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A review of 4D printing of polymers and polymer composites
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Keywords Abstract
4D pfint!ngy Sh_ape memory PO|Yme_f§’ With the development and expansion of 3D printing and upgrading to 4D printing, it became possible for
Composites, Stimulus, Fused deposition static 3D printed structures to turn them into a dynamic structure over time by applying one or more stimuli

modeling (FDM)

simultaneously. 4D printing was able to transform a simple geometry into a complex geometry without the

need for printing the entire geometry from the beginning. Also, 4D printing reduced production costs,
wasted fewer materials, increased production speed, and added features such as self-assembly, self-
compatibility, and self-healing to the features related to 3D printed structures. In this study, first, different
types of smart materials (such as shape memory polymers, shape memory alloys, hydrogels, etc.) and
activation mechanisms (such as water, heat, pH, etc.) used in 4D printing were evaluated. Then, focusing
on polymers and polymer composites, the properties and characteristics of 4D printing were described. In
the following, the types of 3D printing methods utilized in the 4D printing of polymers were explained, and
in a separate section, the effect of the printing process parameters using an FDM printer on the response of
the materials used to the applied stimulus is discussed. Furthermore, the expansion of 4D printing in various
industries such as medicine, aerospace, sensors, robotics, and other fields of application in which 4D
printing entered was discussed and at the end of this study, the existing challenges and future opportunities

were profoundly discussed.
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Shape is printed through various AM techniques

!

Material is heated upto T; which is greater than T, (T=T,)

L

Material is stretched at T; with some amount of strain depending
over application

!

Under external stress structure is cooled upto T (T><T,) strain

¥ ining

L

External stress of structure is removed at T; (T:<T,)

U

Desired temporary shape is gained

!

Now structure can be reheated to T; to obtain its original state

Fig. 4 Classified diagram for the activation of shape memory polymers
[35]

[35] JS.M: alasl> LgL‘b)o...l.\ G)L.;JL-S LSI)'.' ol (gudal )‘05.0.1 4 J&M}

LLin

2 Polybutylene succinate
3 Endoluminal stent
‘Yu

° Wan

 Nadgorny

7 Poly(2-vinylpyridine)



e g y9 (55kail B )le

Sroaly Ly jorolS g b pordy sursy oz ol (55950

5 >hb 2%, K [84] lisen 575 aay Jsb i pln an b
S e )l sileld b as ws s a1, e 5Lige 995 cSle
oyl S (oo b samam 4 1) amgs laaSed g Wl Gis 4Y 9o
oolaial 3,50 (b9, ool ol sl Jle lye 41 530 anr LSl S
W0 5 4 Gadod ol o
625 slwdgs -2-4
I 15 093 el bame b 6,5l bl som ez Sl slaojle
Lyl 4wy an)ler ol Bl Sl (Ses &S prde (a
e 5 S I3 sas gl S b e o il 5 s
g 50 bl ol as asl ails (gl a3k eogl sl Ko
Lol (b jo a5 5,5 IS el 6 B5leds (lFen |) bk
S8 eolaul 0590 Wlgs o (SilSag iSI slaolSiws g (Sij (sbolSiws
18l 5.5

2 S abisls sla ok (g9, 2 45 (slandllae 4o [85] ol e 5 Vg3l
5 Alg oo bpedy ol 457 Ws )5 Ly ol bl (S Gy dige)
il 4 o] 2ol cel a5 iy, S0 (S G ) (sl sloolSiws
oo SLbl slacsl b g ooy 5 25800 olRiws (pl (21 (e
FB s pdyca 580 5 6,1l ; Al g aril adls cillas cils
s las g3 5l ailes go |y cendas
o0 yiogS 34
o Cel ogllae QUls5 S oSS e ln (STNsh pra g Ul
b Glacdl wiile (618 (gzmen g 2oy Gl LSl jes Wl oo
SloaisS Jlgaal o iy aloz | Sigd aueogs [86] wis i |,
5 oy lanali da Kasled jo colatul 9,50 dlge ;o Wlg g0 a5 Cunl
1871 sy axsls 1) b1 (lod 50 o e 5 CerhlB a8 348 ooliciul lacsly,

ol CollB b1, o sieden sole [86] o,Sen 5% (550!
bbb )l il b g5k b S8 aladl jerly S oS sl
S8y eudy nl boads Ol bl ol dnngi |) conl (Sagd po 095>
S D s el Gl e ides Sl G 1) (9P (SNsS mee 095
ol wile golge 51 as was o lis 1) Syl pducas y Sy
L BT sles ) (S e 395 (oI5 &5 Cansl 0l i 059) 9 2
1871 s s

555l 5np 4 (prbline (e 4 (055l (Il bl ogdle o]
O 5 55 050,5 SKaS 58] a1 3 oy b, Jds 4y 5>
Sl 5 T(OlaS sk Jie 50k iz 3l sl sas2 S, [76]
O Jlosl 4 251y g0 phictSy gumlkr ol sly | ool
(Ol ghows oo (69) b -iols anvgi 1) o s 2655wl 5lo b (gundolise
a2 oo Sld ol a1y ajlal ol (ol Slidgil (gly ey die; o i 4
Sl aims olas 2515 095 31 by o S joma (3 (509, 5 el b oS
ool a5 wis S eolanl S lalyy JLsle SO e gujeelS e ol
OS5 1, 395 sla b pmrbline ose o 45 65,5 b Ceuilyi so S Lo

