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M A T E R I A L S  S C I E N C E

Metallic Mimosa pudica: A 3D biomimetic buckling 
structure made of metallic glasses
Jin-Feng Li1, Ivan-V. Soldatov2, Xiao-Chang Tang1, Bo-Yang Sun1,3, Rudolf Schäfer2, Song-Ling Liu1,3, 
Yu-Qiang Yan4, Hai-Bo Ke4, Yong-Hao Sun1,3,4*, Jiri Orava5*, Hai-Yang Bai1,4,6*

Metallic Mimosa pudica, a three-dimensional (3D) biomimetic structure made of metallic glass, is formed via laser 
patterning: Blooming, closing, and reversing of the metallic M. pudica can be controlled by an applied magnetic 
field or by manual reshaping. An array of laser-crystallized lines is written in a metallic glass ribbon. Changes in 
density and/or elastic modulus due to laser patterning result in an appropriate size mismatch between the shrunken 
crystalline regions and the glassy matrix. The residual stress and elastic distortion energy make the composite 
material to buckle within the elastic limit and to obey the minimum elastic energy criterion. This work not only 
provides a programming route for constructing buckling structures of metallic glasses but also provides clues for 
the study of materials with automatic functions desired in robotics, electronic devices, and, especially, medical 
devices in the field of medicine, such as vessel scaffolds and vascular filters, which require contactless expansion 
and contraction functions.

INTRODUCTION
The Mimosa pudica (also known as shameplant) closes its leaves as 
a defense mechanism against insects in response to touch, vibration, 
and wind (1), and when external stimuli stop, it reopens. This is due 
to its ability to redistribute water inside the leaves, inducing cell con-
traction on one side of the leaves and enlargement on the other. The 
shrinkage and expansion of cells on different sides of leaves result in 
size mismatch between upper and lower sides of leaves (1), and the 
size mismatch on different sides plays a key role in the opening and 
closing of leaves. Moreover, leaves and petals of many plants have 
curved shapes originating from size mismatch between different parts 
of plants such as veins and nonvein parts, forming during their growth 
process (2–4), and the curvature of leaves and petals can be reversible 
because of buckling ability. If the structure of seismonastic plants is 
imitated by structural materials, such as metals, then the plants’ 
functionality could be obtained by the three-dimensional (3D) bio-
mimetic manufacturing (5–11).

Many researchers are interested in 3D shape changing on specific 
materials. Under external stimuli, hydrogels (11–14), shape-memory 
polymers (5, 11, 12), liquid crystal elastomers (5, 11, 12, 15), and 
shape-memory alloys (7, 16) have been selected for shape change 
applications. The shape changes of materials have great potentials 
in specific applications such as actuators (11, 15, 17–19), sensors 
(11, 15, 17, 18), inductors (18, 20, 21), microelectromechanical 
systems (5, 22), soft robots (18, 23–25), and electronic (25), medical 
(11, 18, 26), and spacecraft devices (18, 20, 27). For example, 3D shape- 
change materials coupled with magnetic properties are promising 
for microgrippers, vessel scaffolds, and vascular filters in the blood 

vessels, which need contactless expansion and contraction or closing 
and reopening functionality with untouched manner (26). In the 
field of spacecraft, a flat plate is very attractive as an input geometry 
for 3D structures because of its efficient storage, transportation, and 
scalability (18), which automatically transforms into 3D structures 
when eventually required.

Metallic glasses (MGs) represent one of the good candidates for 
forming 3D biomimetic structures. The MGs have excellent mechanical 
performance (28–30), such as a high elastic strain limit of ~2% and 
high mechanical strength, and, upon crystallization, their density 
and/or elastic modulus between glassy and crystalline parts can change 
(31, 32), which can result in an appropriate size mismatch between 
glass and crystal parts. Previous studies of MGs focused on 3D struc-
tures (33–40), similar to 3D printing complex structures, wave springs 
and honeycomb structures, etc. However, the 3D structure with buck-
ling functionality of metallic composites has rarely been reported so 
far. Therefore, achieving the shape change function of buckling-induced 
3D structure in MGs remains challenging, and it is scientifically and 
technologically important for functional applications of MGs.

