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ABSTRACT

Lumbar spine ligaments play a critical role in maintaining spine joint stability and structural integrity within segmental

biomechanics. However, most existing lumbar spine models and simulators neglect ligament contributions, leading to incomplete

or potentially overestimated evaluations of spinal implant performance. Herein, we introduce bioinspired fabric ligaments (BFLs),

designed to emulate the hierarchical structure and material properties of natural spine ligaments. By tailoring fabric architecture,

strand number, and yarn count, BFLs successfully reproduce the nonlinear force-displacement behavior and tunable stiffness
characteristics of natural spine ligaments. Integrating BFLs with three-dimensional (3D) printed bioinspired vertebrae and
intervertebral disc (IVD), we develop a bioinspired lumbar spine system (BLSS). The experimental results demonstrate that the
developed BLSS not only restricts the excessive motion of ligament-deficient models but also replicates physiologically relevant

3D lumbar kinematics. This work establishes a versatile paradigm for ligament-mimetic design, offering a reliable platform for

intervertebral implants evaluation and new opportunities for personalized spinal implants optimization.

1 | Introduction

Lumbar degenerative disc disease has become a major global health
concern, leading to substantial healthcare expenditures and imposing
a considerable economic burden on patients and their families [1, 2].
Due to its high incidence, multifactorial etiology, and diverse clinical
manifestations, selecting the appropriate treatment strategies remains
acomplex challenge. Common and effective surgical strategies involve
the use of lumbar interbody fusion (LIF) cages [3] or total disc
replacement (LTDR) devices [4]. These procedures address structural
pathologies, significantly alleviate pain, and restore lumbar spine
biofunction. Consequently, the functional properties of these implants
are critical determinants of their clinical outcomes.

To evaluate the biomechanical performance of spinal implants, sev-
eral representative testing approaches have been identified, including

biological specimens [5, 6], finite element analysis (FEA) [7, 8],
and spinal simulators [9-11]. Biological specimens, such as human
cadaveric and animal models, enable realistic simulation of spinal
motion and mechanical behavior under physiological loading condi-
tions. Since biological specimens largely preserve the biomechanical
properties of native tissues, their data hold high empirical value
and provide reliable evidence for biomechanical analysis [12, 13].
However, these approaches come with limitations, including strict
ethical constraints, high experimental costs, challenges in specimen
acquisition, and the absence of a true physiological environment.
Moreover, inherent differences between animals and humans, as
well as variability between specimens, limit the generalizability of
experimental findings [13]. FEA has become another widely adopted
approach to construct spine models [14], owing to its ability to repro-
duce complex anatomical geometries and heterogeneous, anisotropic
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material properties. FEA offers a cost-effective and noninvasive tool
that allows systematic variation of parameters, prediction of extreme
loading conditions, and virtual testing of implants or surgical tech-
niques. These advantages make FEA an indispensable method for
exploring spinal biomechanics and optimizing clinical interventions.
Nevertheless, the predictive accuracy is highly dependent on the reli-
ability ofinput parameters and modeling assumptions. The nonlinear
and viscoelastic properties of spinal tissues are difficult to fully char-
acterize, and simplified boundary conditions, contact definitions, and
loading applications may not fully capture physiological realities [15].
Furthermore, the lack of adequate experimental validation and the
challenges in accounting for interindividual anatomical variability
further limit the translational potential of current models [16]. While
FEA provides valuable insights into spinal biomechanics and implant
design, its results should be interpreted with caution and supported
by experimental or clinical data. To address these limitations, spinal
simulators (e.g., spine testing machines and synthetic spine mod-
els) have been developed in accordance with ASTM/ISO standards
[9, 10]. These simulators enable the basic evaluation of interver-
tebral implants. However, their loading modes are often oversim-
plified and fail to accurately replicate physiological spinal motion
[17]. More critically, they commonly neglect the structural and
functional role of ligaments, leading to exaggerated ranges of
motion (ROM) and reducing the fidelity of biomechanical assess-
ments. This results in substantial deviations from physiological
reality and undermines the reliability of experimental results
[10, 18]. Thus, integrating ligamentous constraints into the spinal
testing systems is essential to achieve high biomechanical fidelity
and enhance their clinical relevance.

