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2.1 3D�<Ú�¥�AÛ?n

2.1.1 �.�¡O��{

3D�<���3u©��E§
�¡O�´)¤©�&E�Eâ"Ïd§�¡O�w�c�­�
[7]"8c§~^�n��<^�Slic3rÚCura��¡O�æ^���©�þÝ"ù«�þÝ��¡�ª
[8]N´��¤�<�ÔN¬Ñy“�F�A£Staircase Effect¤”"��.�pÝ�h§�½©�þÝ�u§

K©��ên = h/u"�
~f“�F�A”§��.L¡�AÛA�Cz���Ü ¤I�©�þÝ

�umin§Cz���Ü ¤I©�þÝ�umax§XJæ^��þ��ªén��.?1©�§KI�

��þ�umin§�umin�umax�å���§©��ên ò²wO�§¦�<�m²wò�"ùÒ/¤


�¡þÝ��<�m�m�gñµ�¡þÝ�§�<°Ý�p§�<�m��¶��§�<�má§

��<°Ý$§��²w�“�F�A”"

�
U
k�~f“�F�A”y�§Ó�qU á�.��<�m§�¡O�I��â�.L¡

�AÛA��Cz�¹§g·A�?1�¡O�"3Å�¯�¤.+�¥§Nõó� [8]é�¡O�

®�L�\ïÄ"eU8Ié�5©§�¡O��{�©�µ���¡O�Ú���¡O�üa"d

uSTL�ª´3D�<+�¤^�IO©�a.§Ïd���¡O�é� [9∼15] Ì�±STL�ª���

a.�.�Ì"�du�©3D�.3=z�STL�ª�.êâ�§¬�)=�Ø�§Ïd��3�©

�3D�.êâþ�1�¡O� [16∼23] �´���Ä�g´"ùü«�{Ì�3u?1�¡¦���

8Ié�k¤«O"

Dolenc� [10]JÑ
�«Äu“kp”Vg�g·A�¡�{"uP:��þ��td�����k

pCmaxÚÓ+>�:PéA�ü {�þN(x, y, z)û½§Kt = Cmax/N"XJ¤¦t�u�½���

�þ�§K�����þ�¶XJt�u�½����þ�§K�����þ�",�
ó�3“k

p”Vg�Ä:þég·A�¡�{�
�'�ïÄ"Sabourin� [12]JÑ
�«k�þÝ©��2Å

ÚéØÎÜ©�°Ý�¦��¡�?1[©�)û�Y"T�Ykr�.±��É����½�þ

ò�.©¤�¬¬þ¡§,�V�uÿþ¡þeL¡>�:þ�“kp”��´ÄÎÜ�¦§éØÎÜ

�¦�þ¡2?�Ú?1©�"3T�Y�Ä:þ§Sabourin� [13]JÑ
#��¡üÑ"TüÑÄk

Ú�±���þÝò�.©¤�¬¬þ¡§,�3z¬þ¡þy©Ñ	ÜÚSÜÜ §é	ÜÜ U
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Yæ^“kp”�����?1©�"ù«�{U
�y�.	L¡��<°Ý§Ó�U
k� á�

<�m"TybergÚBohn [15]K|^“kp”����JÑ
Äu�.ÛÜ�¬�g·A�¡�{"�â

�.ÛÜ�¬�AÛA�ØÓ
��ØÓ��þ§ù«�Y·^u3�m¥PkØ�ë�ÛÜ�¬

��."

Mani� [22]JÑ
Äu�.«��g·A�¡�{"T�{ò�.Ü y©�L¡«�ÚÊÏ«

�§éL¡«�æ^Äu“kp”Vg�g·A�¡�{§éÊÏ«�±���þÝ?1©�"ù«�

é�.ØÓÜ æ^ØÓ©�þÝ�g��Sabourin� [13]JÑ��{aq§U
���y�.L¡

°ÝÚk� á�<�m��¦"Zhao� [23]JÑ
Äu���¡�¡È�ê�g·A�¡�{"T

�{r���¡�¡È�ýé��e��¡¡È�'������ä´ÄUY©���â§�T�

{Ã{?nXþe�¡È�Ó��¹"Äu“kp”Vg�g·A�¡�{���´é“�F�A”�£

O"XJ“�F�A”vk�£O�§Ò�U¦,
]à«��)���AÛØ�"

Hayasi� [24]JÑ
�éCAD�.A��g·A�¡�{"T�{Ø���Ä|^“kp”é“�F

�A”?1�O§
´ÏL|Ü«�Cz!Ð©�¡�Ó+�ÝKCz5é8I�.�AÛwÍ5?

1uÿ"l��þ`§T�{ò“kp”�Vg?�Ú°(L«§¿�ÏL�å`z¼�½Âúªe�

�Û�`)§J,
g·A�¡�{�·^5"Ó��§Hayasi� [25]�JÑ
3g·A�¡�Ä:þ

?1­¡/ª����{"T�{g´5
u<ó�°J��L§"Äk3g·A�¡�L§¥��

�.�AÛÚÿÀ&E§,�|^�c�¡þÝ�þe���¡�Ó+&E�ï��­¡"T�{¦

��¡��CAD�.m�AÛØ�ü���§?�ÚJ,
�¡�°Ý"

Siraskar� [26]JÑ
Äul�ä(��g·A�¡�{"T�{ò8ISTL�ª�.=z�U?

>.�l�ä(�£Modified Boundary Octree Data Structure§MBODS¤§,��âä!:pÝ��

<°Ý��þ)¤�¡§Ù��´ÏLl�ä(�é�.¢yCq5L�"

Steuben� [27]JÑ
�«Ûª�¡�{"�ykÄuwªC���¡�{ØÓ�´§T�{Äu

éÑ\�.ý½Â�Äuéuª5K½Ôn5K�Ûª�§¿ÏLéÛª�Y²8�¤�´»O�

)¤�¡9�<´»"�'uwª�{§T�{éu,
�~E,�.k�Ð��J"Huang� [28]J

Ñ
�«·Ü�¡�g´§3²¡�¡�Ä:þ\\
­¡.�¡"ÙØ%g�Ò´±²¡�¡��

�.�SÜÌNÜ©§±­¡�¡NXu²¡�¡±J,L¡°Ý"éAuù«�¡�{§Ù�<g

ê�´õg�§k�<²¡�¡Ü©§2�<­��¡Ü©"

Ø�é8I�.?1ü�����¡§ò�.©
¤õ�Ü©§¿?1õ����¡�´�«g

´"ù«g´�8I´ÏLÀJ�`��Ý¦z�fÜ©¤^| ��!°Ý�p"Singh� [29]ÏL

3Ð©���Ó+>ÝKò�.
©���<ÚØ��<Ü©"�éØ��<Ü©|^O�#��

¡��§¿48�1Ó+�ÝK
©§Xd��
©��Ü©�Ü��<"T�{�ï
õ���¡

��Nµe§�¢yÅ�E,�$�þ�§ØU?nSÜk�É�8I�."Ruan� [30]JÑ
ÏL

J�¥%�I?1õ���¡�Å�"TÅ�J��L�ÛAÛ&E�¥%�I§±d�¤�¡L§

��`zS�"ÏL©Ûd¥%�IO��ÿÀ&E§�ï
©­¡Ú
©S�"TÅ�|^¥%�

I�Cz5
©§O�L§{ü§�du¥%�I¿ØUéÐ�L«(ÜCz§¤±TÅ�3,
�

¹ØU��éÐ��Ç"Ding� [31]JÑ
�éSTL�ª�õ�Ý�¡�{"T�{¦^
{z�{

±J,�Ç§¿¦^
N©)Ú­|�Å�é�.?1
©§¿é
©��fÜ©(½�¡��"d

uT�{3N©)L§¥��éµ4�]�§¤±éu�.¥�¹�µ4]�½�kb>��¹K

ØUéÐ?n"�±wÑ§õ�Ý�¡�­:3uéu8I�.�
©9é
©�fÜ©��`�¡

��ÀJ"
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2.1.2 �<´»5y�{

�¡O��e�Ú´�<´»5y§�¡�×£´»)¤§́ 3D�<¥��Ä�ó���"3d

��¡!d���n��Å�\ÈL§¥§3D�<Å���þ�×£ó�§ÏdÜn��<´»�~

­�"�<´»�5yAXúu~��1§§~�×£´»3ØÓ«��a=gê§ �z���¡

�m�×£m���¦"8c§Uì�<´»a.�ØÓ§�<´»)¤�{Ì��©�5«µ

(1)²1×£ [32∼35]"z�ã´»��½��§����uÑ§¡�(.´»§½3>.�S E×£§

¡��i/´»£Zigzagging¤"

