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Kirigami, the ancient Japanese paper cutting technique, has been applied to
achieve high stretchability and low energy loss of designed metallic glass.
Despite the exploration of the underlying deformation mechanism of
kirigami-inspired structures from the energy point of view, the morphable
responses of the kirigami patterns and the origin of the kirigami response are
yet to be fully understood. This study reveals the mechanical driven-forms of
the kirigami structure with the corresponding deformation stages. Based on
beam deflection theory, the elastic buckling behavior of kirigami metallic
glass is manifested and a critical force prediction model is developed.
Moreover, a force concentration parameter is introduced in the rigid-plastic
deformation stage, predicting the nominal ultimate force. The
kirigami-inspired facture force is firstly proposed. The findings of these
models are in good agreement with the experimental size-dependent
kirigami responses, and expected to provide significant insights into the
understanding of the deformation behavior and the design of kirigami
metallic glasses.
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1. Introduction

Metamaterials circumvent the intrinsic limits of mechanical properties of materials
(e.g., low deformability and low shape tenability), opening up a new avenue for
extraordinary mechanical properties, such as superelasticity [1], shape morphing [2, 3],
negative Poisson’s ratio [4, 5]. Inspired by architected material, kirigami has been
introduced in metamaterial design. Kirigami, originating from the ancient paper cutting
in Japan, is an easy and cost-effective method that can be applied to materials for
achieving extremely large stretchability [6-9].

Kirigami inspired structure has been applied in traditional materials such as fabrics
[10], kaptons [11] and metals [12], along with advanced materials including graphene
[13], shape memory polymers [14, 15], and hydrogels [16]. Various potential
applications for these Kirigami structures have also been explored including fabric
kirigami heater for soft actuators, kapton kirigami sheet for integrated solar tracking,
kirigami-based graphene for biological sensing, and shape memory polymer kirigami
open-honeycomb for vibration-driven application. Metallic glasses, being strong and
stiff materials with the short-to-medium-range order atomic packing [17-19], have been
used for kirigami structures as well. The kirigami metallic glasses have demonstrated
superior stretchability with low strain energy loss and large elastic strain [20, 21].
Chen’s study revealed that the strain energy losses of kirgami metallic glasses (< 3% )
[20], are much smaller than those of kirigami crystalline polyimides (~18%) [22].
Besides, the elastic strains of kirigami metallic glasses were shown to be almost 3 times
that of stainless steels [20]. The kirigami metallic glasses demonstrate a great potential
in the application of reversible mechanical devices.

Due to their outstanding stretchability, the mechanical behaviors of kirigami based
structures have been widely investigated. Lin and Yang reported that the local cut and
the global hierarchical pattern significantly affect the tensile strength of the kirigami
structures [23, 24]. Qi correlated the fracture strain with the cuts density and the ratio of
cut length to ribbon length, based on atomistic simulations [25]. Wang’s study revealed
that not only the kirigami pattern but also the sample geometric parameter has

significantly effects on the mechanical performance (e.g., energy absorption) [26]. On



the other hand, some researchers have investigated the kirigami-inspired deformation
mechanisms. Saito’s work revealed that the kirigami-inspired deformation behavior is
composed of in-plane and out-of-plane process [27]. Whereas the different deformation
stages, Kotov’s group reported that the trend of the critical load in post-buckling
deformation stage is influenced by different kirigami unit geometries, and suggests that
the trend is caused by the variation of the material rigidity [22]. Moshe’s group further
showed that the kirigami unit, taken as a single square frame, acts as a geometrically
tunable source of local stress under load [28, 29]. However, the kirigami-inspired
deformation mechanisms are still not fully understood, and some fundamental issues,
including the origination of the parameter effect and the model for describing critical
deformation response, need to be further answered. In the present work, in order to
address these issues, the kirigami-inspired deformation mechanisms, especially the
critical transitions in force responses of different deformation stages, are investigated.

