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Sequential Self-Folding of Shape
Memory Polymer Sheets by Laser
Rastering Toward Origami-Based
Manufacturing
Origami-based fabrication strategies open the door for developing new manufacturing pro-
cesses capable of producing complex three-dimensional (3D) geometries from two-dimen-
sional (2D) sheets. Nevertheless, for these methods to translate into scalable manufacturing
processes, rapid techniques for creating controlled folds are needed. In this work, we
propose a new approach for controlled self-folding of shape memory polymer sheets
based on direct laser rastering. We demonstrate that rapidly moving a CO2 laser over
pre-strained polystyrene sheets results in creating controlled folds along the laser path.
Laser interaction with the polymer induces localized heating above the glass transition tem-
perature with a temperature gradient across the thickness of the thin sheets. This gradient of
temperature results in a gradient of shrinkage owing to the viscoelastic relaxation of the
polymer, favoring folding toward the hotter side (toward the laser source). We study the
influence of laser power, rastering speed, fluence, and the number of passes on the fold
angle. Moreover, we investigate process parameters that produce the highest quality
folds with minimal undesired deformations. Our results show that we can create clean
folds up to and exceeding 90 deg, which highlights the potential of our approach for creat-
ing lightweight 3D geometries with smooth surface finishes that are challenging to create
using 3D printing methods. Hence, laser-induced self-folding of polymers is an inherently
mass-customizable approach to manufacturing, especially when combined with cutting for
integration of origami and kirigami. [DOI: 10.1115/1.4050463]

Keywords: advanced materials and processing, laser processes, micro- and nano-
machining and processing, sheet and tube metal forming

1 Introduction
Directed self-folding of 2D stock materials to create complex 3D

geometries is an attractive pathway toward manufacturing func-
tional structures at different length scales. This origami-based
approach of self-folding is observed in nature at different length
scales ranging from nanometers to meters. Organic molecules [1],
insects [2], brain tissue [3], and tree leaves [4] are all observed to
use folding techniques for producing 3D structures that underlie
their function. Similarly, engineered origami and nature inspired
foldable structures have found applications in areas like robotics
[5], implantable devices [6], sensors, actuator [6], aerospace [7],
and battery development [8].
The main element of a self-folding technique is the used material

which has to exhibit a change in geometry as a response to a stimu-
lus like light [9–11], heat [5,9,10], and surface tension [11]. The
accumulation of such spatially varying responses to stimuli
results in controlled folding at desired locations. Polymers are
ideal as a self-folding material since they can be durable,
low-cost, lightweight, bio-compatible and can be designed to be sti-
mulus responsive, such as in the case of shape memory polymers
(SMP). A polymer can be programed by prestraining at high tem-
perature, followed by cooling below the glass transition tempera-
ture. Hence, pre-strained polymer sheets are a widely used
material in self-folding research since they are a low-cost and ver-
satile material to induce self-folding from the macroscale to the
microscale. When heated, localized thermal gradients in the

material lead to a shrinkage across the thickness of the sheet
which induces instant folding in the sheet [9,12,13].
Different methods have been proposed in literature to induce

folding stimuli of both non-SMP sheets and SMP sheets, including
focused or unfocused light radiation [12,14,15], heat conduction
through resistive wires [5,9,10], microwave irradiation [16],
uniform by ovens or air guns [13,17], and surface tension [11] as
illustrated in Fig. 1. In addition to differences in stimuli and
heating method, techniques can also differ based on whether the
folds are made in a sequential or a simultaneous manner. Liu
et al. [12] initially demonstrated the self-folding of pre-strained
films by using local light absorption generated from an unfocused
IR light bulb that heats pre-defined hinges patterned by desktop
printing. Recently, Lee [20,21] has developed a technique using
curvilinear strain engineering to create complex 3D geometries
and curvatures from 2D inked polymer sheets, subject to unfocused
light. Felton et al. [13] developed a method where composites of
pre-strained polymer hinges bonded to paper are activated to fold
by joule heating via resistive circuits at the hinges. Elsisy et al.
[9,10] developed a technique using resistive heating ribbons to
locally heat the pre-strained polymer sheets and demonstrated that
changing the composite layer combination can be utilized to
control the direction of hinge fold in the structure. Another noncon-
tact technique developed utilizes microwave absorbing ink [16] to
define the hinges on microwave transparent pre-strained polymer.
When the sheet is subject to microwaves, the ink patterns heat up
remotely, leading to hinge folding. To demonstrate selective
sequential folding using unfocused light, Liu et al. [15] used
printed ink of different colors to define the hinges on the surface
of the polymer sheets. This enabled controlling the amount of
absorbed light based on the wavelength of the used light and the
color of the ink, hence achieving selective folding. In addition to

1Corresponding author.
Manuscript received November 27, 2020; final manuscript received February 19,

2021; published online April 1, 2021. Assoc. Editor: Y. Lawrence Yao.