(2) Ó+²1×£ [36]"W¿´»dÓ+��X��å£Offsetting¤�|¤"

(3) ©/×£ [37, 38]"×£´»d�
�ªL«�©/­�|¤"

(4) ëY´»5y [39]"±ü^ëY�­�CX8I«�"

(5) |Ü´»5yEâ§±þãõ��{�(Ü"

²1×£Eâd��²¡S½��²1×£�|¤"(.´»�{ [33] ´²1×£´»�A~§

�±w��4�I�m�²1×£�{§d8I«�¥%�	Ë��×£�|¤"du¢y{ü�é

u?¿>.k�Ð�·^5§ù«Å�~^uû��3D�<XÚ¥"Ó�^uû�XÚ��k�i/

´»5yEâ [32, 35,40]"�'u(.´»Eâ§TEâò�½���õ^mä×£��Ü�ëY�ò

�´»§±d4��~�
�1§9«��a=gê§k�J,
�<�Ç"�TEâ���¯KÒ

´ØU�y��½��Ø²1>.�°(�<"

Ó+²1×£Eâ´�â>.A�?1�å�²1×£§�k�)û>.�°(5�<¯K"Ú

^´»)¤Eâ [42, 43] �w��éÓ+�²1×£�{§õ^uê�ÅK�.n\ó§��±^u)

û²1×£�{���Ø°(¯K§�´==·^u��AÏ�AÛ/G§Øä����Ê·5"�

��Ó+²1×£�{ [44, 45] ÏLéÓ+��å$�)¤(J´»"Li� [46] æ^
�«>.N��

ª5?1´»5y"T�{�æ^
�é>.��å$�§±d¬/¤êþ�õ�ëYµ4´»§¦

�3�<L§¥zg�¤��µ4´»ÒI�?1a=§K��<��Ç"Ding� [47] JÑ
æ^¥

¶C��g·A´»5y�{"T�{ÏL¥¶Cz¼�©|�þ§,��ï©|4�¿é«�©

)§¿/¤´»"¢�(Jy¢
T�{'�g·A�¥¶C�´»�{k�p�O(Ý"

©/×£Eâ´±�ªzL«�©/­�|¤(J´»"I	�Bertoldi� [38] ÚIS��Ór

� [48] ©OJÑÄuHilbert­��ØÓ´»5yEâ"TEâ�y²3�<L§¥�k��~�á�

�Â "Chiu� [37] ¢y
�é©/é��´»5yEâ"TEâéz��¡ïá
d��:W¿�

��§©/é��â��¥�:(½§±dMï©/�.",��é��J�>.¿`zÒ�±ïá

×£´»"o�5`§©/×£EârNéuÛÜA���±§¦�(J´»¥�3�þ�[�ò�§

�����¯KÒ´3�<L§¥§¬E¤�<Þ3ØÓ���6Ä§K��<�Ç��þ"

ëY´»5y�8I´±ü^ëY5�´»�¤é8I«��W¿§±d��z£Ä´»"Wasser�
[49] ÏL¦^�[ò»�{�ï
aqu©/�ª�´»)¤"T�{±ü^´»�ëY5©)5)

¤éu?¿/G«��W¿�ª"Äkò8I«�y©�eZ!:§!:�êþd°Ý��"��.�

�½öI¦°Ý�p�§I�ÜÝ�õ�!:§�T�{�O��m�!:êþ¥��5'X"d	§

T�{¤)¤´»��E,§N´3,
«�/¤9þ�æÈ§¦�®�<�«��)¥ "Kim�
[39]�â�¡Ó+�Voronoiã§U�½� �þ3�>.���Voronoi«S)¤T��� ��§ë

�ØÓ��� ��§���^���×£´»§ÅÚUC �þ=�����×£«��´»5

y"Dwivedi� [50] JÑ
�«ëY´»5y�{§òAÛã/L«�eZ�{ü�õ>/"éuz�
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õ>/¦^µ4��i/ò��¤§¿3��ò�i/|Ü¤��ëY�´»"�±wÑ§ëY´»

5yEâ4��;�
�1§��)"

EÜ´»5yEâ´�éþãoa´»5yEâ�A:9":?1|Ü�)û�Y"Ñgéu

°(5Ú�Ç��Ä§�~^�´Ó+×£�{�²1��{�|Ü"Zhang� [51] ¦^SÜ��i

/´»±�±�Ý¿3	Ü¦^�þ´»5�±°(5"Jin� [52, 53] JÑ
�é)Ô�Æ�.�Ó

+��²1�|Ü�{§Ó�ÏL�i/´»5�±SÜW¿��Ç
ÏL	Ü�Ó+´»�±°

(5"

2.2 3D�<�å�AÛ?n

3D�<Eâ�^r�gÌ�E�5
4��gd§�du¢S�<^����§̂ r�O�êi

�.  ØU����<§~X�.º�L�Ã{�g5�<§�<L§I�V\�	�| (�§

½övk�Ä�.�Ôn5�
���<(JÃ{÷vA^I¦£XÕá!²ï¤��"ù�§ÒI

�òù
��^�=z�éêi�.���AÛ�å§3�<�cé�.?1?�Ú�?n"

2.2.1 �º��.�©�?n

3D�<Å��<���º�Ï~É�uÙ��SÜ�m���§
¢SA^¥�º�ÔN�?

��§ù
ÔN��<E,´äk]Ô5�ó�"���*�1��<�Y§́ ò�º�ÔN©�¤

�|��<��¬§,�ò§�|C����N§Xã2¤«�«f�.�©�«~"

ã 2 «f�.©� [54]

Medell[n� [55]Äk¦^n��m¥�5���é�.?1©�§,�3z�f¬¥uÿ�¡!k

:!AG(��Ø|u�<�A�§ÏLS�/A�uÿÚ?U©�>.§�ª��·Ü�<�f¬"

Luo� [54]é©���ªJÑ
�X���¦§�)º����<5!�|C5!k�5!�ë�

5!Ün5±9{*�§¿�âù
8Ié�.�©�?1`z§æ�²¡©�!zgò�.�©�

���ª§����gº�e�äG©�(�"

Chen� [56]KJÑ
��CqL«�.	��©��ª"T�{Äk¦^�þ�²¡õ>/é�

.L¡?1Cq§,�S�/ò�©�.���¡¡©���A�õ>/¿é��?1C/"T�{

U
�y©�(J�µ45§¿Uk�/;�g��/�Ñy"

Vanek� [57]ò�.SÜ��§,�ò	�©¤�¬¿��(packing)3�åÓ��<§3!��<

�mÚá��Ó�§�?n
�.�º�¯K [58]§Xã3¤«"
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 3  [57]

Yao [59]

(packed size)



2.2.2 

fused deposition modelingFDM

  







Alexander [60]

Chalasani[8]



a)  b)  c)

 4 

3D(Filament-Based Supports)

4(a)

Strano [61]





Vanek [57]


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Xã4(b)"

Dumas� [62]3À�| :�Ø(�¥�]!Ü©	Ó��Ä
�.�<L§¥��N­½5§

,�3ù
:?�O�kxG(���Ãe| §Xã4(c)"�äG(��'§T�{3­½5þk

é�J,§Ó�á�¦^þÄ���"

2.3 (�©Û�`z

2.3.1 ¡�!�á��(�`z

�X3D�<Eâ�×�uÐ§8c3D�<�¤��3Øäeü"=¦Xd§�'DÚ�E���

¬§3D�<�¬�¤��´'�p�"8cÙ¤�~ÏLü NÈ¤�Ñá��¤ £̂�/cm3¤5L

«"dd��§3D�<�¤��¤�Ñ�á�NÈ¤�'"Ïd§XJ�ü$�<¤�§@o3ØK

�ÔNL¡�þ�cJe§ÏL`z�.5~��.¢NNÈ§ò´��éÐ��{"

3Å�ÚCAD+�§é@ÒkïÄömÐ
ù�¡�ïÄ"5¿�ÄÔ|�!���é�¤ä

kQ�Bq(¢�(�A�§Schroeder� [63]@�ù
é�I�k#��.L«�{"¦�3�ÅA

Û(Stochastic geometry)�Ä:þ§|^�Å¼ê5L«ùaõ�5(�§Xã5"

