¡��§duL¡�
3ã¡5µhttp://www.youtube.com/watch?v=uVQS2W0 r7U
4ã¡5µhttp://www.youtube.com/watch?v=m1KKbJo4nYk&feature=related
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ã 2.15 ØÓL¡ÜåXê�Y%·��J �N���ÕY�L¡§l��mY%NÈ�Ó§

L¡ÜåXê©O�0.05, 0.2, 1.0"

ã 2.16 YÎ�ä�J YÎÏRayleigh-PlateauØ½5¬��ä§ØÓL¡ÜåXê�J¬k

�O"T¢��ý�Ý�50FPS§l� mL¡ÜåXê�0.01§0.2§1.0"

�Y5¯��m§¿��½"Ó��¢S�Ôn¢��
é'§��ý(Jäk

�p���5"

• ²¡þ�·�Y%

ã2.15Ð«
ØÓL¡ÜåXêe§·�3ÕY�NL¡�Y%¥y�ØÓ/�"

ã2.5´�ÓL¡ÜåXêY%3ØÓ�Y5�NL¡£ØÓ½�>�¤¥y�/

�"¦+�©��{´Ôn�.�pÝ{z§�ù
ëêU
4·�¼�´L�C

�ý¢�Y%�J"

2.5.2 ¢¢¢���666NNNÄÄÄxxx

• Y9ÞÑY

ã2.16Ð«�´Y9ÞÑY��ý�J"YÎduL¡ÜåØþ!���Rayleigh-

PlateauØ½5 [61]§¬òYÎ�ä��Y%"L¡ÜåXê��§YÎÒ�N´�
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ã 2.17 êz�Y%á3Àæ�þ��J T¢�éY%3�NL¡wÄ�y�?1
�ý"�

Y%¬KÜ¤�Y%§w�Àæ�>�¬%á"T¢��ý�ÝU��30FPS§�#N^réY%

?1�p"

ã 2.18 Y%á3Ö�þ��J T|µ¥Y%�¹�3��n�/§�ý�Ý�35FPS"

�ä"T¢�$1�Ý�50FPS"

• �¥�Àæ�

ã2.17Ð«�´êz�Y%á3Àæ�þ§KÜ!wÄ��J"duÀæ���Y

5§Y%�áN3ÀæL¡"�Y%NÈUYO\§Ùå��§Ïdm©3À

æ�þwÄ§�ª��ð½�Ý"ù�¢�XÚ��±¢y^r�p"^rÏLà

I§����Þf3Àæ�þ$Ä§Þf$Ä¬òÙ;,þ�Y%ím"��XÚ

�$1�Ý¬�XY%�Oõeü§��|µ�¹5��n�/��ÿ§�ý�Ý

E,U
��30FPS"��|µÏLGPU\��OpenGL¢�±�"

• �¥�Ö�

ã2.18Ð«�´Y%Ká3Ö�þ��J"Ö�´��ÕY�L¡§Ïd�>

��180◦"3�ýL§¥§o��180�Y%§��¹3��n�/"�ý�Ý�

�35FPS"

• Y%á3E,¡þ
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ã 2.19 Y%á3�j�.þ��J T|µ¥Y%�¹�1��n�/§�ý�Ý�10FPS"

ã2.19Ð«�´Y%á33E,¡þ��J"�
\�-Euÿ§·���.�

ï
AABBä"ÔNL¡´1w�§¡þ��>��²¡þO��{Ä��Ó"�

��>���40◦"��Y5r�v±áN4Y%�§Y%Ò¬]!3�.�.Ü§

¿Ïå.�ä�¤�Y%"��|µ�¹�1��n�/§�ý�Ý�10FPS"

2.6 ���(((

�©JÑ
�«Äu¡���¢�Y%�ý�{"T�{ÏLé¡����/C§U


éY%�$Ä§9Ù�ÔNL¡�>¿wÄ�y�?1�ý"T�{�±©�üÜ©µ

��/C$�§éü�Y%?1Ôn�ý¶��ÿÀ$�§?nY%�KÜ�©�§¿é

��?1`z"T�{�±éY%�õ«y�?1�ý§��±òÙ8¤�yk�6N�

ýXÚ¥§�Ï^6N�ýOr�ºÝ�ý�[!"

8c§·���{��3�½�"�"Äk§¦+¡����/C��{��ý�5


�Ý�J,§�du�.pÝ{z§��Ø�ÄY%SÜ�$Ä§ÏdÓÄuN��î

.{6N�ý�'§O(5���
"Ùg§�Y%Øä®8!C¤�NÈ6N��§Ê

5ÚL¡Üå��^ÒØ@owÍ§T�{�ÒØ2·^
"2g§¦+^��î.¦)

²þÇ6§�du¬É����þ�K�é�§¿ØU�y�½Âñ"Ú���§¦)

Ò��UÑ¯K"��§3�[Y%3¡þwÄ�§·��¦¡´1w�"éu�\

E,�¡/G§'X�kk��¡§�>�ö��U¬�)Ø½"

�e5�ó�§·�F"òù@XÚ��3GPUþ¢y§±?�ÚJ,�Ý"Ó��

F"U
é��Ð�g·A���E�{§?�Ú~�O�m�"�kXÛU
?�ÚJ

,XÚ�½5§'X?n��g���¹�"
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13Ù ÊÊÊ555666NNN���������ýýý������OOO���YYY===<<<MMM

3�Ù¥§·�^¡��é23Y¡þ�ÊÈ6N��?1�ý§�[�NÔ²L�

�E\Y¥§���.�¿�K4ÔNL¡�L§"TÔnL§´¡XÚó²——Y=

<�J[z6§"Y=<´rãY<M3�«��þ§¿òÙ²Á3Y¡þ"�h¹zJ

�§ù«��ÒC���Y���ÊÈ6N"ò�XÚÔNúúÏLù��E\Y¥§�

�¬b3ÔN�L¡§¿ÅìòÔN�Kå5§lrô�=<�ÔNL¡"ÏdÏLé

TÔny�?1�ý§ÒU
òY=<J[z"

Y=<�±é�«Ø5K¡!õ«á���.?1p�þXÚ§Ïd®²3ó�¥

2�A^u¡«n�<M",§3Y=<L§¥§Y=<�Ï.�¬u)/C§Ïd

éJ3¡þ<M��.éà�ãY"�DÚ�Y=<ó²Ï~�6uÃóö�§éJ

�ÊÏ^r¦^"

�ÙJÑ
/O�Y=<M0��{"T�{oäDÚY=<ó²<M�þp!·^

��2�`:§Ó�)û
éE,¡<M�ãY��.J±éà�¯K"·�JÑ
Y

=<L§�O��."ÏLé��Y=<ÔnL§?1�ý§�±�âY=<��/C§

��ýC/ãY§¦�<kù�ãY�Y=<�3/C��§U
3�.L¡fÐ/¤�

��«n"�
ý¢y�J[�ý�Ó�ÔnL§§·�æ^~��Å�"��O¿�

ï
�@½ Y=<��§^u¢y�.½ §±9Y=<¥�.�$Ä��"�
)û

E,¡XÚL§¥Y=<�.�L���ôÚ�ý!$��»��¯K§?�Úòüg

Y=<*Ð�õgY=<§=zg=<�é�.�ÛÜ?1XÚ§²LõgY=<ô�3

ÔNL¡U\/¤�ãY§��O��.«nfÐ��"ÏL¢�§�y
¤JÑO��

.�°Ý§¿y²
�@XÚU
éõ«¡?1p�þ�XÚ"

3.1 ¯̄̄KKK���JJJÑÑÑ

3D�<���«#.�¯��.�EEâ§ÃØ´3ó�¥�´3�ï+�Ñ��5

�õ�'5"3O�Åã/Æ+�§CAcé3D�<�ïÄÌ�8¥3AÛE. [107]!Ô
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n�ý [106;111;113]±9L¡��A5 [101;144]��¡"Ø
3D�<ÔN�AÛ/G	§�<

¦^�á�±9�.L¡�«nãY§éu�ª¤.��¬	*Ó��~�",ù


�´�cïÄ+���f�!"

ÊÏ[^?3D�<Åzg�U¦^�«á�§?1ü�ôÚ�<"8c�
pà3D�

<Å¢y
çÚ3D�<§�=�u�êA«á�£X��!�q¤§�ù«�<Å�d

�ép§Ã{¡�ÊÏ^r"ó�¥k�
'�¤Ù�n�¡XÚEâ§�)>Û [145]!

bs [146]!þo [147]§$�´Ã±�"�´ù
Eâ  I�;����§Ùö�ö�<


âU¢y§Ïdù
�{Ì�^u�5�)�§�ØU�y�±^uE,/G¡§"

éu�5z½���¬§ù
XÚ�{¿Ø�½·Ü"

·�JÑ
/O�Y=<M0��{§ÄgòO�Ú\DÚY=<ó²§¢y
é�

5z¾�çÚn��.�ÔnXÚ"T�{Ø=U
·Aõ«E,¡§�U
^uõ«

á��ÔN§X��!7á!>b�"�@XÚEd$í§Ñá¤^�é$£üg=<�

¤�Ø�L<¬13�¤§äk¤�[^?�¬�då"

3.1.1 DDDÚÚÚYYY===<<<óóó²²²

Y=<´ó�¥^uE,¡XÚ��{ [148]"ÄkrãY�<3à¯LU£PVA¤

�þ£ã3.1(a)¤§r�²���uY¡þ¦Ù¤2§,�ò¹zJþ!�h3PVA�þ"

PVA����¹z§Ò¬C��~R^§���23Y¡��Y��£ã3.1(b)¤§�±�

~N´�.�"��ò�XÚÔNúúÏL¹z�PVA�§E\Y¥"PVA����>Ô

N§Ò¬b3ÔN�L¡§¿�XÔNE\Øä.�§òÔN�Kå5"3dL§¥§�

(a) (b)

ã 3.1 �<
ãY�à¯LU£PVA¤� (a) Ñ���PVA�b3�Ü1¡A4�þ§Ïd¦^

ÊÏ�$�<ÅÒ�±3þ¡�<ãY"(b) PVA�l1¡�þ�e§o±^���½¿��3Y

¡§�¹z��Ò�±éÔN=<ãY
"
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(a)�¹zJ (b)E\ÔN (c)=<�¤

ã 3.2 DÚY=<ö�6§ òY=<�£PVA�¤²Á3Y¡��§(a) 3ÙL¡þ!�h¹

zJ§¦Ù�Y=<��á�u)zÆ�A§C¤��¤23Y¡�ÊÈ�N"(b),�ò�XÚ

ÔN�úE\Y¥§Y=<�Òm©�.�¿�K3ÔNL¡"(c)�ÔN��E\Y¥��§3

Y¥���ÄÔN§�ØY¡þ¤2��§¿òÔNMÑ"^YÀWKL¡��GÔ§¿óZÔN

��§=�¤XÚ"

(a)�%n�ð�C»1 (b)��n�ïá2

ã 3.3 DÚY=<ó²XÚ��¬ Y=<U
�õ«á�?1XÚ§�du�.�ãYÃ{°

(éà§Ïd�U=<E�ãY"

<3�þ�ô��¬�XPVA��å$Ä§¿�ª<3ÔN�L¡"Y=<éÔN�á�

vkAÏ�¦§ÏdU
3õ«á��¡þ<Mp�þ�ãY"

,§XJ^Y=<Eâ3¡þ<MI��Ù/Géà�ãY§DÚY=<ó²Ò

¬�3¯K"Äk§DÚY=<¥�.\Yõ´<óö�£z��.Ñk�Z�\Y�

Ý§$�\Y�L§¥��^=�.¤§ÏdéJ�y¡�ãY��éà"Ùg3�.

\YL§¥§PVA��.�¬¦ãY�Û§$��Ï.�L�»�"ÏdDÚY=<

ó²<M�ãYõ´
E�ØI�éà�«n§X7«!�n�«�"Ì��¬kð�

7«S»!��n�ïá!�%n�C»�§Xã3.3¤«"
1ã¡5µproduto.mercadolivre.com.br
2ã¡5µwww.dg114.com
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(a)�XÚ�. (b)DÚó²£E«n¤ (c)O�Y=<M

ã 3.4 DÚY=<�O�Y=<·^��é' ÓDÚY=<ó²�'§ÏLéY=<L§?1

�ý§O�Ñý/C�ãY§ÏL½ Y=<b3ÔNL¡��U
fÐ�8I«n��§ÏdX

ÚØ2��uE«n§´U
Uì^r�O�«n�ÔNXÚ"

3.1.2 éééDDDÚÚÚYYY===<<<óóó²²²���UUU???

�©ÏLO��{)û
DÚY=<ó²¥¡�ãYÃ{°(éà�¯K"·�é

Y=<L§?1
J[�ý§¹z�PVA�ï����5Ê5���.§�.�>.^�

dÔN\Y�L§Ä��#"ÏL�[ÔN\Y��L§§�[ÑPVA�3Y=<L§¥

�.��/C§¿�O�Ñ�þ�:�Ùb�ÔNL¡þ ��N�'X"ÏLTN��

±��ÑI�3PVA�þ�<�ýC/ãY§^ù�ãY5�Y=<ÒUfÐ�¡<þ

���«n"

�
�ý¢ÔN<þãY§�I�ý¢�yJ[�ý¥�ÔnL§"Ïd·��O

¿�E
�@½ Y=<��§�¹�@Äu3DÀú�½ XÚ§^u�ÔN°(½ ¶

±9ÔNY±�$ÄC�§�±��ÔN±�½�Ý!�$Ä"�@��´^~��"�

5�ï§Ïd¤�é$§ÊÏ^rÑÒ�±éN´¢y"ù@���O��.(Üå5§

U
ÏLY=<ò«nãY°(�=<�ÔNL¡"ù�ÒU
�ÑDÚY=<ó²Ã{

¢y�I�¡�ãYéà��¬§Xã3.4¤«"

�)ûE,¡XÚ�§PVA�Ï.�L��)î�ý$�»��¯K§·�?

