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Degenerative disc disease (DDD) has become a significant public health issue worldwide. This can result in 

loss of spinal function affecting patient health and quality of life. Artificial total disc replacement (A-TDR) is an 

effective approach for treating symptomatic DDD that compensates for lost functionality and helps patients perform 

daily activities. However, because current A-TDR devices lack the unique structure and material characteristics of 

natural intervertebral discs (IVDs), they fail to replicate the multidirectional stiffness needed to match physiological 

motions and characterize anisotropic behavior. It is still unclear how the multidirectional stiffness of the disc is 

affected by structural parameters and material characteristics. Herein, we develop a bioinspired intervertebral disc 

(BIVD-L) based on a representative human lumbar segment. The proposed BIVD-L reproduces the multidirectional 

stiffness needed for the most common physiological kinematic behaviors. The results demonstrate that the 

multidirectional stiffness of the BIVD-L can be regulated by structural and material parameters. The results of this 

research deepen knowledge of the biomechanical behavior of the human lumbar disc and may provide new 

inspirations for the design and fabrication of A-TDR devices for both engineering and functional applications. 

 

1. Introduction 

Lower back pain has become a major global health issue, increasing healthcare expenditures and imposing a heavy 

financial burden on patients.[1-3] Although lower back pain involves multiple factors, and its causes have not been 

fully explained, it is generally accepted that intervertebral disc (IVD) degeneration is a contributing component.[4] 

Approaches to treat degenerative IVD include fusion surgery and A-TDR.[5-8] The benefits of A-TDR include 

restoring the range of motion (ROM) and disc height and relieving pain in patients,[9-12] and thus A-TDR has become 

a popular alternative to fusion for treating symptomatic DDD.[13-15] A-TDR devices have undergone substantial 

development and have been used in clinical practice[6, 8, 16-20] around the world since they were proposed in the 

1950s.[21] However, these available A-TDR devices generally have a joint structure design (e.g., ball and socket 

joints,[22] ball and trough joints,[23] and saddle joints[24]) and are composed of a single material (e.g., metal,[7] 

ceramic,[24] polymer,[25] and composite material[26]), which result in mismatched physiological motions and 

homogeneous stiffness properties.[11, 27, 28] In contrast, natural IVD demonstrates unrivaled anisotropic mechanical 

behaviors and excellent performance, which may originate from angle-ply structure and multimaterial 

composition.[29, 30] To date, creating an A-TDR device with multidirectional stiffness similar to that of natural IVDs 

is still a challenge in the field, which may be mostly attributed to the incomplete scientific explanation of 

multidirectional stiffness of natural IVDs in terms of structural and material properties. 

To develop an A-TDR device with multidirectional stiffness, we propose a bioinspired intervertebral disc 

(BIVD-L) device based on the structure and material of natural lumbar IVD. The developed BIVD-L replicates the 



heterogeneous structure of fibers and graded features of the lamellae of natural IVDs in contrast to current A-TDR 

devices. Based on this improvement, the effects of structural parameters and material properties on multidirectional 

stiffness are explored. The research may provide a new approach for engineering designers, materials scientists, 

process engineers, or surgeons who are engaged in the development of A-TDR devices. 

 

2. Results and Discussion 

2.1. Design Strategy of a BIVD–L with Multidirectional Stiffness 

 

Figure 1. Schematic diagram of biological structures, functionalities, and mechanical properties of natural IVD. a) Structural 

characteristics of the FSU, including the superior and inferior vertebra, and natural IVD. b) The unique structure and material properties 

of natural IVD. c) Kinematic behaviors. d) Preservation of disc height. Due to the individual differences in human vertebrae, the disc 

height is also varied.[31] e) Different mechanical properties due to the unique structure and material of natural IVD. E1, E2, E3, and E4 

indicate the different mechanical properties of the four regions of the annulus fibrosus.[27] f) Nonlinear load‒deformation behavior.[32] 

Figure 1 demonstrates the biological structure, and functional and mechanical properties of the human functional 

spinal unit (FSU). As shown in Figure 1a, natural IVD is composed of nucleus pulposus (NP), annulus fibrosus 

