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Abstract 

Fused Filament Fabrication (FFF) is one of the most popular 3D printing processes that can be 

used to manufacture flexible parts. With the use of kirigami structures, the load-carrying 

capability and elongation of these parts can be significantly improved. In this work, we 

investigate the impact of stacking sequence, slit size, and thickness on the tensile properties of 

3D printed flexible kirigami specimens. In addition, we demonstrate how the transition 

phenomenon and out-of-plane deformation can significantly improve percent elongation at 

their breaking point. Considering the deformed shape during testing, specimens with a 

combination of layers printed along and transverse to their length showed the highest tensile 

break strength and the percent break elongation (2.43 MPa and 183 %, respectively). It is also 

determined that the occurrence of the transition phenomenon depends on the specimen’s 

thickness, and was observed for the 1 mm and 1.5 mm thick samples. 
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1. Introduction 

Fused Filament Fabrication (FFF) is one of the most common 3D printing techniques and can 

manufacture parts from a wide range of materials. In this field, the impact of the manufacturing 

process and design parameters on the tensile properties of FFF 3D printed parts made out of 

standard filament materials such as polylactic acid (PLA), acrylonitrile butadiene styrene 

(ABS), polycarbonate (PC), and polyamides are typically investigated. A summary of these 

results can be found in several review studies in which build orientation, raster angle, layer 

thickness, infill percentage, number of perimeters (shells), nozzle temperature, bed temperature, 

and printing speed are considered as variables [1-4]. It was concluded that specimens printed 

in the XZY build orientation (on-edge) generally yield superior tensile strength and modulus 

compared to XYZ (flat) followed by ZXY (up-right). In addition, a raster angle of 0° results in 

the highest ultimate tensile strength and elastic modulus. These values are reduced as the raster 

angle increases up to 90°. Layer thickness is a highly disputed parameter, and researchers have 

reported a variation in results. Some research studies have revealed a reduction in tensile 

strength and modulus, due to an increase of layer thickness [5-14], whereas others have 

reported a decrease followed by an increase in the tensile properties [15-16]. It should be noted 

that Ahn et al. [17] and Melenka et al. [18] did not identify a direct relationship between the 

layer height and the mechanical properties of FFF 3D printed parts. Investigators have 

concluded that an increase in the infill percentage significantly improves both the elastic 

modulus and the tensile strength of these printed components [1-4]. In addition, it was 

determined that increasing the number of perimeters leads to a higher tensile strength [2]. The 

nozzle, bed, and environment (or chamber) temperatures play a significant role in dimensional 

accuracy, surface quality, and the tensile properties of FFF 3D printed parts [2-3]. Printing 

speed/feed rate is associated with the manufacturing time and cost, and researchers have 

concluded that lower values result in higher tensile properties. 

The aforementioned works explored standard filament materials and investigated several 

parameters to obtain desirable tensile properties, e.g., maximum tensile strength, modulus, or 

strain at break. For certain applications, e.g., wearable and assistive devices, the use of flexible 

materials is essential because target failure strains cannot be achieved only by the appropriate 

selection of design and manufacturing process parameters for standard materials. Although 

there have been extensive studies on tensile testing of FFF 3D printed parts made from standard 

filament materials [1-4], there is limited published data on printed components fabricated using 

flexible materials such as thermoplastic elastomer (TPE), thermoplastic polyurethane (TPU), 

and ethylene-vinyl acetate (EVA). 

 

Kumar et al. [19] developed an in-house computer numerical control (CNC) material 

deposition tool (MDT) to process EVA in pellet form to overcome the limitations of the FFF 

process with respect to elastomer processing. They performed an experimental study and 

identified the optimum barrel temperature and screw speed for high-quality part fabrication. 