�ÚòügY=<*Ð�õgY=<§zgÀ���XÚ��§O�ÑT��þ�<�ã

Y§¿ÏLY=<éÔN�ÛÜ?1XÚ"ÔNL¡õgXÚU\3�å��J§��½

��.«n�Ó"
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 输入：彩色纹理（左）
         待着色模型（右） 虚拟仿真 打印图案 定位水转印 输出：彩色模型

ã 3.5 O�Y=<MXÚ6§ã XÚ�Ñ\´���XÚ�¢Ô�.§Ó��I�kÙb
«

n�êiz�."ò�XÚ�.�½3=<��þ��§ÏLÀúXÚÿþÙ �Ú��§¿^

ù
ëê?1J[�ý"O�ÑPVA�3Y=<L§¥�/C��§�â/CO�ý/CãY§¿

òÙ�<3PVA�þ"��ò���uY¡¿¹z§éÄC���ÔNBL¹z�PVA�E\Y¥§

�ª��=<þãY�çÚ�."

3.1.3 MMM###:::

�ó��Ì�M#´ÄgJÑY=<�O��.§¿ïáå½ Y=<XÚ§¢y


n�¢ÔUì�O«n�°(XÚ"äN�)µ

1. ÄgJÑ
Y=<ÔnL§�O��.§�±é��ÔnL§?1�ý§O�

ÑPVA�3dL§¥�.��/C"

2. �E
Uý¢yJ[�ý�½ Y=<C�§�)XÚI½Ú$Ä��"

3. JÑ
éÔNõgY=<��{§k��)û
E,¡XÚ�ãY�ý�¯K"

3.2 ���{{{VVVããã

�@O�Y=<MXÚ�6§Xã3.5¤«"¢yY=<M�Ú½Xeµ

1. XÚI½�
éY=<L§?1Ôn�ý§Äk�é�.±9PVA���é �?

1I½"ò�.�½3½ Y=<C�þ,^�@Äu�Ý�Å�ÀúXÚ§ÿþÑ

�.�éuPVA�� �9��"

2. J[�ý ���.�PVA���é ���§é��Y=<�ÔnL§?1�[§

O�ÑPVA�3��Y=<L§¥´XÛ�.��"

3. O�ý/CãY3J[�ýL§¥§��
PVA�þ�z�:NX��.L¡þ�

�I§lïáåPVA��n��.L¡�N�'X"�âù�N�±9êiz�.

�«n§Ò�±O�Ñý/C�ãY"
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4. Ôn¢y��òý/CãY�<3PVA�þ§òPVA���3Y¡þ¿�½Ù>.§

,�m©Y=<ö�§PVA�þ�ô�Òò�=<�ÔN�L¡"éuE,¡�

.§�±3ØÓ��þEù�L§§ÏLõg=<¢y�N�¡XÚ"

�@XÚ�Ø%´J[�ý(3.3!)ÚÔn¢y(3.4!)§=O�ýC/�ãY§¿ÏL

����¢yY=<�ÔnL§"

3.3 JJJ[[[���ýýý

O�Y=<M�Ø%´O��<3PVA�þ�ý/CãY§ÏLý/C¦�ãY�.

���§U
3�.�L¡¥yÑ�O�«n"J[�ý�Ñ\´n��.�AÛ/G!

L¡�«n!±9�.�éPVA����Ú �£O��{ò33.4!£ã¤"8c·��

ï�½ Y=<��¥§^u���.���>Å´ç�SC�§ÏdJ[�ý¥��.

��3ç���þ$Ä"

J[�ý8�´��PVA�þ�:��.L¡ïáå��N�'X"ÏLù�N�'

X§�±�é��þ��:3Y=<L§��§b3�.L¡þ� �"Ïdù�N�'

X�N�´Y=<�ÔnL§§��UÏLJ[�ý5�ï"

3.3.1 ÊÊÊ555������

3Y=<m©�c§�<ÐãY�PVA����3Y¡þ§��3��L¡þ!��

h��¹zJ"¹zJU
�PVA�u)zÆ�A§¦�PVA�×�C^¿äkÊN5§l

3Y¡/¤��aqu�Y�Ê5��"���XÚ�.�ú!�eü§�>���¿

E\Y¥"3dL§¥§ô�ëÓPVA��åò�.�Kå5§¿áN3�.�L¡"Ï

(a) (b) (c) (d)

ã 3.6 Y=<¥§PVA��.�¿b3ÔNL¡�«¿ã (a)��ÔNm©ç��e$Ä¶ù:

L«23Y¡�PVA�þ��:"(b)ÔN�Ü©m©\Y"�Ü©PVA�b3ÔN�L¡§23Y

¡þ�Ü©m©�.�§Ïdù:m©£Ä"(c)ÔNUYE\Y¥"ù:$Ä�ÔNL¡¿b3

ÔNþ"(d)ù:b3ÔNþ��ÒOO/�½3ÔNL¡¿�XÔN�å$Ä"
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~§PVA��	>.´����½�§¿�Ø�£Ä"®²NX3�.L¡�PVA���.

�åe�§Ù{Ü©EÎ23Y¡§�¼�
�Ý¿m©.�"��L§Xã3.6¤«"

Äuþã*	§�±æ^Ê5���.5£ãPVA��Ôn5�"3·��XÚ¥§

duÔN\Y�Ýð½��ú£5mm/s¤,Ïd�±�Xeb�µ

1. «1PVA��Y?u·��"

2. Ê5��vkç�����Ý"

3. Ê5��3Y¡þ�kY²����Ý§���>ÔNÒòb3ÔNL¡§¿�Ô

N�åç�$Ä"

Äuþãb�§�±òÊ5��{z���²¡þ5O�"3ù���«�S���

XÔN�Y¡��.����.�§��Ù$Ä��.���b3ÔN�L¡"du��

�Y�é$Ä��Þå��u��.��Så§Ïd�±ò�Þ�Ñ"

òÊ5��{z���²¡��§I�O�Ù>.^�"PVA��	>.����½§

ÏdÙ�Ý�0"PVA���.�>Ü©�>.þ£S>.¤§Ù�Ý�±�âAÛ'X5

O�"éuS>.þ�:x§Ù�Ý����.3x:{�3Y¡�ÝK���Ó¶du�

�±Y�.�¿NX3�.�L¡§Ïd�Ý����x:3ÔNL¡��Ý���Ó"

·�^u(x), x ∈ R2L«Ê5������Ý|"3·��XÚ¥�.3ç���!�e

ü§Ïd�âAÛ'X�±�Ñ>.þ�Ýu(x)�úª

u(x) =







vdn(1− cosθ )/sinθ , x ∈ Γs,

0, x ∈ Γv,
(3.1)

Ù¥§ΓsÚΓv©OL«���>ÔN�>.Ú��½�	>.¶vd´�.eü��Ý§

θ´�.3�x�>:?�²¡�Y²¡�m�Y�§n´��>.x:��>.	Ü�{

�"3��Y=<L§¥§>.Γv©ªØC§ΓsK�â�.�\Y�ÝØÊ3�#"

顶视图 主视图 局部放大

ã 3.7 Ê5���>.^�
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�>.^�½e5��§e�ÚÒ´�O�3�½>.^�e��SÜ�/C"·�

JÑ
ü«O��{µd÷�d6�.±9��5Ê5���."ùü«O��{3O�

�Ý�O�°Ýþ�k`³§Ïd3S�O��£3.3.5!¤¬òÙ(Ü¦^"

3.3.2 ddd÷÷÷���ddd666���...

du��3�h¹zJ�C�äkÅ5§��.E\�Ý�éú§ù«Ê5��ä

ké��Xìê 3 [149]§Ïd�±^d÷�d6£Stokes Flow¤5£ãù«Ê5���$

Ä [150]"3��$Ä¥§d÷�d6�{ü£ã���.Ê.d�§

∇2u(x) = 0, x ∈ Ω (3.2)

Ù¥Ω�Ê5��23Y¡þ�«�§�Ò´ÙO�«�§Xã3.8§Ù/G�XÔN

E\Y¥Øä3Cz"úª3.2�>.^��úª3.1"3ê�O�¥£3.3.5!¤§é��l

Ñz§,�3z��mÚ�¥¦)úª3.2"Ï~6N�ýI�4ÑÝ�"§l�y6

NØ�Ø �A5"�´��du.��)¡ÈCz§Ó�¬¦���þÝ�u)C

z§l�yNÈÅð§Ïd3úª3.2¥¿Ø�¹ÑÝ�"

ã 3.8 Ê5���O�«�

úª3.2�O��±�~¯§Ïd3��/C����ÿ£'X�.f\Y��ã¤§

�±�~¯��O�Ñ(J"�´�X�.E\Y¡�5��§��/C��5��§/

C���5��5�r§�5�d÷�d6�.O�°ÝÒ¬eü"Ïdù�ÒI�æ^

��5Ê5���.5O����/C"

3.3.3 ������555ÊÊÊ555���������...

duPVA�3�¹zJ��òLyÑaqÚîÊ56N�5� [151]§Ïdæ^Batty�

<�Ø© [54]¥£ã��{����5Ê5���."ÏLlÑd÷�d-a|a'§3z
3Xìê§½Â�Re = U L/µ§3Ê56NNavier-Stokes�§¥´��Ãþjê"Ù¥U��ÝA�ºÝ§L��ÝA

�ºÝ§µ�6N�$ÄÆÅ5Xê"
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��S�±Ï¥ÄkO����5/C§,�2O�Ê5"äN5`§3ù��.¥�5

åfint(x)����ù�:á��5Uþ�Cz�Çk'"ù
åò¬¦�Ê5���)$

Ä§Ù$Ä÷v�§µ

ρu̇+ fint(x) = 0 (3.3)

du�©¥�Ê5���.;�^uY=<L§�O�§ÏdéBattyØ© [54]¥�ú

ª?1
�½�{z"Äk§3O��5/CUþ��ÿ§�Ñ���Uþ£bending

energy¤§��Ä��£.�¤Uþ(membrane energy)"ù´Ï����3²¡¥$Ä§

Ïd�Uþ�""��Uþ´3Y¡þ�Ü�����Uþ�Ý�È©§Wm(x), x ∈ Ω"

XGingold3Ø©¥¤ã [152]§��Uþ�ÝÏLACÜþ5½Âµ

Wm(x) =
Y h(x)

2(1− ν2)
((1− ν)tr(ε2) + νtr(ε)2) (3.4)

Ù¥h(x)´��3x:�þÝ§tr´�5Üþ�,§Y´PVA��¼�þ§ν´PVA�

�Ñt'"3O�Ø�Ø Ê56N�§ν = 0.5¶¼�þKÏL¢���£3.6!¤"ú

ª3.4¥§��ACεæ^��ACÜþ§^u£ã���²¡SAÛ/C"ÏL½Â��

Uþ§��5���Så�±L«�����«�Ωþ�È©µ

fint(x) =∇x

�∫

Ω

Wm(x)dS

�

(3.5)

3.3.4 ���þþþ!!!þþþÝÝÝ������

���þÝh(x)I�AÏé�§�±{üb�3�ý�z�ÚL§¥§��3z�

:?þÝð½§�ÚO��¤�2b�NÈð½5�#��þÝ",§du3PVA�þ

�<þ
ô�§ô�¬O\���þÝ"��<�ãYØÓ§��O\�þÝ�ØÓ"

PVA���Òé�£�0.5mm¤§dô��5�þÝO\§v±¦��ÛÜ��.�5ü

$§¿���ª(J��ý(Jk²w�«O"3ã3.9¥§�ý¡ä�ãY3O�L§

¥�Ä
ô�þÝ�K�§ÏdXÚ�~O(¶mý¡ä��Äô�þÝK�§ÏdO

�Ñ�ãY �"

,3?1J[�ýc§��þ�ãY%´���§�ÒÃ{�âôÚ5����3

z�:?�þÝ"�
)ûù�¯K§·�©¤üÚ5¦)µÄkb��Ü���þÝÑ

�Ó§^þ!���?1J[�ý§ÏLùg�ýk�Ñ5�ÌãY"k
ùÌãY�

51



úô�ÆÆ¬Æ Ø© 13Ù Ê56N���ý��O�Y=<M

ã 3.9 ô�é��.�§Ý�K� Y=<ÔnL§¥§ô��þÝ¬éPVA�.�5�)K�µ

ô��þÒ�J.�§ÏdXJ3�ýO��Ò�Äô�þÝ§Ò�±JpO��°Ý"�ý�.

