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Adolescent idiopathic scoliosis is a common condition that affects children between the age of 10 and young adulthood. Rigid brace treatment is an effective treatment to control the progression of spinal deformity. However, it limits mobility and causes discomfort, which leads to low treatment compliance. In this study, we developed and characterized a kirigami-inspired CT/MRI compatible spring that could be employed to modify our previously designed exoskeleton hinge vertebrae to provide immediate in-brace correction, good wear comfort, and one that does not inhibit mobility simultaneously. Additive manufacturing has drawn significant interest in academic and industrial terms due to its ability to produce geometrically complex structures. The structural design and dimension of the proposed 3D printed kirigami-inspired springs were optimized with the finite element method (FEM). The carbon-fiber-reinforced nylon material (PA-CF) was selected as the material of the kirigami-inspired spring with the balance of printing easiness and performance of the material. The stiffness of designed kirigami-inspired springs varied between 1.20 and 42.01 N/mm. A case series study with three scoliosis patients has been conducted to investigate the immediate in-brace effect on reducing the spinal curvature and asymmetry of the body contours using radiographic examination. The experiment results show that there are 4.6%–50.5% improvements in Cobb angle for different sections of spines. The X-ray images proved that our kirigami-inspired springs would not block views for Cobb angle measurements.
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1 INTRODUCTION
Adolescent idiopathic scoliosis (AIS) is a complex universal symptom that occurs in children aged 10 to young adulthood. A lateral spinal deformity of more than 10° is defined as scoliosis. At present, the etiology of this disease is unknown, and the prevalence is 0.47%–5.2% in adolescents Hresko (2013); Konieczny et al. (2013). Scoliosis patients with a moderate curve may have asymmetrical body appearance and lower back pain; severe cases may have limited movement, affect heart and lung functions, and lead to death Weiss et al. (2016). Therefore, a timely, appropriate and effective treatment is essential. Brace treatment is a non-surgical treatment for moderate scoliosis that effectively controls the progression of spinal curvature Weinstein et al. (2013). Based on the stiffness of the material, braces employed in the treatment could be divided into rigid braces and flexible braces. The treatment success rate of rigid full-time brace is more than 70% Costa et al. (2021). However, some general shortcomings exist in rigid braces, including restricting body mobility and discomfort, which result in low treatment compliance Law et al. (2017). The effectiveness of brace treatment is closely related to patient compliance. Flexible braces are designed to remedy the disadvantages of rigid braces and to enhance the acceptance and quality of patients’ life. SpineCor is one of the flexible braces offered in the market. Its correction mechanism is based on applying elastic bands or straps in clockwise and counter-clockwise directions to create dynamic movements that correct the orientation of the thoracic, thoracolumbar, and lumbar segments Coillard et al. (2014); Wong et al. (2000). However, the treatment success rate of flexible braces is about 10% lower than such index of rigid braces.
Back-support mechanisms Toxiri et al. (2018a); Ali et al. (2021); Toxiri et al. (2019) have been employed in exoskeleton design to provide assistive torque during diverse activities and under different body postures Yang X. et al. (2019), reducing the fatigue of the human back. An active back-support exoskeleton driven by brushless DC motors was presented in Toxiri et al. (2018b) with a 28%–35% reduction in spinal muscle (iliocostalis) activities. Passive elastic elements (e.g., carbon fiber beams Näf et al. (2018)) are applied in some passive designs to eliminate the demand for actuators and power sources. Our research team has recently developed several anisotropic textile braces for AIS patients with moderate spinal curvature (21°–40°)Chan et al. (2018); Wong et al. (2021); Fok et al. (2022). For designs in Wong et al. (2021); Fok et al. (2022), artificial hinged backbones are attached to the back of the brace to stabilize the corrective components. The subject is only allowed to bend along the sagittal plane under the restrictions of the hinged backbones. The in-brace correction of this textile brace’s scoliotic curve is comparable with the rigid brace but is more flexible and lighter in weight. However, the backbones did not provide support in the sagittal plane during bending, which affected the wearing comfort. To solve such issues, a newly designed flexible brace integrated with kirigami-inspired springs was designed and will be introduced in this paper.