Using optimum process parameters, they produced several 3D printed parts with different 

geometries and complexity, including a tensile test specimen. In a subsequent study [20], they 

manufactured five test specimens per ASTM D412 C, and performed tensile, hysteresis, and 

hardness tests. In addition, they performed measurements to determine dimensional accuracy 

and used microscopic analysis to investigate bonding between rasters. The ultimate tensile 
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strength (UTS) and the percent break elongation were obtained, and the values were compared 

to the properties of ABS and PLA material obtained from the literature. The average UTS and 

percent break elongation were 9.63 MPa and 575.5 %, respectively. This corresponded to an 

increase of up to 550 % in percent break elongation compared to ABS and PLA materials. In a 

later study [21], they fabricated 27 tensile specimens in total using a desktop 3D printer, and 

investigated the effect of barrel temperature, bed temperature, build orientation, raster angle, 

and the number of shells on the UTS and percent break elongation. It was observed that the 

tensile properties increased significantly with an increase in the barrel temperature. The 

platform temperature had a marginal effect on the UTS, whereas its effect on the percent break 

elongation was noticeable. The results of the analysis of variance (ANOVA) revealed that the 

build orientation had a marginal impact on the tensile properties. The specimen with a raster 

angle of 0° attained the highest UTS, while this value was a minimum at 90°. With an increase 

in the number of contours, the percent break elongation decreased, whereas the UTS was 

observed to increase, followed by a small decrease. The highest values obtained for the UTS 

and percent break elongation were 8.83 MPa and 522.34 %, respectively. The aforementioned 

studies confirmed that EVA can be used to make flexible parts for various applications, e.g., 

wearables. However, they only focused on the material, and did not investigate the application 

of novel geometric structures to improve the tensile properties of 3D printed parts. 

Geometric structures such as kirigami can be used to increase the elongation and durability of 

manufactured parts. In this investigation, kirigami is limited to geometric structures with 

regular position slits [22]. "Kiri" and "Gami" in the Japanese word “kirigami” means "cut" and 

"paper," respectively [23] (Figure 1).  

 

 
Figure 1. Simplified kirigami sheet. 

 

Okumura et al. [22-23] used Kent paper as the material and derived equations for the 

relationship between the elastic constant, the cutting length, w, and the cutting interval, d. For 

an initial deformation region for which in-plane deformation is maintained, the elastic constant, 

k1, can be calculated using the following formula: 

𝐤𝟏~𝐄
𝐝𝟑𝒕

𝐰𝟑 ,  (1) 

 

where E is Young's modulus of the solid sheet material before incisions are made and t is its 

thickness. 

 

Kirigami structures have high stretchability owing to the transition phenomenon. The softness 

of this structure emerges as a result of a transition from two-dimensional to three-dimensional 
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deformation [23]. Although kirigami structures are known for their high stretchability, there is 

insufficient quantitative data on the relationship between their geometrical dimensions and 

tensile properties. 

 

In this investigation, the break strength and percent break elongation of flexible kirigami 

specimens are obtained via tensile testing. The specimens are 3D printed out of thermoplastic 

polyurethane (TPU) filament using a commercial desktop printer. In the following sections, the 

specimen geometry and stacking sequence convention are initially described. Then, the 

manufacturing process and design parameters for 3D printing are outlined, followed by the 

testing procedure. The impact of the stacking sequence, slit size, and thickness on the tensile 

properties of kirigami specimens are presented. Finally, a discussion of the break strength and 

percent break elongation of 3D printed flexible kirigami specimens is presented, followed by 

the main conclusions and recommendations for future research. 

 

2. Specimen design and manufacturing 

In this section, the geometrical dimensions of kirigami specimens are described and a 

convention for the stacking sequence is presented. The manufacturing process and design 

parameters for the 3D printing of specimens are then presented followed by the testing 

procedure. 

 

2.1. Specimen geometry and stacking sequence 

In this study, a kirigami structure is defined as a part in which slits are perpendicular to the part 

length and the loading direction (Figure 2). 

 
Figure 2. Kirigami specimen. 

 

This structure is regarded as a serial connection of N kirigami unit-cells. Figure 3 shows a unit-

cell in a kirigami specimen.  

 
Figure 3. A unit-cell of a kirigami structure. 