´�ý��Ä
ô�þÝ�XÚ(J§�.�ãY°(éà"mý�.´òPVA��¤þ�þÝ�

ý�XÚ(J§ãYO� �§Ïvk����.éà"

�§1�ÚÒ�±�âôÚ5����þz�:�þÝ§^ù��þ!þÝ����,�

�J[�ý�Ñ\"ù�L§�±S�?1§���Ñ�ãYØ2u)Cz"ØL�â¢

�(J§Ï~�I�üÚS�ÒU
��Âñ"Ïd3¢SO�¥§1�Úæ^d÷�d

6�.×�O�¿��Ñ��z�:�þÝ§�e5Òæ^��5Ê5���.^u?�

ÚJpO�°Ý"

ô�¦��O\�þÝ§�±ÏL�<Å�3��þ�$Yþ5��"ò�<3��

þã¡�� ã5?n§z�����ôÚÑ�±=��CMYKôÚ�m¥"CMYKôÚ�

´�<Åo�Ú£�!¬ù!�!ç¤z«ô��$þÓÙ���$þ�z©'L�§z

�Ï����[0,1]§ÏdòùoÏ���\å5£��4.0¤�±��ù«ôÚo�$þ

��O"òù��P�t§@o§�$þÝ�'ut"ÏL¢�§uy^∆h = 0.05tmm�

�ô�¦��O\�þÝ�±¼�Ø��(J"

3O�L§¥§·�ØÊ/�#���þÝ§¦����oNÈ�±ð½"��æ

^n����lÑzL�§��3n�/SþÝ��§Ïd3z�ÚO��(�§Ñò

��þÝ�#�h(x) = h0(x)A0(x)/Ar(x)§Ù¥h0(x)´�¹:xn�/���Ð©þÝ§

A0(x)ÚAr(x)©O��¹:xn�/�Ð©¡ÈÚ�c¡È"

3.3.5 êêê���OOO���

d÷�d6Ú��5Ê5��Ñæ^k���{£Finite Element Method¤5O�"

��3Y¡þ�Ü©^n���5L�"�Ý|u(x)��lÑ��;3n�/�z�º:

þ§3n�/SÜ^���5��5%C"
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3.3.5.1 Ä�>.����#

3�.\Y�L§¥§���S>.Ò´�.�Y¡�.�"du�.©ª!�e

ü§z�vÑU
O��.\Y��Ý§¿��#�Y¡��.�£��S>.¤">.

�#��§k^AÛ�{¥£XTriangle [153]¤#é��?1n�z§,�2?1Ôn�

ý"du�.�£��S>.¤²w�Cz§é��Cz�²w?n£òÜ©þ�v�º

:��#)¤n����æ�:¤§±��ª�ÿÀCz����Ø�"3¢�¥§Γs�

>��1mm§n�/S��Ýe��30◦§n�/¡Èþ��1cm2"3^d÷�d6�.

£3.3.2!¤?1O��§3�#�����þ���E¿¦).Ê.d�§"3^��5

Ê5���.£3.3.3!¤?1O��§�I�^þ�ÚO����Ônëê§ÏL%�

���#�����ÔnëêD�§,�2¦)úª3.3"�{1´^��5Ê5���.

���mÚ���{§�Batty�<��{ [54]Ä���"

Algorithm 1��5Ê5�����mÚ�O�6§

1: ò�.!�eü�½�mÚ�

2: �#>.�Γs (�ã3.7)

3: n�zΩ«�§Ù>.�Γv ÚΓs

4: òþ�v�����Ý|���#��þ

5: �#>.^�£úª3.1¤

6: Ûªî.{S��Ú

7: �#��þÝµh← Vr/Ar

8: ��Ñ��âf��Ý(�3.3.6!)

9: �#��âf �

3.3.5.2 O��.ÀJ

·�JÑ
d÷�d6Ú��5Ê5��ü��.§Ñ�±^uÊ56N�O�"d

÷�d6O��Ý¬¯éõ§�����U�[�/C"~X§éã3.15¥�¥?1J[

�ý§d÷�d6O��I�7¦§��5Ê5��KI�5©¨"3¢�¥§·�uy

XJY=<L§¥��ÛÜ.�ÇØ�L0.3§@od÷�d6®²v
�Ñ'�°(�

(J"��Lù�.�Ç§Ø�¬�5��§Ò�Uæ^��5Ê5��5?1�ý
"

¤±d÷�d6�^u�ª�ýcO��OãY§^u�O���þÝ"ù��^é��

m�§ÒU
éÐ�J,��5Ê5���O�°Ý"Ød�	§3õg=<¥£3.5!¤§

d÷�d6�^5¯�O��������/C§lé¡?1©�"
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3.3.6 «««nnn���lll

J[�ý�8�Ò´�
ïá��PVA�þ�:�ÔNL¡�N�'X§éuã��

z����±ÏLTN�é�Y=<�b3ÔNL¡� �§Ö�ù�:�ôÚ§l)

¤ý/CãY"du�<Å�©EÇk�§�
)¤¦�U�ß/ãY§ãYº��â�

<Å�p©EÇ5)¤"�
¼�z�����ôÚ§3z���¥:)¤��âf£�

�âf¤§¿�3J[�ý¥§4Ù�â�Ý|u(x , t)�£Ä§��âfb3�.L¡"l

�.�«nãY¥Ö�bÜ:�ôÚ§¿òÙD�éA���"

3J[�ý�z�ÚO�¥§éz����âfé��¹§�n�/§ù�:��

ÝÒln�/º:þ����"éuçÚ��þ�� ux:���âf§·��lÙ$

Ä§��b3ÔNL¡ x̃:§u´Òk
N�φ(x) : x 7→ x̃"��.��E\Y¥§��

¤k�N�§¿��_N�φ−1( x̃) : x̃ 7→ x§ù�Ò�±ò x̃?�.�«nôÚD���

�φ−1( x̃)"r¤kù
N�Üå5§Ò¼�
I��<�ãY"

3.4 ÔÔÔnnn¢¢¢yyy

�J[�ý�¤§O�Ñý/CãY�§I��@U
¢y��ý�ÓÔnL§�X

Ú§òJ[�ýC�y¢"TXÚ�¹
�@Äu�Ý�Å�n�ÀúXÚ§^u�.�

½ §±9�1Y=<ö��Å�C�"

3.4.1 XXXÚÚÚ���ïïï

·��XÚXã3.10¤«"�@XÚd~^"��ï¤§U
°(��ÔN���

Úeü �"�.ÏLü�Yf��½3��>Å�eà§ÏL>Å��U
3ç���

!�$Ä">Å��ÝÏL��ì§�±30mm/s�10mm/s��SëY�N"3¢�¥§

ÔN�E\�ÝÑ��5mm/s"

C��e�´��ð§Y³§§ÝÏL\9�ð½330◦C"�<ÐãY�PVA�Ò�

�3Y¡þ§o±^���½§ �^�½\�½"Y³þCk�½\�� ¬§Ïd�

±�yzgPVA�Ñ���3�Ó� �"·�¦^A4º��PVA�§Ïd^ÊÏ�$�

<ÅÒ�±3þ¡�<ãY"
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Sheet

待着色物体 直线电机

Kinect 恒温水池 PVA膜

ã 3.10 O�Y=<M�� ·����Ì��)���÷Y�Y³5«1PVA�§��U
\

±¿���XÚÔNç���þe$Ä���>Å§±9���Ý�Å£Kinect¤^u¼��XÚ

ÔN� �Ú��"

3.4.2 ���...nnn���½½½   

du8c�Å�C��U4�.þe$Ä§ÏdéJ¢yò�.gÄ��3�½ 

�§,�.� �Ú��%´J[�ý¤I��"�
)ûù�¯K§Äkr�.�½

3C�þ§,�ÏLn�×£XÚ§O�Ñ�.�éuPVA�� �Ú��"^ù� �

Ú��?1J[�ý§��ý/CãY��§2�1Y=<ö�"

�
¼��.� �Ú��§·�^���Ý�ÅKinect§ÏLKinectFusion�

{ [154]×£����|µ�3D:�"�
�«PVA�� �§3���½\þSC
o�

7i©/�3D�.§ÏdPVA��éu7i©�.� ��´®��"du7i©�.Ú

�XÚ�.�/GÑ´®��§�±^ICP�{ [155]òÙ�×£��:�éà§u´�±O

�Ñ�XÚ�.�7i©�.��é �§lO�Ñ�PVA���é �"3¢�¥§

ù«½ �{�Ø�Ø�L1.5mm"

3.4.3 XXXÚÚÚ666YYY���ooo(((

·�o(�@Y=<XÚ6Y�£ã3.5¤�ó��n"^rJø��êi3D�.§

�.�«n§±9�êi�.�����3D¢Ô�."r¢Ô�.^Yf�½3C�þ§

^n�½ XÚO�Ñ¢Ô�.�éuPVA�� �Ú��§,�ÏLJ[�ýO�Ñý
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/CãY§¿^�$�<Å�<3PVA�þ"��òPVA��½3Y¡þ§¿�1Y=<ö

�"

3.5 ***ÐÐÐµµµõõõggg===<<<

·��O�Y=<�{U
�õ«¡?1p�þ�XÚ§�´�XÔN\Y�ÝØ

äO\§��.�Ç�ØäO\§XÚ�þ¬Ïdeü"ù´du��.��¢SÔnL

§§Ù¢´pÝ��5�§^{ü�êÆ�.5%C§.�Ç��§O�(J�Ôn¢

�(J� ��Ò��"�.�ÇL���ÿ§��$��¬�.»"ÏdéuL¡/G

E,�ÔN§ügY=<�4��CX��¡A�´Ø�U�"

üg=<�U¬��(J�,���Ï´§�ÔNL¡{��þ§¿�A��Y¡²

1��ÿ£X�¥\Y¢��§��\Y�@�:¤§úª3.1¥�θ��C180◦"d��

âúª3.1O�Ñ5�>.�Ý¬�~�§3ù«¾��>.^�eO�Ñ5�(JØ�

�Ò¬é�"

Ïd�©JÑ
Y=<���*Ð�{µéÓ��ÔN3ØÓ��þõg=<"ù�

�{�1´Ï��<ãYþ�,��XJ´xÚ§@o�<Åù�:þØ¬�$Y§Ï

dPVA�3d?´ß²�§��uù�:vk�=<"�.þ��:XJ=<
õg§@

où�:þ�ôÚ¥y�ò´ùAgXÚ¥ô�·Ü�(J"

3.5.1 «««nnn©©©���

Äk^r�ÔN�½õ�=<���§âdò�.�«n©�¤õ�«�"3Ônö

��§zg=<�éÔN��Ü©?1XÚ§õg=<�Ó©�Ñ���«n"ÏdI�

O�3����þ=<�ãY"éÔNL¡þ�:§kb½ù�:�3�g=<¥�X

Ú§XÚ���À��K´ÀJ¦�3ù�:.�Ç�����"^r�½=<����

{�´ÏLrÔN�½3C�þ§3D×£O�Ñ�.� �Ú��£3.4.2!¤§2Ñ\�

J[�ý¥�"

äN�{Xeµr=<���P�i§,�^d÷�d6�{£3.3.2!¤éÙ?1J

[�ý"ÏL«n�l(3.3.6!)§�±¼�l�����n��.L¡�N�ãφi(x)"

φi(x)�JacobianÒ´�þx:�/C§Ù��ÛÉ�Ò´x:?��ÛÜ.�Ç"éu��

n�/�n�º:q1,q2,q3 ∈ R3§Ù3��²¡þ��I�p1,p2,p3 ∈ R2"Ïd3ù�n

�/¥�3���N�S(p) : p 7→ q§O�úª� [156]µ

56



úô�ÆÆ¬Æ Ø© 13Ù Ê56N���ý��O�Y=<M

low stretch high stretch

ã 3.11 õg=<PVA�3�=<��þ�.�Ç òPVA�b3ÔNL¡��.�Ç?1�À

z§ÉÚ�ÞL«ÔNng=<¥XÚ���"

S(p) =
1

〈p1,p2,p3〉
(〈p,p2,p3〉q1 + 〈p3,p1,p〉q2 + 〈p2,p,p1〉q3) (3.6)

Ù¥〈·, ·, ·〉L«ùn�º:�¤n�/�¡È"ù���C��Jacobian´��3× 2�

Ý
§Ù��ÛÉ�Ò´ù�n�/���.�Ç [156]"O�Ñ¤kn�/���.�Ç

��§3i��þz��º:�.�ÇP��Tº:�ë�¤kn�/��.�Ç�þ�"

éz���iÑ?1TO�§Ò��
3����þ�.þz�:�.�Ç§Xã3.11¤

«"

��§é�.þz�:À�¦Ù.�Ç���XÚ��§ù�Òé�.L¡?1
©

�§©��z�¬ÑéAu��XÚ��"

3.5.2 OOO���üüü���������===<<<ãããYYY

3þ�Ú¥·�é�.L¡3��=<���©�§O�.�Ç�æ^d÷�d6

£3.3.2!¤?1¯�O�§�Ñ����.�Ç§Ó���Ñ����XÚ���ãY"

�¤
���.L¡�©���§^d÷�d6¥�Ñ�ãY�O��þÝ§2^��5

Ê5���.£3.3.3!¤?1°(�O�"

ù�Ú¥§^rUìO�Y=<�IO6§§±�þ�Ú¥�Ó���òÔN�½3

C�þ"3�¤
�.½ ��§^��5Ê5���.£3.3.3!¤?1J[�ý§Ó�

òôÚ�5���þÝCz�\O�§���\°(�XÚãY§Xã3.12�ý��¤
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ã 3.12 õg=<z����=<ãYO�L§ z1�L����þ=<ãY�O�L

§"£�¤z���þO�Ñ5���=<ãY"£¥¤>.²wLÞ�§éA��þz�����

"£m¤�ª�<3PVA�þ�ãY"

«"�����ãY¦±����þXÚ�£ã3.12¥m��¤§������þ©�

���<ãY£ã3.12mý��¤",�?1=<ö�§éÔN3T��éA�Ü©?1

XÚ"�ÔN��ZH�§��XÚ��Eù�L§§��¤k��=<Ñ�¤§��

�.�«nÒÏLõg=<�±�3
ÔNþ"

3.5.3 >>>...²²²wwwLLLÞÞÞ

õg=<�±;�PVA�3XÚL§¥�ì�.�§lJ,
XÚ��J§�´I

��yzgXÚ«�U
fÐ©�3�å§ÄKÒ¬�)²w��¿",¢SÔnL

§Ø�;��¬�)Ø�§ÏdÏL>.²wLÞ5~�Ï©��)�ãY�ý"X3

ã3.12¥§�ªO�Ñ��<ãY>�´1wLÞ�"éu=<��i§Ù3�.þXÚ«

��Θi"3d«�¥�z�º: jÑ�D�XÚ��wi, j = 1"3«�Θi	�º:§ÙX

Ú��Uì�«�>.�ÿ/ålþ!4~§úª�µ

wi, j = 1−
di, j

H
, for di, j ≤ H, and wi, j = 0,otherwise (3.7)
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Ù¥di, j´º: j�Θi�C>.�ÿ/ål§H´��LÞ��°Ý�~ê§3¢

�¥�5mm"�
�yÏLõgXÚ§ÔNz�:=<ô��oþ��?1ügX

Ú�Ó§I�éz�º:õgXÚ���?1þ�z"éº: j§Ù3i���XÚ

���wi, j = wi, j/
∑

i wi, j"�º: j?3CMYK�m¥�ôÚ�c j§Kº: j3i��XÚ

�§�<ãYéA���ôÚ�c j�xÚÏLwi, j��5��§=wi, jc j + (1− wi, j)W§Ù

¥W = (0,0, 0,0)�CMYKôÚ�m¥�xÚ§"

3.6 ¢¢¢���(((JJJ

·�Äk�O
�y5¢�£3.6.1!¤5�yÔn�.�O(5§,�^½ Y=<

éõ«n��.?1
XÚ§�)üg=<XÚ£3.6.2!¤±9õg=<XÚ£3.6.3!¤"

�ý$13Intel i5 4430 CPUþ§��âf�l$13Nvidia GTX 780 GPUþ"¤k�¢�

ÑU
35©¨�S�¤ügE\XÚ��ý"

Ê5PVA�k3�Ì�Ônëêµ�Ý!þÝ!¼�þ"�Ýρ = 1300kg/m3 Úþ

Ýh = 0.5mm ëê�dPVA�øAûJø"¼�þ(Y = 1.82MPa)ÏLÔn¢�ÿþ�

�"ÏLY=<ò��Ú��ãY=<���¥þ§Ó�^ØÓ�¼�þéù�L§?