(a) 多孔结构的骨骼 (b) 随机函数

ã 5 õ�(���Å¼ê [63]

g,.�3éõ0*(�(Mesostructure)§X�e(�!·¶(�!�&(��§ù
0*(�

Ó�QkéÐ�rÝ§qké���þ"É§��é«§Rosen� [64]JÑ
�«�e(�.ª(Lattice

structure)���(��O�{§¿�Ñ
�A�åÆ©Û�{§Xã6"

(a) 八角网架 (b) 蒙皮网架结构

ã 6 �e(� [64]
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3g,.¥�
)Ô(��é«e§nÜ�SS� [65]JÑ���(�£Cellular structures¤5�y

(��v
rÝÓ�J¦á��!�"3©¥§¡�3D�<I¦§�ö�â�½��.&E§�Ñ�

«g·A)¤��ü���{56��.SÜ�m§��!�á��8�"ù«�{äkûÐ�ëê

zõU§�±�âI�5�½ØÓ�ëê5÷vØÓ�W¿Ç�¦"©¥�Ñ
Bunny�.^T�{

¤���(J§Xã7"

(a) Ð©`z(J (b) éó`z(J

ã 7 ��(� [65]

2.3.2 ¡�rÝ�(�`z

3D�<Eâr?
�¬�5z½��Ê9�í2§¦�z�<Ñ�±�O3DAÛ�.§¤�g

C�¬��O�"¦�du"y�
�O²��åÆ�£§¬��Ù�O(JÏ�(�¯KØU�~

�<½33D�<�¬�3�
(�rÝ¯K"rÝØv�U¬¦3D�.3�<!$Ñ½F~¦^L

§¥É�»�"ù«¯K·�¡Ù�rÝ©Û¯K"§�Ì�?Ö´£O3D�.¥�3�rÝ½C

/¯K§¿�Ñ·�Ün��Ö�Y"

�é�
�.�UÏ�(�"�
ØU�<�¯K§TeleaÚJalba [66]�â*	¿l�
3D�<

ÑÖû?
)�ù�¯K�'�3u�.¥�[�«�"Äuù�©Û§¦�æ^N�L«£Voxel-

based representation¤�{5uÿ[�«�§�Ñ
���gÄ©Û�.��<5��Y§�´¦�

vk�Ñ?�ù
[�«���{"

�érÝ¯K§Stava� [67]�Ñ
��gÄuÿ¿?�(�rÝ¯K�XÚ�Y§5Mï��#

�3D�.§¦Ù��k�.�±¦�U�C�	/§Ó�JpÙ(�rÝ��N5"T�Y¥§�.

�(�rÝ¯KÏL���þ?�(�©Û)�ì5O�£OÑ"��§�â¤uÿÑ�rÝ¯K§

©¥�Ñn«�{é��.?1?�µSÜ�É!ÛÜ\þ�\| §Xã8"

Stava� [67]¥��Yk�/Jp
�.�(�5U§;�
prÝAå«��Ñy"�´T�Y

���Û�3uµ3(�rÝuÿ�§XÚI�ký��.�U«É�	ÜÖ1�¹§¿âdé�.

wª/�½�«½A«lºª	ÜÖ15?1(�rÝO�"�,§Ó��I�Ä�.�­åÖ1"

w,§ééõ�.5`§ù«ý��Ö1¿ØUéÐ/�N�.�ý¢Ö1©Ù§ÏdÙ(�©Û(

J�ý¢5���5�ÒØUéÐ�y
"

�éþ¡�¯K§Zhou� [68]�Ñ
���Ð��Y"T�Y3ýÿ½uÿ�.(�rÝ¯K�§

�þã²(�½½�½�.�Ö1�¹�{ØÓ�´§§�Ïé�«�Ø|Ö1�¹£Worst-Case¤§
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a) 内部挖洞 b)局部加厚 c)加支撑

ã 8 (�rÝ¯K�?� [67]

¿âd£OÑ�.þ�´»��?½��C/«�"

T�Y�Ø%�{´��©Û£Modal Analysis¤"3(�©ÛïÄ+�§���ÔN±ØÓªÇ

�Ä�§ù«�Ä¬��ÔN��
yfÜ �)pAå½�C/"��©ÛÒ´^5ýÿ(�3�

ÄG�e�Uu)�»�½C/��«²;�{"T�Y�Ì�Ú½Xeµ1¤O�Ñ\�.���

��¶2¤é�.�z����§O�J�Ñ�A��f«�¶3¤éz���f«�§ÏL¦)�X�

�`z¯K§O�ÑÙ�A��Ø|Ö1©Ù¶4¤^k���{O�3þãÖ1©Ù�^e�.�

Aå§l
��T�f«����Aå©Ù�¹¶nÜ±þz����e�.��Ø|Ö1©Ù��

�Aå©Ù�¹§(½�ª(J"

Ó��érÝ¯K§UmetaniÚSchmidt [69]KÄuî.¨Ëã|b�§�â�Ý²ï�§§�Ñ


�«Äuî�¡�åÆ©Û�{"ù«�{@�3D�.�rÝ¯K�õÑy3[�A�«�§ùa«

��Cqw�î.¨Ëã|ù(�§Ïd§�æ^î.¨Ëã|b���'ù(�AåO��{5O

�T«��Aå"�k��åÆO�ØÓ�´§§ÃI��¿©§Uìù(�nØ5O�ùL¡��

�Aå§QU�y�½�O�°Ý§Ó��äkûÐ�O��Ç"©¥|^ù«�{5`z3D�<�

.��<��§l
Jp�<�.�(�rÝ§�{6§Xã9"

ã 9 �¡(�©Û`z�<��6§ [69]

2.4 ¡�Ôn5U�AÛ�O

êi�.��Oö��I�ÄÔN�AÛA�§
Ø7'%§��Ôná5"
�ù
êi�.

ÏL\ó�E��ª¢Nz��§§�ÒI�ÎÜy¢­.��«Ôn�å§ÄKÃ{÷vA^I

¦"¡�Ôn5U�AÛ�O�A:´±Ôn5U��å`zAÛ�O§ÏL8¤åÆk��Eâé

AÛ�O�Ôn5U?1�ýÚýÿ§Jp^r¦^3D�<��EEâ�¦^�Ç"
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Stava� [67]?Ø
�<�.�(�rÝ¯K§3ý��Éå�/e§©ÛÑ�.¥��yf«�§

¿3¦þ�±�.	/�cJe§ÏLSÜ��!ÛÜ\þ±9V\	Ü| ��ªé�.?1ÛÜ

?�£Xã10¤§O\�.�ÔnrÝ§¦��<�.3gr­þ±9�W!$ÑÚF~�>�Ø´ä

�"

ã 10 (�rÝ?�µSÜ��!ÛÜ\þ±9V\|  [67]

Zhou� [68]Kéêi�.¥�U�3�yf«�?1
���¡�©Û"��½,
A½�Ö1

ØÓ§T�{©ÛÏL��©Ûuÿ�.3¤k�UÉå�/e��Ø|Ö1§?
£OÑ�.¥�

´u)��Aå½/C�«�£Xã11¤§��.(���N`zJø
��²(���"

ã 11 yf«�uÿ6§ [68]

�<�.­½G���±�´��­��¢S¯K"duêi�.3�O�vk�Ä­å!(�

²ï�¯K§�<ÔN  Ã{±^rÏ"��ªÕá½²ï"PrWvost� [70]JÑ
�«é�.?1

�pª?U��{§ÏL3�.SÜ��±9é�.?1ÛÜ�C/±UC�.�­% �§¦�<

�.�ªU
3vk|e½.���¹e§±�½��ªÕá½]!§Xã12(a)"

a) Õá­½(� b) ^=­½(�

ã 12 ­½(�`z

Bächer� [71]KÏL3�.SÜ��!ÛÜC/±9¦^õ«á���ª§̀ z�.��þ©Ù§

¦��<ÔNU
�úÚ½aa¥��§±^r�½�=¶²­^=§Xã12(b)"
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Yamanaka� [72]3�.SÜ½Â���Ý|§ÏLéÙ©Ù?1`z¦��.��þ©Ù÷vA

^I¦§��òÙ=z¤,«��<(�?1¢S�<"

Musialski� [73]ò�.SÜ��§,�é�.	L¡?1²£/¤��	�§¿�âA^I¦`

z²£­¡��©L¡�m�þÝ"T�{·^uõ«A^I¦§²ï!Õá!̂ =�Ôn�åþ�

��`z8I�A~§äk�r�ÿÐ5"ã13�Ù`z(J��<�.«~"

ã 13 L¡þÝ`z [73]µÑ\�.!̀ z(J9�<�.