(AF), and cartilaginous endplates.[33-35] Figure 1b shows the microstructure and material composition of NP and 

AF.[36-38] NP is located in the inner center and is composed of hydrophilic proteoglycans and water. NP is isotropic 



and characterized by a good hydrostatic stiffness,[39] which is much less than that of the surrounding AF that consists 

of type I collagen and proteoglycans. AF consists of collagen fibers and annulus lamellae, and the fibers are 

embedded in the same lamellae with parallel alignment and are positioned crosswise to one another in the 

neighboring lamellae.[29] Fibers have complex orientational and distributional features in space. Furthermore, 

lamellae are functionally graded, and the interior stiffness is less than the exterior stiffness.[40-42] As shown in Figure 

1c, due to its unique structure and material composition, natural IVD shows considerable flexibility and enables the 

FSU to perform kinematic behaviors, e.g., compression, bending, shear and torsion. It also allows preservation of 

the height of the intervertebral space in compression, as shown in Figure 1d, and is characterized by different 

mechanical properties (Figure 1e). These different mechanical properties demonstrate that the physiological 

stiffness of natural IVD is variable (Figure 1f).[43, 44] As a result, the anisotropic mechanical properties are strongly 

associated with the material and proper structure that replicate the key anatomical features of the NP and AF. 

 

Figure 2. Schematic overview of the BIVD-L structural design examined in this study. a) Morphology and shape parameters are 

obtained from CT images. b) Bioinspired design is performed on the external morphology and internal features of natural IVD. c) An 

endplate is designed based on the inferior surface shape of the L4 vertebra, and fixed keels are used to achieve long-term fixation to 

the upper and lower vertebra. d) A bionic engineering model composed of distinct constructs that mimic the structure of natural IVD. 



Inspired by the functionalities and structure of natural IVD, a BIVD-L engineering model that possesses 

multidirectional stiffness properties is engineered in this study (Figure 2). In Figure 2a, the outer shape of natural 

IVD in the L4-L5 segment is obtained based on computed tomography (CT) (Brilliance iCT 256, Philips, 

Netherlands) images of a healthy volunteer (age 28 years, height 176 cm, weight 75 kg). Moreover, the outer shape 

parameters such as the width (WIVD), depth (DIVD), and height of the IVD (H) and the width (WNP) and depth of the 

NP (DNP) are measured. According to the inner structural characteristics of the natural IVD, a BIVD-L structural 

model is established by common computer-aided design (CAD) software (CATIA, V5 R20, Dassault Systèmes, 

France), and the monolithic form is a D-shape that approximates the morphology of natural IVD (Figure 2b). The 

fibers with angles 20°~70° to the transverse plane are embedded in the same annulus lamellae, and the fibers of the 

two adjacent lamellae are arranged in a crisscrossed pattern.[45] The proposed BIVD-L structural model mimics the 

structure of the natural fibers network, and the designed lamellae have graded stiffness for mimicking the graded 

lamellae, where the stiffness is less on the interior than the exterior. NP with isotropy is placed in the structural 

center that is surrounded by the AF. The shape of the endplate is also designed, and the dimensions are confirmed 

based on the size of the inferior surface of the L4 vertebra, such as the width (WLV) and depth (DLV) of the lower 

vertebra. Keels are designed and used to achieve immediate fixation with the superior and inferior adjacent vertebra 

(Figure 2c). The final integrated BIVD-L engineering model comprised of the inner NP, the outer AF, and the 

superior and inferior endplates is then generated (Figure 2d). The detailed dimensions of the BIVD-L are designed 

and listed in Figure S1 and Table S1 in the Supporting Information (details provided in Section S1, Supporting 

Information). 