1J[�ý§À��Ôn¢�(J��C�J[�ý(J§��Ù¼�þ�"ù��Ò

��¢S�Ônëê^u¤k�¢�"

3.6.1 ���yyy555¢¢¢���

·�ÏL�y5¢�£�
±en�¯Kµ

1. üg=<^Y=<XÚ´Ä�Eº

2. ��5Ê5���.´Ä'd÷�d�.�(J�\O(º

3. XJY=<XÚ�±E§J[�ýU
��õp�°Ýº

3.6.1.1 �E5�y

du�6Ãóö�§DÚY=<ó²��é��":Ò´Ø�E"O�Y=<Ï

LÅ�C�é�.?1��§�E5��
4��Jp"·�^�Ó�Ú��ãY Ó

���.þõgXÚ§wãY´ÄU
Ü5�y�E5"·�î�UìY=<�IO

6§ö�µ3A4����Y=<�þ�h1ml¹zJ§��20s,�E\�."XJãYU
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ã 3.13 Y=<�E5�y ^�Ó�Ú��ãY§���Ó�=<L§§é¡ä�.?1X

Ú"l��m§�.©O=<
�g!üg!ng"zg=<ãYÑU
éà§Ïdwå5ôÚ3

Åì\�§ly²Y=<L§´�E�"

(a)Ôn¢�(J (b)d÷�d6�.�ý (c)��5Ê5���.�ý

ã 3.14 ��5Ê5���.�d÷�d6�.(Jé' é���U.ÔNÏLY=<bÚ�

�«n§Ó�éÓ�ÔnL§^��5Ê5���d÷�d6ü«�.?1�ý§'��ý�Ô

n¢��(J§y²��5Ê5���.O�O(5�p"


Ü§Ky²Y=<L§´�±E?1�"T¢�(JXã3.13¤«§ã¥��.l

��m©O�XÚ
1g!2g!3g§zgXÚÑ¦^���Ó�ö�"ÏLé'�±w

Ñ§zgãYÑU
A���CXþ�gXÚ�ãY§ÏdôÚ�X$þ\\Øä\

�"

3.6.1.2 ü«�.é'

ã3.14´d÷�d6�.���5Ê5���.¢�(Jé'"æ^
����

�U/�.5�ÿÁ§�.�ü��k\Y§�ü����E\Y¥��§þÜ�²�

â\Y"�X�.\Y�Ý�O\§ü²��m���.�Ç×�O�§��þÜ�

²�\Y����.�Ç®²�~�§ÏdU
�~�ß/*	Ñ���/C"'�

ã3.14(b)Ú(c)��ý(J�±wÑ§��5Ê5���.'d÷�d�.�O�°Ý�
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low
 stretch

high stretch

ã 3.15 Y=<°Ý�y ÏL��kAÛA�£L¡]�¤��.þ=<äkãYA�£²�

���:¤�«n§ÿþãYA��AÛA�éà�Ø�5�y°Ý"²��.�.�Ç��§Ø

�Ø�L1.5mm"�¥�.��¥Ø�Ø�L2mm§�L�¥�.�:ìO�§ÏdØ��C�

£�5mm¤"£�¤ÿÁ�.9Ù«n"£¥¤=<
«n�¢Ô"£m¤PVA��.�Ç"

p"

3.6.1.3 °Ý�y

·�^ü��.5�yXÚ�°Ýµ��º��12cm×12cm×1cm�²�Ú���

»8cm��¥§Xã3.15¤«"3�.þ��
�
5Kü��]�§ù
]�^u�«

�.þ� �"ù
]�Ñ�~f§ÏdØv±K�PVA��/C"ù
�.�«n�O

�²��§¿�Ù��:��.þ]��.ÜfÐÜ"ÏL��§��¢Ô�.§½ 

Y=<XÚ�Ø�Ò�±ÏL«nA�£²���:¤�AÛA�£]�.Ü¤� �5

?1½þÿþ"

²��.±30◦\Y§�ª(JØ�Ø�L1.5mm"�¥�.�4ç��e\Y§�

�¥�Ø�Ø�L2mm§�H�¥�Ø�wÍO�£�5mm¤"ù´Ï���L����

¥�.E\Y¥��§PVA�.�§Ýò¬×�O\§�CH4NCY¡��.L¡�Y

��´�C180◦§3J[�ý�¬/¤¾��>.^�§ÏdO�Ø��¬²wO�"
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ã 3.16 ���->bL¡�Y=<¢� xÚ�>b������	ï�¤¬§ÏdkÏL3D×

£¼�ÙAÛ/G§d²â[3êiz�.þ�O«n§�ªÏLY=<XÚ�ÙXÚ"

ã 3.17 /¥¤-��97áL¡�Y=<¢� Y=<�U
.�¿�K���¥§Ïd/¥¤

����IügXÚ"ã¥���ÏL3D�<�����¥§�o�7¥§�>�XÚ���J"

3.6.2 üüüggg===<<<¢¢¢���

éuNõ{üÔN§ügY=<ÒU
��Ñ�JØ��(J"ã3.4�üg=<�

(J§ÓDÚY=<ó²�'§·���{U
ò«nãY��.L¡°(éà"

Y=<ó²U
éõ«á��L¡?1XÚ§·���{Ó�U
*Ð�õ«á�"

ã3.16¤«�´^O�Y=<�>b�bþ���«n">b�´	ï��¤¬§ÏdÄ

k^n�×£¤¼�ÙAÛ/G§,�d²â[��.�O
«nãY"^×£��.9

çÚ«n?1J[�ý§O���
�<3PVA�þ�ý/CãY§¿ÏL½ Y=<ò

Ù<M3>b��L¡"

ã3.17Ð«�´���¥Ú7¥bþ�/¥¤«n§·���{U
éA���¥¡

?1XÚ"ØL¦+�.�.Ú¿Ø¬K��Y=<L§§�%¬K��ª�XÚ�J"

�<Å%@´3x�þ�<§��.ÚB¬��Ú "ØLéuôÚØ´���ÔN§Ï

Lýké�<Å?1�ÚU3�½§ÝþÅ�Ú "
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ã 3.18 üg=<¢� z�(J�ã�XÚ����.§�þ�ã�êiz�.��/ã§�

e�ã��XÚ�3D�."

ã 3.19 ng=<¢� z�(J�ã�XÚ����.§�þ�ã�êiz�.��/ã§�

e�ã��XÚ�3D�."

3.6.3 õõõggg===<<<¢¢¢���

ã3.18Úã3.19©O´üg=<Úng=<���(J"ÏLõg=<§éE,/G

��.�U
?1XÚ"

3.7 ���(((

�ó�^¡��é23Y¡þ�ÊÈ6N��?1�ý§�[�NÔ²L��E\Y

¥§���.�¿�K4ÔNL¡�L§"¿òT�ý�{A^u¡XÚó²——Y=

<�J[z§ÄgJÑ
/O�Y=<M0��{§¢y
n�¢ÔUì^r�O«n�

O(XÚ"·�ÄgJÑ
Y=<ÔnL§�O��.§é��ÔnL§?1�ý§l

O�Ñ�3Y=<L§¥�.��/C"?�ÚòügY=<*Ð�õgY=<§)û


E,¡XÚ�ãY�ý�¯K"·�^~^"��EÑ
½ Y=<C�§U
yJ
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[�ý�(J§Uì^r�O�«nòãY<3ÔN�L¡"ÏL�X��¢�§y²


ù@XÚU
?1p�þ�¡XÚ"

8cù@�{E,�3�½�Û�5"Äk§XJ�.ké��]�£Xã3.20¤

«¤§½ö�.�/G�3gñ	§@o=B^õg=£�éJé¡?1���XÚ§

ù�´Y=<ó²���3�¯K"1�§õg=<¥¦^�>.²wLÞ�{§k�U

¬��LÞ«��ôÚ�ý"ù´duÔN�	*¿Ø´ô��{ü�\§=B^®�þ

�$Y�g=<§�r$Y²þ©¤üg=<U\3�å§�ª��Jwå5Ñ¬k«

O"K�	*��U�k�$�<Å�$�ª!ôÚ�O�ª��"ÏdXJ�¢y�\

°(�ôÚ·Ü§I�;��dïá�@�.§¿?1I½"1n§PVA�3Y=<L§

¥�.��¬K��ª�Àú�J"�ü ¡ÈC�¬¦�ô��Ýeü§l¦ôÚC

�"·��±ÏLO\�$þ��{5
�Ï.����Ú §�O\�$þ¬¦�C

þ§�L5q¬K��/C�O�§lK�ãY�O�"Ïd3�e5�ó�¥§�±

}ÁS���{5O�ãY§�¬ã+$��Ý"1o§8c��$Y�þÝ��{�´

�«�O§éJ½þ�£ã"Ïd8��ó�¥§�±}ÁCMYKWÚç�m��$�<

Å§¦��Ìã�þ$Y��þÝÑ��§l�.;��þØþ!���O�¯K"�

�§y3�õg=<�{¥§=<��´^r�½�"�N8��±ò�`����gÄ

�Ñ§$�ë�.�$Ä;,��å`z§^Åì<¢y��½ Y=<L§�gÄz"

(a)êi�. (b)Y=<¢Ô(J

ã 3.20 �}Y~-ãY3�.�e¬�ý éuù«�¹�]�«���.§ÃØl�o��X

Ú§PVA�b3]�S9�Ñ¬�ì�.�£$��.»¤"Ïdù«�.�]�«�Ø·Ü^Y

=<5?1XÚ"
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14Ù ���555���������ýýý������OOO���999���¤¤¤...

3�Ù¥§·�^¡��é�5��?1ï�§�[^z��¡3�íØåeu)/

C§¿b3�NL¡�$ÄL§"TÔnL§´��¤.ó²——ý�9�¤.�J[z

6§"Äk��¡�\9^z§,�3�ä�ýÄý�§��¡Ò3,�ý��í�Øå

e�.�§¿b;�ä�L¡"XJ��¡þ<kãY§@oÏLý�¤.Ò�¤
çÚ

������¬"ÏdéTÔny�?1�ý§ÒU
òý�9�¤.�ó²6§J[

z"

9�¤.´ò��\9^z§ÏL�ä¦Ù/¤A½/G§¿e%¤/��a��\

ó�{"ý�9�¤.{¡ý�¤.§ÏL�íØåò��¡Ø\�ä¤.§2�^u�

����¬��E"��¡�ð½ó¹e§.�/CäkéÐ��E5"�ÙJÑ


/�O�9�¤.0��{§¿(Ü3D�<§ò�«n�J[êiz�.��¤�¢Ô�

."Äkòêiz�.���ä§éý�¤.�L§?1J[�ý"�â�ý¥��¡�

/C§O�Ñý/CãY§òÙ<3ß²��¡þ"ÏLéÄý�L§��ý§éÑ��

¡��ä�m�UÑy�íN�n§¿âd3�.þ��üí�§ÏL3D�<��Ñ�k

üí���ä"��ò��¡Ú�ä�½3ý�¤.Åþ§òÙ �éà¿?1ý�¤.

ö�§u´«nÒb3
�ä�L¡§Ó���¡��ãYCX
��ß²�o�"ÏL

¢�§�y
O��.±9ý�¤.XÚXÚ�p�5�°(5"

4.1 ¯̄̄KKK���JJJÑÑÑ

313Ù§·�JÑ��O�Y=<MEâ§�¡XÚJø
�«#�å»"�O

�Y=<ME,�3�
"�§cÙ´éÔN]���Ü©XÚ�J��"Ød�	§Y

=<��NÈ��§ö�E,§3Y¥ö�°Ý�$§ÏL{´��®²éJ2?�ÚJ

,XÚ�þ"

ý�9�¤.��nXã4.1¤«"ò��¡\9C^§ÏL�íØåò��¡Ø3

�äL¡§e%�à}Kõ{Ü©§=¤��ª�¬£ã4.2¤"ý�¤.3ó�¥®²k
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加热器

大气压力塑料片

模具

排气孔

真空

(a) (b) (c)

加热器

ã 4.1 ý�9�¤.�n (a)Äk��¡�\9^z"(b),�òÙ£Ä�ó� �§¦��¡

eÜ/¤�4�m"m©Äý��§�íÏLüí��üÑ§u´��¡3�íØå�^e�.