The human lumbar spine is a highly complex biomechanical system,
in which the natural intervertebral discs (IVD), facet joints, and sur-
rounding ligaments work synergistically to maintain stability while
allowing appropriate physiological mobility [19, 20]. Among these
structures, natural ligaments play a critical role in connecting bones,
constraining excessive motion, distributing loads, and preventing
injury [21-23]. Natural ligaments are hierarchically composed of
subfascicular bundles of collagen fibers, which are further organized
in bundles of collagen fibrils [21, 24]. Mimicking these structural
features using engineered materials offers a promising strategy for
developing bioinspired ligament substitutes with tunable stiffness to
reproduce the kinematics of the lumbar spine. In particular, fabric-
based structures have demonstrated superior flexibility, continuous
personal cooling [25], durability [26], strain programmability [27],
fatigue resistance [28], bio-motion energy harvesting [29], and ani-
sotropic response [30], aligning closely with the functional require-
ments of spinal ligaments [31]. Herein, we propose bioinspired
fabric ligaments (BFLs) for the lumbar spine, which possess tunable
stiffness properties that closely mimic those of natural ligaments.
When integrated into a bioinspired lumbar spine system (BLSS),
the developed BFLs are expected to provide physiologically relevant
motion constraints and ROM, thereby enhancing the fidelity of
biomechanical testing and offering new insights into musculoskeletal
tissue engineering.

2 | Results and Discussion
2.1 | Design Principle of BFLs

The functional spinal unit (FSU) is the fundamental structural
component of the human lumbar spine, typically consisting

of upper and lower vertebrae, natural IVD, and surrounding
ligaments (Figure 1). Natural ligaments are essential connective
tissue complexes and possess nonlinear mechanical property and
tunable mechanics [32]. The mechanical properties arise from
the hierarchical structure of natural ligaments, enabling adapta-
tion across spinal levels and loading modes. At the microscale,
the collagen fiber diameter, orientation, arrangement, and cross-
link density control stiffness evolution. At the macroscale, varia-
tions in fiber bundle architecture, ligament morphology, allow
different ligaments—and even the same ligament at different
spinal levels—to exhibit tunable stiffness and nonlinear property.
Consequently, the nonlinear mechanical property and tunable
stiffness are achieved by hierarchical structure. To connecting
adjacent vertebrae, the ligaments, together with the surrounding
spinal muscles, enable controlled physiological movement and
maintain fixed postural positions. They also play a critical role
in constraining excessive intervertebral joint motion, enhancing
joint stability, and protecting the spinal cord [19]. The FSU is
mainly composed of seven distinct ligaments, each with unique
morphology, dimensions, attachment sites, and functional char-
acteristics. These ligaments include the anterior longitudinal
ligament (ALL), the posterior longitudinal ligament (PLL), the
intertransverse ligament (ITL), the interspinal ligament (ISL),
the supraspinal ligament (SSL), the ligamentum flavum (LF),
and the capsular ligament (CL). Each ligament serves a specific
biomechanical function and contributes to the overall mobility
and stability of the lumbar spine.

Fabric structures can effectively mimic the hierarchical struc-
ture and nonlinear mechanical properties of natural ligaments
through the controllable number of fiber strands and layers. By
integrating biomimetic principles with fabric technology, BFLs
with tunable stiffness properties can be achieved. Bioinspired
designs, including knit, single woven, and double woven struc-
tures, were proposed. This approach not only allows precise con-
trol over the spatial arrangement of fibers but also enables tuning
of the mechanical properties by adjusting structural parameters
such as the number of strands and yarns. Ultimately, this results
in BFLs with biomechanical characteristics that closely resemble
those of natural ligaments. BFLs were fabricated using polyethy-
lene (PE) wire [33], and uniaxial tensile tests were carried out
using a universal testing machine (UTM5504, SUNS, China) in
Figure S1. The results indicated that different fabric structures
could effectively control the stiffness of BFLs. The double woven
structure exhibited the highest stiffness, followed by the knitted
structure with intermediate stiffness and the single woven struc-
ture, which had the lowest stiffness. Based on the anatomical
parameters, morphological features, and tensile strength of each
natural ligament, appropriate fabric patterns were selected to
fabricate BFLs.