The number of kirigami unit-cells in the present experimental work is five, and the specimen 

geometry is shown in Figure 4. The kirigami unit-cell used in this investigation is characterized 
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by a Width (W) of each slit, vertical spacing (i) between the slits, horizontal spacing (d) 

between the slits, and the height (h) of each slit. Furthermore, there is a relationship between 

these dimensions in the kirigami as W > d and i >h. According to Figure 3 and 4, the kirigami 

unit-cell height is i+h and its width is W+d. 

 

Figure 4. Geometry of Kirigami specimen. 

 

Table 1 defines the dimensional parameters of kirigami specimens including gripping and 

overall dimensions. 

Table 1. Dimensional parameters for the kirigami specimen. 

 
 

Parameter Description Value (mm) 

W Slit Width 15 

h Slit Height 1 

i Slit interval 5 

d Distance between slit ends 10 

t Specimen thickness 2 

W+d Width of kirigami 25 

L Length between grips 50 

LO Overall length 80 

WO Width of the grip section 30 

Slit height (h) of 1 mm is the minimum value for successful 3D printing without slits sticking 

together. Slit interval (i) is selected to satisfy the requirement of i > h in kirigami specimens in 

the study. There is no standardized test to follow for evaluating the tensile properties of flexible 

kirigami specimens made from thermoplastic polyurethane. However, ASTM D6693-04 

(2015) [24] is recommended for determining tensile properties of non-reinforced polyethylene 

and nonreinforced flexible polypropylene. Its recommended gauge length for break of 50 mm 

is used for the length between grips (L) of kirigami specimens. The width of the grip section 

(WO = 30) is based on a custom-built fixture that will be used during testing (Section 2.2). 

Width of kirigami (W+d) of 25 mm is selected, which is less than WO, to create a gauge section 

and also dictates values for slit width (W) and distance between slit ends (d). W of 15 mm and 

d of 10 mm are selected to satisfy the requirement of W > d in kirigami specimens. Specimen 

thickness (t) of 2 mm is within the acceptable range per ASTM D6693-04, which is 0.25 mm 

to 6.3 mm. 

 

x

y
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Figure 5 illustrates the definition of the raster angle in which the loading direction is along the 

x-axis, the transverse of the loading direction is the y-axis, and the specimen thickness is along 

the z-axis.  

 

Figure 5. Raster angle definition. 

 

Kirigami specimens have a stacking sequence that starts from the build plate. The printing 

pattern is a repetition of A1 and A2, where the first layer is A1 and the next layer is A2 (Figure 

6).  

 

Figure 6. Definition of stacking sequence in kirigami specimens. 

 

Per materials characterization approach used in composites, properties along (0° raster angles) 

and transverse (90° raster angles) to the extrudates are of interest. Furthermore, traditional 

layups, like cross-ply and angle-ply laminates are considered to provide reliable experimental 

data that can be used for validation of Finite Element (FE) models. Table 2 defines four 

different stacking sequences that were explored in this study, i.e. [0/0]n, [90/90]n, [90/0]n, and 

[45/-45]n. 

Table 2. Specimen stacking sequences. 

A1 orientation [°] A2 orientation [°] Stacking sequence 

0 0 [0/0]n 

90 90 [90/90]n 

90 0 [90/0]n 

45 -45 [45/-45]n 
n: The number of repetitions for A1 and A2 pattern 

 

 

2.2 Specimen manufacturing and testing procedure 
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Given that TPU is a soft material that presents challenges during 3D printing, manufacturing 

process parameters, especially the printing speed, were first optimized. One test specimen was 

manufactured using the default printing speed of 720 mm/min and subsequent specimens were 

printed while reducing the speed in increments of 10 % until high-quality parts were obtained. 