�§¿b;�ä�L¡"(c)���¡e%�§/GÒ�½e5"òÙl�äþ�e§àK>��§

Ò�¤
�����¬"

(a)ý�¤. ¬�CÝ1 (b)ý�¤.�yÎ	�2

ã 4.2 ~�ý�¤.�¬ ý�¤.Ì�^u�E�����¬§)��Çp§A^2�"

�L70c�{¤§Ù)��Çp§A^2�§�� ¬�C§��iÎ	�ÑU
)�"

Äuý�9�¤.�n§·�JÑ
�«���\{ü§ö��\�B§(J�\

½�#.XÚ�{——�O�9�¤."ÓY=<�naq§XJ3²����¡þýk

<ÐãY§2?1ý�¤.§Ò�±�EÑ�ãY������¬"XJUìÜ·��{

éãY?1ý/C§�U¦«n��.AÛ(�éà"

�©JÑ�/�O�9�¤.0§ÄuJ[�ýéãY?1ý/C"ò��¡ï��

^¡��L«��5��§¿J[/2yý�¤.¥��¡l\1�b;�ä�L§"�

1ã¡5µhttp://www.eastsoo.com/pifa/traffic-10035591.html/
2ã¡5µhttp://www.lago.com.cn/goods.php?id=38
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â�ý¥��¡�.�éãY?1ý/C§¿òãY�<3��¡þ"�dÓ�§�éÄ

ý�L§¥�UÑy�íN�n?1uÿ§¦�<��ä�küí�§�y��¡U
b

;�äL¡"·�^��{´�ý�¤.Åò��¡��äéà§¿?1ý�¤.§�E

Ñ��«n�êi�.���¢Ô�."

��¡�.�þ!5�ÐuY=<�§ÏdT�{U
3�.�«��yãY��

þ"�@XÚ���9Ñá¤�Ñ�~$í§U
?�Úü$�çÚ3D�.��E¤�"

�©�Ì��z�)µ

• Äu¡����5���ý�{§U
éý�¤.L§?1°(��ý"

• �äüí� ��O��{§;�3ý�¤.L§¥�)íN�n"

• �@�O�ý�¤.XÚ§ÏLJ[�ýO�Ñý/CãY§¿òãY<3��¡

þ¶�<�küí���.§�ªÏLý�¤.§�EÑ��«n�êi�.��

�¢Ô�."

4.2 ���{{{VVVããã

ã 4.3 ý�9�¤.3D�.XÚXÚ6§ã ÏLéý�¤.���L§?1�ý§O�Ñ�

�¡3¤.L§¥�/C§¿3��¡L¡<Mý/CãY¶Ó�©ÛÑI���üí�� �§

ÏL3D�<���üí���.§��ÏLý�¤.ò��¡b3�.L¡§/¤��«n�ê

i�.���¢Ô�."

·���{Ì�´ÏLéý�¤.?1�ý§O���¡�/C§3��¡L¡<þ

�ý/CãY¶ÏL3D�<���üí���.§¿ÏLý�¤.ò��¡b3�.L

¡§�ª��Ñ��«n�êi�.���¢Ô�."XÚ6§Xã4.3¤«§Ì��¹

XeÚ½µ

1. J[�ýÄkéý�¤.��L§?1�ý§�)��¡^z��\1�ó� �§

±9Äý����¡b;�äL¡���L§"
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2. O�ý/CãYÏLJ[�ý§¼�
3D�.L¡���¡�m�N�'X§2Ï

L3D�.�«nN�§�±��²Lý/C�ãY"òù�ãY<3��¡þ§ý

�¤.��ÒU
���êi�.«n���¢Ô"

3. �äüí���ÏLéÄý�L§��ý§éÑ��¡��ä�m�UÑy�íN

�n§¿âd3�.þ��üí�§ÏL3D�<��Ñ�küí���ä"

4. ý�9�¤. �ª§r<M
ý/CãY���¡§±9�üí���äC�ý�

¤.Åþ§?1ý�¤.ö�§lr<MkãY���¡b33D�.þ"

4.3 999���¤¤¤...LLL§§§���ýýý

é9�¤.?1J[�ý§�±3¢Sö�c§é��¡3�íØåe.�/C¿b

3�.L¡�L§?1�["ÏLJ[�ý¼���¡ãYþz����Ùb3�.þ 

��éA'X§?ÏL�.«nÖ�z����ôÚ§�Ñý/CãY§¦�/C��

��J�8I���"

4.3.1 999���555������¡¡¡

ý�¤.æ^���¡�9�5á�§=�á�§Ý��Ù^z§Ý�C��.�§

e%��qU#C�jM"^z��.�/Cáu�5-�5/C§ÙAå-AC�

ã 4.4 9�5á�Aå-AC�9{z�. (a) 9�5á�;.ý¢Aå-ý¢AC�"3

�/C«�S§á��/C´�5/C"Aå�L¯Ñ4�§á�m©�5/C§¿��rz"á

��.�5�¬É�.��Ý�K�"�´.��ÝCz10�§AåCzØ�L20%§Ïd�±

@����ýL§¥.�Çð½§¿Ø¬E¤wÍ�Ø�"(b){z�Aå-AC�§±¯Ñ:�

.©¤�5§�5+�5üã"
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Xã4.4(a)¤«"�ý¢Aå-ý¢AC�éA�´ó§Aå-ó§AC�§=^IOá

�Á�3.�Á�Åþ��ÿÑ��"9�5á�3.���ÿ§á���¬C[§

ó§AåE,^á�C[�c��¡È5O�§Ïd'ý¢Aå �"�þ�$:��

¯Ñ:§Aå��¯Ñ:�c´�5/C§�L¯Ñ:Òm©�5/C§d�=B�K	

å�ØU2£�Ð©�G�"�X�5/C�O\§á�¬�rz——�K.å�2g.

��§¯Ñ4�¬O\"á��.���Ý�¬K�á���.�5§�ù�K��é�

� [157]§Ïd3·��XÚ¥òÙ�Ñ¿Ø¬E¤wÍ�Ø�"

·�¦^��5-�5�.Xã4.4(b)¤«"σ0L«¯Ñ4�"�á��von MisesAå

�u¯Ñ4��§Ò´���5��AC�.¶�Lσ0��Òm©�5/C§Ó���

Xá��rz§2g.���¯Ñ4��3O\§Ïd3ù�ã�/CÓ�äk�5/C

Ú�5/C�5�"duá�.���Ýé(JK�Ø�§���.Ñ��mÃ'§Ïd

ÏL·�²ï��ª¦)"

4.3.1.1 �5/C

ý�¤.¥¦^�9àÜÔ��¡áu�¡(�§á���AåÓ.�Aå�'�

éõ§Ïd�±�Ñ�Aå§��Äá��.� [131]"²ÿÁ§\\�Aå��.O

�(JÓ��Ä.���.A�vk«O£Xã4.5¤«¤§�$��Ý¬wÍü$§Ïd

3�ýO���Ñ�Aå"á��.�AåÏLPfaff�< [3]JÑ��{5O�"duý

�¤.L§¥§��Ð©�²¡§ÏdU,äk���ëêz§/CFÝF�±^3× 2Ý

(a)�Ä�Aå (b)Ø�Ä�Aå (c)üÌã��O�Ú§ã

ã 4.5 �Aåéý/CãYO��K� ·�©OO��Ä�Aå!Ø�Ä�Aå�ý/

CãY§¿O�üÌã����Ú§ã£z���RGBnÏ�ê���ýé�þ�¤"�±wÑ§

´Ä�Ä�AåéãYO��K�é�§O�Ñ�ãY�k��?O�Ø�"Ïd3�ýL§

¥§�±ò�Aå�Ñ§lJp�ý�Ý"
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L«"£ã²¡S/C§Ý���AC�µ

G=
1
2
(F >F − I) (4.1)

Ù¥I´2× 2�ü 
§u´�SAå�

σ = ks [(1− ν)G+ νtr(G)I] (4.2)

Ù¥ks = Y h/(1− ν2)£ãá���.�5§Y´¼�þ§h´��¡�þÝ§ν´á

��Ñt'£�5/C�ã�0.5 [158]¤"

4.3.1.2 �5/C

�5/C�.´ÄuPfaff [3]ÚBargteil [44]�<��{§òÙUE��ÏL·�²ï�

ª¦)��."��/C�.¥§/CFÝF�±©)��5FeÚ�5FpüÜ©µ

F = FeFp (4.3)

ù�L��Bargteil�< [44]�n��.aq§�´·����Aå�3u²¡S§

ÏdFe´3× 2Ý
§Fp´2× 2Ý
"�.ÏLN�ÛÜþÝh¢yNÈÅð§Ïd�K


Bargteil�< [44]det(Fp) = 1���"�ým©c§�vk?Û�5/C�Fp�ü Ý
"

��m©�)�5/C§FpÒm©Cz§u´Fe�o/CFÒØ2��
"�é{`§

FpUC
�.�·�/G§Ïd3O�úª4.1£��AC¤Úúª4.2£�SAå¤�§

^Fe��F"

3�ý�z�Ú¥§�âvon Mises�O^�§�äá��Aå´Ä®²�L
¯Ñ4

�"�Svon MisesAåúª�

σv =
q

σ2
1 +σ

2
2 −σ1σ2 =

Æ

(trσ)2 − 3 detσ (4.4)

Ù¥σ1Úσ2´úª4.2¥σ�ü�A��"��σv�L
á��Ð©¯Ñ4�σ0§á

�Òm©�5/C"

�5/C¬¦á�u)rz§¦�á��¯Ñ4�σyO\
[159]"XJb�á��rz

¢�5� [160]§@o�c¯Ñ4�σy�±L«�Fp�¼ê§�¤aquLudwik’s�§�/

ªµ
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σy = σ0 + K ||F>
p
Fp − I|| (4.5)

Ù¥σ0´á��Ð©¯Ñ4�§K´á��rzXê§^u��ã4.4(b)¥�5+�5

Ü©��Ç"

¯Ñ4�σy�O\§¬¦�®²m©�5/C��.#m©�5/C§��σv >

σy"¢S�ÔnL§A�´�5/C��5/CÓÚO\§¿�??�±·�²ï§=

���5 [161]"Ïd3·�²ï¦)�z�Ú¥§XJuyvon MisesAå�L
¯Ñ4�§

@oÒéá�?1rz§��fÐ��²ï��§=σv = σy"z�Ú¥o/CFÝF�

½§ÏLO\�5/CFÝFp5~��5/CÜ©Fe = FF −1
p
§u´σv~�§σyO\§l

��²ï"S��{�PfaffÚBargteil�< [3;44]aq"

�#�5/CFÝFp���´�~��5AC§�Ò´Fe�ÌAC��§ÏdÄk�

O�ÑFe�ÌAC"ÏLÛÉ�©)£Singular Value Decomposition¤§��Fe =UΣV >§

Ù¥UÚV©O´n�Ú��^=Ý
§Σ´3× 2�é�Ý
"£ØΣ¥��Ñ�"��

��1§C�2× 2é�
S = diag(λ1,λ2)"u´�5/CFÝFp�#�µ

Fp← V (det(S)−
1
2S)γV > Fp (4.6)

Ù¥�êγ���L«�5/CFp�Cz§Ý"�
y¢O�γ(¢U
~��5/C

þ§é�5/CFÝFe�?1�#µ

Fe← FF −1
p
= det(S)

γ
2 Udiag(λ1−γ

1 ,λ1−γ
2 )V >. (4.7)

Xêdet(S)
γ
2�y�5/CØUC���ü ¡È§�duá�´Ø�Ø �§þÝ

�UC��u�Ý�.�§Ïdù���C1"Ïd§γ3[0,1]�m��U
ò��AC

£úª4.1¤~��σv=σy"Pfaff [3]ÚBargteil [44]�<^Ä��ý¦)§γ´�m½öS�Ú

ê�¼ê"3·�²ï�ý¥§��ÿ���·�²ï§�5/CÒ�?1e�§��

á�rz�v±é|�5/C"Ïdz�ÚÑ�O�U
¦σv=σy�γ�"

äN�{�µ��ÏL�5S�O�Ñ
#�o/CFÝF§B^�©�é{

éσv−σyÏé��úª4.4¥�γ�"5¿§éu���½�o/CFÝF§σvÚσyÑ

´γ�¼ê"duγU
¦σv~��0§σy > σ0§Ïd�½U
3[0,1]«mSé���

) [3]"
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4.3.1.3 	å

�5Ú�5�^Ñáuá��Så§3¢SÔnL§¥§��3	å��^§�)

å!�ä�|±å!�Þå§±9�íØå"

1. å

á�¬É�å��^§ØLduá���é�é�§�ÙSå�'��éõ"á

��Ð©SAå´duÙ�Eó²µ@Ñ¤. [162]�)�"�¬á�3�^z��§

�M@¤��§,�á=e%¤.§Ïdäké��SÜAå§ù
SAåò3\

9L§¥�º�"3m©\9c§��¡�>���½3ý�¤.Å���¡�½

Yþ§>.3���ýL§¥Ñò��M�å5O�"du>.��½§3\9�

Ð©�ã£�1-3©¨¤§��¡duSAå�º�¬�)�½�ò"�SAå�

º�C�þ!��§��¡¬#C�²�£�3-5©¨¤"����ó�§Ý��§

Ò�±m©¤.ö�
"��\9�ã§��¡Ñvk*	�²w�eR§`²�

'uá��SAå§å���±�Ñ"�Äý�m©��§�íØåÚ�ä|±

åÒ¤�
Ì��	å"Ïd���ýL§¥Ñ�Ñå��^"éu�����

¡£~�uó�?O�ý�¤.\ó¤§åÏL��¡�ü �þ¦±å\�

Ý§�±�~N´�\\O��.¥"