2.2 | BFLs with Tunable Property for the
BLSS Application

To elucidate the influence of strand number on the structural
stiffness in knit, single woven, and double woven structures,
mechanical responses were quantitatively evaluated (Figure 2).
BFLs with varying strand counts were fabricated (Figure 2a)
and subjected to uniaxial tensile testing based on the three pro-
posed design approaches. BFLs stiffness exhibited a significant
positive correlation with strand number (Figure 2b-d). Increasing
the strand numbers from 4 to 12 results in a steepening of the
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FIGURE1 | Designprinciple of BFLsbased on the hierarchical structure of natural ligament. Natural ligament is hierarchically organized, consisting

of subfascicular bundles composed of collagen fibers, which are assemblies of collagen fibrils. Drawing inspiration from this hierarchical structure, BFLs

are designed to reproduce the nonlinear mechanical behavior characteristic of natural ligaments.

force—displacement curve in the identical structural configura-
tions, revealing a stiffness enhancement with increasing strand
number. These findings indicated that BFLs stiffness could be
effectively tuned by selecting the appropriate number of strands,
thereby providing a critical strategy and rationale for achieving
tunable stiffness in the engineering design of BFLs.

Building on this, the influence of the number of yarns on BFLs
stiffness was further investigated (Figure 3). The tensile testing
process and representative specimens are shown in Figure 3a,b,
respectively. The yarn count provides a moderate tuning param-
eter for controlling BFL stiffness (Figure 3c). For example, the
partial stiffness of BFLs is illustrated (Figure 3d). These quantita-
tive results indicated that the overall stiffness of BFLs increased
linearly with the number of yarns at a fixed strand number.
Similar trends were observed across different strand counts under
the identical structural conditions. Taken together, these results
indicated that the number of yarns provided a modest and non-
linear tuning effect on the stiffness of the BFLs. The mechanical
behavior is probably attributable to the enlarged cross-sectional
load-bearing area and enhanced interfiber interactions associated
with a greater number of yarns. By quantitatively analyzing the
relationships among strand numbers, yarn counts, and stiffness
coefficients, this study provides experimental evidence support-
ing the feasibility of tuning the stiffness in BFLs, offering valuable
guidance for their structural optimization.

According to the design principles described above, individual
BFLs were developed to replicate the functional characteristics
and morphological features of natural ligaments for reconstruct-
ing the BLSS in Figure 4. The individual sample is shown in
Figure 4a, and the detailed parameters of the fabricated BFLs
are summarized in Table 1. The mechanical property of each
BFL was validated compared to the reported data in previous
literature (Figure 4b). The results indicated that the developed
BFLs exhibited J-shaped force-displacement behavior and stift-
ness values comparable to those of natural ligaments in toe region
(Figure S2), which was consistent with the results reported in
the literature [34-36]. However, the deviations were generated in
the linear region. These deviations might be further reduced by
refined structural configuration and parameter tuning. To accu-
rately replicate specific spinal morphology and biomechanics, the
personalized bioinspired vertebrae and IVDs with complex ana-
tomical architectures were fabricated by additive manufacturing
technology [37, 38]. Furthermore, three-dimensional (3D) mod-
els of natural L3-L5 vertebrae were reconstructed from lumbar
computed tomography (CT) images (Figure S3), the geometric
model were shown and bioinspired vertebrae was fabricated
via photopolymerization-based 3D printing (Figure S4), and
the detailed parameters were listed in Table S1. Based on the
function-structure characteristics of natural IVD [39, 40], bioins-
pired IVD in different segments was designed (Figure S5 and
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The effect of knit, single woven, and double woven structures under varying strand numbers with a fixed number of yarns. (a) The

fabricated BFL samples. (b) Tensile testing results of the knitted structure with varying strand numbers at fixed 20 yarns. (c) Tensile testing results of

the single woven structure with varying strand numbers at fixed 12 yarns. (d) Tensile testing results of the double woven structure with varying strand

numbers at fixed 12 yarns.

Figure S6) and the relevant structural parameters was individually
shown in Table S2 and Table S3. Bioinspired IVD samples were
eventually fabricated using multimaterial 3D printing. In addi-
tion, the upper and lower fixation blocks were manufactured from
polylactic acid (PLA) using fused deposition modeling technology
(Figure S7). By integrating the developed BFLs, the BLSS was
assembled (Figure 4c).