Kirigami is a centuried technique to make paper artwares. Cutting patterns are assigned to laminated materials (e.g., paper, thin wood) to create an abstract or figurative form Hart (2007). In recent decades, thanks to the natural advantages of buckling during buffering Vella (2019), engineering designs are also inspired by kirigami. They have resulted in the development of various intelligent structures Ning et al. (2018), such as deployable solar panels Lamoureux et al. (2015), applications in robotics Firouzeh et al. (2020); Suzuki and Wood (2020); Rafsanjani et al. (2018); Sedal et al. (2020); Cheng et al. (2020), highly deformable sensors/structures Yang D. et al. 2019; Yang et al. 2018; Gao et al. (2018); Zhao et al. (2018); Shu et al. (2022); Yu et al. (2021); Chen et al. (2019); Cai and Akbarzadeh (2021), energy absorption structures Ma et al. (2021); Ming et al. (2020); Niknam et al. (2020), and biomedical implants Bobbert et al. (2020). Nakajima et al; Nakajima et al. (2020) systematacially presented the tensile properties of flexible 3D printed kirigami specimens, which provided a guidance for engineering kirigami design. In this design, thin flat kirigami-inspired structures were integrated with the hinges of artificial backbones to work as elastic springs to prevent self-esteem damage of wearers. Similar designs (integration of kirigami-inspired structure and hinge structure) have been adopted in Firouzeh et al. (2020); Eda et al. (2022); Wang et al. (2021); Bertoldi et al. (2010). The kirigami-inspired elastic hinges could provide assistive torque by bending their internal horizontal beams. To simplify the fabrication process of the hinge, a 3D printing technique was employed, which also enhanced the consistency of the mechanical properties. The finite element method (FEM) was adopted during the design process to optimize the geometry parameters of kirigami patterns.
Overall, this paper contributed.
1. Design and characterize kirigami-inspired planar spring fabricated with additive manufacturing methods.
2. Application of kirigami-inspired planar spring in exoskeleton vertebrate for adolescent idiopathic scoliosis brace treatment.
2 MATERIALS AND METHODS
2.1 Design and fabrication of vertebra exoskeleton with kirigami-inspired spring
Figure 1 shows the overall design of the exoskeleton vertebrae. The whole system contains hinge vertebrae with attached kirigami-inspired springs and flexible braces to fasten the hinge vertebrae to wearers. The proposed flexible brace shown in Figure 1A is a tightly fitting one-piece compression garment comprising a vest, short pants, pelvis belt, an exoskeleton hinge vertebrae, and corrective components, including high modulus elastic straps and semi-rigid silicone pads. The lateral corrective forces are exerted asymmetrically onto the convex part of the apical vertebra by using the three-point pressure mechanism Wong et al. (2021). The corrective bands with silicone convex-shaped padding are attached to the apex of the spinal curve and provide corrective forces against the convex part of the spine. According to her radiograph, the padding placement corresponds to the subject’s spine curve.
[image: Figure 1]FIGURE 1 | Exoskeleton hinge vertebrae design. (A) Overall design of exoskeleton hinge vertebrae. (B) Detailed design of hinge and kirigami-inspired spring structure.
The detailed structures of hinge vertebrae are presented in Figure 1B. The design was modified based on our previous work in Fok et al. (2022). As mentioned in the Introduction section, the previous design of the hinge bone only allowed the subject to bend along the sagittal plane and did not provide support in the sagittal plane during bending, which affected the durability and wearing comfort of the brace. Therefore, newly designed flexible brace with kirigami-inspired springs would provide assistive torque by changing from 2D structures to 3D structures to the spine, which can reduce the maximum stress point to control spinal deformity, allowing more flexible movement on the sagittal plane, and design to encourage the patients to stay in a good upright posture. In the new design, the hinge vertebrae put in the center back are used to sustain the counter force brought by the corrective pad and pelvis belt. It also limits trunk rotation but allows forward bending and considers less effect on the user’s mobility. The multisegment design of hinge vertebrae mimics the structure of the human spine. Kirigami-inspired springs are attached to the backside of rigid hinges to provide supportive torque during the subject’s flexion motion, which could reduce the stress concentrated on intervertebral discs and improve comfortability.
2.2 Kinematic description for hinge bending
The kinematic description of the elastic hinge is shown in Figure 2. The deformation ratio of the kirigami-inspired elastic spring will be determined in this section. There are two boundary deformation ratios: λmin and λmax. Though the actual deformation ratio of spring λ could not be determined kinematically for different materials and structures, it should be within these two boundary deformation ratios.