2. �ä�|±å

���¡^z��§ò9��¡\1�ó� �§¦��¡eÜ/¤µ4�

m"3dL§¥§��¡�>��.L¡¬É�Ù|±å§¿�¬3ÙL¡þ

�)wÄ"du�.L¡3���ýL§¥Ñ·�§Ïdé3D�.ýO���

^2mm× 2mm× 2mm5KN��ï�ål| [163]£signed distance field¤^u¯��

?1-Euÿ"ÓBridson�< [33]��{aq§ÏLV\�ål¤�'�ü½å5�

���¡Bß�.L¡"é��¡���z��º:§3ål|¥^n�5���

ÑÙ��.L¡�ål"XJ,º:åld < h0/2§Ù¥h0´��¡�Ð©þÝ£¢

�¥^1mmþ����¤§ÙÉ��|±åO��{�

f̂r =











kr(
h0

2
−d)Mn̂, d < h0/2

0̂, otherwise
, (4.8)

Ù¥M´Tº:����¡È�n©��£=��©��Tº:þ�¡È¤§n̂´å

l|3T:�ü FÝ�þ§kr´��|±å���~ê"ù�{ü��5�.é
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u·��¢�®²v
°(
"

3. �äL¡�Þå

�Þåf̂f´{N��¡��äL¡�éwÄ�å§����äL¡��§Ï~^¥

Ô�Þå5£ã"éu��¡þ�:§�Þå�����µ‖f̂r‖§Ù¥µ´��¡�

�.�m��ÞXê"�Þåf̂f�¦)úª�µ

f̂f =







−ft, ‖ft‖< µ‖f̂r‖

−µ ‖f̂r‖‖ft‖
ft, otherwise

, (4.9)

Ù¥ft´T:¤ÉØ�Þå	�Üåf3�²¡þ�ÝK"du·�æ^·�²ï�

{¦)§ÏLJ[�ýO�Ñ���Aå¬gÄ�Ù{�	å�²ï"

4. �íØå

���¡Ó�.L¡�é·���§m©ý�¤."�X�íØrÅìO\§��

¡Åì�.�§����b;�.�L¡"3�ýL§¥§ÄkO�z�n�/þ

��íØå§,�òÙþ!/©��n�º:þ"z�n�/þ�å�

f̂p = −pAn̂, (4.10)

Ù¥p´�c��¡üý��íØr�§A´Tn�/�¡È§n̂´Tn�/�ü {

�þ"��¡���>�.§Ò¬3�íØå�^eb;§Ø2�)wÄ"Ïd3

d�ãØ2�Ä�Þå§´uÿº:��.�ål"XJd < h0/2§ÒéTº:V

\M�å§Ù �3�c�IÚþ����I�m§ål�.L¡ål�d = h0/2�

:?"du���þÝCz�é�.�º�CzØ�§Ïd3O�¥Ñ^���Ð

©þÝh0"

4.3.2 êêê���OOO������{{{

·�ÏLk��5é��¡�$Ä?1�ý"^n���é�Ü��¡?1lÑz§

Ù>.´���¡Yº����Ý/§>.SÏLTriangle [153])¤n���"z�n�/

S�e��½�30◦§¡Èþ��2mm2"��¡Ð© � u�ä�þÜ£ã4.1(a)¤"J

[�ý©�ü��ã§1���ã��¡lÐ© �\1�ó� �"3dL§¥§��

¡�>�!�eü§��¡�>��äL¡¬�.�§¿k�U3�äL¡wÄ"���
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ã 4.6 ��¡Éå²ï«¿ã �ýæ^·�²ï�ª¦)§3�ý�z�Úz�º:Ñ¬�

�Éå²ïG�"ã¥Ð«�´9�¤.�ü��ã§��¡�å²ïG�"(a)3\1��¡�

ã§��¡�>�ä§¬3�äL¡�)wÄ"3d�ã§��¡��5Aåf̂m¬��äL¡�

|±åf̂r§±9�Þåf̂f��²ï"(b)3Äý��ã§�íØå¬ò��¡b;�äL¡§{�

�éwÄ"Ïd�º:�>�ä��§Ù�IÒ��å3�c �"ÿ��>�äL¡�º:§

��¡��5Aåf̂m¬��äL¡�|±åf̂p��²ïG�"

ó� ���§m©1���ãµÄý�"3d�ã§��¡3�íØå�^eb;�ä

L¡£ã4.1(b)¤"du��L§�méá§Ïd�±�ÑTL§¥�§ÝCz§@���

¡�Ôn5�´ð½�"

�ýÏL��î.S�5¢y§z�ÚS�Ñ´éº: £?1tµ§¦Ù÷vº:

�Éå^�"SÜAåÏL�5/CFÝFF −1
p
5O�§Ù¥F´º: £�¼ê§F −1

p
´

þ�ÚS�¥��5/CFÝ"Ù{�	å§�)�íØå!�ä�|±å!�äL¡�

ÞåÑ´º: ��¼ê"ù
å��êÑ�±�BO�§ÏdÏLÚîS�5¦)��

5�§§z��ýÚ�S�50g§zgS�ÑÏL�ÝFÝ{£conjugate gradient¤5

¦)"

�º: ��#��§Ò?1�5/C��#"ÄkuÿÑ@
ÎÜvon Mises�O^

�σv > σy�n�/"éuù
n�/§^�©{5�#Fp¦�σv = σy"�#���5/

CFÝò^ue���ýÚ��O�"

4.3.3 ���<<<ãããYYY)))¤¤¤

���¡��b33D�.L¡��§�Ò�ïÑ
��¡��.L¡�m�N�'

X"ù�N�û½
��¡þ<M�ãY�3D�.L¡�ªÀú�J�m�'X"�<ã

Y�O��{�O�Y=<¥Ä��Ó"

O���¡þ��<ãY�±w¤´���¡��bþ«n"éuãY�z���§

�â²¡�Ixé�Ù3��¡��¥á\�n�/§¿O�Ù%�I"du���ÿ
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(a) (b) (c)

0

2

4

6

(d)

ã 4.7 ]��.��.�¢� ÏLý�¤.é�Ý]��c��.S	L¡Ó�?1XÚ"

(a)8I�.9«n"(b)O�Y=<����.§�..Üdu.�þL���î�ý"(c)b

3�.L¡���¡¡È.�Ç"(d) ý�¤.XÚ�(J§·�rn��.�3�å5é'ô

ÚCz"(�) vk��üí��§�í�(3
]�«�§����¡Ã{b;�.S9"¥m

�c�ãY�N
3��¡�.��c§�<Ñ5ãY����ôÚ�Ý"(¥)�.�
üí�§

�ãY3�<�vk?1ôÚ��§Ïd¥mãYdu.�þL�C�"(m) �<ãY�?1


ôÚ��§ôÚ�ýy�k¤~f"

À(�3O�L§¥ØUC§Ïdù���3��C/�� �x′�±��3Ó��n�

/¥§^Ó��%�IO�Ñ5"x′´��¡��þ�:§�é��.þ��:§Ò

^x′��.þÝK§é�Ù�C:x̃"x̃Ò u�.þ§ÙôÚ�±l3D�.�«n¥

¼�§¿D�x?ãYéA���"éãYþ¤k���Ñ?1Tö�§Ò��
���

ý/CãY"

�?�ÚJpXÚ�þ§·�ò��¡�.���Ä?ãY�O�¥"��¡þ�

?.�¿Øþ!§��ô��Ý¬�)Øþ!�Cz£Xã4.7(d)¤«¤§ÏdI�éô

Ú?1?�§�{�Panozzo�< [128]aq"éux:�����§3��¥é��¹ù:

�n�/§O�Ù�ýc��¡ÈAxÚA
′
x
"ô���ÝCz�¡ÈCz¤�'"Px̃:

3CMYKôÚ�m¥�ôÚ�cx̃§u´x:?��ôÚ?��(A′x/Ax)cx̃"éu.�þ�~

��«�§ôÚCz®²Øv±^ù«�{?1N�
§Ò�±ÏLõg�<òô�\\

å5§l¦ô��ÝO\"·�^��²L�Ú�CMYK-1�<Å§�¤¤k�¢�"

ôÚ
���JXã4.7(d)¤«"3ý�¤.L§¥§��¡�¼�þ�'Y=<��
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�§ô�é��¡�.�vk?ÛK�§Ïd�ÚO�Ò�±� §Ø7�Y=<@��

#ãY�Ò�#�ý"

4.4 üüüííí���ÙÙÙÛÛÛ

3J[�ý�Äý��ã§·�b�¤kÿ�b3�.L¡�:§ÙüýíØ�Ñ�

�"�´§ù�b��k���¡Ú�.�m�¤k�mÑ�ý�"ëÏ�â¤á"¢S

þ§XJ3D�.þk]�«�§@oék�UÑy]��o±Ñ®²���¡CX§u´

�í�(3]�¥Ã{üÑ��¹§Xã4.8¤«"�
��ù«�¹§I�3J[�ý

�ãÒr¤k�UÑy�íN�n�uÿÑ5§¿�3ù
«���üí�"ù��5§

�íÒU
ÏLù
üí��^|üÑ§¦���¡U
b;�.�L¡"

4.4.1 íííNNN���nnn���uuuÿÿÿ

3J[�ý¥§íN�n/¤u��¡�����.L¡�m§�±3�ý�L§¥

��uÿÑ5"3J[�ýÄý��ã�z�Ú¥§XJ��þ�?Û��º:b3
�

.þ§@où�:Ò[�NX3�.L¡§¡�NXº:"XJ�^>�ü�º:Ñ¤�


NXº:§@où^>�ÒNX3
�.L¡§¡�NX>§¿�ò¬{��ílù^

>e�6L"b��.��vkÉ§�b3�.þ�>/¤���§òÿ�b3�.þ�

(a)�ä (b)Ãüí� (c)küí�

ã 4.8 üí���éý�¤.(J�K� ÏL���k]���ä§ÿÁüí��kÃéý�

¤.(J�K�µ(a)^uÿÁ��ä"(b)XJvk��üí�§�í¬�(3]�Ü©§¦�

��¡Ã{��.bÜ"(c)���
üí���§]�Ü©��íÒ�±ÏLüí��üØ§u

´��¡ÒU
��.^|bÜ"
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ã 4.9 íN�n�uÿ�{ �
uÿíN�n§é��¡�n���)¤féóã"3�ýL

§¥§��º:òÅìb3�.L¡§/¤NXº:"XJ��¥�^>�ü�º:Ñ´NXº

:§@où^>¤�NX>§3ã¥éA�>ò�íØ£ã¥J�¤"XJuÿÑ��ëÏ«�§

¿�ù�«�´�NX>¤��§@où¡��«�£ã¥�f�Ú«�¤Òò/¤��íN�

n§Ù>.dNX>�¤£ã¥��¢�¤"

«��å5§@où�«�e���í®²vküÑ�Ï�§�Ò/¤
��íN�n"

ù��n�>.Ò´NX>/¤��"ÏdÏLuÿù«�§Ò�±uÿíN�n"

uÿíN�n��{�±ÏLãØ5°(½Â"ã4.9¤«�´���féó

ãG= (V,E)"ã�z�!:Vi ∈ VL«��þ���n�/§ã�z^>Ei ∈ Eë�

��n�/"XJ��¥�^>¤�
NX>§@oã¥éA�>EiòlE¥�£Ø"3

�ý�z�Ú§��ãGÑ��#§,�lãþuÿëÏ©þC ⊂G"XJuÿÑ��#

�ëÏ©þCi§¿�ÙéA�n���«�Ri�¹ÿ�NX�:§«��>.Ñ´N

X>§@où�«�e���mÒò/¤��#�íN�n"�,XJ�.��kÉ§@

où��md��´k�U���ý�"�ë�"ù«�¹�±ÏLuÿ�.�¡£O

Ñ5"�du·�b��.�º��"§ù«�/Ø¬u)"

4.4.2 íííNNN���nnnÜÜÜ���

3J[�ý�L§¥z�ÚÑéíN�n?1
uÿ§�líN�n�Cz�¹§¿

âdO�üí�� �"�d·�Ú\/íN�nÜ�0�Vg§Ü�¥z�ä��!:

�Ll��¡��þ��uÿÑ5�íN�n¶z���!:L«����b3�.L¡

�íN�n¶z�¥m!:K´d��íN�n©�¤ü�/¤�§Xã4.10¤«"

<Ú/`§��3z��!:?��üí�§@o¤k�íN�nÑU
��Ø",§
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XJüX^ù@�{uÿíN�n§k�U�!:êþ¬�~õ"'Xdu�.L¡�å

Ï§½ölÑØ��)�NÈL��íN�n"ù
é��íN�n�´3ê�O�¥

�3§¢�¥¬ÏL�.L¡���]à��Ø§½öNÈ����wØÑ5"Ïd�r

ù
íN�nlíN�nÜ�¥��K"

XJríN�nÜ���EL§Uì�m�L5*	§Ò¤�
ò!:Ú>Øä\\

��éóã�L§§�Ò´ò��íN�nØäÜ¿3�å�L§"ù�L§��éA


O�ÿÀÆ¥±YÓN�Vg§Ïd�±��^�'�êÆóä5�Ø±Y�méá�í

N�n"ØL�
�Ð/Nyý�¤.¥/¤íN�n�¢SÔnL§§·�^�n�N

È����´ÄI�éÙ?1?n�IO"