Our work applies ten scaled kirigami patterns to study the deformation responses
of kirigami metallic glass. A beam deflection mechanism is introduced in the analyses
of the transition during elastic deformation stages. Inspired by the stress concentration
factor, the intensity of the force concentration that gives a prediction of the relationship
between the fracture force and the kirigami geometric size is introduced in the analyses
of plastic deformation behavior. The critical force prediction model at the micrometer
scale, which is verified by the kirigami response of the scaled samples, is proposed. The
study reveals for the first time (1) the relationship of the intrinsic material properties
and external geometric parameters with the critical deformation response; and (2) the
size effect in the kirigami metallic glass. The models developed in this study can be
applied to the design of kirigami structures for other materials.
2. Experimental Methods

The Fe-based metallic glass with a composition of Fe7sSioB13 (at.%) was chosen as
the model material, due to its wide functional applications [30, 31] and well-studied
mechanical properties [32, 33]. The FesSioB13 ribbons with a thickness of 40 um were
photochemical machined (PCM) to obtain kirigami samples with ten different scaled

unit sizes. Details of the samples were shown in Fig. 1, where L; = 6.5Lo, L> = 12Lo, Lo



= Uy, and 2r arounds 0.06 mm, while the number of arrays of the cuts was fixed to 25,
W was fixed to 8 mm. Up, was set to be 150 pm, 225 um, 300 pm, 375 pm, 450 pm,
525 pm, 600 pm, 675 pum, 750 um, and 900 um. The samples with the ten different
scaled unit sizes are shown in Figs. 1(b)-(k).

Tensile tests were conducted using the Instron 3344 single column system, with
load force resolution, displacement resolution, and data acquisition frequency of 50 nN,
2 x 102 nm, and 50 s, respectively. The tensile loads were executed at a strain rate of
102 s!, and the real-time video was recorded for characterizing the corresponding
deformation features of the samples. At least three repeatable tensile tests were
performed for the samples with the same geometric pattern.

The Finite Element Method (FEM) simulation was carried out to give the guidance
for stress distribution in the kirigami-inspired deformation. The buckling mode with an
additional perturbation was conducted in the early elastic deformation process. The
force control model which is in the length arithmetic was conducted in the
post-buckling behavior. The adapted metallic glass parameters, yield stress, Young’s
modulus, and Poisson’s ratio, are 3.212 GPa [34], 165 GPa [34], and 0.32 [35],
respectively.

3. Theory modeling
Tensile force induces the kirigami patterns to transform from 2D creases to 3D
approximate rhombuses. Considering a typical pattern designed with L;/Up = 6.5 and
L>/Up = 12, the deflected rhombic pattern during the kirigami mechanical response is
shown in Fig. 2. Referring to Fig. 2(b) and Fig. 2(c), the side of the rhombic tension
patterns can be taken as two connected cantilever beams with concentrated load acting
upwards or downwards at each other’s end respectively. When the beam is deflected, a
rotation is observed, shown in Fig. 2(d). Based on the curve of the beam deflection, we
get:
yd6 = ds (1)
where y is the curvature radius, € is the rotation angle of the beam in radians in this
study, and s is the distance along the deflection curve between beam points.

Consequently, the curvature £, the reciprocal of the curvature radius, is given by:



k= 1/y = db/ds (2)
In the deflection of beam, the bending moment M is taken as [36]:

M = oydA 3)
where o, is the horizontal stress acting on the cross section, dA4 is the element area
perpendicular to o,, and o,dA is the element force acting on the element area. Based
on the Hooke’s law, o, = ¢, for the linearly elastic beam material. And due to the
strain-curvature relation [37], &, = ky, where ¢, is the longitudinal strain in the beam,
v is the distance from the neutral surface in vertical direction, equation (3) derived as:

M= Eesydd= E(ky)ydAd=kE )PdA (4)
where E is Young’s modulus of the beam material. Considering /= )° [35],
equation (2) is taken as:
do/ds = /(EI (%)
where / is moment of inertia which reveals the geometrical properties [38-40], ET is the
flexural rigidity of the beam [41], i.e. the resistance of the beam to bending [42].
4. Results
4.1. Kirigami-inspired tensile response
The load-strain curves of the kirigami metallic glass are shown in Fig. 3, which
reveals three deformation stages. For stage 1, an extremely fast load rise occurs at the
very beginning of the deformation process. The increase of load then becomes
relatively gentle at stage II. When the specimen is further stretched to stage III, the
increase of load becomes rapid. However, the increase of load in stage III is not as fast
as that in stage I. Stage I was in-plane deformation, and, both stage II and stage III were
out-of-plane deformation with a locally deformed rhomboid pattern, as shown in Figs.
3(c) and 3(d). Further, the deformation in stage II is in a dramatic softening and rotation
state with a reduction in slope compared with that of stage III, i.e., a small increase in
load force induces a large tensile strain. The deformation in stage III is in a plastic
stiffening state, differing from the former two stages which are in elastic linear
deformation. The kirigami response is a mechanics driven process, exhibiting critical
transitions in deformation. Induced by the loading force, the transition from 2D planar