Journal of Manufacturing Science and Engineering SEPTEMBER 2021, Vol. 143 / 091008-1
Copyright © 2021 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/m

anufacturingscience/article-pdf/143/9/091008/6675281/m
anu_143_9_091008.pdf by U

niversity O
f Pittsburgh user on 15 July 2021

mailto:MMA89@pitt.edu
mailto:jal257@pitt.edu
mailto:mbedewy@pitt.edu
https://crossmark.crossref.org/dialog/?doi=10.1115/1.4050463&domain=pdf&date_stamp=2021-04-01


self-folding using unfocused light, direct local heating of the pre-
strained films has also been demonstrated using laser to induce
folding [22] by focusing a continuous-wave (CW) laser with an
elongated beam shape using a cylindrical lens. In that method
however, the shaped laser spot is fixed and is wider than the used
polymer strip as illustrated in Fig. 1. Indirect laser heating was
also demonstrated in which the laser was used to heat the sample
substrate instead of the sample itself [18]. Here, we propose a scal-
able approach for controlled self-folding of shape memory poly-
mers based on laser rastering. Localized heating is achieved by
moving laser to deliver controlled energy across the rastering
path. This is in contrast to prior work on using a stationary laser
spot with a rectangular shape described earlier as illustrated in
Fig. 1. Our approach allows the accurate control of the spatiotem-
poral delivery of heat as a function of laser power, speed and
number of passes along designed paths on the polymer, which
enables control of fold angle and quality. Our results demonstrate
that this approach can used to create complex three-dimensional
shapes. Hence, it paves the way for developing unique manufactur-
ing capabilities in creating functional parts that require complex 3D
geometries and high surface quality.

2 Materials and Methods
2.1 Sample Preparation. Commercially available sheets of

pre-strained polystyrene sheets are used in this study (Grafix®

Black Shrink Film, thickness 0.3 mm, bi-axially contract 55%
approximately when heated above the glass transition temperature
(Tg= 103 °C) were used in this study. These sheets are known to
have shape memory properties. This is achieved by heating the
polymer above its glass transition temperature (Tg), stretching,
and then cooling below Tg to preserve its shape. When the material
is heated above the Tg, the preserved stresses are released. These
sheets were used in previous work for studying self-folding using
different stimuli, and their properties are described in detail in
other work [12,13,16,19,22].

The sheets were cut down to sample sizes of 10 × 20 mm using a
ruler and scissors. A protractor and ruler were used to measure the
bending angle of the sheets after subjecting them to laser heating.
Masking tape and Kapton tape were used to secure the samples to
the laser platform, as shown in Figs. 2(a) and 2(b).

2.2 Laser System. The laser used is a CW CO2 laser system
(Full Spectrum Laser Pro-Series 20 × 12, 1.5 in. focus lens) with
10.6 μmwavelength and 35 Wpower from the laser. The black poly-
styrene used in this study is highly absorbing to 10.6 μm laser light.
The laser power can be adjusted by changing the laser current
through pulse width modulation. We measure the laser power at dif-
ferent currents using a CO2 laser powermeter (HLP-200, Changchun
Laser Optoelectronics Technology Co., Ltd.). The beam radius was
measured based on (1/e2) of the maximum intensity (wy, wx) at dif-
ferent distances (z) from the beam waist using the knife-edge
method [23], where we assume single mode operation (TEM00)
with a Gaussian beam profile. Using this technique, the beam
radius at the beam waist (wox, woy), based on a Gaussian beam
assumption, was determined to be 125.8 μm in the x direction and
84 μm in the y direction. The experimental beam radius in the x direc-
tion and the estimated beam shape is shown in Fig. 2(c). Using the
beam size and measured laser power, the flux at different defocus
values is shown in Fig. 2(d ).
Additionally, the laser is equipped with an air assist system,

which is an air nozzle that is aligned with the laser beam that
blows air onto the sample. The function of the air assist is to
prevent overheating of the sample and to clear the lasing path
from any debris or smoke.
A power (P) ranges of 0.14–28 W was used in our experiments

in order to control the folding process. A speed (v) range of
108–508 mm/s and a fixed spot size (w) of 1 mm were used as
well. Within this range of parameters, we were able to control how
much energy and fluence were applied to the sample during folding.