�Ü©3D�<Å¦^�«£½�êA«¤á�§ù¦��<Ñ�ÔN  �küN��55

�"Schumacher� [74]JÑ�«¦^�(�5CqäkØÓ�55�á���{§ÏL`z�(�

�/GÚ©Ù§U
¦��<�.��55�k���Cz��§��ý¢/�.y¢ÔN,Xã14¤

«"

ã 14 �(��[õ«�5á�5� [74]

�
4Øä�;��£�2�^rU
gd�OÑ÷v�)��<53S��«�å^���

.§Shugrina � [75]ò�k�|ëê��O�.Ä���þ�^r�Nëê§¿òù
^rëê��

3�1��"ÏL3�O�m�ýO�Úæ�§T�{U
3^r¦^�é�O��15?1¯�µ

�§�y^r�O��(5§��ü$
�O��"

2.5 ½�zAÛ�O�?n

3D�<3½�zAÛ�O�?nþäkU,�`³§3��!��!�W���+��¡k2�

�A^"

2.5.1 ¡���A^�½�

�DÚ�E�'§3D�<k½�z§Ýp!¤�$!�E±Ïá�`³§3��þ�A^CX
�

��.!Ãâ��!xEì�!7á�\Ô!�Ô!|��ì(!�n!Ãâì��E����¡"3D�
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<xEì�3«(Øu�/«�`³�~²w§ù
/«"����'�@��§æ^3D�<?1

Â����Y��½�¤�$§´uÊ9"õÔõ�Æ�ïÄ<
�ÃîA�£Autodesk¤9CBM

Canada§|^3D�<�uÐ¥I[�¾�£X¿Z�¤¯��<Ñdí!´½��Â��Én"{

I�Not Impossible Labsò3D�<Å$x��û�í�<+�õ�ÔÏ/«§¿�Ô�/<ö�Åì

��!�¾<�<½�Â�"3D�<Eâ3��þ�A^§�±¢y�)�Ô¹5¤©!Jþ!/G

���5z½�§¿��±ÏL½��Ô�AÏ�*(�§Uõ�Ô�º�1�§l
Jp��¿ü

$B�^"2015c§{I ¬�¬iÒ+nÛ(FDA)C3�¥1OÄ±��^3D�<����¡§ù

±¶�Spritam��ÔdAprecia��úi�ZipDoseEâ��,ÙSÜ�õ�(�§U
3�þ�Y¥

×��)¤pJþ��Ô§̂ u£���w§�u¾���ö�5
4���B",	§�.dx�

ÆzÆ[Lee Cronin3�|TEDüùþCronin£ã
��U
�þ)�E���3D�<Å"¾<��

�³>f?�§�º�A��þ�A§	ï�A��Oã9zÆ$Y§ÒU
gC3[p�<Ñ�Ô

5"Croninâdýó�5<��ï��NØ2´�Ô§
´�A��Oã½APP"{Iu�î²á�

ÆSusmita Bose�Çæ^�pë����õ�(�§±��nW�Ì�á�3D�<Ñ��|e§ÏL

ù���ªò�k�)�Ïf��|e�\<N§#��|�3�Ì|��õ��|e¥)�§U


¼��Ð�(�5U§l
\����Ü [76]"

2.5.2 ¡�1K�(Ñ�J�½�

éuý¢1ì�J��[´O�Åã/Æ¥���­�¯K§CAc33D�<��µe§XÛÏ

L��ÔN�/G½(�5���½�1ì�J¤�
��ïÄ9:"�Ñy�´��1�BL�

�ß²ÔN�§dué�L¡�Ø²�§¦�1�ò�¿vk²1u)§Ñyûò�§ÝKL¡Ñy

1f©Ñ¤¥y��J"ïÄö�ÏLO�ß²ÔN�L¡AÛ(�5N�1�����ò�§l


��ýÏ��Ñ�Jã� [77∼80]"Pereira� [81]JÑ�«13�NÔN¥�DÂ���{§¦^õá

�3D�<�Eäki\ª1n�ÔN§|^�S��5Ú�13ü�?¿­¡�m�´»"ù��{

ÏL��z1n�­Ç��`zõ^1n�ÙÛ�`z1��DÂ§�A^u?¿­¡/Gþ�w

«"

aq/§æ^3D�<Eâ��±5½���(Ñ�J"Bharaj� [82]JÑ
�«¨��`z�O

�{§gÄ`z?¿��Ún�/G§¿ÏLC/!B���ª§¦�ù
Wì�vÂ�U��^r

Jø�ªÇÚÌÝÌ�)�(Ñ"ÏL.¶Öæ��{3Uþ`z¥\�Ïé4���L§§¿(½

Uþ©Ù&¢�VÇ��"ù��{�±^5)�5UCqu;��E�Wì§Ó��ÿ°
ù
W

ìU
�)�/GÚ(Ñ§~Xü�ÔN�)Úu�«a"�C§xÔ'æ�Æ�Li� [83]JÑ�«�

±gÄ�OE,AÛ/G�(ÆÈÅì��{§ÙA^ºX
�(ì��O!+Wì��.�O!±

9¦^F~Ô¬?1(Æ\�"

2.5.3 ¡��W��ÿ�A^�½�


ä�E´3D�<½���4ädå�uÐ��§DÚ
ä�E�A:´6Y�ª1þ)�§


�X3D�<Eâ����Åì¤Ù§<�m©}Áò3D�<Eâ$^3
ä�Eþ§dd
ä½�

�m©Ñy"Bächer� [71]JÑ�«ò?¿n��.½���^=úÚ½aa¥��{"^rJø�

�n��.¿�½��^=�¶§T�{ÏLUC�.SÜ��þ©Ù§¦�Ì���.5Ý�8I

^=²¡���"éu�.SÜ?1��ö�§¿æ^·A�õ©EÇN�z£l�ä¤S�W¿Ü
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©«�§3SÜ��Ã{÷v^���¹e§æ^ÛÜC/�õ«á��<�Ö¿�ª"ÄuSÜ�

��g´§Wang� [84]JÑ
�«éu�½n��.)¤¤2ÔN��O�{§=ÏL��5��Ô

N��þ©Ù§l
¦`z����.÷v^r�¦�¯YpÝ�2Ä��"Umetani� [85]JÑ
�

«�pEâ§̂ u�OÃÄå�w��Å"¦�ÏL��ÅÚæ8XÚÂ8w�Å���;,§¼�

ÅÊ/GÚÅÊÉå�m���5'X§ïáêâ8"¿^ù
êâ�[w�Å3ý¢�¸^�e�

�íÄåÆLy"Ó�¦��OÑ
���p�Oóä¦�^rU
�½ÅÊ�	/"��ÏL3D�

<Eâò�O�¤�w�Å°(/�EÑ5"Sun� [86]KJÑ
�«éu�½n��.)¤Ù/G

� ���OO��{§=^r�½��n��.Ú�½�^=¶§�{gÄO�ÑÙ§Ü·��4

l^=¶§�âù
^=¶���.¿�7��C/§¦�.Ø¬Ñy-E§¿)¤��<�SÜØ

=Å�"

3�ÿ+�§3D�<�Â��K"Iarussi� [87]JÑ
��|^7j5MïE,/G»¬��O

O�óä§Ì�)ûMï��7j»¬�ü�Ì�]ÔµXÛòÑ\�ã/©)��|7áj§XÛ

ò7áj�­¤�½�/G"Ø©��z3uÄu"{��E�¡��åÚ©)ãê��ù�8I§

òã/©)ù�¯K£ã�����å�ãI5¯K§¿^�Å`z��{¦)"3©)�Ä:þ§

XÚ)¤��3D�<½��| (�½Yä§9Ï^rò7áj�­\ó¤Ü·�/G§�{L§X

ã15"

ã 15 7á7j»¬½� [87]

^53D�<á��Ñy¦�í¥ù«Uu)/C�
äU
?\3D�<½���Æ"Skouras�
[88]JÑ
�«½���í¥�gÄ�O�{§=�½��8I�.§ò�5��)ä�Ôn�[Ú�

å`z�{(Üå5§̀ z¦)Ñ��3)ä��8I�.¦�U�C�í¥�"�
¦����{

ü§¦�?�ÚJÑ
�«�póä5�O¿íª(� [89]§^rJø��8I�.§¿�½���

���úãL«>."¦��óäòA²¡¡O�Ü¤�¿í(�§¦Ù�8I�.¦�U�q"©

�Ñ�¡¡U|C¤��¢N"Garg� [90]KJÑ
�«�{5�Op�?�
¤���¤�gd/

�L¡§'X7áj��"¦�ò7áj�á�á5N�3
�'ÈÅ�AÛ�.þ"

�Ä��<ÔNõU5�n��.½��äk­��¿Â§XKoyama� [91]JÑ
�«¯��O

ü�é���3D�<ë�ì�gÄz�{"éuÑ\�ü�I�ë��êi�.§Äk?1½ Ú½

�§¿5²�
9Ï&E§'X­þ!º�!gdÝ!Ø#N�CX�«��§ù��{¬)¤A«ë

�ùü�ÔN��O§̂ r�l¥ÀJ�±wå5�Ð½ö�U÷v¦��I���O"ù�ë�ì

�­��´Ùüà��½C���O"8cTXÚU
)¤ü«a.��½C�"�«a.´�éä

kIO/G�ÔN§'X+�Ú²¡�¶,�«a.K�éÃ5K	/�ÔN"ù«a.��½C�

Ï~I�é	/?1AÛ©Û§l
)¤	�G��½C�§äN5`§Äk3�.L¡ÀJé¡�

«f:§,�ÏLS�*�3L¡���¡È§���.þ�>:�êþU
÷v�½��½UåÚ
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8ºUå"ã16©OÐ«
ð�¡��ÃÅ÷e�«fÉÃþ��f÷e�O"

ã 16 ��<�ë�ì�O [91]

2.6 3D�<ÔN	*�?n�`z

3ã/ÆïÄ+�õc�p�uÐ¥§ÔNL¡	*�?n��´ý¢a±�Eâ¥�Ø%¯

K"3dÏm§ã/Æ�«�Ø�ãåx)Ñ
NõRk¤��±��.§ù
�.�kÙA:Ú·

^��§±÷vØÓA^���^�Ú±�I¦"�X3D�<Eâ�ÅÚ61§��<ÔN�AÛE

,5k
²w�J,",
Ù¥���¯K3u§¤�<ÔN�L¡1ÆA5E,É�u3D�<L§

¥¦^�k�á�§ùw,Ã{·A<�éÔN´L	*�ÊHI¦"3dcJe§ã/Æ�«Cc

5�é3D�<ÔN�	*?n�`zÐm
Ø�kÃ�&¢§�åuò±�nØ¥uÐå5��«

�.Ú�{A^u3D�<§Ù¥�9��<á��	*�[!ÿþ±9Ü¤`z�Eâ"

ã 17 BRDF£�¤�BSSRDF£m¤�. [92]

3±�Eâ¥§V���©Ù¼ê [93]£Bidirectional Reflectance Distribution Function§{¡BRDF¤

´��4D¼ê§§3L¡,�:?�\�1ÚÑ�1���mïá
��'é'X£Xã17�¤§~

^u£ãØß²ÔNL¡���5�"g2009c±5§�ï<
m©Ï¦|^�a�EEâéØß²

ÔNL¡����J£=ØÓ ��BRDF¤?1½�"Weyrich� [94]ÄkJÑ3¢NL¡\ó��¡

5½�ÔNL¡���5�"¦�@£�L¡�E,��  d�ºÝL¡AÛ�éÜ�Aû½§Ï

d�O
�«�{5O�Ú�EL¡���¡(�§±÷v^r�½�L¡��5�"¦�Äkò�

½�º¡p15�ÏL��©Ù=�����AÛ¡�{�©Ù§,�ÏL�X��$�Éæ�Ú�

[ò»`zO�Ñ�A��AÛ¡ëYpÝ|�.§��^ê��E�ª?1\ó§��äk¤IL

¡��5��¢N"du���.Ú�E�ª���§d�{¤�(J�	*©EÇ�$"Matusik�
[95]3Ó�cJÑ
,�«�{§¦^d�{�3S¡?9¯�<Å£ALPS MD-5500¤þ�<Ñäk

ØÓ��5�£�)1w!�ß$�7á�a¤�L¡§k�*Ð
± �U?n�«ôÚ£½�Ý¤

�²¡�<Eâ"¦�Äkl�½��mCzBRDF£�5gO�Å�[½¢Sÿþêâ¤Ñu§ÏL

Ú�N�òÙÝK���d¤k��<á��BRDF¤Ðm��m¥§,�ÄuÝK(J¥�«Ä�
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á��ëY�­5)¤lÑ��N�ª?1Cq"Malzbender� [96]KJÑ
�«L¡��5���

<�{§�±�<Ñ	*�1ì��£Uì�½�¦¤?1Cz�ÔN§é��5����Uå�'k

c�ó��r"ù��{|^
�«AÏ��Ü§ÙL¡þk¥8>/
�©Ù���¥/]�§Ï

d1ì��ØÓ�º¡��� ��ØÓ"¦�3�ÜL¡CX����§¿�â¤I��A53�

�þ�A½ ��<Øß²á�����§̂ ±3ØÓ�1ì^�e¶-�«ØI��º¡��1§

dd��ØÓ1ì^�e»É�	*¥y"dó����3uÀ:ØUk��Cz"Levin� [97]JÑ


�«�p°Ý�L¡��½��{§Äud�{�E���L¡3�mCzþ�äk220dpi�©E

Ç§�'�c��{kêþ?�J,"dukc�(J��¡É�u¦^�L¡\óEâ§,��¡

É�uXAÛ1Æ�.�ó�ºÝ£��ÄZ�!û��Ï�¤§Ïdù��{¦^�1�Eâ?1

L¡\ó§¿(ÜÅÄ1Æ��*Å�AéL¡���5�?1�O"dó����3u�1�Eâ

�U\ó²¡
Ã{·^u?¿AÛ/G"

ã 18 é'µ7���á�£�¤�U,�ß²á�£m¤[98]

V�L¡Ñ���©Ù¼ê [93]£Bidirectional Surface Scattering Reflectance Distribution Function§

{¡BSSRDF¤́ ��8D¼ê"Xã17m§§�x
L¡,�:?,�����\�1�L¡,�:

?,�����Ñ�1�m�'é'X§~^u£ã£�¤ß²ÔNL¡���5�"cãBRDF¢

Sþ´BSSRDF���CqL«§�BRDF�'§BSSRDF�6u\�:ÚÑ�:� �§Û¹
£�

�L¡e¤ÔNSÜE,�1´D4&E§ÏdU
k�L��ß²á�¥�gL¡Ñ�1�"du

y¢­.¥ÃX�Ç!ÚE!0!�n���ß²á��ÊH�3§XÛÏL3D�<��EÃãO(

/E�Ñù
U,�ß²á��gL¡Ñ��JÚå
ã/Æ�«�'5"Hašan� [98]JÑ
�«

ÄuEÜá��BSSRDF�O�{"¦�ÄkéObjet ConnexX�õá�3D�<Å�A«Ä�á�?

1Ñ�á5�ÿþ£�)��Úß�üÜ©¤§���A�BSSRDF£ã",�§¦��O
�«�é

õ�EÜá��gL¡Ñ�á5����[�{§¿ÄudéEÜá����á�«aÚpÝ?1

`z§¦�EÜ(J�BSSRDF¦þ�C�½�8Iá�á5"��§¦^õá�3D�<Å�EÑE

Üá�¢N"ù�ó�Ó�|±Ó�á�ÚÉ�á���O§�du�^Ä�á�L�§��ÙUÜ

¤��ß²á5��k�"Papas� [99]KJÑ
�«Äu7��ô�·Ü�Ó�Ü¤á��O�{"

¦�Äkò�«ØÓô��Ä�7�á�?1KÜ§¿ÿþ
ÙÜ¤(J�	*á5^±�ï��

á�êâ¥",�§Äuù�êâ¥é�«Ä�ô��·ÜßÝ?1`z§¦Ù�7�·Ü(J�g

L¡Ñ�	*¦þ�C¤�½�8Iá�á5§ùÙ¥�¹
�Ûô�ëê��ÚÛÜô�ëê�
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S�ª��§(�`z(JäkûÐ�Cq5"Xã18§̀ z��Ü¤á�U
�Ð/%Cõ«U,