2.2. Material Properties and Manufacturing Processes 

Polymer materials, especially functionally graded materials (FGMs), have been used for a wide range of applications 

in contemporary interdisciplinary fields such as biomedical implants.[46-49] In this study, advanced polymer materials 

with various Shore hardness values are employed to fabricate a BIVD-L based on the structural design and 

dimensional parameters shown in Figure 3a. The softer Agilus30TM FLX 935 (Stratasys Ltd., Eden Prairie, MN, 

USA) can be mixed with the harder VeroBlackPlusTM RGD 875 (Stratasys Ltd., Eden Prairie, MN, USA) in various 

proportions. VeroPureWhiteTM RGD 837 (Stratasys Ltd., Eden Prairie, MN, USA) has a stiffness similar to that of 

bone and is generally used to manufacture rigid components. The material biocompatibility was assessed in vitro 

by culturing murine osteoblastic MC3T3 cells using a CCK-8 assay (details provided in Section S2, Supporting 

Information). The experimental results indicated that the selected material has mild or slight cytotoxicity. Material 

mechanical tests are carried out using a universal tensile testing machine (KQL computer-controlled electronic 

universal testing machine, China) as shown in Figure S3 in the Supporting Information (details provided in Section 

S3, Supplementary Information). These results showed that the addition of VeroBlackPlusTM RGD 875 increases 

the stiffness of the specimens (Figure 3b) and enables the preparation of stiffness-graded structures. This offers an 

approach to approximating the soft and hard distributions of natural IVD. Therefore, Agilus 30TM FLX 935 is chosen 

as the NP component, FLX 9895 is utilized to fabricate the fiber component, the material with different Shore 



hardness values from FLX 9840 to FLX 9895 is chosen as the material to create a graded lamella, and 

VeroPureWhiteTM RGD 837 is used to manufacture an endplate with sufficient strength. 

 

Figure 3. Material properties, multimaterial fabrication platform and various deformation modes. a) Plot comparing the Shore hardness 

values of Agilus30TM FLX 935, VeroPureWhiteTM RGD 837, and various other materials. b) Stress‒strain graph showing the 

mechanical behavior of materials with Shore hardness values of the Agilus30TM FLX 935, VeroPureWhiteTM RGD 837, and blends of 

materials of different Shore hardness values. c) Illustration of the fabrication of an engineering model by the Polyjet multimaterial 3D 

printer. d) The BIVD-L reproduces the structural and graded characteristics of natural IVD. e) Schematics of the BIVD-L deformation. 

Multimaterial additive manufacturing (MM-AM)[50-52] technology provides a novel opportunity for fabricating 



the complex heterogeneous fiber structure and the graded lamellae design employed in this study. To evaluate the 

BIVD-L mechanical properties, we fabricated the BIVD-L using a commercial multimaterial 3D printer (Stratasys 

PolyJet 850, Stratasys Ltd., Eden Prairie, MN, USA). We translated this engineering model into an instantiated 

physical prototype as shown in Figure 3c (details provided in Section S4, Supporting Information). As shown in 

Figure 3d, we printed a prototype BIVD-L based on the dimensions listed in Table S1 (details provided in Section 

S1, Supporting Information), achieving a mass of approximately 210 g. The printed BIVD-L replicates the structural 

and material characteristics of natural IVD (details provided in Movie S1, Supporting Information). Furthermore, 

due to its extraordinary structural and material properties, the BIVD-L can deform and recover under different 

conditions and exhibits great multidirectional stiffness (Figure 3e). 

2.3. Multidirectional Stiffness Experiment 

To verify the multidirectional stiffness of the BIVD-L, a test apparatus was established using a robotic system, as 

shown in Figure 4a. A schematic diagram of the test apparatus, the three-dimensional coordinate system, three-

dimensional motion and primary loading direction, and test conditions are shown in Figure 4b-d, respectively 

(details provided in Section S5, Supporting Information). 

As shown in Figure 4e, an experiment was performed to assess whether the BIVD-L had multidirectional 

stiffness based on typical spine behaviors (details provided in Movie S2, Supporting Information). The 

corresponding load‒deformation curve is shown in Figure 4f and indicates a nonlinear relationship between the 

input load and output displacement. For left lateral bending, the maximum angle was -8.07° when the moment 

reached -7.5 Nm, but the maximum angle was 6.17° when the moment reached 7.5 Nm for right lateral bending. 