In this work, we designed a buckling-induced 3D structure with 
an MG ribbon by laser patterning and realized its 3D shape change 
to imitate biomimetic functionality by a magnet bar. 3D biomimetic 
structures were fabricated using an MG-crystal (MGC) composite 
material consisting of a glassy matrix and an array of crystallized parts. 
In the MG ribbon, crystallization of parallel stripes was induced by 
nanosecond-pulsed (ns-pulsed) laser patterning, which induced size 
mismatch between glassy matrix and shrunken crystallized stripes 
with an increase in density and/or moduli. The curvature radii (R) of 
buckled structures were controlled by the linewidth ratio of crystal-
lized and glassy stripes. Here, Fe78Si9B13 MG ribbon was chosen be-
cause of its soft magnetic properties. In the elastic limit, the shape 
change of MGC is controlled by an external magnetic field (movie S1) 
or even manually reshaped and reversed (movie S2). A one-step, 
fast, and scalable fabrication method using laser patterning demon-
strates the suitability to achieve buckling functionality with any me-
tallic materials that can provide appropriate size mismatch in the 
elasticity limit through the changes of density and/or modulus of 
their different parts.
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RESULTS
MGC composite structure
Figure 1A shows the folding and drooping of M. pudica leaves on touch. 
Inspired by nature, a reversible shape-changing and configuration- 
controllable biomimetic metallic M. pudica was designed and fabri-
cated via ns-pulsed laser patterning of Fe78Si9B13 MG (Fig. 1B). To 
start, the 2D leaf-like geometry of the Fe78Si9B13 MG ribbon (30 mm 
in width and 24 m in thickness) was cut by a picosecond-pulsed 
(ps-pulsed) laser source and then patterned by an ns-pulsed laser 
source, transforming the 2D cuts into 3D buckling structures. Figure 
S1 provides details of the parallel line processing mode of the ns-
pulsed laser source.

Closing and opening of the metallic leaves were stimulated by a 
magnet bar giving controllable shape changes as demonstrated in 
Fig. 1C, which shows snapshots taken from movie S1. The closing 
and opening (movie S1) were continuously tested up to about 

20,000 cycles, and no damage or property deterioration was found, 
suggesting an excellent fatigue resistance performance. The response 
of the 3D structure (after laser parallel line processing; Fig. 1B) to 
the magnet bar is compared with that of the 2D structure (before 
laser parallel line processing; Fig. 1B) in movie S3, where it can be 
seen that the 3D structure is essential to achieve closing and opening 
performance. The buckling allows the leaf curvature reversible, i.e., 
alterations between convex and concave curvatures of the leaves, and 
therefore, five configurations were made by modifying the curvature 
sign (Fig. 1D and movie S2). The response to the applied magnetic 
field, the possibility of manual reshaping, and the various available 
biomimetic structures demonstrate the nature-inspired functionality 
of the composite material. By modifying the processing parameters, 
laser line directions, line spacing (s), and scanning speed (v), helixes 
with various angles (Fig. 1E) and rolls with a wide range of the cur-
vature radius (Fig. 1F) could be easily produced. The concave and 

Fig. 1. Seismonastic M. pudica plant and the inspired buckled metallic M. pudica. (A) M. pudica leaves close upon touching. (B) Fabrication of MGC composite leaves 
via ps-pulsed laser cutting and ns-pulsed laser patterning. (C) Snapshots of the closing and opening of the leaves in the magnetic field (images are snapshots taken from 
movie S1). (D) Multiconfigurational shapes are made by manual alteration of the concave or convex curvatures of the leaves. (E) Helixes with various rolling angles and 
(F) rolls with the controlled radius of curvature can be made.
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convex directions can also be easily achieved by manual reshaping 
(see fig. S2, A and B). Immediately after the laser line patterning, 
there always exists a preferential direction of the curvature for all 
buckled ribbons (see fig. S2C): The top surface (facing the laser source) 
is convex, and the bottom surface remains concave.