to 3D tensile structure in stage I is marked as P which is the transition point of the slope



of strain-load in the kirigami-inspired elastic deformation process as shown in Fig. 3(a).
The loading force continues to induce the transition of the out of plane deformation
from a linear state to non-linear state corresponding to the transition from softening
tension to stiffening stretching, and the transition is marked as point Q in Fig. 3(a).
With the increasing loading force, fracture occurs and is marked as point R in Fig. 3(a).
The transition force from the in-plane deformation to the out-of-plane soft deformation,
the transition force between the out-of-plane soft deformation and out-of-plane rigid

deformation, and, the fracture force of the out-of-plane rigid deformation, which are

shown in Fig. 3(a), corresponds to F;, , Fy  ,and Fyy, , respectively. In the tensile

behavior, the rhomboid, the tunable source of the deformation response, is taken as a
kirigami pattern unit. The rhomboid hole can be taken as a combination of beams
whose deflection, rotation, and tension affect the kirigami-inspired deformation
response, detailed analyses of which are given in the discussion section.
4.2. Size-dependent critical transition in tensile response

The load-strain curves of kirigami patterns scaled with different unit sizes are
presented in Fig. 4(a). Fig. 4(a) shows that the larger unit size samples, the larger
ultimate fracture force. To give a closer comparison, the representative load-strain
curves of tensile tests with the same unit size are exhibited in Fig. 4(b). The samples
with small unit sizes present large critical deflection force in stage I and large soft-rigid
transition force in stage II. Further, the smaller the unit size, the larger the slope in stage

II, while the slopes are almost unchanged in stage III, as shown in Fig. 4(b).

The absolute load forces of stage I, stage II, and stage III are identified as Fj ,,

(Fn,,- Fr,, ), and (Fpy,, - Fpy, ), respectively. Fig. 5 shows both the absolute load force

of stage I and stage II decreases with increasing unit size, while that of stage III
increases as unit size increases. The power law equation y=ax” [43, 44] is applied as
the fitting function, as shown in Fig. 5. Fig.5 shows that the absolute force of the
in-plane deformation is scaled with 1/0%1£008 (~ | /Uy ); the absolute force of the

out-of-plane soft deformation process is scaled with 1/U086=0.05 (~ | /Up); while the



absolute force of the out-of-plane rigid deformation process is scaled with U041 =007,

having a different dependency between the absolute force and the unit size compared
with the initial two stages.

The strain-load slopes in stage II are plotted as a function of unit sizes, as shown
in Fig. 6, revealing that the slope scales with 1/U%%7=004_ The smaller the kirigami
unit size, the steeper the slope, i.e. the smaller the kirigami unit size, the larger load
growth rate in the out-of-plane soft deformation process, and is qualitatively presented

in Fig. 4 as well. In addition, the dependency of the strain-load slopes and kirigami unit

size is almost the same as that of (F7;, - F; ) and krigami unit size, which indicates

that the absolute strain of stage Il remains constant in samples with the scaled kirigami

unit sizes. The absolute strains in stage II, i.e., (e, — &, ), of different kirigami unit

sizes are extracted from Fig. 4(a). The absolute strains, which are almost invariable
with different kirigami unit sizes, are presented in Table 1. This indicates that the scaled
kirigami unit would not change the absolute tensile strain of the out-of-plane soft
deformation stage but would affect the load force growth rate per strain, leading to the
different absolute force in stage II. It is worth mentioning that the absolute strain of
samples with kirigami unit size of 150 pm is much larger that of other unit sizes. This is
because the pattern seam size (2r ~ 60 pm, shown in Fig 2(a)) closes to the kirigami
unit size of 150 um, affecting the tension strain in stage II.
5. Discussion and analysis