After manufacturing, the quality of the final specimens was examined via visual inspection. In 

total, eight specimens were 3D printed corresponding to printing speeds of 720 (default), 648, 

576, 504, 432, 360, 288, and 216 mm/min. It was observed that at high printing speeds (720, 

648, 504, and 432 mm/min), the hot end was not able to melt and extrude material through the 

nozzle at the required rates, resulting in a jammed nozzle and poor specimen quality. At the 

other end of the spectrum, for the lowest printing speed (216 mm/min), the material also did 

not extrude properly, due to dripping or the presence of bubbles in the layers. Considering the 

specimens printed at 360 mm/min and 288 mm/min that exhibited high quality, the latter was 

selected as the optimum printing speed because it resulted in a higher infill percentage. The 

manufacturing process and design parameters used for the 3D printing of the kirigami 

specimens are summarized in Table 3. A CR-10S desktop 3D printer (Creality 3D, Shenzhen, 

China) along with the Simplify3D software for slicing to control the printing parameters were 

used in this study. For all specimens, one shell was used on the perimeter of the specimens. 

 

Table 3. Manufacturing and design parameters used for 3D printing. 

Manufacturing/design  

Parameter 
Value 

Manufacturing/design 

Parameter 
Value 

Material TPU Bed temperature 70 °C 

Build orientation Z Layer height  0.25 mm 

Stacking sequence 
[90/90]4, [0/0]4, 

[90/0]4, [45/-45]4 
Printing speed 

288 mm/min 

Filament diameter 1.75 mm Cooling  fan cooling 

Nozzle diameter 0.4 mm Infill 100% 

Nozzle temperature 230 °C # of shells 1 

 

Five kirigami specimens were manufactured for each stacking sequence. Figure 7 shows the 

3D printed kirigami specimens with a [90/0]4 stacking sequence. 

 
Figure 7. 3D printed kirigami specimens with [90/0]4 stacking sequence.  

 

For all specimens, the kirigami width and thickness were measured at three points (Figure 8), 

while every slit interval (i) and slit height (h) was measured at five points.  
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Table 4 shows all measurements made for the 3D printed kirigami specimens with [90/0]4 

stacking sequence shown in Figure 7, along with their weights.  

 

Table 4. Measurements for the 3D printed kirigami specimens with [90/0]4 stacking sequence. 

Specimen ID# h (mm) i (mm) W+d (mm) t (mm) Weight (g) 

90/0 K-1 0.96 4.91 24.8 2.24 5.10 

90/0 K-2 1.02 4.96 24.7 2.32 5.10 

90/0 K-3 1.05 4.93 24.9 2.32 5.01 

90/0 K-4 1.10 5.05 25.0 2.25 4.95 

90/0 K-5 1.09 5.11 25.0 2.29 5.10 

Average 1.04 4.99 24.9 2.28 5.05 

Standard deviation 0.057 0.085 0.125 0.038 0.069 

 

All kirigami specimens were tested using a universal testing machine with a 2 kN load cell and 

the test speed was 50 mm/min (2 in/min). Figure 9 shows the test set-up including a kirigami 

specimen inside a custom-built fixture during testing. The grips were tightened evenly and 

firmly to prevent slippage of the specimens during the test.  

  

 
Figure 9. A kirigami specimen inside the fixture during a test.  

 

3. Results and discussion 

 

Figure 8. Measurement points for kirigami width and thickness. 

1 2 3 
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The load-extension curve for the specimens was recorded, and the load and extension at the 

break point were also obtained. The load was divided by the specimen width (W+d) and 

thickness (t), and was reported as the tensile break strength to three significant figures. The 

percent break elongation was calculated using the extension (change in the gauge length) at the 

break point divided by the gauge length (L = 50 mm), and was reported to the nearest 1 %.  

 

3.1. The effect of specimen stacking sequence 

Figure 10 shows a stress-extension curve for the kirigami specimens with [90/0]4 stacking 

sequence until rupture. 

 

 
Figure 10. Stress-extension curve for the [90/0]4 kirigami specimens. 

 

Figure 11 shows the kigirami specimens with [90/0]4 stacking sequence after testing.  

 
Figure 11. Fractured kirigami specimens with [90/0]4 stacking sequence. 
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The test results for the kirigami specimens for all stacking sequences, i.e., [90/90]4, [0/0]4, 

[90/0]4, [45/-45]4 are summarized in Table 5, along with their Standard Deviation (SD) and 

Coefficient of Variation (CV). 