J[�ýL§¥§b�3t1��uÿÑ
ëÏ«�Ci§/¤íN�nPi§¿�3t2�

�íN�néA���«�RiS¤kº:ÑNX3
�.L¡"u´3t1!t2ü��§

ã 4.10 íN�nÜ���E�{ ���íN�n���l��¡��þuÿÑ5§ù�íN

�nÒ/¤��ä��!:"XJ��íN�n©�¤ü�íN�n§éA�!:�©��ü�

f!:"���íN�n��b3�.L¡��§ù�!:Ò¤�
�!:§üí� �Òòl�

!:¥�)"
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Ri�/GÑ�P¹e5§P�R
t1
i ÚR

t2
i §§��m¤/¤��m=�íN�nPi"Ï

dPi�NÈ�ÒÏLR
t1
i ÚR

t2
i ¤�¤�µ4n���5O�"

�����ëÏ«�Ci�©�¤A���ëÏ«��§éA�íN�nPi�Òlù�

Úm©�©��A���íN�n§u´PiÒ/¤íN�nä¥���SÜ!:§z��

©�Ñ���nÑ´Ùfä"ù«SÜ!:�Ò¿�XÙ?Û��f!:üÑ��í§Ñ

¬òÙI!:�n��íküÑ"Ïd§éuNÈ�u�½K��íN�n§48/éÙ

?1}{§¿òÙNÈ\\I!:§����Ü�¥¤k�!:NÈÑ�u
�½�K

�"XJ���!:NÈE,�uK�§@où�äÒò�íØ"3·��¢�¥§K�

��1mm3"

4.4.3 üüüííí���ÙÙÙ���

�íN�nä}{?n�¤�§Òm©O��.þÙ�üí�� �"ã4.11¤«�

´üí��;./G"üí��m�I�v
�§l;�3��¡þ3eè,§e

�\o§lO�üíþ"üí�m���Z�»�â��¡�á�ÚþÝ5�� [162]"

3·���.¥§L¡m��»��1mm§�LL¡e�3mm�§���»O\�3mm"

3·��ý�¤.Åþ§ù�º���üíþ�±��100cm3/s"

éuíN�nÜ�¥�z��!:§P¹Ù����b��.þ�º:"3ù�º:

b3�.þ� ���üí�§U
üÑTíN�n§±9Ù�Üyk!:éAíN�n

¥��Ü�í"duz�üí�üí�ÝÑk�§Ïd��.Ú��¡�º��~���

ÿ£'X�.ý�¤.�¬�E¤§üí��êþ�I�?1O�"ØL3¢�¥§�.

º�Ñé�§Ïdz��!:����üí�®²v

"du��íN�nÜ�¥z�

!:�NÈÑP¹
e5§Ïd�z���üíþO\��§¿âdO�I�üí��ê

ã 4.11 üí�(�¿¡ã üí�þà�»1mm§���3��¡þ3eè,¶eà�

»3mm§O�üíþ"3êi�.©�þ��Ðüí��§��3D�<�küí���."
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þ�´éN´¢y�"

é���z�üí�§[�Ü©�����.L¡R�§o�Ü©��ç��e"é

uE,�.5`§�
��m�¬��.L¡��§l»�L¡/G§·�#N^rÃ

ÄN�üí�� �"3±��ó�¥§�Nù�Ú��±gÄ5�¤"

4.5 ���...XXXÚÚÚXXXÚÚÚ

·�æ^���.ý�¤.Å5�¤ý�¤.ö�"ù«ý�¤.Å´�n�Æ

¥���ß@�O�§·�éÙ?1
�½�UE"��Xã4.12¤«§Ùó���

´11cm×11cm"ù�Åì¦^�´º��13cm×13cm§þÝ1∼2mm���¡"Åìþk

�½��¡�Yf§ÏL��rÃ�±N�ÙpÝ"3¢�¥§·�¦^ý�¤.Å�[

Jø�1mmþß²à¯L£PE¤��¡"3ó�¥§�kéõa.���Ñ�±^uý�

¤.§'XABS��!àZL£PP¤§à�¯L£PS¤�"ù
á�3ý�¤.L§¥5�

Ñaq§ÏLN�ëêÑ·^u�ýO�"

ã 4.12 ý�¤.��«¿ã (�)·�¦^���.ý�¤.Å"�<
ãY���¡Ú�.

Ñ®²\1�
��þ§�\9�¤�§=ÄÃY�±ò^z���¡�e£Ä�ó� �§�m

ý�"m'=��¤ý�¤.ö�"(m)�.�½3��þ��{"�¬��..¡/G�Ó�=

¡þ§�þe��Ñ�k�¹§�<�.�3k��§lò�.Ó½ �ë����N§C3ý

�¤.Å��äøS"
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�
�3D�.V\�O�«n§XÚI�U
ò��¡þ�ãY§�3D�<��.

Uì�ýO��� �'Xéà"ÄK§¢SXÚÒÃ{�J[�ý¥@�°(
"Ïd

·��O
�
{ü�Å�§¦�ãY�±Ú�.éà"

4.5.1 ������¡¡¡þþþ<<<MMMãããYYY

3J[O�¥§¦^���¡��º��Åì�ó�«���"3)¤ã��§r�

�¡���Ý/>.�å±�Ñ5§3²�O��<Å�<Ñ5��§ù�Ý/����

Åìþ��¡Y�S>�fÐU
Ü"Ïd3YC��¡�§��ò�^�>µÜB

�±�y��¡SC3
�(� �"

·�¦^bsó²òãY<3��¡þ"ãYÄk^HP CP3525dnçÚ-1�<Å�

<3bs�þ"bs�´��é��ß²���§Ïd�<��ÿ´NX3��M�þ

�§¦^�2òÙee",�òbs�à}¤��¡�º�§òÙb3��¡�L¡§u

´<ký/CãY���¡Ò��Ð
"

du·�¦^�´ß²��¡§Ïdòbs�b3�¡½�¡þ�"3¢�¥§·�

òbs�b3��¡Ú�.¥m§ù���¡Ò�±��çÚãY��o�§Ó����

.L¡O\
p1��J"���¡þNX
bs���§Ù.�5¬Cf§ÏdJ[�

ý¥��¡ÔnëêA�´NX
bs���Ônëê"

XJ^UV²��<Å3��¡þ���<ãY§¬�\�BÚ°("�´du3ý�

¤.L§¥��¡�²Ép§Ú�'~.�§ÊÏUV$Y3dL§¥¬CÚ§$��.Ñ

�¿"ÏdXJ^UV²��<Å§I�¦^ý�¤.;^�$Y [164]"�'�e§-1�

<ÅÏL�ÚN£halftoning¤5�¤ãY§������$Y§ÏdÏLbsó²<M

�ãYvk��ù�¯K"

4.5.2 ���...3D���<<<

3D�<�.3ý�¤.Åþ� �Ó�I��½"·�^½ �ò�.�Åì�½3

�å§Xã4.12¤«"3�.e�§�<
�¬UOOk3Åì�äø¥�½ �"ù¬

½ �þm
Nõ5Kü���§Q��Ïº�§q��½ ��§¢�¥¤k�.ÑÏ

Lù
��½3½ �þ"�.Ú½ ��m�Y
�¬=¡§´Uì�..Ü�/G)

¤�§^uò�.�p§U
3}K��¡õ{Ü©��\�B"�.�üí�Ó�ò�

�=¡þ§Ød�	��koq�¹§�eüqò=¡�½3½ �þ§�þüq�½�

."ÏLù«�{Òr�.3Åìþ��½
e5"
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·�^Stratasys Eden260v 3D�<Å§¦^VeroWhitePlus1¯ä��<¢�¥^��

�."T�<ÅU
�<p°Ý��.§¿��.L¡3����U
�~1w"XJ�

.�ó�L¡´��pÝ|§@o¤.�����¡U
�~N´�l�.þ�e§Ïd

ù��<��.�±3�1þçÚ��¡)�¥���ä¦^"�,��±æ^$¤�

�á�LKæÈ£FDM¤3D�<Å§�ù«�.L¡'�o÷§���9��¡Ê3�

å§ÒØN´�e5
"Ïdéuù«�.§¤.�ò��¡õ{Ü©}K�§Ò���

��ª��¬
"

4.5.3 ýýý���¤¤¤...

�r��¡Ú�.Ñ�½3Åìþ��§Ò�±m©ý�¤.ö�
"Äk£Ø�ä

ø§r��¡ü��$§¿m©\9§ù��±�l\9+¦ÙÉ9�\þ!"��¡�

§Ý¬K�ÙÔn5�§Ïdzgö�I��Ó�\9�m§¿��ÿ½��¡ëê�\

9��m�Ó£¢�¥^5©¨¤"

\9(å�§á=ò��¡,å§r�äøC\Åì§¿r��¡Ø\ó� �"�

�¡��>�.L¡Òm©�.�§Xã4.13(a)¤«"���¡���uó� �§Ù

e�ò/¤���4�m"méý�"§��¡ò3�íØå�^e×��.�§¿b;

�.L¡"u´ãY�Ò���¡�åb3
�.þ§Xã4.13(b)¤«"�§Ýü�¿

§§'4ý�"§÷�..Üò��¡õ{Ü©}K§��b
çÚ«n��.Ò�Ð


£ã4.13(c)¤"
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structural strength of 3d printable objects[J]. ACM Trans. Graph., 2012. 31(4):48. ISSN 0730-0301.

[107] Xiang Chen, Changxi Zheng, Weiwei Xu, Kun Zhou. An asymptotic numerical method for inverse

elastic shape design[J]. ACM Trans. Graph., 2014. 33(4):95.

[108] Christian Schumacher, Bernd Bickel, Jan Rys, Steve Marschner, Chiara Daraio, Markus Gross. Mi-

crostructures to control elasticity in 3d printing[J]. ACM Trans. on Graph., 2015. 34(4):136.

[109] Qingnan Zhou, Julian Panetta, Denis Zorin. Worst-case structural analysis[J]. ACM Transactions on

Graphics (TOG), 2013. 32(4):137.

[110] Lin Lu, Andrei Sharf, Haisen Zhao, Yuan Wei, Qingnan Fan, Xuelin Chen, Yann Savoye, Changhe

Tu, Daniel Cohen-Or, Baoquan Chen. Build-to-last: Strength to weight 3d printed objects[J]. ACM

Transactions on Graphics (TOG), 2014. 33(4):97.

[111] Mélina Skouras, Bernhard Thomaszewski, Stelian Coros, Bernd Bickel, Markus Gross. Computational

design of actuated deformable characters[J]. ACM Trans. Graph., 2013. 32(4):82.

[112] Jesús Pérez, Bernhard Thomaszewski, Stelian Coros, Bernd Bickel, José A Canabal, Robert Sumner,

Miguel A Otaduy. Design and fabrication of flexible rod meshes[J]. ACM Transactions on Graphics

(TOG), 2015. 34(4):138.

[113] Bernd Bickel, Moritz Bächer, Miguel A Otaduy, Hyunho Richard Lee, Hanspeter Pfister, Markus Gross,

Wojciech Matusik. Design and fabrication of materials with desired deformation behavior[J]. ACM

Trans. Graph., 2010. 29(4):63.

[114] Julian Panetta, Qingnan Zhou, Luigi Malomo, Nico Pietroni, Paolo Cignoni, Denis Zorin. Elastic

textures for additive fabrication[J]. ACM Trans. Graph., 2015. 34(4):135.

[115] Linjie Luo, Ilya Baran, Szymon Rusinkiewicz, Wojciech Matusik. Chopper: Partitioning models into

3d-printable parts[J]. ACM Trans. Graph., November 2012. 31(6):129:1–129:9.

[116] Miaojun Yao, Zhili Chen, Linjie Luo, Rui Wang, Huamin Wang. Level-set-based partitioning and

packing optimization of a printable model[J]. ACM Transactions on Graphics (TOG), 2015. 34(6):214.

[117] Weiming Wang, Tuanfeng Y Wang, Zhouwang Yang, Ligang Liu, Xin Tong, Weihua Tong, Jiansong

Deng, Falai Chen, Xiuping Liu. Cost-effective printing of 3d objects with skin-frame structures[J].

ACM Transactions on Graphics (TOG), 2013. 32(6):177.

[118] Jérémie Dumas, An Lu, Sylvain Lefebvre, Jun Wu, TU München, Christian Dick, TU München. By-

example synthesis of structurally sound patterns[J]. ACM Transactions on Graphics (TOG), 2015.

34(4):137.

[119] Stelian Coros, Bernhard Thomaszewski, Gioacchino Noris, Shinjiro Sueda, Moira Forberg, Robert W

98



úô�ÆÆ¬Æ Ø© ë�©z

Sumner, Wojciech Matusik, Bernd Bickel. Computational design of mechanical characters[J]. ACM

Trans. Graph., 2013. 32(4):83.

[120] Moritz Bächer, Emily Whiting, Bernd Bickel, Olga Sorkine-Hornung. Spin-it: Optimizing moment of

inertia for spinnable objects[J]. ACM Trans. Graph., July 2014. 33(4):96:1–96:10.

[121] Romain Prévost, Emily Whiting, Sylvain Lefebvre, Olga Sorkine-Hornung. Make it stand: balancing

shapes for 3d fabrication[J]. ACM Trans. Graph., 2013. 32(4):81.

[122] Przemyslaw Musialski, Thomas Auzinger, Michael Birsak, Michael Wimmer, Leif Kobbelt. Reduced-

order shape optimization using offset surfaces[J]. ACM Trans. Graph, 2015. 34(4):102.

[123] Lifeng Zhu, Weiwei Xu, John Snyder, Yang Liu, Guoping Wang, Baining Guo. Motion-guided mechanical

toy modeling.[J]. ACM Trans. Graph., 2012. 31(6):127.