Buckling mechanism of MGC composite structure
The basic mechanisms of buckling are appropriate size mismatch 
between the laser-patterned stripes and matrix regions and the suf-
ficient elastic deformability of the composite materials. For an MG 
ribbon, when local stripes of the ribbon are crystallized by laser pat-
terning, the density and modulus of crystallized stripes become rel-
atively larger [density increases by about 2 to 5% (31) and modulus 
by 20 to 30% (32)]. Accompanying the shrinkage of crystallized 
regions, the size mismatch between crystallized stripes and glassy 
matrix occurs, introducing a size mismatch distortion energy and 
the inner stress, and these allow the buckling performance within 
the elastic limit. As shown in Fig. 2A, residual stress was generated 
after laser processing because of the shrinkage of the crystallized 
regions (yellow area). There are tensile internal stresses (black arrows) 
in the crystals, and the compressive internal stresses (red arrows) 
act on the glass matrix (green area) in the parallel stripe direction. 
In Fig. 2B, the green stripes represent the glass parts and the yellow 
stripes represent the crystallized regions. Rg and Rx (the subscripts 
“g” and “x” stand for glass and crystal, respectively) are the radii of 
curvature responsible for the shape change in the laser line length 
direction.  is the difference between Rg and Rx. rg and rx are the radii 
of curvature responsible for the shape change in the vertical laser 
line direction. Because the crystal parts are shrunk, Rx < Rg maintains 
in the curved sheet. When the glass and crystal stripes with different 
 and E are parallelly integrated, such a composite thin sheet can 
buckle either in the convex or concave directions (14, 41). The ribbon 
perpendicular to the length of the stripes exhibits periodical modu-
lation structure, and the ribbon parallel to the length of the stripes 
generates a large curvature (see Fig. 2B). Modulation of buckling 
that appears on the width direction of the ribbon (transverse to laser 
line direction) and large curvature of buckling in the length direc-
tion of the ribbon (along the laser line direction) are demonstrated 

in Fig. 2. A confocal laser scanning microscope was used to visualize 
the height change on the buckled surface (see Fig. 2C).

The MGC composite structure with buckling function within 
the elastic limit obeys the minimum elastic energy criterion. To 
quantitatively determine R of the MGC composite structure, a 2D 
model (14) has been applied. The R is determined by the energy 
minimum of the total energy QT, the sum of the stretching energy 
QS, and bending energy QB for glass and crystal, respectively (14). 
Considering the influences of R, rx, and rg, we have

                                           Q  T   =  Q  S   +  Q  B    (1)

   
 Q  S   =   1 ─ 2    E  x    w  x    d  x     [  1 −   

 f  x  
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2
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  1 ─ 2    E  g    w  g    d  g     [  1 −   
 f  x  
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2

 
    (2)

                          
 Q  B   =   1 ─ 12    E  x    w  x    d x  3  ( R   −2  +  r x  −2  −  R   −1   r x  −1  ) +

    
              1 ─ 12    E  g    w  g    d g  3  ( R   −2  +  r g  −2  +  R   −1   r g  −1 )

    (3)

where R is the half sum of Rg and Rx; Eg and Ex are the elastic mod-
uli; wg and wx are the widths of the glass and crystal stripes; dg and 
dx are the thicknesses; and fg and fx are the relative length change of 
the glass and crystal stripes, respectively. By determining Eg, Ex, wg, 
wx, dg, dx, fg, and fx from experiments or estimation, QT is now a 
function of R, rx, and rg. The analytical calculation could be per-
formed to search for the QT minimum, from which the correspond-
ing R is derived. In particular, fx/fg can be estimated by the density 
ratio between the two stripes, i.e., fx/fg =  (x/g)1/3, and wx = w, 
wg = s − w, s is the distance between centers of two laser lines. Hence, 
from the Eqs. 1 to 3, R versus x/g, Ex/Eg, and w/s of the two kinds 
of the stripes are determined (see fig. S3).

Residual stress distribution in MGC composite structure
The Fe78Si9B13 MGs have nonzero magnetostriction and no magneto-
crystalline anisotropy, and their magnetic easy axis direction is governed 

Fig. 2. The schematic of buckling mechanism of a glass (green)/crystal (yellow) composite. Crystallization occurred in the laser-scanned regions. (A) The periodic 
structure of the glass matrix and crystallized regions. Along the laser line direction, the glass regions suffer compressive stress (red arrows) and the crystal regions suffer 
tensile stress (black arrows). (B) Buckling occurs in both transverse and parallel to stripe directions due to the energy minimum requirement (, density; E, elastic modulus; 
Rg or Rx, radius of curvature of the glass or crystal along laser lines direction; rg or rx, radius of curvature of the glass or crystal transverse to laser lines direction; , the dif-
ference between Rg and Rx). (C) Top view and the enlarged height change of the surface of buckled ribbon.
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by mechanical stress. In Fe78Si9B13 MG, the induced mechanical 
stresses are essentially inhomogeneous because of fast melt-spinning 
process, and, thus, magnetic easy axis varies locally without specific 
direction. Therefore, observation of the magnetic domain structure 
of the ribbon surface in demagnetized state can be used to evaluate 
the change of local distribution of mechanical stress distribution 
caused by laser patterning (42–44).