 

 

Table 5. Tensile testing results for kirigami specimens with different stacking sequences. 

 Average   Average   

Specimen 
Tensile break strength 

[MPa] 

SD 

[MPa] 

CV 

% 

percent break 

elongation [%] 

SD 

[%] 

CV 

% 

[0/0]4 2.16 0.248 11.5 158 9.93 6.30 

[90/90]4 1.81 0.409 22.6 184 49.1 26.7 

[45/-45]4 2.19 0.137 6.27 155 9.04 5.84 

[90/0]4 2.43 0.0419 1.73 183 8.55 4.66 

 

It is evident that the kirigami specimens with the [90/0]4 stacking sequence have the highest 

break strength (2.43 MPa), and their percent break elongation is very close to the maximum 

value (183 % for [90/0]4 versus 184 % for the [90/90]4 specimens). Kirigami specimens with 

[90/90]4 have the lowest tensile break strength of 1.81 MPa; however, they have a maximum 

percent break elongation. All the kirigami specimens exhibited in-plane deformation and no 

sign of a transition to out of plane deformation (Figure 12). At the start of the test, the extrudates 

are along the loading direction for the [0/0]4 specimens, and transverse to it for the [90/90]4 

specimens. As shown in Figure 12b, during testing, in the deformed specimens, both the [0/0]4 

and the [90/90]4 samples exhibited regions where the extrudates are only transverse to the 

loading direction. In contrast, for the [90/0]4 specimens, all regions have extrudates along the 

loading direction. Therefore, the [90/0]4 specimens are expected to be more robust compared 

to the [0/0]4 and [90/90]4 specimens, and resisted the highest load, followed by the [45/-45]4 

specimens. This can be further confirmed by the very low CV of the [90/0]4 specimens for both 

the tensile strength (1.7 %) and the percent break elongation (4.7 %), which were the minimum 

values among all specimens. In Figure 12, xe is the extension in one Kirigami unit-cell during 

testing. 
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(a) (b) (c) 

Figure 12. In-plane deformation of the kirigami specimens during testing: (a) Front view of a 

kirigami specimen; (b) front view of two kirigami unit cells showing the estimated extrudate 

paths in the deformed shape; and (c) side view of the kirigami showing only in-plane 

deformation. 

 

The CV values for all specimens are small except for the [90/90]4 samples, which have a CV 

of 22.6 % for the tensile break strength and 26.7 % for the percent break elongation. The CV 

obtained from the width and thickness measurements of the [90/90]4 specimens are 0.5 % and 

4.6 %, respectively. Therefore, the difference in the specimen geometry is not the reason for 

the high deviation of the tensile testing results. This can be explained by inspecting the nozzle 

path obtained from Simplify3D, the slicing software. As shown in Figure 13, there are gaps in 

the [90/90]4 specimen transverse to the loading direction. During testing, cracks are initiated at 

these gaps and are propagated across the cross-section of the specimens, causing a large 

variation of the results.   

 
Figure 13. The nozzle path for a kirigami specimen with [90/90]4 stacking sequence. 
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3.2. The effect of specimen slit size 

Given that the [45/-45]4 and [90/0]4 stacking sequences have a high tensile break strength and 

are robust (low CV values), they were selected for further experimental testing to explore the 

impact of slit size. For these specimens, slit interval (i) was kept the same as the previous 

samples (5 mm), while the slit height (h) was increased from the initial minimum value of 1 

mm to 2.5 mm in 0.5 mm increments (h = 1, 1.5, 2, and 2.5 mm). The slit height to interval 

ratio (h/i = 0.2, 0.3, 0.4, 0.5) was used to compare the tensile properties of the [45/-45]4 and 

the [90/0]4 kirigami specimens.   

 

Five kirigami specimens were manufactured for each slit height using the manufacturing 

process and design parameters summarized in Table 3. Figure 14 shows kirigami specimens 

with a [90/0]4 stacking sequence that was 3D printed with different slit heights. 