KXY

oyl Pl dlge (olgs -4
Sl s 08 oy saman ol jleslial b sy slaliSle plgi o
Shsle SO a1 oad ola gaman oolu Jlisle S Wiy oo g lez
Gomyler oz 5l solitul b olgice pwizmed [TT] w8 baws oz
¥ somoy 395 ¢ [T9] 6 ) 155luogs 78] ¥ s5lige 055 wiile olo S5
ol 5 oolitul Jeuily 5 3,5 a3lsl saman Ol sleojle 4 1, [80]
Flie o1 bg )Ll Sy g9z 00 Vb aman Sl & Sl ) o e
Sl egiie slad )5 0 Wl ce 45 ams e 3 (St Jisle S,
Aol anils (o100 s
Siigeogs -1-4
sz b S S le lp (2R Gl e |, il Ko (s3ligess
sleata 771 0l suie [l Wlgi oo (Jrumme g Lyl )0 a8 el
SSnl 5 oad 03,0F (Gl S3lEserss oSl b (SYsaxe
431 1S5 Sl g 2igd slige (harme Lulpd 4 a2 g L asilyiion oyl Lo
Glacio b g oan] wisdsn dlse S 4 anlez ol nlpl il
[8L] sl 03,51 8929 @ Cilisee sloisn ;o 1) (6 bonn

Sl 3 Sy ol 5l eoliial (Swigd jLgesss lasp)l5 51 S
009 s @ gly Glidss cwl (Sop gop S e lacal
Jl 50 S 85l oy 4 ) ol o a8 a8 Vb ol coi b placal
owiin slo el b @ atey lgs oo 1) calises (sla oLl cans .l ploxl
500l Jle lgre 4 [82] o 5T cows & ozl ol o bay¥ leds> o
b (S5 g9 dwml SSY L 5l eolil b ol G [83] 4l Ken
Candly oo §3BIga09> CobB L g (Jarme Lulph 4y a5 b a5 Wo S Ol g

Fig. 5 Self-healing rubber composite at room temperature. The sequence of images from left to right shows cutting, connecting, repairing and stretching

the tire after healing [87]
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Fig. 12 a) Bucky ball printed by SLA printer, b) Final shape change in 65°C water, c) Initial shape before heating, d-h) Deformation stages over time

in 65°C water [124]
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Fig. 16 Pre-strain stored between layers in a specimen printed by a FDM
printer in 4D printing [147]

Sl Sy g st Sl iged S 3 oY ek 0,55 G55 iy 16 JSC
[147] sas o> l> ,5 FDM

Y cwlrs -4-7
A 5 Sl wwld ads Glagmall 5l (K lpe 4 aY calio
3508 gaaplez Glakd 3 5l Sl Gloj g JS oS Gl y0 (2 F S
Fetes Slabd a5 358 Bro b e ploy 28L jlie bl 4z e
Slaekad oy 5l S8 sy 8 glaind @y g gladgs Jlas! gles 4
5 Slakad YU i |5 g oo plomil gl Jlad oy sladnd cdl> 4
il e g, et 5l S oo Cangliie (ol slales 0 (25Kl 4l n
-[83,148] sl 2133 55

dwdin Cwbrs 5 Y Cubrs il adlhas 4 [148] ) Ses 5 TSy
ols i gl b awsls,y ilodled gloy 5 JSb puis 5o Slalad

2 Wang

2157

Pl ey 17
oLl b am ez Sl o (Bogl Hlade » 5o )l S Sl e
Ol jo galS il cwl (Sew ol Cs s ol FDM S 5
oS Conl ghhie cle e 4 ail aiils cole e 0dld bl i3S
Cel Gl (San oS w8 ol 1) i SHe L YL glace
T141] g s 15,5 i ol

20 Galies oo b 1) Slakd glasdlas ,o [142] 1S 5 Sl
o S5 i g 005 Ol [ PLA (i 5l 4l e e 60 5 40
s (e 48 38 QL gy ol @l Bl 13 gy 390 o]
039 4l 2 ;o ke 20 540 B0 s sy bgiyo i 5 & (p2e JSS
[143] o Ko 5 sorios Conl samlice BB 15 JS5 0 byl gl ol
s bl Qlr Cee sy Gl L aS adl o Ol e g ST oy b
Lol e o alioe Ghal#l gl g addllas 3590 slaaiged yo JS5
2 oM SaE sl S Gley g e Cepe b pad ope 5l (S8L
Deb eo ladad o iy S 0SS Cel a5 wle YU sl
Wl (555 o e Gialejl (b by, L [144] oS 5 0dljip
b el slabul, PLA oole gunloz Ol o Jhoel (55,5 (i &5
g il aS auzily e [145] o )Sa 5 ogSal, ols Ol e p
Sy Suz olael )3 a5 3ehe e (phed Joo S e Olx
S5y 5 &S laslllas ; [146] ) 1Kan 5 wiegpl cconl e Vb sloay¥
ole 28l FDM g, 4 o ez Sl 13 PET-G ()bw slacaadled
VL) IS bl 5 (Sxigdes 355 sla Sy Vb ol Cepm aS 2is S
PR

< K8

Fig. 15 Bending deformation of specimens printed by FDM method with
different printing speeds. From right to left, the change of shape related
to printing speeds of 60, 40 and 20 mm/s [142]
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Honeycomb and square pattern, c) Square and triangular pattern, d) Linear, honeycomb and triangular pattern [152]
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