2.3 | The Integrated BLSS for Reproducing
Physiological Lumbar Kinematics

While individual BFL provides critical insights into structure—
property relationships, they cannot fully reproduce the cou-
pled motion and constraints function of the lumbar spine.
By embedding multiple BFLs within a segmental vertebral
framework, the developed system reproduces physiologically
relevant spinal kinematics and stability, thereby revealing the
coupling relationship between BFLs and whole-spine kinemat-
ics. However, assembly strategies (including the sequence of
component integration) play a critical role in determining
the transmission of mechanical errors, stress distribution, and

constraints on the system’s degrees of freedom, all of which
directly influence the stability and motion precision of the
mechanical system [41, 42]. We investigated the effect of different
assembly methods on the biomechanical performance of the
BLSS (Figure 5), considering three different assembly strategies
(Method I, Method II, and Method IIT) (Figure 5a). As a baseline,
an assembly without BFLs (Method IV) was also evaluated. Using
a previously established testing platform equipped with a KUKA
robotic arm under controlled experimental conditions (Figure 5b)
in Figure S7 [17], we quantified the ROM for the developed
BLSS by mimicking the 3D kinematic patterns of a natural spine.
These static kinematic patterns in anatomical planes, including
extension/flexion (Movie S1), lateral bending (Movie S2), and
axial rotation (Movie S3), are shown in Figure 5c.

As illustrated in Figure 5d, the experimental results of the assem-
bly Method I indicate that the designed model can reproduce
the nonlinear variable-stiffness behavior of the natural lumbar
spine. However, the motion patterns exhibited deviations from
the physiological data, particularly with pronounced lateral bend-
ing. Moreover, under relatively high applied moments, a sudden
increase in displacement was observed. These results suggested that
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woven structures at fixed strand numbers. (d) Part of the relationship between stiffness and yarn number for BFLs.

the posterior BFLs, including the B-PLL, B-LF, and B-ISL, could However, because B-PLL and B-LF were first installed, the ROM
not achieve sufficient preload because the bioinspired IVD was still deviated from physiological behavior. During testing, the flexion
first installed, before the BFLs. The experimental results for assem- movement caused the ligaments to stretch, resulting in fluctuations
bly Method II demonstrated better reproduction of the nonlinear in the measured flexion values. Additionally, the B-ITL, located
variable-stiffness behavior of natural IVD compared to Method 1. laterally, had minimal impact on lateral bending motions, and
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TABLE1 | The developed BFLs parameter.
Parameter
Type Structure Strand Yarn Layer
Bioinspired ALL (B-ALL) Knit 12 20 30
Bioinspired PLL (B-PLL) Single woven 12 12 56
Bioinspired ISL (B-ISL) Single woven 9 24 50
Bioinspired SSL (B-SSL) Double woven 12 10 5
Bioinspired LF (B-LF) Single woven 4 4 36
Bioinspired ITL (B-ITL) Double woven 12 10 7

the pretension effect did not reach the intended level. Assembly
Method III, which prioritized the installation of all BFLs prior to
the bioinspired IVD, more accurately reproduced the nonlinear

variable-stiffness behavior observed in physiological human lumbar
spine motion, aligning with human motion characteristics. The
experimental results for assembly Method III illustrated that the
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FIGURES5 | The 3D kinematic performance of the integrated BLSS. (a) Various assembly methods. Assembly Method I: the bioinspired IVD and the
three-segment bioinspired vertebra were first assembled and fixed using super glue (epoxy resin adhesive, UHU, Germany), followed by the installation
of the BFL. Assembly Method II: the B-PLL, B-LF, and B-ALL were initially assembled with the three segments of bioinspired vertebra. The bioinspired
IVD was then glued between the vertebrae, followed by the B-ITL, B-ISL, and B-SSL. Assembly Method III: each BFL and the three segments of
bioinspired vertebrae were assembled first, followed by the integration of the bioinspired IVD. Assembly Method IV: the bioinspired IVD and the

three-segment bioinspired vertebrae were assembled without BFLs. (b) In vitro testing device. (c) Simulation of the 3D motion characteristics of the

human lumbar spine. (d) ROM results and comparison with reported cadaver data [43-45].