    

(a) (b) (c) (d) 

Figure 14. Kirigami specimens with [90/0]4 stacking and different slit heights, h: (a) 1 mm; (b) 

1.5 mm; (c) 2 mm; and (d) 2.5 mm. 

 

As explained in Section 2.2, for all specimens, the width and thickness were measured at three 

points (Figure 8), while every slit height (h) and slit interval (i) was measured at five points. 

Specimens were tested using the same load cell (2 kN) and the previously utilized test speed 

(50 mm/min). The load-extension curve was recorded, and the load and elongation at the break 

point were obtained. The tensile properties of the [45/-45]4 and [90/0]4 kirigami specimens as 

a function of slit height to interval ratio (h/i) are presented in Figure 15 and Figure 16, 

respectively. It should be noted that a higher slit height to interval ratio indicates a larger slit 

size.  

 

As seen in Figure 15 and Figure 16, for both stacking sequences, [45/-45]4 and [90/0]4, an 

increase in the slit height to interval ratio from 0.2 to 0.5 does not necessarily imply a decrease 

in the tensile break strength. In addition, the relationship between the specimen tensile 

properties and h/i is different for the two stacking sequences. For the [45/-45]4 specimens, with 

an increase in h/i, there is an initial increase in the tensile break strength and percent break 

elongation, followed by a sudden decrease in these properties that later improved. In contrast, 

for the [90/0]4 specimens, there was a sudden reduction in the tensile properties, which were 

partially recovered with an increase in h/i. For the [45/-45]4 specimens, a slit height to interval 
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ratio of approximately 0.321 has the highest tensile break strength and percent break elongation. 

For the [90/0]4 specimens, h/i of 0.325 resulted in the minimum tensile properties, whereas the 

maximum values were achieved for h/i of 0.201. 
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(a) (b) 

Figure 15. Tensile properties of the [45/-45]4 kirigami specimens for different slit height to interval ratio, h/i: (a) tensile break strength; and (b) 

percent break elongation. 
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(a) (b) 

Figure 16. Tensile properties of the [90/0]4 kirigami specimens for different slit height to interval ratio, h/i: (a) tensile break strength; and (b) percent 

break elongation. 
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Using Eq. (1), the elastic constant was calculated and plotted against the slit height to interval 

ratio, h/i for the [45/-45]4 and the [90/0]4 specimens (Figure 17). The kirigami specimens with 

both stacking sequences have the highest elastic constant, k, for h/i of approximately 0.2. In 

contrast, the minimum k for the [45/-45]4 specimens occurs at h/i of 0.5, whereas this value is 

0.3 for the [90/0]4 specimens. For the [45/-45]4 specimens, the regression analysis revealed a 

quadratic fit with a higher coefficient of determination, R2, compared to a linear fit (0.917 

compared to 0.893). Both the linear and quadratic fits have a low R2 for the [90/0]4 specimens 

(0.386 and 0.825, respectively) compared to the [45/-45]4 specimens. 

 

  

(a) (b) 

Figure 17. Elastic constant versus slit height to thickness ratio for kirigami specimens with 

different stacking sequences: (a) [45/-45]4; and (b) [90/0]4. 

  

3.3. The effect of specimen thickness 

In the cases investigated thus far, only in-plane deformation was observed, and the transition 

phenomenon did not occur. Given that the [90/0]4 kirigami specimens have a high tensile break 

strength and are robust (Table 5), the [90/0]n stacking sequence was selected for further 

experimental testing to investigate the transition phenomenon. The original dimensions of the 

kirigami specimen (Table 1) were kept, and four thickness levels were investigated: 1 mm 

([90/0]2), 1.5 mm ([90/0]3), 2 mm ([90/0]4), and 2.5 mm ([90/0]5). Five kirigami specimens 

were manufactured for each thickness level (stacking sequence) using the manufacturing 

process and design parameters shown in Table 3. Figure 18 shows one 3D printed kirigami 

specimen with the [90/0]n stacking sequence for each thickness level. 
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(a) (b) (c) (d) 

Figure 18. Kirigami specimens with [90/0]n stacking for different thicknesses: (a) 1 mm; (b) 1.5 

mm; (c) 2 mm; and (d) 2.5 mm. 