The beam deflection mechanism that is based on the elastic analysis [45-47] and
the stress concentration theory that indicates the localized stress caused by
discontinuities in geometry (e.g., notches, holes) [40, 48, 49], are introduced to study
the critical response of the deformation behavior in kirigami metallic glass.
5.1. In-plane deformation stage

Considering the deflection curve is almost horizontal, i.e., the rotation angle 6 is
extra small, at the transition of the tensile response from the in-plane deformation to the
out-of-plane deformation, and cos@ = dx/ds, the following approximation is made:

ds = dx (6)



where x is the distance to the nominal fixed point in the longitudinal direction of the
beam, i.e. the coordinate in the x axis in this study, as shown in Fig. 2. With the above
approximation, combining equation (2) with equation (6), we get:
db/dx = dtan@/dx = d’h/dx’ (7)
where /4 is the deflection of beam in the vertical direction, i.e., the tensile direction.
Since the beam material is in a linearly elastic state in the in-plane deformation
stage, the bean deflection mechanism applies to the kirigami-inspired deformation of
this stage. Combining equation (5) with equation (7), the second order differential
equation of deflection is arranged as:
EI(d°h/dx’) =M (8)
In this tension test, equation (8) can be expressed as follows:
EI(&@h/dx’) = F(L - x) 9)
where F represents the force required to induce deflection, L' is the coordinate in the x
axis direction where the concentrated load acting on the beam, and can be regarded as
the nominal beam length in this study.
Integrating equation (9), the deflection in the tensile test is given as:
h = Fx’(3L'- x)/(6EI) (10)
According to equation (10), the deflection at the nominal free end of the beam, o,

is yielded as follows:

o= FL”[3EI) (11)

In this kirigami tensile test, the moment of inertia in the in-plane stage is
calculated to be /= tw*/12 where ¢ is the nominal thickness of the deformed beam, w
is the nominal width of the deformed beam. Besides, a combined deflection of the two
beams constitutes the deflection of a kirigami unit, as shown in Fig. 2(c), making the

total deflection in the relationship:
_ - 3 3
8., =0y, +0,= SFL” [ (Ew?) (12)

The nominal beam length in this kirigami deformation process is (L, - Ly)/4,
which is nearly equal to the actual beam length, due to the extremely small deflection in

this stage. The nominal beam thickness and the nominal beam width are # and U,



respectively, in the in-plane stage. Based on equation (12), the element tension load

acting on the nominal element beam is as:
Fy= Etyd;,, Us' [ 8I(L2 - Lo) /4T’y = 8Us 19ES,,, [(Ls - Lo)’ (13)

Equation (13) reveals that the critical beam elementary deflection force is dependent
both the elastic property of the material, e.g. Young’s modulus, and the geometrical
factors of the samples, e.g. length, width, and thickness of the beam in the in-plane
stage. Considering that the scaled samples with the same geometric characteristics have

the same thickness, equation (13) reveals that the deflection force is only affected by,

0 o> 1€, the critical deflection displacement in stage I, in this study. According to Ref.
[28], the critical deflection displacement in the in-plane frame buckling is found to be

proportional to (4 /W4 )ZLfm when wg, /Lg, is fixed, where #4y. , Wpam. , and
Ly, are the thickness, width, and length of the frame, respectively. In this study,

Wiam= Wheam = Uy » L= (L2 -Ly)/2 . Thus, the elementary deflection load is

simplified as follows:
Fo= [4Uptg" /(L2 - LoY]1 *E (14)
The beam forces in the same row can be added together to become the row force.
Resembling a lightweight spring model, the row force, F,,,, equals to each other in
the same column, equaling the load force applied in the kirigami sample, F7:
Fy=Fypy=NFy= {M4t* /(m - n)"]E}/ Uy = NYE/U, (15)
where V= 4t)° / (m - n)*> is the geometric constant, which remains invariable for the
same geometric characteristic of kirigami patterns, and m= L,/U, =12 ,
n=Ly/Uy=1, in this study; N is the number of beam columns in a row. If the
numbers of beam column of a row are different in the kirigami structures, the larger the
column number of beams in a row, the larger the critical deflection force required in
this row. When a row with the least beam columns starts to deflect, the row with more
beam columns is still in the in-plane stage and not reaching its critical deflection force.