[image: Figure 2]FIGURE 2 | Kinematic description of kirigami-inspired elastic hinges. (A) Resting state of hinge; (B) Schematic diagram for smallest deformation ratio (α = 30°); (C) Schematic diagram for largest deformation ratio (α = 30°).
The schematic diagram for minimum deformation ratio λmin is shown in Figure 2B. In this scenario, the spring is firmly attached to the rigid plate. Set the original length (distance between two connections) of the kirigami-inspired spring to be L0, and we would have:
[image: image]
where d is the distance between the spring’s center line and the rigid plate’s center line; β is identical to the bending angle of hinge α.
The schematic diagram for maximum deformation ratio λmax is shown in Figure 2C, where three symmetrical arc segments combine with the deformed spring. The two side arcs are identical theoretically (i.e., R1 = R3) and tangent to the middle arc. The middle arc is tangent to the rotating joint, and the two side arcs are tangent to the rigid hinge plate. To calculate the arc radii (R1, R2) and their corresponding central angles (γ, δ), a schematic diagram was made by rotating Figure 2C counterclockwise along the rotating joint of hinge by α/2 angle and presented in Figure 3. Point O is the tangent point between middle arc and the rotating joint. Point D and G are the tangent points between side arcs and rigid hinge plates. To simplify the calculation, we have that
[image: image]
[image: Figure 3]FIGURE 3 | Schematic diagram for calculating the largest deformation ratio of the kirigami-inspired spring.
Assuming the kirigami-inspired spring is a uniform structure, the radius of side arc and middle arc should be identical. Set R1 = R2 = R. Build the Cartesian coordinate system, and set point O as the original point. The function of arc [image: image] yields
[image: image]
From Eq.2, we have [image: image]. Since point B is the arc center, there is a relationship that OG ⊥ BG. Set (L0 + dβ)/2 = L. The function of line BG yields
[image: image]
The length of line [image: image] is equal to R. Combining with Eqs 3, 4, we have that when α = π/6 (30°), R = 60.32 mm and the coordinate of point B is (52.11, 48.48). In this situation, the angle between line [image: image] and y-axis is 25.59°. Therefore, we have that δ = 51.18°, and γ = δ/2 − α/2 = 10.09°. The geometry parameters are listed in Table 1. The maximum deformation ratio λmax could be evaluated as
[image: image]
TABLE 1 | Geometry parameters when the hinge bending angle α =30° for upper boundary deformation ratio λmax.
[image: Table 1]Based on Eqs 1, 5 and the parameters in Table 1, for spring deformation ratio λ we have that 2.12% < λ < 2.95%.
2.3 Design and fabrication of kirigami-inspired planar spring
The employed kirigami-inspired patterns and photos of planar springs are presented in Figure 4. Ribbon kirigami pattern Sun et al. (2021) is adopted in the spring design, which was first presented in improving the mechanical properties of graphene Qi et al. (2014). The elasticity of the rigid engineering parts could be improved by applying this simple geometry cutting pattern. By changing the geometry parameters, four patterns are developed. The ribbon width from Figures 4A–D varied between 1 mm and 3 mm. The kirigami patterns in Figure 4A is with two column structure and kirigami patterns shown in Figures 4B–D are with single column structure. The slit weight of kirigami patterns is uniformly designed to be 1 mm to prevent conglutination during fabrication. The kirigami-inspired spring is 3D printed (Ultimaker S5, Ultimaker Inc. Netherlands) with carbon-fiber reinforced nylon (PA-CF) material (PA-CF LOW WARP, Colorfabb, Netherlands). The optimized printing parameters are shown in Table 2. The buffering-by-buckling design allows the kirigami-inspired to extend the elongation property by transferring the linear deformation of spring to the bending of beams. Therefore, with the proper design, the material strain in the spring would be smaller than the overall elongation ratio. The finite element method (FEM) was employed during the spring design. The setup and results of FEM are illustrated in Section 2.4.3 and Section 3.1.1, respectively.
[image: Figure 4]FIGURE 4 | Kirigami-inspired patterns and photos of planar springs. (A) Double-Column-Flat-2mm pattern; (B) Single-Column-Flat-2mm pattern; (C) Single-Column-Flat-3mm pattern; (D) Single-Column-Flat-4mm pattern. Dimensions of the kirigami patterns are listed in the figure.