2.3 Experimental Setup. The prepared samples were placed
on an aluminum grating within the laser system as illustrated in

Fig. 1 Illustration of different methods of inducing self-folding of polymers based on external stimuli [5,9,11–19], highlighting the
unique freeform direct-write capability of our new approach
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Figs. 2(a) and 2(b). The samples were secured by using a piece of
masking tape or Kapton tape to hold the sample in place during the
experiment. When the laser is subject to laser heating, the polymer
strips would bend with an angle (θ), as illustrated in Fig. 2(b), that is
measured with a protractor with respect to the sheets original posi-
tion. To control the energy delivered for folding, we can control
laser power (P), speed (v), and number of lasing passes. Upon com-
pleting a forward path, the lasing head would decelerate, switch
direction, and conduct a return path till the number of passes is com-
pleted. Additionally, we test the influence of turning the air assist on
or off since the blown air would create some forces on the bending
strips while lasing and also cool off the lased lines.

2.4 In Situ Videography and Ex Situ Imaging. Microscope
cameras (Celestron Handheld Digital Microscope Pro) were used
for imaging of the samples and videography during the lasing
process. Scanning electron microscopy (SEM) images of the folds
were completed on a Zeiss SIGMA VP Field emission scanning
electron microscope. The samples were sputter coated with plati-
num and then imaged with a beam with an accelerating voltage
of 2 kV.

3 Results and Discussion
3.1 Influence of Power and Speed With Air Assist On. In

this experimental study, the influence of power and speed with
the air assist on is tested. In the experiment, a power range
(P = 0.1–9 W) with a speed range (v= 107–500 mm/s) were inves-
tigated at a fixed spot size (2wx= 1 mm) for nine passes. Multiple
passes are conducted in rapid succession, wherein the lasing head

abruptly decelerates upon completing a forward path and switch
direction to conduct a return path at the same speed (v). The stop-
ping time is estimated to be small compared with the lasing time.
The resulting folding angles are shown in Fig. 3. Folding started
at powers ranging from 1.4 W to 2 W, depending on the lasing
speed. The results generally show a quick increase in folding
angle between powers 1–2 W. With higher speed, it is noted that

Fig. 2 (a) Photograph of the laser processing setup, showing the laser objective lens and the
sample with annotation for lasing direction, laser beam, and camera view for videography
results shown in this paper. (b) Schematic of the folding process showing the gradient of shrin-
kages, which results from the viscoelastic relaxation across the thickness of the pre-strained
sheet having a gradient of temperature. (c) Experimental points representing the estimated
laser beam profile along the lasing direction x using the knife-edge technique, along with the
profile of the fitted Gaussian beam illustrating the divergence of the beam away from the beam
waist. The resulting beam spot in the x direction is estimated to be 2wox=251.6 μm. (d ) Estimated
optical flux along the x direction at constant power (P=22.5 W), showing the change of beam
intensity with z (i.e., with changing spot size by defocusing the beam).

Fig. 3 The resulting folding angles generated from different
power and speed combinations for the laser with the air assist
on. All samples were subject to nine lasing passes. Error bars
indicate standard error based on seven replications.
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the transition occurs more slowly. In addition, in the lowest speed
case (v= 107.5 mm/s), the folding increases and then drop at
powers beyond 3 W, indicating that excessive deformation or
cutting damage has occurred.
One advantage of using the air assist is that since the airflow has a

cooling effect on the polymer samples, a larger power range can be
explored and a higher range of high-quality folds can be achieved.
For example, when the samples are subject to excessive laser
fluence, folding can occur but it is accompanied by excessive defor-
mation and distortion to the fold geometry locally at the hinge. Thes
undesired effects might lead to issues of reduced repeatability and
compromised structural integrity of the resulting 3D structures.
A juxtaposition of different fold geometries is shown in Fig. 4, illus-
trating that there is a wide range of shapes of folds that occur at the
different combinations of power and speed. While some lasing con-
ditions lead to large angle folding, some of the folds are too dis-
torted. This is why characterizing the quality of the fold by
optical imaging is an important complement to the measurement
of fold angle. Importantly, it is noted that from our observation,
we find that some conditions can achieve both large folding
angles and minimal distortion to fold geometry, as shown in Fig. 4.
In addition to optical imaging, we use SEM to further investigate

fold surface quality and local distortion. Our SEM images show the
effect of overheating (at conditions of lower laser speed) on

compromising fold quality as shown in Figs. 5(a) and 5(b). The
local shrinkage and excessive material flow are visible.