Thus, in stage I, the critical deflection force is calculated to be:

Fp,=min( 1, 2, , ) /U (16)



The equation (16) predicts the critical deflection force in stage I. The formula
reveals that kirigami pattern with small unit size strengthens the critical deflection force
during kirigami transition response from in-plane to out-of-pane. The formula predicts
the critical deflection force is in proportion to 1/U, in this study, which has good

consistency with the experimental data of the scaling unit size of the tensile kirigami

samples, ie., F7 1/0091#098 1t indicates that the beam deflection mechanics

gives a good prediction for the critical response of elastic kirigami in-plane
deformation.

The beam deflection theory proves that not only the elasticity of the materials, but
also the geometric characteristics and the column number of the kirigami pattern affect
the deflection behavior. The small length, large width, large thickness, or large the
minimum column number in a row of kirigami patterns contributes to a large critical
deflection force during the transition mechanical response from in-plane state to
out-of-plane soft state.

5.2. Out-of-plane soft deformation stage

The out-of-plane soft deformation, which is the stage from the starting rotation of
slight deflection beam to the final rotation of 90° of the curved beam, is in the elastic
state. It indicates that the beam deflection theory can still be applied in this stage. The
similarity in critical deflection force and absolute soft-rigid transition force dependency
on kirigami unit size also suggests a likelihood of the same origin for the ultimate force
of stage I and stage II, i.e., the occurrence and accomplishing of the beam deflection
dynamics induce the kirigami criticality | response during the in-plane and out-of-plane
deformation process. Due to the larger deflection of the curved beam, the assumption of
curvature k& equaling to d*h/dx* is not appropriate for the out-of-plane deformation
stage. The exact expression for curvature is as follows:

k = df/ds =[darctan (dh/dx)/dx]* (dx/ds) (17)

Considering ~ ds’>=dx*+dh*> , the differentiation of s  gives
ds/dx=[1+ (dh/dx)*]"/? . In addition, the differentiation of arctangent equation is

taken as darctan(dh/dx)/d x = (d*h/ dxz)/ [1 + (dh/dx)*]. Thus, curvature for large



deflection yields:
k = (&h/dx®)/[1 + (dh/dx)*]>? (18)

Combine equation %) and equation (18), we get

O(x)= dh/dx = FQ2XL- x2)/ (2EW/1- [F(x2-2XL')/(2ED)]?)}, leading to
p(0) = (1+ 62(0))*/6(0) = EI'/(FL") (19)
Then we obtain:

2 2 2
Pty = Qhyy)? =4 (- L) = 4|0y~ L7 = L " (20)

rL”/ 2E1)

where I} — (A[FL”[QEDP -3/ (1-[FL?/QED?} . Considering the

FL?/ (ED)
invariant strains with different kirigami unit sizes in stage II, which lead to the fixed

value (9, /L')2 that is shown in Table 1, I ( ) is constant in this study. In

FL? [ 2ED
stage II, ;= wr/12, substitute L', w and ¢ for cosd (Ly-Lp)/4, Uy, and ¢,
respectively. And consider the effect of the designed kirigami patterns on the
elementary critical force, the soft-rigid transition force of out-plane deformation

process yields:

min (N, Ns, , N)bEUyt?/(Ly- LY = min(N;, Ny, N)AE/U, (21)

FH abs. ult. -

where b is a dimensionless constant, 4 = 32bt,> / [3cos6’(m - n)*] = (8b / 3c0s0?) .

The deflection beam formula predicts that the absolute force of stage II, i.e.

