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Supplementary Figure S1. The effects of distribution of residual stresses on the shape-
shifting behavior of initially 4D printed square-shaped structures. PLA square plates were
3D printed at speeds of 20 and 80 mm s, using linear patterns, and incorporating TPU (a), as
well as using concentric patterns with and without TPU (b). All the specimens were printed
with a uniform thickness of 2 mm. When a multi-material printing approach was used,
Vpra/Viotal = 90% was maintained. The first deposited layers (F.D.L) are illustrated in (a) and

(b).
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local curvature fields. PLA disks were printed at a speed of 80 mm s with h = 0.5, 1.5, 2, or
4 mm. Throughout this study, the thickness of the disk was kept constant at A =2 mm. The first
deposited layers (F.D.L) are illustrated here.




OO ~NO O, WNE

eXp LELELELEA M LA B LT ‘ } 'HH)‘H:!\""l
i 10 mm
C—
FEA
imperfection section A - A PLA -

c) experiment
Ugz e [MM]

) 0.0
“~

18.7
PLA - 80 [mm/s]

13.9
PLA - 20 [mm/s]

PLA - 20 [mm/s]

) ‘ . 0.0

i 18.40
PLA - 80 [mm/s]

PLA- 80 [mm/s]

PLA - 20 [mm/s]
PLA - 80 [mm/s]

)

TPU - 25[mm/s]
TPU - 25[mm/s]

PLA - 80 mm/s]

Supplementary Figure S3. The finite element analysis of imperfection-induced
deformations in thermally actuated disks. The finite element analysis was used to predict
the final shape of thermally actuated disks. The imperfections were introduced into the model
by assigning extremely low material properties to the elements distributed in the radial,
angular, and printing directions. The distribution of the voids was similar to what was observed
in the uCT scans (a). The angular distribution of the imperfections (y) does not have a marked
effect on the out-of-plane deformations predicted by the model (b). The deformation obtained
from our computational models agreed well with our experimental results (c).
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Supplementary Figure S4. The effects of printing speed in local curvature formations.
The difference in the printing speed in the radial direction affects the formation of local
curvatures. For the PLA disks with R;,,/R = 90%, we decreased the printing speed of the outer
layer (V,,,) from 80 mm s to 20 mm s, which resulted in a higher level of local curvatures
with a negative Gaussian curvature and a positive mean curvature (V,,, = 20 mm s?). The

first deposited layers (F.D.L) are illustrated here.
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Supplementary Figure S5. The effects of initial shapes, printing patterns, and material
depositions on the out-of-plane deformation of 4D printed structures. The out-of-plane
deformation in 2D structures made from different initial shapes (i.e., triangle with horizontal
filament patterns, as well as square, hexagon, and circle with concentric filament deposition)
showed similar dome-shape result after triggered by temperature (a). In these specimens, we
used a printing speed of 80 mm s*. We further combined these shapes (i.e., triangle and semi-
circle) and 3D printed 2D planes with four different printing patterns including linear-
horizontal, linear-vertical, concentric and the combination of concentric and multi-material (b).
The printing pattern can significantly affect the out-of-plane results. We also showed how
deposition of TPU can change the curvature that can be achieved during 4D printing (c). All
specimens were 3D printed with an out-of-plane thickness of 2 mm. Vp;a/Viotar = 90% was
considered in multi-material specimens. The first deposited layers (F.D.L) are illustrated in (a—
c).”
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Supplementary Table S1. The thermal expansion coefficients for PLA and TPU materials
which were used in the computational models.

. Thickness  Print speed aq a;, as
Material “fmm]  [mms?] [c] [°c1] [C1]
0.5 80 -0.00367 0.00023 0.00375
1.5 80 -0.00367 0.00045 0.00233
PLA 2 20 -0.00172 -0.00045 0.002
2 80 -0.00346 -0.00068 0.002
4 80 -0.00288 -0.00091 0.00162
TPU 2 25 -0.0002 -0.00002 0.0002

Supplementary Table S2. The temperature-dependent elastic moduli (E(T)) of PLA printed
at 20 and 80 mm s and TPU printed at 25 mm s, which were used in our computational

models.

Temperature [°C]

E [MPa]

PLA — 20 [mm s?]

PLA —80 [mm s]

TPU — 25 [mm s]

40
43
46
49
52
55
58
61
64
67
70
73
76
79
82
85
88
91
94
97
100

2397.9
2392.85
2373.15
2350.03
2328.79
2297.51

2240.5
2051.49
1592.97
928.349
366.282
131.292

39.688

9.918
5.792
4.396
3.795
3.501
3.428
3.754
4.976

2334.67
2325.14
2304.41
2284.69
2258.1
2220.38
2151.83
1986.19
1619.69
1008.79
411.054
116.668
36.235
14.123
7.947
5.838
4.970
4.563
4.409
4512
5.028

58.234
56.820
55.383
53.866
52.411
50.917
49.457
47.970
46.463
44.952
43.453
41.968
40.497
39.062
37.656
36.245
34.860
33.529
32.207
30.923
29.683