3.2 Influence of Power and Speed With Air Assist Off. We
also investigate the influence of power and speed in the absence of
air assist, by varying laser power and speed while maintaining a
constant spot size, with the air assist off. In this study, a power
range (P= 0.1–5 W) is tested with a speeds ranging from 107.5 to
500 mm/s and a fixed spot size (2wx= 1 mm) for nine passes.
With the air assist off, the polymer samples were subject to
higher fluence for a small power range, as compared with the air
assist mode. Moreover, turning of the air flow also eliminated the
resistance force pushing down on the sample.
Results shown in Fig. 6 indicate that folding started at P= 0.1 W

at the lowest speed (v= 107.5 mm/s), much lower than with the
similar conditions with air assist on, demonstrating the effect of
the lower air pressure and no air cooling on the folding.
In the cases with lasing speeds v= 107.5 mm/s and 245.5 mm/s,

folding angles are noted to drop beyond P= 1.5 W and 3.5 W,
respectively, indicating excessive heating that cause too much
flow of material or melting of the polymer in some cases. At
higher speeds, little change is noted between the folding angle at
different speeds. In these cases, folding starts at 1.5 W lasing

Fig. 4 Side view and top view images indicating the influence of laser conditions on fold distortion and quality, where too much
heating leads to excessive deformation manifested as highly distorted hinges (P=3.5 W, v=500 mm/s, 2wx=1 mm, n=9) and
(P =3.5 W, v=107 mm/s, 2wx=1 mm, n=9) were imaged using SEM as well
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power, which transitions with increasing power till an average
folding angle of 90 deg is reached at a power of 5 W.

3.3 Influence of Number of Lasing Passes. To explore the
effect of the number of passes on the folding angle, the number
of passes was varied between 1 and 10 passes at two levels of
power (P=2.4 W and P=5.8 W) and a fixed speed (v=350 mm/s),
fixed spot size and air assist on.
Real-time monitoring of folding angle after each pass is achieved

by employing in situ videography. Results where images of the
folding are recorded with number of passes are shown in Fig. 7.
It is noteworthy that after one lasing pass there is little folding,

but with subsequent folds, the folding angle increases incrementally
until it reaches an average value of around 30 deg at these condi-
tions (P= 3.5 W, v= 430 mm/s, 2wx= 1 mm). This indicates that
the cumulative effect of incrementally adding small energy doses
can gradually increase the temperature at the hinge to activate the
folding without excessively damaging the hinge. The quantitative
results for folding angle dependence on number of passes are pre-
sented in Fig. 8. For the low power case in Fig. 8(a), it is noted
that no folding occurs for less than five lasing passes. This
implies that the temperature was not high enough to trigger
folding until after the fifth pass. With increasing number of
passes, the folding angle reached an average value of 8 deg. Even-
tually, the angle starts to drop after nine passes. For the higher
power, shown in Fig. 8(b), folding starts after two lasing passes.
Also, the fold angle increases up to an average of 90 deg which
drops after the eighth pass. The nature of the process prevents
lasing beyond 90 deg since the beam will be blocked by the
folded side of the polystyrene sheet. The drop in angle is caused
by excessive heating and material flow, as will be discussed later.
As noticed from the optical and SEM imaging (Figs. 4 and 5), over-
heating leads to melting and excessive hinge deformation, which are
undesirable. In addition to excessive material flow, more passes
lead to excessive relaxation across the whole sheet and hence
lower strain gradients and smaller folding angles.