The residual stress distribution at the surface of metallic leaves 
was studied by Kerr microscopy. Because the positive magnetostric-
tion constant of Fe78Si9B13 MG [fig. S4; in agreement with (45)], the 
observed wide domains are strictly magnetized in plane across the 
ribbon thickness, indicating that the areas are dominated either by 

uniaxial tensile stress along the 180° domain wall direction or by 
compressive stress in transverse to the direction of domains. The 
magnetic domains at the surface of the same Fe78Si9B13 sample area 
in the as-spun state (fig. S5A) and after one-line laser scanning (fig. 
S5B) are captured. In the as-spun state (fig. S5A), the ribbon has two 
types of domains: One has wide black-and-white stripes, and one has 
narrow closure domains, which appear as gray areas at low magni-
fication. In the ribbon after laser patterning, the internal tensile 
stresses in specific directions spread up to several millimeters away 
from the laser lines because of the crystallization-induced shrinkage 
(Fig. 3A and fig. S5B). The magnetic domains shown in Fig. 3 (A to D) 
are identical for the top (A and B) and the bottom (C and D) surfaces 

Fig. 3. Influence of the laser patterning on the magnetic domains in the Fe78Si9B13 ribbon. The magnetic domains on the top (A and B) and on the bottom (C and D) 
surfaces of the Fe78Si9B13 ribbon with a single laser line (v = 100 mm s−1). (E) Disordered domains in as-spun ribbon. (F) Laser-patterned ribbon with stripes of the glass and 
crystal aligned in periods (laser line spacing is 3 mm and laser scanning speed is 100 mm s−1). (G) A high-resolution image of the magnetic domains on the surface of as-
spun Fe78Si9B13 ribbon for a region indicated by the red rectangle in (F). The directions of tensile and compressive stress are indicated by red and blue arrows, respective-
ly. (H) Close-up view of the domains in the proximity of the laser lines shown in (F). The Kerr sensitivity for (A), (C), and (E) to (G) is along the vertical direction (transverse 
to laser patterning) and for (B), (D), and (H) is along the horizontal direction (along with the laser patterning) concerning the image plane.
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of the Fe78Si9B13 ribbon after laser pattering, suggesting uniform ten-
sile stress distribution across the ribbon thickness caused by shrinkage 
of MG crystallization under one-line laser scanning. The domain 
structure is observed on the surface of the same Fe78Si9B13 sample in 
the as-spun state (Fig. 3E) and the processed state (Fig. 3F) with a 
glass matrix and an array of crystallized material. In Fig. 3F, the gray 
areas contain narrow closure domains with in-plane magnetization 
at the surface and perpendicular-to-the-surface magnetization in 
the volume of the ribbon, representing the dominating presence of 
compressive stress. A high-resolution domain image of the region 
indicated by the red frame in Fig. 3F can be found in Fig. 3G. A local 
effective tensile stress results in an in-plane magnetic easy axis and 
wide 180° domains oriented along the stress axis, while planar com-
pressive stress results in an orientation of the easy axis perpendicu-
lar to the ribbon surface and, thus, narrow stripe closure domains 
on the surface oriented in the direction transverse to the compres-
sive stress as indicated by arrows (Fig. 3G). The glass areas contain-
ing wide domains that run transverse to the laser lines (Fig. 3F) show 
predominating tensile stress along the same direction. The glassy 
areas also include gray zones with narrow closure domains showing 
planar compressive stress. Thus, the glassy areas mainly suffer from 
compressive stress in the buckling structure along the laser line direc-
tion (Fig. 3F). The residual tensile stress in glassy areas perpendicu-
lar to the laser lines direction, responsible for periodical modulation 
buckling structure (Fig. 2, B and C), is revealed in Fig. 3 (F and H). 
In general, the glassy parts suffer from compressive stress, and the 
crystalline parts are subjected to tensile stress along the laser lines.