TABLE 2 | Optimized 3D printing parameters for PA-CF.
[image: Table 2]2.4 Experiment setup to determine the mechanical properties of the kirigami-inspired spring and exoskeleton hinge
2.4.1 Spring stiffness test
The experiment setup for the spring stiffness test is shown in Figure 5. A pair of jigs fixed the kirigami-inspired springs. One jig was fixed, and another was connected to a moving stage. The samples would be stretched at 50 mm/min speed during the test until they break. The resistive forces generated by the spring are measured by a load cell (SBT673, Simbatouch, China), and the stretching distances are measured by a rope encoder (MPS-XS-1000, Miran, China). A DAQ device (USB6212, NI, USA) was employed to record the force and displacement signals.
[image: Figure 5]FIGURE 5 | Experimental setup for spring stiffness testing.
2.4.2 Bending stiffness test
Figure 6 shows the experimental setup to measure the bending stiffness of the hinge vertebrae. The specimen was mounted on a customized torque measurement device. One plate of the hinge was fixed, and the rotational platform rotated another plate with the hinge joint with the elastomer. The rotational angle was measured by an encoder (MPS-XS-1000, Miran, China). The torque generated by the elastomer was measured by a torque sensor (SBT850, Simbatouch, China). The angle and torque were measured by a DAQ device (USB6212, NI, USA) at 1 kHz frequency. During the experiment, the elastic hinges were bent to maximum bending angle αmax (30°) with a bending velocity of 5°/s.
[image: Figure 6]FIGURE 6 | Experiment setup for measuring stiffness of exoskeleton hinge vertebrate. (A) Side view of the experiment setup at the initial state. (B) Top view of the experiment setup when the bending angle is 30°.
2.4.3 Finite element method (FEM) setup
The finite element method was employed during the design process to guarantee that the stresses on different kirigami configuration of springs made of PA-CF material could be lower than the material’s yield stress. The FEM was performed using Ansys Workbench R15.0 (Ansys, Inc. USA). ‘Static Structure’ block with ‘Linear Elastic’ material properties was applied. The properties of the PA-CF material are listed in Table 3. Young’s modulus was calculated based on the technical datasheet of the material colorFabb (2022). Ansys Workbench Software automatically generated the value of the bulk modulus and shear modulus. The mesh settings are presented in Table 4. The boundary conditions of FEM are shown in Figure 7. One end of the kirigami-inspired spring was fixed, while another end was stretched. The stretching displacement would be synchronized with the deformation at the break in benchtop testing (illustrated in Section 2.4.1). The stress and resistive force versus deformation ratio were determined.
TABLE 3 | Properties of PA-CF material.
[image: Table 3]TABLE 4 | Mesh settings for FEM.
[image: Table 4][image: Figure 7]FIGURE 7 | Schematic diagram to present experimental setup in FEM. Boundary conditions (fixed support and displacement) were indicated.
2.5 Preliminary human trial
2.5.1 Subject recruitment criteria
Female adolescents between 10–14 years old with moderate scoliosis (Cobb angle between 20–45°), classified as ≤ 2 under the Risser sign system and a BMI ≤25, were recruited to participate in the wear trial. Moreover, they should be able to adhere to the wear trial protocol physically and mentally and communicate in English or Chinese effectively. Subjects who had any spinal-related operation or had received bracing therapy or other spine therapies like scoliosis-specific exercise were excluded. This study was approved by the Human Subject Ethics Review Committee of The Hong Kong Polytechnic University (Reference Number: HSEARS20141220002).
2.5.2 Procedures of initial wear trial
Subjects with a 5° angle of trunk rotation (ATR), indicating the possibility of having an underlying scoliosis condition, were asked to perform a radiographic examination before the initial wear trial to verify the Risser sign and the spinal curvature. The initial wear trial mainly evaluated the 2-h intervention effect in correcting spinal curvature by the flexible brace with the exoskeleton hinge vertebrae. Liu et al. (2015). Negrini et al. Negrini et al. (2012) recommended using an in-brace x-ray as one of the metrics to evaluate the efficacy of the brace treatment. Therefore, the before and after radiographs, out-brace or in-brace of each subject are obtained to evaluate prior and current changes in the brace treatment. The hinge is made of carbon fiber-reinforced polymer with kirigami-patterned elastomer. The radiographs were taken before and after a 2-h intervention with the brace donned to compare the in-orthosis correction result; a standing posture in the radiographic examination is required Katz and Durrani (2001). The equation of change in spinal curvature is calculated as:
[image: image]
A positive and negative number indicates an increase and reduction in spinal curvature.