3.4 Influence of Laser Power and Speed on Single Pass
Folding. To gain more insight into the process fundamentals, we
lase the pre-strained polystyrene for only a single pass (n= 1) at dif-
ferent values of power and speed. We also estimate the correspond-
ing fluence at the different laser conditions to see how fluence is
correlated with folding angle. The relationship between power
and average fluence is shown in Fig. 9(a) at 2wx= 1 mm. The
average fluence is calculated based on Gaussian beam modeling
by multiplying the average estimated optical energy flux (as
shown in Fig. 2(d )) with the laser dwell time (td= 2wx/v). The

Fig. 5 (a) SEM image of fold with minimal hinge distortion illustrating the folding and shrinkage pattern at the
edge and at the fold (P=3.5 W, v=500 mm/s, 2wx=1 mm, n=9) and (b) SEM image of fold with excessive fold
distortion (P=3.5 W, v=107 mm/s, 2wx=1 mm, n=9)

Fig. 6 The resulting folding angles generated from different
power and speed combinations for the laser with the air assist
off. All samples were subject to nine lasing passes. Error bars
indicate standard error based on seven replications.
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plotted results show that the laser fluence scales linearly with power,
with a higher rate of fluence increase at lower speeds. The resulting
fold angles at different laser power and speed are shown in
Fig. 9(b), with the corresponding fluence values illustrated in
Fig. 9(c). The avg. fluence (Favg) at which folding starts is plotted
as a function of lasing speed in Fig. 9(d ) as well as the dwell
time for each laser conditions. For all conditions, folding does not
start at P< 8 W and Favg < 5.2 J/cm

2, implying that the temperature
across the material resulting from these lasing conditions is not high
enough to initiate folding (i.e., does not reach the glass transition
temperature). It is also noted that the fluence at the initiation
of folding is different for each lasing speed. At the lowest
speed (v= 250 mm/s), the fluence at which folding starts is at

Favg= 5.4 J/cm2, while at the highest speed (v= 500 mm/s), the
fluence at which folding starts at Favg= 8.2 J/cm2. For the lowest
speed (highest dwell time), an increasing trend is noticed with
fluence till a maximum of 25 deg at a Favg= 13 J/cm2 after which
the folding angle drops with increasing fluence till no folding is
observed after Favg= 17 J/cm2. At v= 340 mm/s, the folding initi-
ates at Favg= 6.8 J/cm2, and is followed by a monotonic increase
in folding angle with average fluence with a maximum average
folding angle of 37 deg at a fluence of Favg= 12 J/cm2. Further
increase of fluence was not experimentally achievable due to laser
maximum power limitations. It is expected that beyond a certain
fluence values, the resulting folding angle will start to decrease,
similar to the results obtained at v= 250 mm/s (due to overheating

Fig. 7 Image frames from in situ videography showing the progression of folding with increasing number of lasing passes at
conditions of P=3.5 W, v=430 mm/s, 2wx=1 mm, air assist on. The sliver moving part is the laser head plunger, which is
used for focusing/defocusing the laser beam on the sample before rastering.

Fig. 8 (a) Plot showing the effect of number of passes at fixed power and speed (P=2.4 W, v=350 mm/s, 2wx=
1 mm) and (b) (P=5.8 W, v=350 mm/s, 2wx=1 mm). Error bars indicate standard error based on ten replications.
At eight passes for P=5.8 W, v=350 m/s the standard error is 0.37.
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as explained below). At the highest speed, the fluence needed to ini-
tiate folding is highest at F= 8.1 J/cm2. Higher fluence could not be
delivered due to the maximum laser power limits.
As mentioned earlier, the shrinkage of pre-strained polystyrene

films is dependent on the material temperature exceeding the
glass transition temperature (Tg), leading to the viscoelastic relaxa-
tion locally, which causes the folds. In this case, the resulting fold
angle and speed of folding are dependent on multiple factors. The
temporal and spatial temperature distributions (which depend on
the laser parameters and material properties) combined with tem-
poral viscoelastic effects (the rate of stress relaxation is also tem-
perature dependent) dictate the observed folding. for low lasing
speeds, high fluence, and long laser dwell time can lead to low or
no folding, because these conditions lead to full stress relaxation
of the prestrain across the polystyrene sheet without gradient of
shrinkage across the thickness [hence, no folding is observed for
higher power points shown in Fig. 9(b)]. We observe this effect
experimentally at laser scanning speed at v= 250 mm/s, where the
folding angle increased with fluence and then dropped subse-
quently. Excessive heating can also lead to polystyrene melting
and excessive material flow, preventing high-quality folding.
Future research to elucidate these interactions will focus on thermo-
mechanical simulations to study how the lasing conditions interact
with the viscoelastic properties of the materials and how they influ-
ence the folding dynamics.