Patterning conditions of successful buckling
The laser patterning procedure is shown in movie S4. The scanning 
electron microscopy (SEM) images show the appearance of laser 
lines on both top and bottom surfaces of the Fe78Si9B13 ribbon at the 
three laser scanning speeds v of 40, 100, and 160 mm s−1, demon-
strating that the buckling structures penetrate through the ribbon 
thickness by laser patterning (Fig. 4, A  to C). A seriously wavy 
structure was formed with the largest w = 355 ± 10 m at the lowest 
v of 40 mm s−1 (Fig. 4A). The successfully buckled ribbon has an 
appropriate w = 178 ± 10 m at an intermediate v of 100 mm s−1 
(Fig. 4B). Meanwhile, Fig. 4C shows that the ribbon buckled slightly 
at a relatively high laser scanning speed (v) of 160 mm s−1, where 
narrow stripes could be written on the top and bottom surfaces as 
revealed by SEM. Thus, appropriate laser line width (w) and laser 
line spacing (s) are critical to obtain successful buckling. The pat-
terning structures in regimes I, II, and III correspond to the photo-
graphs in Fig. 4 (A to C), respectively. Figure 4D maps the patterning 
conditions, expressed as laser line spacing (s) versus scanning speed 
(v) for buckling in Fe78Si9B13 MG. The three different regimes can 
be identified, representing: excessive regime I, moderate regime II, 
and insufficient regime III of patterning conditions. In regime I, the 
ribbon exhibits a seriously wavy structure, making it hard to have 
an effective R. In regime II, R is smaller than 40 mm, representing 
successful buckling. In regime III, R is larger than 40 mm, which 
can be understood in terms of insufficient laser penetration, a result 
considered as less efficient for buckling. The low v causes larger w, 
inducing excessive laser penetration beyond the elasticity limit, 
even resulting in damage of the ribbon. The conditions of the three 
regimes demonstrate that appropriate w and sufficient elasticity of 
the composite material are important. Figure 4D is a processing 
map designed for the practical use of laser manufacturing, but from 

a fundamental point of view, one can link v to w. Figure S6 shows w 
increases with decreasing v, so a similar contour based on s and 
w was constructed in Fig. 4E. Furthermore, the R is a function of w 
and s (fig. S7). The appropriate w/s for successful buckling with dif-
ferent R is revealed in Fig. 4F, corresponding with regime II (Fig. 4, 
B, D, and E). Note that there is a minimum for R around w/s ~ 0.4 
to 0.5 (see fig. S3C).

DISCUSSION
In this work, a kind of glass and crystal stripe composite with buck-
ling performance is designed. The fundamental mechanisms of 
buckling are that there are appropriate size mismatch between laser- 
patterned and matrix stripe regions and sufficient elastic deforma-
bility of the composite material. More generally, an ideal composite 
structure is that different parts of the material have appropriate size 
mismatch and sufficient elasticity. The size mismatch in the pat-
terned Fe78Si9B13 ribbon is induced by the change of density and/or 
elastic modulus, which originated from shrinkage of crystallization 
of laser-patterned stripes. The residual stress and corresponding 
elastic distortion energy enable the composite to have buckling 
function within the elastic limit and obey the minimum elastic 
energy criterion. The MGC structure made by the laser-patterned 
Fe78Si9B13 ribbon not only has a buckling function but also can be 
controlled by a magnet bar to open and close repeatedly because of 
ferromagnetic attraction between the leaves and the magnetic bar. 
The curvature radius of R of the buckled ribbon is decided by a 
variety of factors, such as changes of density, elastic modulus, line-
width ratio of laser-patterned and glass parts and thickness of the 
ribbon. Essentially, R is determined by the degree of size mismatch 
between different parts, the elastic deformability of composite and 
energy minimum principle. The elasticity required for buckling 
depends on the radius of curvature R; larger elasticity is required for 
smaller R and vice versa. The degree of elasticity required can be 
evaluated. For example, the bending strain (B) is d/2R, where d is 
the thickness of the ribbon. When R is 10 mm and d is 24 m, B is 
only 0.12%. This B is much smaller than the elastic strain limit of 
MGs (2%) and even smaller than that of the crystalline metals in 
general. While large elasticity would be requested for smaller R, 
such as for R = 1 to 2 mm, elastic strain B = 0.6 to 1.2%. Therefore, 
within the elastic limit of composite materials, buckling behavior 
is allowed.