[124] Duygu Ceylan, Wilmot Li, Niloy J. Mitra, Maneesh Agrawala, Mark Pauly. Designing and fabricating

mechanical automata from mocap sequences[J]. ACM Trans. Graph., 2013. 32(6):186.

[125] Vittorio Megaro, Bernhard Thomaszewski, Maurizio Nitti, Otmar Hilliges, Markus Gross, Stelian Coros.

Interactive design of 3d-printable robotic creatures[J]. ACM Transactions on Graphics (TOG), 2015.

34(6):216.

[126] Moritz Bächer, Stelian Coros, Bernhard Thomaszewski. Linkedit: interactive linkage editing using

symbolic kinematics[J]. ACM Transactions on Graphics (TOG), 2015. 34(4):99.

[127] Huamin Wang, Gavin Miller, Greg Turk. Solving general shallow wave equations on sur-

faces[C]//Proceedings of the 2007 ACM SIGGRAPH/Eurographics symposium on Computer animation

(SCA 2007). ISBN 978-1-59593-624-0, 2007:229–238.

[128] Daniele Panozzo, Olga Diamanti, Sylvain Paris, Marco Tarini, Evgeni Sorkine, Olga Sorkine-Hornung.

Texture mapping real-world objects with hydrographics[J]. Comput. Graph. Forum, 2015. 34(5):65–75.

[129] S Junk, J Sämann-Sun, M Niederhofer. Application of 3d printing for the rapid tooling of thermoforming

moulds[C]//Proceedings of the 36th International MATADOR Conference. Springer, 2010:369–372.

[130] Jerry Dees. FEA Simulations of Thermoforming–Using Hyperelastic Material Properties[M]. Engineer-

ing simulations LLC, scientific article, 2009.

[131] HF Nied, CA Taylor, HG Delorenzi. Three-dimensional finite element simulation of thermoforming[J].

Polymer Engineering & Science, 1990. 30(20):1314–1322.

[132] Accuform, 2015. Http://www.t-sim.com/.

[133] Christian Schüller, Daniele Panozzo, Anselm Grundhöfer, Henning Zimmer, Evgeni Sorkine, Olga

Sorkine-Hornung. Computational thermoforming[J]. ACM Transactions on Graphics (Proceedings of

ACM SIGGRAPH), 2016. 35(4).

[134] JP Mellor, M Oder, J Starr, J Meador. An image-based three-dimensional digitizer for pre-decorating

thermoformed parts.[C]//BMVC. Citeseer, 2003:1–10.

99



úô�ÆÆ¬Æ Ø© ë�©z

[135] Mark Pollack, Anthony Jollett. Reproducible three dimensional vacuum forming technique[M]. US

Patent 8406508B2, 2013.

[136] Matthias Müller. Fast and robust tracking of fluid surfaces[C]//Proceedings of the 2009 ACM SIG-

GRAPH/Eurographics Symposium on Computer Animation (SCA 2009). ISBN 978-1-60558-610-6,

2009:237–245.

[137] Tyson Brochu. Fluid Animation with Explicit Surface Meshes and Boundary-Only Dynamics[D].

:University of British Columbia, 2006.

[138] Mark Sussman, Mitsuhiro Ohta. A stable and efficient method for treating surface tension in incom-

pressible two-phase flow[J]. Journal of Scientific Computing, June 2009. 31(4):2447–2471.

[139] Mathieu Desbrun, Mark Meyer, Peter Schröder, Alan H. Barr. Implicit fairing of irregular meshes using

diffusion and curvature flow[C]//Proceedings of the 26th annual conference on Computer graphics

and interactive techniques (SIGGRAPH ’99). ISBN 0-201-48560-5, 1999:317–324.

[140] I. Eckstein, J.-P. Pons, Y. Tong, C.-C. J. Kuo, M. Desbrun. Generalized surface flows for mesh pro-

cessing[C]//Proceedings of the fifth Eurographics symposium on Geometry processing (SGP 2007).

2007:183–192.

[141] Desbrun Mathieu, Meyer Mark, Schröder Peter, Alan H. Barr. Discrete differential-geometry operators

in nD[C]. Springer-Verlag, 2000:35–57.

[142] Hugues Hoppe, Tony DeRose, Tom Duchamp, John McDonald, Werner Stuetzle. Mesh optimiza-

tion[C]//Proceedings of the 20th annual conference on Computer graphics and interactive techniques

(SIGGRAPH ’93). ACM, 1993:19–26.

[143] Tyson Brochu, Robert Bridson. Robust topological operations for dynamic explicit surfaces[J]. SIAM J.

Sci. Comput., 2009. 31:2472–2493.

[144] Tim Weyrich, Pieter Peers, Wojciech Matusik, Szymon Rusinkiewicz. Fabricating microgeometry for

custom surface reflectance[J]. ACM Trans. Graph., 2009. 28(3):32.

[145] Mordechay Schlesinger, Milan Paunovic. Modern electroplating[M], volume 55. John Wiley & Sons,

2011.

[146] Robin Hopper. Making Marks: Discovering the Ceramic Surface[M]. Krause Publications Craft, 2004.

[147] Linda Darty. The art of enameling: techniques, projects, inspiration[M]. Lark Books, 2004.

[148] Wikipedia. Hydrographics (printing), 2014.

http://en.wikipedia.org/wiki/Hydrographics_(printing).

[149] Joseph Katz, Allen Plotkin. Low-speed aerodynamics[M], volume 13. Cambridge University Press,

2001.

[150] Frank M White, Isla Corfield. Viscous fluid flow[M], volume 3. McGraw-Hill New York, 1991.

[151] Teodor Sandu, Andrei Sarbu, Celina Maria Damian, Adela Marin, Silviu Vulpe, Temenuzhka Budi-

100



úô�ÆÆ¬Æ Ø© ë�©z

nova, Boyko Tsyntsarski, M. Ferhat Yardim, Ahmet Sirkecioglu. Preparation and Characterization of

Membranes Obtained from Blends of Acrylonitrile Copolymers with Poly(vinyl alcohol)[J]. Journal of

Applied Polymer Science, November 2014. 131(21).

[152] Yotam Gingold, Adrian Secord, Jefferson Y Han, Eitan Grinspun, Denis Zorin. A discrete model for

inelastic deformation of thin shells[C]//Proceedings of SCA’04. 2004.

[153] Jonathan Richard Shewchuk. Triangle: Engineering a 2d quality mesh generator and delaunay

triangulator. //Applied computational geometry towards geometric engineering. Springer, 1996.

203–222.

[154] Shahram Izadi, David Kim, Otmar Hilliges, David Molyneaux, Richard Newcombe, Pushmeet Kohli,

Jamie Shotton, Steve Hodges, Dustin Freeman, Andrew Davison, et al. Kinectfusion: real-time 3d

reconstruction and interaction using a moving depth camera[C]//Proceedings of UIST’11. ACM,

2011:559–568.

[155] Paul J Besl, Neil D McKay. Method for registration of 3-d shapes[C]//Robotics-DL tentative. Interna-

tional Society for Optics and Photonics, 1992:586–606.

[156] Pedro V. Sander, John Snyder, Steven J. Gortler, Hugues Hoppe. Texture mapping progressive

meshes[C]//Proceedings of SIGGRAPH ’01. New York, NY, USA:ACM, 2001:409–416.

[157] Chunghee Park, Hoon Huh, Jinsung Kim, Changnam Ahn. Determination of true stress–true strain

curves of polymers at various strain rates using force equilibrium grid method[J]. Journal of Composite

Materials, 2012. 46(17):2065–2077.

[158] RJT Park, MJN Priestley, WR Walpole. The seismic performance of steel encased reinforced concrete

bridge piles, 1982.

[159] Marc A Meyers, Krishan Kumar Chawla. Mechanical behavior of materials[M], volume 2. Cambridge

university press Cambridge, 2009.

[160] MK Warby, JR Whiteman, W-G Jiang, P Warwick, T Wright. Finite element simulation of thermoforming

processes for polymer sheets[J]. Mathematics and computers in simulation, 2003. 61(3):209–218.

[161] Yonghao Yue, Breannan Smith, Christopher Batty, Changxi Zheng, Eitan Grinspun. Continuum

foam: A material point method for shear-dependent flows[J]. ACM Trans. Graph., November 2015.

34(5):160:1–160:20. ISSN 0730-0301.

[162] Peter Klein. Fundamentals of plastics thermoforming[J]. Synthesis Lectures on Materials Engineering,

2009. 1(1):1–97.

[163] Arnulph Fuhrmann, Gerrit Sobotka, Clemens Groß. Distance fields for rapid collision detection in

physically based modeling[C]//Proceedings of GraphiCon 2003. 2003:58–65.

[164] S Craig. Direct digital uv imaging for deep draw thermoforming[J]. Thermoforming Quarterly, 2013.

32:24–26.

101



úô�ÆÆ¬Æ Ø© ë�©z

[165] Menglei Chai, Linjie Luo, Kalyan Sunkavalli, Nathan Carr, Sunil Hadap, Kun Zhou. High-quality hair

modeling from a single portrait photo[J]. ACM Trans. Graph., October 2015. 34(6):204:1–204:10.

102



úô�ÆÆ¬Æ Ø© ôÖÆ¬Æ ÏmÌ�ïÄ¤J

ôôôÖÖÖÆÆÆ¬¬¬ÆÆÆ   ÏÏÏmmmÌÌÌ���ïïïÄÄÄ¤¤¤JJJ

1. Yizhong Zhang, Huamin Wang, Shuai Wang, Yiying Tong, Kun Zhou.

A Deformable Surface Model for Real-Time Water Drop Animation.

IEEE Transactions on Visualization and Computer Graphics, 2012, 18(8), 1281-1289

2. Yizhong Zhang, Chunji Yin, Changxi Zheng, Kun Zhou.

Computational Hydrographic Printing.

ACM Transactions on Graphics(SIGGRAPH), 2015, 34(4), 131:1-131:11

3. Yizhong Zhang, Weiwei Xu, Yiying Tong, Kun Zhou.

Online Structure Analysis for Real-time Indoor Scene Reconstruction.

ACM Transactions on Graphics, 2015, 34(5), 159:1-159:13

4. Yizhong Zhang, Yiying Tong, Kun Zhou.

Coloring 3D Printed Surfaces by Thermoforming.

Submitted to IEEE Transactions on Visualization and Computer Graphics. Minor Revision.

103



úô�ÆÆ¬Æ Ø© � �

��� ���

3=ò�¤gC8c�Æ¬�ãÆS�S§£�åff?\¢�¿��µ§�Ã�3

�U"8cm§·kLØ©�¹^�U�§�²{LØ©õg�á��ò"U
����

/Ö�Æ¬§lØm�[��Ï§kÐõ<I�a�"

Äk§a�·���±&�Ç§3ù8c¥é·�^%��"·1�g��±&P�

´�o�ï��ÿ"@�±&P�®²¤�¥IO�Åã/Æc����+�<Ô§��

�ôÆö��£�ú�"u´·l��¤3�Å�ó§ÆX6¶5§\\±&P��¢

�¿"éJ����¢�¿�/�P�0�U
zU�g5¢�¿��Æ)§k�$��

¬�g�Æ)��è"3�I�?�8c¥§±&P�Ø=��·XÛ��ï§���·

XÛ�¦<�?�Ü�§3��¡¡é·Ñ�)
���K�"

Ùg§a�·Æ¬Ïm�ï�8�Ü�ö§�)Ö�LP�!x�ÚP�!�u¬P

�!N%%P�!�RÆ¬§±9ÙW¬ÓÆ"z���K��¤§z��Ø©�uL§

ÑlØm�[�Ó�ãå"AO�a�Ö�LP�§·kn�Ø©Ñ´�¦Ü��¤�"

Ö�LP�Æ¯�Æ!�<^Ú§�¦?Ø¯K��ÿ¬ké��Â¼"

2g§a�Q²�·¿p¯Ì�ÓÆ�"3`SIGGRAPH deadline�Ffp§·��

å_���è§����å��15úp	�24h[Ú��¯��§k�$��Z3¢�¿!

LXçx6��Ff"ÓÆ�é·��ï�8�Jø
NõEâ|±"ù�ÓÆ3Y%�

ý�8¥�Ï·¢y
Y%�¢��/§�¯¯ÓÆ!Á�ÓÆ!��ÓÆ3¿S|µ×

£�8¥�·�
Ü©�è§÷R�ÓÆ!å²²ÓÆ3õ��8¥�·¢y
p�þl

��/§,	ÚNõÓÆÑkLï�5�?Ø§3d�¿L«a�"

��§a�·I1�����§�´��X·¤�"�k·%O�J.H.§·¤���

�§Ñ´�
Ú\3�å"

104


	摘  要
	Abstract
	目  次
	插  图
	第1章  绪论
	1.1 图形学中的物理仿真
	1.2 数字化制造概述
	1.3 研究现状
	1.4 现有方法优缺点分析
	1.5 本文工作

	第2章  基于面网格的实时水滴仿真方法
	2.1 问题的提出
	2.2 算法概述
	2.3 网格形变运算
	2.4 网格拓扑运算
	2.5 实验结果
	2.6 小结

	第3章  粘性流体薄膜仿真与可计算水转印刷
	3.1 问题的提出
	3.2 算法概述
	3.3 虚拟仿真
	3.4 物理实现
	3.5 扩展：多次转印
	3.6 实验结果
	3.7 小结

	第4章  塑性薄膜仿真与可计算热塑成型
	4.1 问题的提出
	4.2 算法概述
	4.3 热塑成型过程仿真
	4.4 排气孔布局
	4.5 原型着色系统
	4.6 实验结果
	4.7 小结

	第5章  总结和展望
	5.1 本文工作总结
	5.2 进一步工作展望

	参考文献
	攻读博士学位期间主要研究成果
	致  谢