3 RESULTS
3.1 Mechanical properties of kirigami-inspired spring
3.1.1 Stiffness of kirigami-inspired spring and FEM results
The tensile test and finite element method (FEM) analysis results of the kirigami-inspired spring are shown in Figure 8. Four testing samples for each kirigami pattern were stretched until they were broken. The averaged force testing data for each kirigami patterns with error bars were presented. The photos of broken samples are shown in Figure 9. As mentioned in Section 2.4.3, the stretching deformation ratios in FEM were identical to the deformation ratios at the break in the tensile test. The estimated tensile force in FEM analysis and the measured experimental data were plotted in dashed blue and solid red lines, respectively. The stiffness k of the kirigami samples were calculated based on the force and displacement value at the theoretical maximum deformation when the spring installed on the exoskeleton hinge. That is [image: image], where F and ΔL are the force and displacement value during tensile test, respectively. λmax is the maximum deformation ratio mentioned in Section 2.2. The comparison between the FEM estimated stiffness and experimental stiffness of each kirigami patterns are listed in Table 5 with error and error percentage. The stiffness of kirigami-inspired springs is proportional to its thickness, which is proofed in both FEM simulation and experiment data. The errors were calculated by subtract the FEM estimated stiffness from the experimental stiffness, and the error percentage for each kirigami pattern was calculated using error divided by the FEM estimated stiffness. For kirigami-inspired springs with different kirigami patterns, the stiffness error percentages varied between −10.42% and 67.70%. The error percentage for kirigami patterns with relatively larger stiffness (Double-Column-Flat-2mm and Single-Column-Flat-4mm) would be smaller than the error percentage of kirigami patterns with relatively smaller stiffness (Single-Column-Flat-2mm and Single-Column-Flat-3mm). For the kirigami-inspried spring with different thickness and identical kirigami patterns, the error percentages are in the similar level. Therefore, the behaviour of new spring with different thickness would be calibrated based on the FEM simulation results instead of making new experiments. The strain distributions of the kirigami-inspired springs were captured and shown in Figure 8 with legends. The strain was increased in the regions near edges and corners. Here the round edges were employed to retard the strain increases.
[image: Figure 8]FIGURE 8 | Tensile test and FEM results of kirigami-inspired springs. (A) Results of spring with Single-Column-Flat-2mm pattern; (B) Results of spring with Single-Column-Flat-3mm pattern; (C) Results of spring with Single-Column-Flat-4mm pattern; (D) Results of spring with Double-Column-Flat-2mm pattern.
[image: Figure 9]FIGURE 9 | Close-up photos of cracked kirigami-inspired springs in tensile test with different patterns and thicknesses. (A) Double-Column-Flat-2mm pattern; (B) Single-Column-Flat-2mm pattern; (C) Single-Column-Flat-3mm pattern; (D) Single-Column-Flat-4mm pattern.
TABLE 5 | Comparison between FEM estimated stiffness and experimental stiffness of kirigami samples with error and error percentage.
[image: Table 5]3.1.2 Resistive torque of exoskeleton hinge
The bending stiffness test results are illustrated in Figure 10. Arrows indicate the bending directions. The maximum torque during bending was recorded in the figure. The average bending stiffness of the kirigami-inspired elastic hinge was calculated by dividing the maximum bending torque by the maximum bending angles. The calculation results are presented in Table 6. The stiffness of elastic hinge with 1-mm thick kirigami-inspired springs varied between 0.67 mNm/degree and 4.97 Nm/degree, while the stiffness of elastic hinge with 2-mm thick kirigami-inspired springs varied between 1.47 mNm/degree and 10.37 Nm/degree. A comparison between human invertebrate stiffness and our kirigami-inspired elastic hinge is illustrated in Section 4. The energy absorption of kirigami-inspired springs was also determined by calculating the gap area (pink region) between bending and relaxing in Figure 10. The calculated values of absorbed energy were presented below the torque responses plot.