(Fu, - F1,,)» scales with 1/U,, which has a good consistence with Fig. 5(b) that is

fitted by the power law function, i.e., (Fy,-F;,), scales with 1/0086£0.05  The

results support the application of beam defection mechanism in out-of-plane soft
response.
5.3. Out-of-plane rigid deformation stage

The good consistency between experiment result and FEM data demonstrate the
effectiveness of the FEM in the kirigami tensile test, as shown in Fig. 7(a). The FEM
analysis presents that the localized stress near the notches is significantly larger than the
other sections in the out-of-plane rigid response, as shown in Fig. 7(b)-7(c). It can be

seen that although the out-of-plane rigid stage is mainly a material property governed



process, the stress concentration effect also appears in this stage, making a more
complex deformation process than stage I and stage II. The localized stress initiates
cracks, leading to the final fracture of the kirigami metallic glass. The stress
concentration, the phenomenon in which the maximum stress occurs at the edge of the
notches, affects the ultimate load force of the out-of-plane rigid stage during the
kirigami response. The intensity of the stress concentration is expressed as follows:

K: O-max./o-nom. (22)

where K is the stress concentration factor; o, 1S nominal stress across the

rectangular plate, and 0,,,, = F,p,1 / (ct;), where F,,, 1is the applied force in plate, ct;

is net area of the cross-section, ¢ is taken as (L, -L; ) in the out-of-plane rigid
deformation stage, i.e. ¢ = Uy, as shown in Fig. 2(a); ¢; ~2U, in the out-of-plane rigid
stage; 0,. 1 the stress that concentrates around the rectangle edge, ,,,.

F,ecv/(c't] ), where ¢ =27, which is shown in Fig. 1(a), and ¢,'=L, in this study.

Referring to K=0.780 + 2.243 ij/r' (1< L,N/r' <361) [48], the intensity of the

force concentration in this study is given as follows:
Frec [Fim,,, =(cty'/ct;)*(0.780 +2.243 |L Sy Gl<L,)[r<181)  (23)

Considering 2.243 /L 1”/ r 0.780 in this study, equation (23) can be expressed as

follows:

Frec / Fr, Uy™?

ppl.
(24)

1 F Froe Uy

also as iy rec. ¥ 0

The concentrated force around the notch of a kirigami rectangle, i.e. F,,., leads to

rec.
the tear of the kirigami pattern until the cracks propagate and coalesce to the nearest
kirigami pattern. Then fracture occurs. The equation (24) indicates that the larger the
kirigami unit size the smaller the intensity of force concentration, i.e., if the absolute
applied force of the out-of-plane rigid deformation stage is the same, a smaller force

would concentrate on the notch of kirigami unit rectangle. If a tear is stimulated around

the kirigami rectangle where the concentrated force is larger than in other areas, a larger



absolute applied force would be needed for the sample with smaller intensity of force
concentration. Thus, through affecting the intensity of the force concentration, the
sample with a larger kirigmi unit size associates with a larger absolute applied load, i.e.
a larger fracture-driven force, in general.

The smaller the kirigami unit size, the smaller the absolute force in the
out-of-plane rigid deformation stage, contributing to a smaller fracture force in the
whole tension process, although the samples with small kirigami unit size show large
transition force in both the in-plane deformation stage and out-of-plane soft
deformation stage. It indicates that the out-of-plane rigid deformation has a larger effect

on the kirigami mechanical response than the former two stages. In the out-of-plane
rigid deformation stage, the absolute force scales with U,%, i.e., (F 1y, - F Ilult.) Uy?,
where a> 0, as shown in Fig. 5(c). In this study, o is taken as (0.41 =+ 0.07), which

supports the concentrated force analysis, i.e. F) My, Frec Uy,

Considering the fitting functions of the absolute force of the three stages in the
kirigami tension response, the fracture force in the kirigami mechanical response can be
taken as:

Fap=(C;+C)* Uy + C5 * Uy* (25)

The former two stages (in-plane deformation and out-of-plane soft deformation)
are controlled by buckling and rotation of the kirigami patterns; while the last stage
(out-of-plane rigid deformation) is mainly influenced by the material mechanical
properties, especially the plasticity and fracture mechanism of the metallic glass which
is controlled by the shear band behavior, affected by the force distribution. And, the
former two stages and the last stage are affected by the kirigami unit size in opposite
tendencies. The influence of the kirigami unit size on the out-of-plane rigid deformation
plays a dominant role in the whole kirigami deformation response, at least at the
microscale, i.e. within the unit size from 150 pm to 900 um. When decreasing or
increasing the kirigami unit size to other length scales, the predicted models of stage I
and stage II at the microscale might be still appropriate since the beam deflection

theorem doesn’t change with length scales. It should be mentioned that the effect of the