installation of the B-ITL primarily influenced lateral bending and
axial rotation. Following the installation of the bioinspired IVD,
the disc distance increased, allowing the B-ITL to straighten and
achieve the required pretension. Similarly, installing the B-ALL first
influenced the extension motion, and after the disc was installed, the
intervertebral spacing increased, straightening the ligament to meet
its pretension requirements. Therefore, assembly Method IIT was
ultimately selected as the preferred strategy for assembling the BLSS.
In assembly Method IV, under a 7.5N/m moment, the flexion angle
reached approximately 11°, exceeding the normal physiological
range of the human lumbar spine, in agreement with the previous

work [17]. The excessive ROM observed with bioinspired IVD
is attributable to the absence of BFLs, which compromises the
ability of the system to reproduce the intended motion under the
applied moment. These experiment data highlight the critical role
of BFLs in constraining excessive lumbar extension. In addition, the
ROM comparison before and after fatigue testing demonstrated that
BLSS possessed long-term stable mechanical properties (Figure S9).
Consequently, the developed BLSS provides a more accurate repro-
duction of 3D physiological motions and improves biomechanical
fidelity compared to current ligament-deficient or ligament-free
models [11, 17].
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From the above comparative analysis, it was evident that the
experimental results exhibited both consistencies and discrepan-
cies when compared to the biomechanical data of the intact
human cadaveric specimens [45-47]. These discrepancies are
likely attributable to the omission of natural CL in this study, as
its irregular geometry and pronounced intersegmental variability
make accurate reconstruction with artificial structures techni-
cally challenging. However, the omission of natural CL leads to
increased intersegmental ROM and reduces rotational stiffness,
especially in flexion/extension and axial motions. Consequently,
the neglecting the CL is to overestimate the segmental ROM
in flexion/extension and axial motions for the present BLSS. In
future work, the biomechanical contribution of natural CL will
be explicitly incorporated to further improve the accuracy and
physiological relevance of the developed BLSS.

Although certain deviations in the ROM were existed during
the flexion phase, the remaining motion patterns fall within the
ranges reported in the reported literature. This finding demon-
strated that the introduction of the proposed BFL improved the
physiological fidelity of spinal motion reproduction compared
to a configuration without BFLs due to the developed BFLs
with nonlinearity and tunable stiffness. Recently, several mechan-
ical metamaterials by additive manufacturing technology, such
as honeycomb and auxetic metamaterial, exhibit nonlinear
and tunable mechanical responses through geometry-controlled
deformation mechanisms. While these designs can achieve pro-
nounced nonlinearity and stiffness modulation, their mechanical
responses are primarily governed by discrete geometric instabili-
ties and unit deformation modes, which lead to abrupt stiffness
transitions, strong loading-direction dependence, and localized
stress concentrations [48]. In contrast, the developed BFLs
originate from fundamentally different fiber structure configu-
ration. This fiber-dominated hierarchical architecture enables a
smooth, continuous J-shaped stress—strain response and tunable
stiffness, allowing the ligament to remain compliant at low strains
to accommodate physiological joint motion, while gradually
increasing stiffness under higher strains to ensure joint stability.
Overall, the developed BLSS provides a robust platform for evalu-
ating the mechanical performance of intervertebral implants and
offers a new tool for personalized design optimization.

3 | Conclusion

In this work, a biomimetic lumbar ligament design and fabrica-
tion approach based on fabric technology was proposed. By opti-
mizing the fabric structure, strand number, and yarns count, the
mechanical properties of BFLs can be tuned to ensure that passive
joint constraints during lumbar segment motion simulation more
closely replicate physiological conditions. To date, few studies
have reported a BLSS that integrates biomimetic principles, fabric
technology, and 3D printing. Based on this, the BLSS was devel-
oped to reproduce the physiological 3D motion characteristics of
lumbar spinal segments. 3D models of natural vertebrae, IVD, and
ligaments are reconstructed based on the CT image, providing the
anatomical basis for customized design. These models provide the
geometric framework for the BLSS, enabling precise mapping of
implant surfaces and internal structures to the patient’s spinal
morphology. Personalized and parameterized design is further
achieved by modulating ligament architecture to replicate the
biomechanical behavior of the natural spine. Scaling across