[image: Figure 10]FIGURE 10 | Bending stiffness test results of different kirigami-inspired springs (A) Single-Column-Flat-2mm pattern; (B) Single-Column-Flat-3mm pattern; (C) Single-Column-Flat-4mm pattern; (D) Double-Column-Flat-2mm pattern. Energy absorption of each kirigami-inspired springs during the bending cycles are indicated with the pink regions.
TABLE 6 | Experimental bending stiffness of exoskeleton hinge vertebrae with different kirigami-inpsired springs.
[image: Table 6]3.2 Initial wear trial results
In this study, three subjects who fulfilled the inclusion criteria were asked to participate in the 2-h wear trial to evaluate the instant effect on the change of the spinal curvature of the flexible brace with the exoskeleton hinge vertebrae after a 2-h intervention. The clinical trial experiment is based on the previous paper using flexible brace to see the effect of the design with five subjects Fok et al. (2022). The X-ray images of subjects before and after the intervention are shown in Figure 11. According to Coillard et al. Coillard et al. (2007), in 2007, a brace treatment would be defined to have a positive outcome if there is an improvement of more than 5° in Cobb angle, while deterioration of more than 5° would be defined as having a negative outcome. Table 7 summarizes all immediate effects of the change of the Cobb angle after a 2-h brace intervention. All subjects in this wear trial demonstrated a positive effect in improving their primary curve. The most significant improvement was demonstrated in ATB002, who reduced her spinal curvature by 50.5%; her thoracolumbar curve was reduced from 20.6° to 10.2°. ATB001 and ATB003 have also reduced 27.2% (9.4°) and 27.4% (7.7°), respectively. All subjects have had a positive outcome on their spinal curvature. Compared to a 15.9% corrective effectiveness in a rigid brace and 21.3% in SpinCor (flexible brace), the corrective result in this wear trial is comparable with the traditional brace Guo et al. (2014).
[image: Figure 11]FIGURE 11 | X-rays images of three subjects (A) subject ATB001 (B) subject ATB002 (C) subject ATB003 before and after a 2-h intervention. Green bars are indicated in the figure to measure Cobb angles.
TABLE 7 | Immediate effects in the change of the Cobb angle after a 2-h brace intervention.
[image: Table 7]4 DISCUSSION
4.1 Stiffness of kirigami-inspired elastic hinge
By changing the kirigami patterns, the kirigami-inspired spring’s stiffness would change, resulting in a change in elastic hinge stiffness. Although it is not practical to build analytical stiffness models for every kirigami pattern due to its complex geometry, there is a rough relationship between patterns and spring stiffness. Based on the data in Tables 5 and Table 6 The stiffness of spring with the Double-Column-Flat pattern would be much larger than the stiffness of spring with the Single-Column-Flat pattern when the distances between cutting edges and spring thickness are identical. When the distance between cutting edges increased, the stiffness of the spring would also be increased.
4.2 Selection of materials of kirigami-inspired spring
During the design process, a batch of materials for kirigami-inspired springs, including metals (stainless steel, brass, etc.) and polymers (ABS, Nylon, PC, etc.) were nominated. However, the operating environments of the vertebrae exoskeleton bring some requirements to the kirigami-inspired elastic hinge.
1. The spring should be MRI-compatible. The vertebrae exoskeleton would be potentially used in MRI tests for patient assessment.
2. The tensile modulus (Young’s modulus) should be significantly large to ensure sufficient torque generation with a thin spring.
3. The spring should be made from a durable material.Considering the three points, the carbon fiber-reinforced nylon material was selected as the material of the kirigami-inspired spring, which is MRI-compatible and has large tensile modules thanks to the embedded carbon fibers.
During the evaluation process, a 1-mm thick ABS (Ultimaker, Netherlands) printed kirigami-inspired spring with the Single-Column-Flat-4mm pattern was tested with both a bending stiffness test and endurance test. The experiment results are shown in Figure 12. From the endurance test results, the spring would yield after 314 times of bending and break after 817 times of bending, which might not be durable when being used in activities of daily living (ADL).
[image: Figure 12]FIGURE 12 | Experiment results of 1-mm thick ABS printed kirigami-inspired spring with pattern Single-Column-Flat-4mm. (A) Bending stiffness test results; (B) Endurance test results.