seam is neglected in our study since the seam width, i.e., 2r, is too small, compared
with the kirigami unit size (Up), to influence the mechanical response. If the kirigami
unit size decreases to near the seam width, the developed force prediction models of
stage I and stage II would be modified. In addition, when the kirigami unit size
decreases to the sub-micrometer or even nanometer scale, e.g. decreases to the metallic
glass intrinsic length, ~ 1 um [50], or even smaller than the critical length scale for
shear band nucleating, ~ 20 nm [51], the relationship between the unit size and the
fracture-driven force, i.e., the absolute force of stage III would become different from
that at micro-meter scale. As a reflection of the metallic glass plasticity and fracture
behavior, the absolute ultimate-force of stage III is mainly affected by the shear band
nucleation and propagation process [52-57]. When the samples in the hundreds of
micrometers and even larger scales, such as in this study, the plastic process is
controlled by the propagation of the heterogeneous nucleated shear band in general [58],
with weak size-dependence of strength. When decreasing the kirigami unit size to the
sub-micrometer scale, but above shear band nucleation scale, shear band nucleation in a
heterogeneous state controls the plastic deformation [52, 59], and contributes to a
different fitting function in stage III. When the metallic glass sample decreases to the
nanoscale, the heterogeneous nucleation of the flow units transform into homogeneous
nucleation, because the flaws at this length scale are too small for potent heterogeneous
nucleation [52]. At this scale, the homogenous flow unit nucleation would lead to a
different deformation process from the deformation response controlled by
in-homogenous shear band nucleation and shear band propagation in stage III during
the kirigami-inspired tension, and it is very worthy of further experimental studies.
6. Conclusions

This work investigates the critical transition in the kirigami-inspired deformation
process of metallic glass. The conclusions are summarized as follows:
® The kirigami pattern and the intrinsic mechanical properties of the materials affect

the critical response in kirigami-inspired deformation. The in-plane deformation

stage and the out-of-plane soft deformation stage are mainly affected by the

geometric features, i.e. thickness, width or length of the kirigami pattern, and the



column number of the kirigami unit, according to the critical force prediction
formula in this study. The out-of-plane rigid deformation stage, affected by shear
band dynamics, is mainly controlled by the intensity of the force concentration
based on the fracture process.

® The larger the kirigami unit size, the larger the transition load in the in-plane
deformation stage and the out-of-plane soft deformation stage.

® The larger kirigami unit-size sample with smaller intensity of force concentration
factor contributes to a larger absolute force in the out-of-plane rigid deformation.
The last stage, i.e., the out-of-plane rigid deformation process, has larger effects on
the final load force than the former two stages during the kirigami deformation
response, contributing to the phenomenon that the larger the kirigami unit size, the
larger the fracture force.
By introducing the beam deflection theory and the stress concentration factor, the

study enables a prediction of the kirigami deformation response and contributes to

optimum kirigami metallic glass design, opening up the possibility of the application of

metallic glass with kirigami patterns in reversible and reconfigurable fields.
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Figure and table captions

Fig. 1 The details of kirigami pattern. (a) Representative pattern: L; = 12Lo, L> = 6.5Lo,
Lo = Up, 2r = 0.06 mm, W = 8 mm; (b)-(k) corresponding to unit sizes of 150 um, 225
um, 300 um, 375 um, 450 pm, 525 pm, 600 um, 675 um, 750 pum, and 900 pm,
respectively.

Fig. 2 Beam deflection analysis. (a) Schematic of kirgami-inspired tension; (b)



Schematic of kirgami-inspired rhombic unit in the tensile response; (c) Schematic of
beam in the tensile response; (d) Extracted beam unit in the tensile response.

Fig. 3 Tension curve of kirigami metallic glass with the corresponding morphology. (a)
The kirigami-inspired strain-force curve. Insert shows the enlarged strain-load curve
corresponding to the region covered by dash line and the side view of the samples
during in-plane stage and out-of-plane stages; (b) The front view of the sample during
in-plane deformation stage; (c) The front view of the sample during out-of-plane soft
deformation stage; (d) The front view of the sample during out-of-plane rigid
deformation stage.