�ß²ÔN£XÚE!�F�¤�	*"ù�ó��<ó�ß²Ü¤á�Jø
�´L�ÀJ§�Ù

��ÄÓ�á�§�3?npáÂ5á��Ø
°("

8c§�Ü©�S¡?3D�<Å=|±�<üÚ�AÛ�.§¦+õá�pà�<ÅU
|±ç

Ú�.��<§,
�é²¡�<EâÙÚçÀJk��d�p[§é	*���Ø
´L"Ïd§

XÛéyküÚ¢N�.£3D�<½Ù¦�E�ª¤?1þÚk­��y¢¿Â"��þ§ùI��

«U3Ôn­.¥°(/ò?¿çÚ«n=£�E,AÛÔN�þ�Eâ"Panozzo� [100]JÑ
�

«|^Y=<Eâ�Ôn«nbã�{"¦�éÔN�EL§¥p©f��/C?1O·��ý§Ä

uC/(J_�(½«n3p©f�þ��< �§¦�«n3�EL§¥UO(��ÔNL¡�

A� �"ù��{É�u�E�Ý§Ã{?n�~E,�AÛ/N§���ÔN�m��p½ E

Ø
°O"Schüller� [101]KJÑ
�«Äu9�¤.Eâ?1Ôn«nbã��{"¦�é��¡3

�,�ä±9Äý��L§¥�)�/C?1�ý§¿�â/C(JO�Ñ��¡þ�«n �§¦

z��«n��:39�¤.L§��O(��8I �"3d�{¥§�äÚ«n��¡�m��

p½ EI�<ó0\§°Ý¬É��½K�"

2.7 Å��O

2.7.1 3D�<Å�Å��O

Pan� [102]JÑ
3A©¨S¯�3D�<��{ÚÅ��O§T��êi�E£Direct digital man-

ufacturing§DDM¤L§'Ù§8c�1�êi�EL§¯��êþ?"Pan�ïÄ
�«Äuêi�

ºì�£DMD¤¡\ó�ª��E�Ý§DMD´�Å>XÚ£MEMS¤��§�±Ó���100���

ºf§�m½'4�����L5Zâ"¦^ù«Eâ§��1ÝKC��±ò��Ä�½Â�ù�

ã�Ý��ä�L¡§±ÀJ5/ò��ä��z��EÔN��¥"TL§ÏL¡1
ÀJ5�z

U?
DÚÄu-1�SLA�EL§:1
ÀJ5�z�5��Ý¯K"

ã 19 3D�<ÅÅ��.XÚ9Ü©¢�(J [102]

3MIP-SLL§¥§Äk¦^�|²1�²¡�mÑ\�n�CAD�.§z���¡�=�¤�

���ù�ã�§ù�ã�ò�ux�DMDÝ��1¯ä�L¡§ÀJ5�z��ä�/¤�'/
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G"ÏL­EþãL§§n�ÔN±�ª\È��ª)¤"Pan��éJÑ�MIP-SLL§�O
g.

�þ�ÝKXÚV�$Ä�O"3g.�þ�ÝKXÚ¥§=¦ÏLà�`Ä7��£PDMS¤�U


ü$�zÜ��ä�ø©lå§E,äk±e¯Kµ

• �XZ¶�;�þ,§©låÅìO�"�z��PDMS�©l�§©lå×�l¸�ü$�0¶

• duPDMS��R>5§3£Äål�u200µm���S§.å´����¶

• ��Ó�ù�ã��Í1�§Í1�m��§.å¸���¶
• ������ã�«��Í1�§.å¸�¬C�¶
• ã�/Gé.å¸�k��E,�K�"d	§§��K��U�Í1�mÚÝK¡È�p�

^¶

• kPDMS�æ��ä�ø§©låE,´����£éuÍ1�m1s�ã�¡È625mm2§©lå

�100oz½ö27.8N"

�d§Pan�JÑ
V�$Ä�O)û
©låL��]Ô§�ù�ã�3�Nø.ÜÍ1�z

���§T²��þ£Ä��þÝ£X50µm¤"d�PDMS�þ��z/G�'�«�ò�áÚå�

þ.,§duPDMS����5§.åé�"5¿§d��{�ÚPDMS��mÃ��ä�"��ä�

�Nø÷XX¶��£Ä�½�ålδx§duPDMSá�¬3�NC/¤���~���9Ï³��

£2.5µm¤§�±Jø���àÜdw�§�BL¡�wÄ"XJ£Äålv
�£X�u�z�3x¶

�����¤§�J.�PDMS��5ò�wÄ¤º�§Ïd��ä�¬3X¶$Ä(å�W¿�z�

ÚPDMS��m�mY"Pan�JÑ�3D�<ÅÅ�ÚÜ©¢�(JXã 19"

2.7.2 3D�<�.�Å��O

Coros� [105]ïÄ
Å��Ú$ÄÅ�§JÑ
�«�pªÅ�
ä�OXÚ"TXÚ�Ñ\�

���k'!�Å��Ú§̂ rS�ª/�½TÅ��ÚeZÜ ��|Äx­�§XÚÏL©Û^

rÑ\�$Ä;,­�§l±¸ÓÚë\�Ì�Ü�¥¥ÀJÜ·�Ü�£Xã 20¤"ÏL �!²

£!̂ =ö�¦�ÀJ�Ü�|ÜéA�$Ä;,­��^rÑ\�$Ä;,­�¦�U/��§¿

��ÏLXe8I¼êµ

F = 1
2

∫ 1

t=0
(x(p, st)− x̂t)T(x(p, st)− x̂t)dt

5`zÅ�$Ä¢S­��¤�$Ä­��m��q§Ý"Ù¥x(p, st)Úx̂tL«t ��Ó�IP:3

¢S­��8I­�� �"

TXÚ)¤�Å�(��±ÏL3D�<¯��EÑ5"éu3D�<
ó§TXÚ)¤�Å�ä

k±eü�`³µ1. TXÚ)¤�Ü��õäk�ª(�§U
é�B/�����<Ñ5¿©�3

�å¶2. ù«�ª(��±éN´/¦^-1��½Shapeways��ª�EÑ5"

Ceylan� [106]ïÄ
ÄuÀªÑ\�Å�Åì<�O"TXÚÏL^rÑ\���'!óª�Ú

�ÄxÀªS�§l�¹oë\Å�!��Ó!~{Ü�ÚI/Ó�Ü�¥¥À�?1|Ü§̀ zÅ

�$Ä;,¦�U�^rÑ\�'!ó�$Ä;,��£Xã 21¤"�
¢yþã`z§�öÏLC

q`zz����¤3�'!�Ý"Thomaszewski� [107]ÚMegaro� [108]JÑ
�OÚ`z'!Åì

<�$Ä��{"

 � £́Rubik’s cube¤́ �«º��¥�Ã�
ä§<��±ÏL^= ��¡¢yØÓ�ôÚ

|Ü"Sun� [86]Édéu§3Æâ.ÄkJÑ
�«U4ÊÏ^rMïE,/ �(�0��{"=
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(a)
(b)

 20 (a) (b)

[105]

 21  [106]





Jaap’s



c = arg max
p∈int(S)

(min
q∈S

‖p− q‖)

Sint(S)SSJaap’smin
q∈S

‖c−

q‖Jaap’s





Constructive solid geometryCSG



Zhou [103]

Luo [104]
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 22 Armadillo [86]

3 

3.1 3D

3.1.1 

Zeng [109] Layer Depth Normal ImageLDNI

LDNILayer Depth ImageLDNLDN

Constructive Solid GeometryCSG

LDNILDNI

LDNI3 

LDNI



Qi [110] Surfel-Grid



STL

Zeng [109]Marching

Cubes



Zhang [111] STL





Huang [45] 







Wang [112] 



Wang



30%40%
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�°�� [113] JÑ
�«é�k>.��µ4STL�.?1�¡?n��{"T�{ÄkÏL

>.�ä5KJ�Ñ¤k>.>"3©��¡�|^ÿÀ&E�'é'X!�:z�I����!�

��Ú�¡°Ý§�¦�Tn�¡¡�����¡²¡§¿O��:",�§U��;��n�/�

¤k��¡ã"�ân�¡¡�¢ÚÒ§H{��¡ã8Ü§�gë��:¤��¡Ó+�"oA�
[114] KÏLNUÍBS­�[Ü5Jp>.Ó+�°(Ý§?
`z�<��§Jp�<�Ý"