different spinal levels is realized by adjusting the BLSS geometric
dimensions, segment-specific stiffness, and ligament parameters
to match the anatomical size and functional demands of each
level, ensuring consistent physiological ROM. Consequently,
the BLSS is a fully customizable platform for patient- and level-
specific spinal implants. Although the present study focuses on
fiber architecture for achieving tunable stiffness, the role of the
matrix requires further investigation. Moreover, the mechanical
behavior in this study was carried out under in vitro conditions
and could not fully replicate the complex physiological environ-
ment experienced by natural ligaments, including hydration,
temperature, and biochemical interactions. These factors affect
ligament mechanics and long-term functional performance.
Therefore, the incorporate matrix-fiber coupled will be designed,
and the mechanical behavior under the physiologically relevant
testing conditions will be evaluated in the future work.

4 | Experimental Section

4.1 | Design and Fabrication of Bioinspired
Vertebrae

In this study, lumbar spine image data of a healthy male
subject (24 years old, 178cm, 74kg) were obtained using CT
(Brilliance iCT, Philips, The Netherlands) systems. A smoothed
3D model of the L3-L5 segments was reconstructed using
Mimics (Materialize, Belgium) and Geomagic Wrap (3D Systems,
American) software. Subsequently, 3D physical models of the
L3-L5 vertebrae and natural IVDs were generated by CATIA
(Dassault Systemes, France). To enable integration with the BFLs,
several holes were designed at the ligament attachment sites of
the L3-L5 vertebrae based on anatomical morphology, facilitat-
ing stable fixation of the BFLs. The finalized bioinspired verte-
bra models were exported in .stl format and sliced in PreForm
software (Formlabs Inc., USA). The bioinspired vertebrae were
fabricated using a Formlabs Form 3D printer, which employs
a precision laser to selectively cure liquid photopolymer resin
layer by layer. Printing parameters, including layer thickness and
support structures, were optimized to preserve anatomical fidelity
and dimensional accuracy. Following fabrication, the printed ver-
tebrae underwent standard postprocessing procedures, including
rinsing in isopropyl alcohol and removal of support structures, to
ensure mechanical strength and structural stability.

4.2 | Design and Fabrication of Bioinspired IVDs

Based on the function-structure characteristics of natural IVD,
a bioinspired IVD model was established using SolidWorks
software (Dassault Systémes, France). The model consisted of
a central bioinspired nucleus pulposus (NP), which occupies
approximately 40% of the total cross-sectional area and is com-
posed of isotropic material, and a peripheral bioinspired annulus
fibrosus (AF). The AF was designed with three layers, each
comprising alternating fibers and matrix layers. The fibers were
orientated at an angle of 45°, and the stiffness of the matrix was
designed to gradually increase from the inner to the outer layers.
Bioinspired IVD model was exported in .stp format and imported
into GrabCAD Print software (Stratasys Ltd., USA). Material
properties were assigned according to the design specifications
and the model was subsequently fabricated using 3D printing.
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4.3 | Tensile Testing of BFLs

The mechanical performance of BFLs with different structural
configurations was evaluated using a universal testing machine
(UTM5504, SUNS, China) with a maximum load capacity of
30000N. Tests were carried out in displacement-control mode
with a loading rate of 2mm/min under cyclic tensile loading for
10 cycles and were terminated when the applied force reached
200 N. Throughout the experiments, force-displacement data
were continuously recorded to evaluate the mechanical perform-
ance of BFLs.

4.4 | ROM Testing of BLSS

To assess the motion performance of the developed BLSS, a
robotic testing platform was constructed. The platform consisted
of a robotic arm (KUKA LBR iiwa 14 R820, KUKA, Germany),
the BLSS, a six-axis force/torque sensor (LH-SZ-6W, Shanghai
Liheng Sensor Technology Co., Ltd., China), and connecting com-
ponents. The robotic arm was programmed to apply physiological
3D spinal motions. Subsequently, the ROM of the BLSS was
measured and compared to evaluate its mechanical functionality.