The bending stiffness of four 1-mm thick nylon (Ultimaker, Netherlands) printed kirigami-inspired springs with different kirigami patterns were also tested. The testing results are presented in Figure 13. From this figure, it could be observed that there is significant hysteresis on the torque during hinge bending, which would reduce the supporting effects of the vertebra exoskeleton during the backward bending process. Compared with PA-CF material, the comparatively small tensile modulus makes the nylon spring unable to generate sufficient assistive torque with a thin structure, which is also why we eliminated the TPU material (lower tensile modulus than Nylon material) as the spring material.
[image: Figure 13]FIGURE 13 | Bending stiffness test results of kirigami-inspired springs printed with Nylon material. (A) Results of spring with Single-Column-Flat-2mm pattern; (B) Results of spring with Single-Column-Flat-3mm pattern; (C) Results of spring with Single-Column-Flat-4mm pattern; (D) Results of spring with Double-Column-Flat-2mm pattern.
4.3 Supporting effects of kirigami-inspired elastic hinge
As mentioned in Section 2.1, the kirigami-inspired elastic hinge would provide a supportive torque during the flexion motion of subjects. The hinge’s supporting effects will be evaluated in this section by comparing it with the torque generated by human intervertebral discs. The stiffness of the human intervertebral disc was discussed in Somovilla Gómez et al. (2017); Guan et al. (2007); Busscher et al. (2010); Patwardhan et al. (2003); González Gutiérrez (2012) and varies between 0.8 and 1.18 Nm/° in flexion motion direction and 0.8 to 1.53 Nm/° in extension motion direction Somovilla Gómez et al. (2017). The difference in testing methods caused the variance in the stiffness value. Here we selected the value 1.18 Nm/° in González Gutiérrez (2012) as the intervertebral disc stiffness for comparison. The vertebra exoskeleton we designed could cover the thoracic vertebrae (T1 to T12) and lumbar vertebrae. There are sixteen in-between intervertebral discs. For simplicity, we assume the bending angles of each intervertebral disc are identical. Therefore, the relationship between the bending angles of the elastic hinge α and the bending angles of each intervertebral disc ψ can be expressed as:
[image: image]
where n is the number of elastic hinges in one vertebrae’s exoskeleton. In the current design, we have n = 2 and thus ψ = α/8. With the experiment data in Table 6, we determined that during bending, the kirigami-inspired elastic hinge could provide 0.45%–7.03% of supportive torque provided by intervertebral discs. The supporting effects of elastic hinges with each kirigami pattern are presented in Table 8. If the assistive support is from 1% to 5%, our subjects could feel the system reminding them to maintain an upright correct posture. At the same time, the user would not rely on the assistive torque, which might weaken their back extensor muscles. In our design, the kirigami-inspired springs with Double-Cloumn-Flat-2mm pattern, Single-Column-Flat-3mm pattern, and Single-Column-Flat-4mm pattern are recommended since they could provide appropriate assistive toque with unobtrusive size, which is conducive to our exoskeleton seamlessly integrating into patients’ daily life. The selection of assistive torque could be easily adjusted in the kirigami pattern, and it could be specifically designed based on the demand from subjects and their doctors.
TABLE 8 | Percentage of torque generated by intervertebral disc in flexion motion.
[image: Table 8]5 CONCLUSION
This paper presented a novel kirigami-inspired exoskeleton hinge vertebrae using the carbon-fiber-reinforced nylon material. Applying the kirigami-inspired structure lowered its internal stress during bending, facilitated the subject back to an upright posture easier, and maintained a better posture correction with the brace. The mechanical properties of kirigami-inspired springs with different configurations were analyzed and compared. A clinical trial was performed with the evaluation of immediate correction effects. The kirigami-inspired design reduced the thickness of the overall structure. The adjustable support design provides the feasibility of customization and encourages the subjects to maintain an upright posture to have better corrections to the spine curvature. At the same time, it provides support when bending forward and sitting down. The high lateral stiffness of the exoskeleton maintains the lateral corrective force and stabilizes the panels with the corrective force of the brace. This paper is a feasibility study to evaluate the new design with the kirigami structure. In further study, more subjects will be recruited to evaluate the effectiveness of the design.
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