3.1.2 �<´»5y�{

3D�<´»5y�¡�ó�IS�kØ� [41]"Jin� [42] �
Uõ²1×£´»5yEâ�°(

Ý§JÑ
�é@Ñª3D�<�²1�<�´»)¤�{"T�{Äk�â²1´»¥kb=�O�

ë����§,�ÏL(�
©?1×£�´»W¿§��ÏL´»ë�)¤�ª(�"¢�y²T

�{U
J,�<��þ��Ç"3dµeS§Jin� [115] �JÑ
æ^g·Am��´»5yEâ"

T�{Äké¦^�½m��²1´»��<?1
nØÚ¢�©Û§ÏLg·A�m�ål§�é

Ù�3�þfe´»!kb=�9jW¿½LW¿¯K?1
`z"

Yang� [116] �JÑ
�«�é��­d�(��ÅL/´»5y�{"�'u�i/´»5y§

T�{3d�«��SÜ¦^
ÅL/�(��O�i/��ò§)û
�i/´»(�3�­L

§¥Éå/C�¯K"¢�(Jy²
ÅL/�´»5y(�3�­rÝþ'�i/(�r6%§�

E�m á23%§­þ�17%"T´»5y�{Ì�^u�E3D�<�®v
/ì"�°�� [113] J

Ñ
�«é�k>.��µ4STL�.?1�<´»5y��{"T�{�{~��1§§l
Jp

�<�Ç"ØL§T�{�I�?�ÚÿÁÙ°�5§cÙ´éu>.'�E,��.§I�?�Ú

�y"

Zhao� [117] JÑ
ë�FermatÚ^��ëY´»`zEâ"yk�Peano½Hilbert­���mW

¿EâX­uÛÜ��±�§�ë�FermatÚ^�d����$­Ç�´»|¤§ù«AÛá5¦Ù

éu�¡�<k�p��ÇÚ°Ý"éu�½����¡§T�{ÄkòÙ©)�eZ�f«�§¿

éz�f«�¦^ëY�FermatÚ^�W¿"T�{�±z�FermatÚ^�W¿�å:Úª:3W¿

«�>.Cq��� �"ù�AÏ�á5¦z�FermatÚ^�W¿ÏLé©�«��ãH{gÄë

�§Ïd/¤�ÛþëY�­�´»"¦^T´»?1�<�k��J,�ÇÚ�þ§Xã 23¤«"

ã 23 ¦^FermatÚ^�W¿2DëÏ«�§)¤ëY��<´» [117]

3.2 3D�<�å�AÛ?n

�âÚó�©Û§�Ü©n��.§cÙ´E,ÔN�n��.§¿��Ä�3D�<�äNI¦

Ú�å§��ÑÑ�3D�<Å¬���«¯K"�
�Ð/÷v3D�<�AÏI¦§I�én��.

?1AÏ�AÛ?n"e©ò0�3D�<�å�AÛ?n3IS��'ó�"
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3.2.1 �º��.�©�?n

3D�<�±�EÑ�«/GE,�ÔN§,
§3D�<Å�<º�k�§Ã{���<NÈ��

�ÔN"ò�ÔN©��<´�1�)û�Y§CAcISÆö�kéõ�'�ïÄ"

Hao� [118]��Ñ
��Äu­Ç��.©��{§T�{ÄkJ�Ñ�.�A�>§¿�ïA

��§ÀJÜ·�A��ò��.©)§ù«©��{cJ´�.L²äk²(�A�&E§Ïd·

^��k�"

Hu� [119]�JÑ
n��.�7i©©�¯K¿�Ñ
Cq7i©©��{§ò7i©©�¯

K=z�²;�°(CX¯K¦)§y¢
T�{~�
é| á��I¦§¿�k2�·^5�A

:£Xã 24¤"

ã 24 Cq7i©©� [119]

Chen� [120] JÑ
¡�3D �<�/©)ÚC�0£Decompose-And-Pack¤¯K§T©�O
�

«Äu¢N
Ø´	��©)�{§U���Û�`)£Xã 25¤"

ã 25 /©)ÚC�0£Decompose-And-Pack¤[120]

Song� [121]�JÑ
�«n�g£�.�)¤�{§òn��.��¤p£�Ü�5;�¦^ë

�ì§ù«p£(�©C����.äk�p�­½5"

�C§Song� [122]�JÑ
�«/do�[0£Coarse-to-Fine¤�¯�!íd�©¬�E�ÔN�

�{§T�{ò-1���¬ÏL�m�g£(��¤SÜ�àõ¡NoÑL�§	Ü�°[L�K

dõ�3D�<Ü�bN�SÜ�àõ¡Nþ�yÔNL¡�[!	*£Xã 26¤§'{ü�©¬�<

�{!�p�60%�á�¤�Ú�E�m§¿¦��EÑ�ÔN÷v¤�¦�ë�rÝ!�N²ï5

9��<5"

3.2.2 Bu�<�| (�

8c�61Úíd�LK�Èª£fused deposition modeling,FDM¤3D�<Å�²~�<�¾�

"���Ò´| ¯K§Ø=L¤á�§
�éJ�Ø§$�¬���<Ð�Ô¬"
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ã 26 /do�[0£Coarse-to-Fine¤©¬�< [122]

Wang� [125]Äuge(��Éå©Û�n§mu
�«U
�U�OÑd[\|¤�g| (

���{§4�/~�
| á��L¤§¿��~N´�Ø"�ñ� [126]�O
�«| (���

1�Y§U
gÄÏé| :¿V\| (�\§�N�
| \�äN(�§��­½5�r§|

 �´�Ø��J"

Hu� [127]JÑ
�«��°Ä�/G`z�{én��.����C/§¦�| (�wÍ~

�"

g| (�¥§�k�aRF£Reciprocal Frame Structures¤(��ékd�"ù«(�d�
RFü

�p���
¤§z��RFü��Ù��ü��p| §�ª��(�3	�É�	p!�ù½e:

�| 
­½¤/"Song� [128]ïÄ
XÛ�ORF(�§±�{ü�\��RFü��Ä�ü�§5

��Ñ��E,���(�"

3.3 (�©Û�ÄuÔn5U�`z

3.3.1 ¡�!�á��(�`z

�!��<á�§ÉïÓó§¥��e(��éu§Wang� [125]JÑ��«Äu/��-fe0

£Skin-Frame¤���(�5)ûá�`z¯K§Xã27§ùp�fe(�£Frame¤d�
\�ÏL!

:ë�å5§/¤���m(�"

I`²�´§ù«fe(��ïÓ¥~���e£Truss¤(�ÑkØÓ§Ï�cö�\��m´

�½ë�§
�ö´	��§ù¦�cö��ök�p(�­½5U"§äkXe�`:µ�!ûÐ�

ÉåA5"�fe,�!:É�	å�§T:�ÉåUéÐ/ÏL�(�©ÑDÂ����\�þ¶

�!!�á�"fe(�´dDÕ�\��¤§(��B�á"

(a) 桁架结构 (b) 马踏飞燕模型

ã 27 /��-fe0��(� [125]

lþãfe(�Ñu§�ö�Äò�½�n��.L«¤��d	L¡�¤���9ÙSÜ�
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fe(�§l
¦ù���fe(�äk���¢NNÈ§Ó�§�äkûÐ�åÆrÝ!­½59

��<5�"3d�Äe§̄ K�8IÌ�kü�µÄk§�¦��ÔN�¢NNÈ��§�=��
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 ��êþ"Ùg§A¦�U¦fe(�¥\��!:�ê��§;�õ{�\�9!:"âd§�

ö�Ñ�«S�`z��{5`zùü�8I¼ê"T�{Äkl���Å)¤�fe(�Ñu§k

ÏLÿÀ`z�Kõ{�\�Ú!:§2ÏLAÛ`z5`z\�Ú!:AÛ&E§�ª¢yfe(

�NÈ���8I"

Lu� [129]Äu·¶G(�£Honeycomb-cells¤JÑ�«SÜ(�6�`z�{"¯¤±�§·¶

G(�Qäk�`�(�ÙÛ§Ó�qUJøv
�rÝ| "Ïd§©¥�öæ^·¶G(��

�3D�.é�SÜ(�.ª5`z�.SÜ�m"T�{��N6§Xã28"§Äk�â3D�.�
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©Ù5�N�.ØÓÜ ��Ý©Ù¶3dÄ:þ§�âN�Ý©Ùé�.�m?1g·AVoronoi©

�§��ØÓ���Voronoiü�¶��§3z��Voronoiü�¥�ï��NÚål|¼ê56�T

ü�§l
¢y���.aqu·¶(��SÜ6��J"