3.5 Applications of Complex 3D Geometries. After demon-
strating the ability to control both fold angle and quality of fold
based on varying laser power and rastering speed, we have also
shown that sequential delivery of energy through multiple lasing
passes can also be used as a powerful knob to control the localized
folding angle. We have combined cutting with folding to illustrate

the capability of our approach to create complex 3D geometries like
vertex connected triply periodic minimal surface structures which
are attractive geometries for mechanical metamaterial applications
[24], as shown in Fig. 10. This highlights the potential of integrating
origami and kirigami [25] principles in manufacturing.
We demonstrate the robustness of the produced folds by applying

a compressive load on them, as shown in Fig. 11. We show that for a
load of 1 N does not damage the folds obtained at the lasing condi-
tions of P= 3.5 W, v= 500 mm/s, 2wx= 1 mm, n= 9. In this exper-
iment, a load is applied on top of the vertex of the fold as illustrated
in Fig. 11(a), while the sample is mounted on a mass balance.
Results show that the fold withstand the load, which the polystyrene
elastically deform, and returned to its original configuration upon
unloading (Fig. 11(b)) without any damage to the folds. Hence,
the resulting geometries obtained by our laser-based folding
approach are promising as a building block in a repeating archi-
tected structure for origami-based energy absorption applications
[26] and origami-based cellular metamaterials [27].
Hence, our approach is promising for fabrication of lightweight

polymer structures with high surface finish, which is a major advan-
tage compared with common additive manufacturing alternatives.
The reason that surface finish is much more superior in our laser-
based origami approach compared with 3D printing methods is
that the surface finish is dependent on the process of fabricating
2D sheets, which is a rather cost-effective and mature technology.
For example, a single 8 in. × 11 in. sheet of smooth pre-strained
polystyrene costs less than 0.4$. Our folding approach is also
faster than typical additive manufacturing approaches such as
fused deposition modeling and stereolithography, which also gener-
ating minimal waster material.
Our rastering-based approach also invites leveraging computa-

tional design tools for control of the spatiotemporal evolution of
temperature for achieving desired curves and folds. Combining

Fig. 9 (a) Plot showing how laser power and speed affect laser fluence, (b) folding angle at different speeds and
powers (errors bars are the standard error for sample size of 5), (c) influence of laser fluence and speed on folding
angle, and (d ) influence of speed and dwell time on the threshold fluence for folding
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laser heating, which has the advantage of offering rapid energy
delivery with precise control of fluence dose and location of
heating, with rastering underscores the versatility of our technique.
Among folding-based methods, our approach uniquely allows opti-
mizing the folding angle and minimizing hinge distortion when
compared with less abrupt heating methods [9,12]. Another advan-
tage for our approach is that folding happens as a result of a single-
step direct-write process, eliminating the need for ink printing.
However, further process development is needed to achieve more
complex 3D geometries [21], since shadowing effects can poten-
tially limit the maximum achievable folds and block the laser
when lasing large structures. These issues can potentially be reme-
died by using different scanning methods like using mirror galva-
nometers to deliver the laser energy fast-enough before
shadowing can occur. The approach of directed self-folding based
on localized heating can be combined with modern cybermanufac-
turing infrastructure in order to achieve mass customization in 3D
fabrication at on-demand stations or kiosks [28,29].

4 Conclusion
In this work, we present a new approach for sequential self-

folding of polymer sheets, based on laser rastering. The approach
is shown to be versatile, allowing direct precise delivery of
energy at the folds, without the need for ink jet printing to

sequentially fold the pre-strained polymer sheets. This approach
is well suited for creating complex shapes that are difficult to
create with 3D printing techniques. From the parametric study
results, it is noted that varying the number of lasing passes is a pow-
erful way to achieve high-quality folds with desired angles. Addi-
tionally, it is observed that power and speed represent a direct
method for controlling the folding angle while maintaining the
quality of the fold. Our findings indicate that optimal conditions
exist, which insure both minimal distortion in fold geometries and
high precision in the resulting folding angle. Further investigations
are needed to correlate the lasing parameters with the spatial varia-
tion of fluence and temperature, as well as with the viscoelastic
stress relaxation behavior that underlie folding. Taken together,
our results highlight the potential of this approach for manufactur-
ing 3D lightweight structures.
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