Fig. 4 The load-strain curves of kirigami metallic glass. (a) Repeat tests of different
kirigami patterns; (b) Representative test of different kirigami patterns. Insert shows the
enlarged curve corresponding to the region covered by dash line. The labels of 150, 225,
300, 375, 450, 525, 600, 675, 750, 900 corresponds to the kirigami unit size, Uy, of
150 um, 225 pm, 300 pm, 375 um, 450 um, 525 pm, 600 pm, 675 pm, 750 um, and
900 pm, respectively. The labels of a, b, and ¢ correspond to different tensile samples
with same kirigami unit size.

Fig. 5 Log-Log curve of (a) Absolute load of stage I - kirigami unit size; (b) Absolute
load of stage Il - kirigami unit size; (c) Absolute load of stage III - kirigami unit size.

b by red line, while black scatter

The experimental data are fitted with function y = ax
squares represent the experimental data.

Fig. 6 The mechanical response of load-strain slope of stage II as a function of kirigami
unit size.

Fig. 7 (a) Experimental and stimulated kirigami-inspired strain-force curve; (b) Finite
element method (FEM) simulation shows the front view and side view of the stress
distribution of the tensile sample during the out-of-plane rigid deformation stage; (c)

FEM simulation shows the enlarged images of the stress concentration regions circled

by black rectangle in (b).



Table list:
Table 1 The absolute soft-rigid transformation strain in the out-of-plane deformation,
(€1, — €1, )ave. 15 the average absolute strain in the out-of-plane soft stage of the
repeated tests, (&/, — &1, )sa. 1S the stdev of absolute strain in the out-of-plane soft

stage of the repeated tests.



Unit
Size 150 225 300 375 450 525 600 675 750 900
(nm)

gave.
(%) 153.08 109.36 117.60 109.54 114.83 116.17 102.34 103.56 109.51 117.03

'fstd.
(%) 10.77 3.80 6.68 11.86 9.45 6.46 8.56 5.28 5.07 9.01

Figure list:

()
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Fig. 1 The details of kirigami pattern. (a) Representative pattern: L; = 12Lg, L> = 6.5Lo, Lo = Uy,
2r = 0.06 mm, W = 8 mm; (b)-(k) corresponding to unit sizes of 150 um, 225 pm, 300 pm, 375

um, 450 pm, 525 pm, 600 um, 675 um, 750 um, and 900 um, respectively.

(@)




Fig. 2 Beam deflection analysis. (a) Schematic of kirgami-inspired tension; (b) Schematic of
kirgami-inspired rhombic unit in the tensile response; (c) Schematic of beam in the tensile

response; (d) Extracted beam unit in the tensile response.
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Fig. 3 Tension curve of kirigami metallic glass with the corresponding morphology. (a) The
kirigami-inspired strain-force curve. Insert shows the enlarged strain-load curve corresponding
to the region covered by dash line and the side view of the samples during in-plane stage and
out-of-plane stages; (b) The front view of the sample during in-plane deformation stage; (c) The
front view of the sample during out-of-plane soft deformation stage; (d) The front view of the

sample during out-of-plane rigid deformation stage.
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Fig. 4 The load-strain curves of kirigami metallic glass. (a) Repeat tests of different kirigami
patterns; (b) Representative test of different kirigami patterns. Insert shows the enlarged curve
corresponding to the region covered by dash line. The labels of 150, 225, 300, 375, 450, 525,
600, 675, 750, 900 corresponds to the kirigami unit size, Up, of 150 pm, 225 pm, 300 um, 375

um, 450 pm, 525 um, 600 um, 675 pm, 750 um, and 900 um, respectively. The labels of a, b,
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and c correspond to different tensile samples with same kirigami unit size.
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Fig. 5 Log-Log curve of (a) Absolute load of stage I - kirigami unit size; (b) Absolute load of
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represent the experimental data.
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Fig. 6 The mechanical response of load-strain slope of stage II as a function of kirigami unit

size.
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Fig. 7 (a) Experimental and stimulated kirigami-inspired strain-force curve; (b) Finite element
method (FEM) simulation shows the front view and side view of the stress distribution of the

tensile sample during the out-of-plane rigid deformation stage; (c) FEM simulation shows the

enlarged images of the stress concentration regions circled by black rectangle in (b).
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