(a) 模型应力分布
(b) 与应力分布相

对应的内点分布
(c)内部结构生成 (d) 内部结构优化 (d) 最终优化结果

ã 28 ·¶G(�)¤ [129]

ÉÔN�¥¶(Media axis)Ú�e(�éu§Zhang� [130]JÑ�«¥¶ä(���ÔNSÜ(�

.ª5��!�á�¿JpÔNåÆrÝ�8�"ù«(�.ªÌ�dn�|¤Ü©µ£1¤¥¶(�§

§´��(��Ø%¶£2¤>.µe§§ uÔN>.L¡�e§d8>/|¤¶£3¤�||�ë�\

�§ò>.µe�¥¶(�ë�å5§/¤������N(�"Li� [131]Kæ^õ�(�£Porous

structure¤5)ûù�¯K"¦�Äk�âåÆ©Û�AåO�(J���A��Ý©Ù�¹§2U

ìù��Ý©Ù(JÏL3DÛª�{5)¤�A�õ�(�"M� [132]JÑ�«¡�NÈ4��ÿ

À`z�{"

3.3.2 ¡�rÝ�(�`z

�X3D�<�Ê9§�5�õ��<^r¬gC�O½?U3D�."du"y�O²�§�
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� [125] JÑ��«Äu/��- fe0£Skin-Frame¤���(�5)ûá�`z¯K"ùp�fe
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3D193D









Charlie Wang [137]





30

3D

CTMRI

3D

 [138]

 30  [137]

 [139]3D





31







 31 3D [139]
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�^æ³ïÄ��Dong� [141]JÑ
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3D

33PVA



33

3DZhang [145]













Sheet

Water TankKinect

Substrate object Linear motor

 33 3D[144]

3.7 

3.7.1 3D

Zhao [146]3D

Computer Numerically ControlCNC3D

Building-around-inserts

CNCCNC 34CNC

(W )Oi(Si)(M)M =

W −
⋃
(T )Si+OjCNC

(M)M =
⋃
(T )Si+Oj



CNC 3D(1)(2)

CNC 3D

3DLDNI





Wu [147]DLP 3DMIP-

SL [148] [149]DLP 3DSLASLA 3D

DLP 3D



z
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 34 (a)CNC(b)CNC [146]

 35 DeltaDLP 3D [147]

(PDMS)





SONYVPLEW24634mm × 34mmDLP 3D

DLP 3D

DeltaDLP 3D 35



DLP 3D

3.7.2 3D



Zhu [150]Mechanical

toys

feature components



camsquick-returnscrank-sliders
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 36 aba

c3D [150]





C(x) = Ca(x) + Cl(x) + Ct(x)

Ca(x)Cl(x)

Ct(x)

3D

 36

 37 SLA3Dt = 0;t = 0.25;t = 0.5;t = 0.75; (abc)

(non − closed)(Capricorn-Libraletters S-G) (de)(closed)(

circle-starsquare-car) [151]

Deployable structure



Zhang [151]

Scissors

Topology construction


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71 M.Bächer, E.Whiting, B.Bickel, et al. Spin-it: optimizing moment of inertia for spinnable objects[J]. ACM Trans-

actions on Graphics (TOG), 2014, 33(4): 96.

72 D.Yamanaka, H.Suzuki, Y.Ohtake. Density aware shape modeling to control mass properties of 3D printed objects[C]

//SIGGRAPH Asia 2014 Technical Briefs. ACM, 2014: 7.

73 P.Musialski, T.Auzinger, M.Birsak, et al. Reduced-order shape optimization using offset surfaces[J]. ACM Transac-

tions on Graphics (TOG), 2015, 34(4): 102.

74 C.Schumacher, B.Bickel, J.Rys, et al. Microstructures to control elasticity in 3D printing[J]. ACM Transactions on

Graphics (TOG), 2015, 34(4): 136.

75 M.Shugrina, A.Shamir, W.Matusik. Fab forms: customizable objects for fabrication with validity and geometry

caching[J]. ACM Transactions on Graphics (TOG), 2015, 34(4): 100.

76 S.Tarafder, N.M.Davies, A.Bandyopadhyay, et al. 3d printed tricalcium phosphate bone tissue engineering scaffolds:

effect of sro and mgo doping on in vivo osteogenesis in a rat distal femoral defect model. Biomaterials science, 2013,

1(12): 1250-1259.

38



77 M.Finckh, H.Dammertz, H.P.A.Lensch. Geometry construction from caustic images. Springer Berlin Heidelberg,

2010: 464-477.

78 M.Papas, W.Jarosz, W.Jakob, et al. Goal-based Caustics[C]. //Computer Graphics Forum. Blackwell Publishing

Ltd, 2011, 30(2): 503-511.

79 Y.Yue, K.Iwasaki, B.Y.Chen, et al. Poisson-based continuous surface generation for goal-based caustics[J]. ACM

Transactions on Graphics (TOG), 2014, 33(3): 31.

80 Y.Schwartzburg, R.Testuz, A.Tagliasacchi, et al. High-contrast computational caustic design. ACM Transactions

on Graphics (TOG), 2014, 33(4): 74.

81 T.Pereira, S.Rusinkiewicz, W.Matusik. Computational light routing: 3d printed optical fibers for sensing and

display. ACM Transactions on Graphics (TOG), 2014, 33(3): 24.

82 G.Bharaj, D.I.W.Levin, J.Tompkin, et al. Computational design of metallophone contact sounds. ACM Transactions

on Graphics (TOG), 2015, 34(6): 223.

83 D.Li, D.I.W.Levin, W.Matusik, et al. Acoustic voxels: Computational optimization of modular acoustic filters.

ACM Transactions on Graphics (TOG), 2016, 33: 2.

84 L.Wang, E.Whiting. Buoyancy optimization for computational fabrication. //Computer Graphics Forum. 2016,

35(2): 49-58.

85 N.Umetani, Y.Koyama, R.Schmidt, et al. Pteromys: Interactive design and optimization of free-formed free-flight

model airplanes. ACM Transactions on Graphics (TOG), 2014, 33(4): 65:1-65:10.

86 T.Sun, C.Zheng. Computational design of twisty joints and puzzles. ACM Transactions on Graphics (TOG), 2015.

87 E.Iarussi, W.Li, A.Bousseau. Wrapit: Computer-assisted crafting of wire wrapped jewelry. ACM Transactions on

Graphics (TOG), 2015, 34(6): 221.

88 M.Skouras, B.Thomaszewski, B.Bickel, et al. Computational design of rubber balloons. //Computer Graphics

Forum. Blackwell Publishing Ltd, 2012, 31(2pt4): 835-844.

89 M.Skouras, B.Thomaszewski, P.Kaufmann, et al. Designing inflatable structures. ACM Transactions on Graphics

(TOG), 2014, 33(4): 63.

90 A.Garg, A.O.Sageman-Furnas, B.Deng, et al. Wire mesh design. ACM Trans. Graph., 2014, 33(4): 66:1-66:12.

91 Y.Koyama, S.Sueda, E.Steinhardt, et al. Autoconnect: Computational design of 3d-printable connectors. ACM

Transactions on Graphics (TOG), 2015, 34(6): 231.

92 H.W.Jensen, S.R.Marschner, M.Levoy, et al. A practical model for subsurface light transport [C]. //Proceedings of

the 28th annual conference on Computer graphics and interactive techniques. ACM, 2001: 511-518.

93 F.Nicodemus, J.Richmond, J.Hsia, et al. Geometrical considerations and nomenclature for reflectance[J]. National

Bureau of Standards (US), 1977, 1.

94 T.Weyrich, P.Peers, W.Matusik, et al. Fabricating microgeometry for custom surface reflectance [J]. ACM Trans-

actions on Graphics (TOG), 2009, 28(3): 32.

95 W.Matusik, B.Ajdin, J.Gu, et al. Printing spatially-varying reflectance [J]. ACM Transactions on Graphics (TOG),

2009, 28(5): 128:1-128:9.

96 T.Malzbender, R.Samadani, S.Scher, et al. Printing reflectance functions [J]. ACM Transactions on Graphics

(TOG), 2012, 31(3): 20:1-20:11.

97 A.Levin, D.Glasner, Y.Xiong, et al. Fabricating brdfs at high spatial resolution using wave optics [J]. ACM

Transactions on Graphics (TOG), 2013, 32(4): 144:1-144:14.
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