4.5 | Fatigue Testing of BLSS

The compression-compression fatigue testing of the developed
BLSS assembled by Method III was carried out by reference of
ASTM F2346-05 in stress ration R=—1. The sinusoidal wave with
the cyclic load of 400N similar to that natural IVDs was applied
by a fatigue testing system (TA Instruments ElectroForce 3300
Series, Water Technology Co., Ltd., USA); a frequency of 1 Hz was
performed in air at room temperature (approximately 23°C and
40% relative humidity) with 100000 cycles.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Tensile testing of BFLs.
(a) Universal testing machine (UTM5504, SUNS, China) and tensile
testing of the developed BFLs. (b) Tensile testing conditions. Supporting
Fig. S2: Stiffness in toe region of BFLs compared to reported cadaveric
data [1, 2]. (a) Stiffness in toe region of B-ALL in comparison with
the cadaveric data. (b) Stiffness in toe region of B-PLL in compari-
son with the cadaveric data. (c) Stiffness in toe region of B-ISL in
comparison with the cadaveric data. (d) Stiffness in toe region of B-SSL
in comparison with the cadaveric data. (e) Stiffness in toe region of B-LF
in comparison with the cadaveric data. (f) Stiffness in toe region of
B-ITL in comparison with the cadaveric data. The results were showed
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with mean + standard deviation (SD). Supporting Fig. S3: 3D model
of the L3-L5 segment was established based on human CT images.
(a) CT scans of healthy subjects. (b) CT image. (c) CT image segmentation.
(d) Bioinspired vertebrae and IVD models. Supporting Fig. S4:
Geometric design and preparation process of bioinspired vertebrae.
(a) Front view. (b) Rear view. (c) Side view. (d) The preparation process of
the bioinspired vertebra sample by 3D printing technology. The structural
parameters were listed in Table S1. To fix the developed BFLs, M5 holes
were designed in the vertebrae body and M2 threaded holes were designed
in the vertebrae arch. Supporting Fig. S5: Geometric parameters of bio-
inspired IVD in L3-L4 segment. (a) Structural parameter of the bioinspired
NP. (b) Structural parameters of each AF layer thickness. (c) Dimensional
parameters of the AF layer numbers. (d) Structural parameters of the
AF fibers. (e) External dimensions of the bioinspired IVD in L3-L4
segment. (f) Height dimensions of the bioinspired IVD in L3-L4 segment.
The structural parameters were listed in Table S2. Supporting Fig. S6:
Geometric parameters of bioinspired IVD in L4-L5 segment. (a) Structural
parameter of the bioinspired NP. (b) Structural parameters of each AF
layer thickness. (c) Dimensional parameters of the AF layer numbers.
(d) Structural parameters of the AF fibers. (e) External dimensions of
the bioinspired IVD in L4-L5 segment. (f) Height dimensions of the bio-
inspired IVD in L4-L5 segment. The structural parameters were listed in
Table S3. Supporting Fig. S7: Testing blocks. (a) The upper testing block
is connected to the L3 vertebra. (b) The lower testing block is connected to
the L5 vertebra. The upper curved surface configuration matches the L3
vertebra and L5 vertebra, respectively. They are fixed to each other using
a superglue (Epoxy resin adhesive, UHU, Germany). Supporting Fig. S8:
The ROM testing of BLSS. Experimental setup for the ROM testing, show-
ing the BLSS integrated with a multi-axis motion platform. The ROM data
was collected and analyzed under different loading condition, illustrating
the developed BLSS functionality to replicate physiological spinal kine-
matics. Supporting Fig. S9: Fatigue testing of BLSS assembled by method
III. (a) Fatigue testing platform. (b) Height deformation after 100,000
loadingcycles. (c) The applied peak load value after 100,000 loading cycles.
(d) The ROM results before and after fatigue in compression mode. This
comparison showed that the ROM hardly changed before and after fatigue,
further demonstrating that BLSS had long-term mechanical stability.
Supporting Table S1: Structural parameters of bioinspired vertebrae
model. Supporting Table S2: Structural parameters of bioinspired IVD
model in L3-L4 segment. Supporting Table S3: Structural parameters of
bioinspired IVD model in L4-L5 segment.
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