 

As explained in Section 2.2, for all the specimens, the width and thickness were measured at 

three points, while every slit height (h) and slit interval (i) was measured. Specimens were 

tested using the same load cell (2 kN), and the test speed (50 mm/min) utilized for previous 

specimens. The load-extension curve was recorded, and the load, strength, and elongation at 

the break point versus specimen thickness are presented in Figure 19. According to Figure 19a, 

as expected, the tensile break load increases linearly with an increase in the specimen thickness 

(or cross-sectional area). The tensile break strength is almost constant and does not change with 

an increase in the specimen thickness (Figure 19b). Figure 19c shows that the percent break 

elongation also remains almost constant, because it is a material property and does not depend 

on the specimen thickness.  
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(a) (b) 
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(c) 

Figure 19. Tensile properties of the [90/0]n kirigami specimens with different thicknesses, t: (a) tensile break load; (b) tensile break strength; and (c) 

percent break elongation. 
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The large variation in percent break elongation for the specimens with 1 mm and 1.5 mm 

thickness compared to those with 2 mm and 2.5 mm thickness indicates that there is another 

influential phenomenon in the process of deformation until fracture. It is observed that the 

deformation of the specimens with 2 mm and 2.5 mm thickness is purely in-plane, whereas it 

is a combination of in-plane and out-of-plane (three-dimensional) for the 1 mm and 1.5 mm 

thick specimens. This can be clearly observed in Figure 20 for the kirigami specimen with a 

thickness of 1 mm. It can be concluded that the occurrence of the transition phenomenon 

depends on the specimen thickness. The test set-up used in this study facilitated the 

measurement of the machine cross-head movement and can only account for in-plane 

deformation. Future studies are required to characterize out-of-plane deformation for different 

kirigami configurations. 

 

   
(a) (b) (c) 

Figure 20. A [90/0]2 kirigami specimen during testing showing three-dimensional deformation: 

(a) front; (b) isometric; and (c) side views. 

 

 

4. Conclusions 

The tensile properties of 3D printed flexible kirigami specimens were explored to investigate 

the impact of stacking sequence, slit size, and thickness. Kirigami specimens were designed 

and their geometrical dimensions were described along with a convention for the stacking 

sequence. They were manufactured out of thermoplastic polyurethane (TPU) using a 

commercial 3D printer. The stress-extension curve for the specimens was created, and the 

tensile break strength and extension at the break point were obtained. It was observed that the 

[90/0]4 specimens have the highest tensile break strength and percent break elongation 

compared to the [90/90]4, [0/0]4, and the [45/-45]4 specimens. For the [90/0]4 and the [45/-45]4 

specimens, the slit height to interval ratio was varied. A ratio of 0.201 resulted in the maximum 

tensile properties for the [90/0]4 specimens, whereas the ratio was 0.321 for the [45/-45]4 
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specimens. In addition, it was observed that the occurrence of transition phenomenon depends 

on the specimen’s thickness. The kirigami specimens with [90/0]2 and [90/0]3 stacking 

sequences (1 mm and 1.5 mm in thickness, respectively) exhibited a combination of in-plane 

and out-of-plane (three-dimensional) deformation compared to the pure in-plane deformation 

observed in the 2 mm and 2.5 mm thick specimens. 

 

The optimum parameters for maximum load-carrying capability and elongation of the kirigami 

structures that were identified in this study can be used to design and print wearable devices 

for assistive devices. Wearable sleeve with actuators to improve the mobility of seniors is one 

potential application. In this study, the kirigami specimens consisted of five unit-cells, whereas 

a higher number connected in parallel and series is necessary for wearable devices. Future work 

is required to investigate the tensile properties of kirigami structures based on the results 

obtained in this study. The discrete homogenization method can be used to find equivalent 

properties of new kirigami structures and the acquired relationship between their tensile 

properties and geometric dimensions, based on the specimens investigated in this study. 
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