Residual stress is often a natural consequence of laser treatments 
on MGs (46, 47) and induces buckling shape change. The shrunken 
crystal stripes are subjected to tensile stress from the glass stripes, 
which, in turn, the glass is subjected to compressive stress from the 
crystal stripes. When the buckled ribbon is annealed below its glass 
transition temperature, the curved shape is largely flattened as  
between the annealed glass and the laser-patterned crystallized stripes 
decreased (fig. S8), implying that the extent of the size mismatch of 
the composite structure is an important factor that affects its buck-
ling. The good buckling performance is limited to certain MG com-
positions only. As demonstrated in fig. S9A, a single line was scanned 
along the center of three MG ribbons with different compositions 
and one Fe80Cr20 polycrystalline ribbon. Only Fe78Si9B13 and 
Zr46Cu46Al8 MGs buckled, while La55Ni20Al25 MG and Fe80Cr20 
polycrystal buckled slightly (fig. S9A) because the size mismatch is 
not large enough in the latter two. X-ray diffraction (XRD) patterns 
(fig. S9B) show that the three MG ribbons are crystalized after 
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laser-scanned, but the Fe80Cr20 polycrystalline ribbon does not show 
obvious change. Table S1 shows a density and elastic modulus 
change of Fe78Si9B13 and Zr46Cu46Al8 MGs before and after laser 
processing. The extent of the density change () during the glass-
to-crystal transformation (31) depends on the MG composition 
(table S1). For Fe78Si9B13 MG, its  at the fully crystallized state 
is 7.375 ± 0.003 g cm−3, which is 3.1% larger than that of glass 
(7.154 ± 0.003 g cm−3). The Cu46Zr46Al8 MG also shows good buck-
ling performance after laser processing (fig. S9A), and its relative 
 increased by 0.9% after crystallization. The laser-scanned La55 
Ni20Al25 ribbon was crystallized, but only slightly buckled (see fig. 
S9A). For the Fe80Cr20 polycrystalline ribbon, melting and recrys-
tallization could happen during the laser-patterning process. Figure 
S9A shows that Fe80Cr20 flexes only slightly after laser patterning, 
i.e., the patterned ribbon is not as flat as it was before patterning. A 
slight size mismatch occurred and small inner stress remained in 
Fe80Cr20 after laser patterning, and the radius R is larger. From the 
strict definition of buckling, the Fe80Cr20 polycrystalline ribbon also 
buckled, but it cannot be used to make a MGC composite structure 
successfully. Therefore, an appropriate size mismatch or an appro-
priate density difference is necessary for successful (or evident) 
buckling behavior. Note that a too large size mismatch, correspond-
ingly a too large density difference, which is beyond the elasticity 
limit of the composite material, also does not favor for buckling be-
havior. Plastic deformation or fracture would occur when the elastic 
limit is exceeded. In addition, the crystalline ribbons of the 
Fe78Si9B13 and Cu46Zr46Al8 alloys also cannot buckle (fig. S10A) 
compared with their glass ribbons because of small density change. 

The results emphasize that the laser-induced 3D buckling structure 
needs glasses, because they have excellent elastic deformability and 
appropriate density changes by crystallization; therefore, appropri-
ate size mismatch of different parts of composites can be achieved.

To conclude, we constructed a 3D biomimetic buckling struc-
ture by ns-pulsed laser patterning of the MG ribbon. A 3D biomi-
metic metallic flower can open and close repeatedly by applying an 
external magnetic field and can be reshaped manually. The funda-
mental mechanisms of buckling are appropriate size mismatch 
between laser-patterned and matrix stripe regions and sufficient 
elastic deformability of the composite materials. The different den-
sities and/or elastic moduli between the glassy and the shrunken 
crystallized regions, inducing appropriate size mismatch, are re-
sponsible for the internal stress distribution in the MGC composite 
structure. The residual stress originates from the size mismatch of 
the different parts. The buckling behavior obeys the minimum elas-
tic energy criterion. The elasticity of the composite enables the me-
tallic flower to bloom, close, or reverse its curvature under applied 
forces freely and repeatedly. This work provides hints for materials 
needed for noncontact expansion and contraction functions in 
medical devices and soft robotic devices, etc.

MATERIALS AND METHODS
Commercial Fe78Si9B13 [atomic % (at %)] MG and Fe80Cr20 poly-
crystalline ribbons (containing traces of Mn, Ni, Cu, Mo, and C in 
total of ≤1.5 at %) were purchased from the Advanced Technology 
and Materials Co. Ltd. of the Central Iron and Steel Research Institute 

Fig. 4. The conditions of buckling of the Fe78Si9B13 MG ribbon. Optical and SEM micrographs of the Fe78Si9B13 MG ribbons laser-processed at (A) v = 40 mm s−1, 
(B) v = 100 mm s−1, and (C) v = 160 mm s−1. SEM micrographs of the laser-patterned lines (the line width is highlighted by the white arrows and the lines are enclosed by 
the yellow dashed lines) viewed from the top surface (the second column) and from the bottom surface (the third column). (D) The processing map of buckling for which 
large line spacing (s) and low scanning speed (v) conditions are favored. (E) Processing map based on s and w. (F) R decreasing with ratio w/s. Blue triangles represent the 
condition at constant s, and pink circles represent the condition at constant v. D
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(China) and from Ding-Yuan Metallic Materials (China), respec-
tively. The typical thickness of the commercial ribbons was 24 m 
and has a width of 30 mm. Cu46Zr46Al8 and La55Ni20Al25 MG rib-
bons were obtained by melt spinning, where the master ingots were 
prepared by arc-melting of high-purity elements, Cu (99.99%), Zr 
(99.9%), La (99.5%), Ni (99.9%), and Al (99.99%), under a Ti-gettered 
argon atmosphere. Master ingots were molten at 1100 K and spun 
on a copper wheel at a rotation speed of 80 rpm in argon atmosphere. 
The products were MG ribbons with a typical thickness of 30 m 
and a width of 1.5 mm.

For laser cutting, to keep the Fe78Si9B13 ribbon amorphous, a ps-
pulsed laser (Photonics Industries International Inc.) was used with 
the parameters of a laser wavelength of 355 nm, an output power of 
20 W, a pulse duration of 7 ps, a repetition frequency of 2000 kHz, 
and a scanning speed of 2000 mm s−1. The ribbon was cut by repeat-
ing the cutting path 300 times with a cutting interval time of 1 s and 
a focused beam diameter of 20 m.

Laser patterning was carried out in the air. Before the writing, 
MG ribbons were first cleaned by ethanol and then taped on a plat-
form beneath the laser source. An ns-pulsed optical fiber laser source 
(Shenzhen JPT OPTO Electronics Co. Ltd.) was used, operating at a 
wavelength of 1064 nm, a maximum output power of 20 W, a beam 
diameter of 100 m, a power factor of 100%, a pulse duration of 
2 ns, a repetition frequency of 400 kHz, and a focus distance of 
3.5 mm. A positive defocus condition was maintained, where the 
laser focus was set above the sample position and maintained 
throughout the patterning. During laser scanning, a line spacing of 
1 to 15 mm and a scanning speed of 40 to 200 mm s−1 were used. 
The processing geometry is schematically illustrated in fig. S1.

The ribbons’ amorphicity and crystallinity were checked by XRD 
(Bruker D8 Advance) using Cu-K radiation (wavelength of 1.5418 Å). 
The surface morphology of the laser-processed samples was exam-
ined by Phenom XL SEM and using confocal laser scanning micro-
scopes (Keyence VK-X1000). The composition was checked by energy 
disperse spectroscopy (using a silicon drift detector) inside the Phenom 
XL SEM. Elastic modulus E was measured using the TriboIndenter, 
Bruker TI 980 nanoindentation system. A Berkovich tip, made of 
diamond with a tip radius of about 200 nm, was used, and the elastic 
part of the unloading curve was taken to calculate E. The density was 
measured using a helium gas pycnometer (Micromeritics 1345), 
with all the measurements repeated 10 times.

The residual stress distribution around the laser-scanned lines 
and the domain structure of Fe78Si9B13 MG were recorded by using 
a Kerr microscope as reported in (42) and (48). Magnetic domains 
were imaged in a wide-field Kerr microscope with selective sensitiv-
ity to pure in-plane magnetization using the longitudinal Kerr effect 
(48). Domain maps of the enlarged sample areas were obtained by 
merging independent high-resolution domain images, which were 
acquired with a 10× objective lens. Before imaging, an external al-
ternating magnetic field was applied in the sample plane along the 
in-plane sensitivity direction of the Kerr microscope to demagne-
tize the sample. To determine the sign of the magnetostriction con-
stant, tensile stress along the ribbon axis of an increasing amplitude 
was applied, and domains were observed using overview Kerr 
microscopy (49).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/sciadv.
abm7658
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