The results illustrated that the left bending stiffness was less than the right bending stiffness. In the flexed state, the 

BIVD-L could bend to 6.66° under a load of 7.5 Nm, and it could bend to -6.1° under a load of -7.5 Nm in the 

extended state. The outcome meant that the stiffness in flexion was less than the stiffness in extension. In the left 

rotation state, the BIVD-L could bend to 6.08° under a load of 7.5 Nm, and it could bend to -7.09° under a load of 

-7.5 Nm in the right rotation state. The results demonstrated that the stiffness was greater in the left rotation than 

the right rotation. In axial compression, the maximum displacement was -6.43 mm when the compressive force 

reached -280 N. Figure 4f showed that the angle or displacement significantly differed with increasing magnitude 

of moment or force, and the angle of rotation and displacement differed under the condition of equal moment or 

force. The above analysis highlights that the stiffness under typical kinematical behavior varied from one case to 

another, which demonstrated that the BIVD-L possessed multidirectional stiffness. In fact, compared to an A-TDR 

device composed of a homogeneous material exhibiting almost equal stiffness under different loading conditions,[11] 

our results primarily showed that the BIVD-L with its angle-ply structure and multimaterial composition 

successfully reproduced nonlinear mechanical properties similar to those of natural IVD by mimicking the typical 



three-dimensional motions of the human FSU. Encouragingly, the load–displacement curve of the BIVD-L is similar 

to that of the natural IVD reported in related literature[43, 44]. To assess effects of the integration and stability of the 

BIVD-L with the artificial vertebrae, the BIVD-L was subjected to a fatigue load test (details provided in Section 

S6, Supporting Information). This fatigue results demonstrated that the BIVD-L remained the integration and 

stability with the artificial vertebrae after 100,000 cycles. Furthermore, this advanced investigation of how several 

intralamellar parameters, such as orientation angle, lamellar hardness and disc height, affect multidirectional 

stiffness plays a significant role in deepening the understanding of anisotropic mechanical properties of natural IVD. 

 

Figure 4. Experimental validation of multidirectional stiffness. a) The test apparatus included a KUKA robotic system, a 6-component 

load cell, fixture, a BIVD-L and an experimental platform. b) Schematic diagram of the multidirectional stiffness test. c) Definition of 

the three-dimensional coordinate system and definition of the direction of three-dimensional motion. d) Test conditions. e) 

Multidirectional stiffness was tested by mimicking the typical spine kinematic behaviors. f) Typical load–displacement curve. 

 



2.4. Mechanism Analysis of Multidirectional Stiffness 

To further investigate the mechanism underlying multidirectional stiffness, we designed and fabricated several 

samples with different fiber orientation angle, lamellar hardness, and disc height. Detailed images of the different 

BIVD-L samples are listed in Figure S6 in the Supporting Information (details provided in Section S7, Supporting 

Information). The mechanism underlying multidirectional stiffness was analyzed under the same experimental 

platform, conditions, and protocol as described in Section S5 in the Supporting Information. In previous studies, 

Heuer et al.[43] reported the physiological ROM of natural lumbar IVD for intact human cadavers subjected to ± 7.5 

Nm moment in extension/flexion, right lateral bending, and left axial rotation. Wilke et al.,[53] and Hitchon et al.,[54] 

determined the physiological ROM for left/right lateral bending, extension/flexion, and right/left axial rotation by 

natural lumbar IVD of intact human cadavers under ± 7.5 Nm, and ± 6 Nm moment, respectively. Shikinami et al.[55] 

obtained the physiological ROM data under a 900 N compressive force with whole lumbar specimens from fresh 

human cadavers. In this study, these intact human cadaver data were regarded as natural IVD group. 

Figure 5 shows that all the curves exhibit obvious nonlinear characteristics. In particular, Figure 5 shows the 

discrepancy of multidirectional stiffness in a typical kinematic pattern. Figure 5a demonstrates that multidirectional 

stiffness can be controlled by regulating the angle of orientation of fibers. Compared to the 45° orientation angle, 

the stiffness of the orientation angle of 30° decreased, and the stiffness of the orientation angle of 60° increased. 

This result illustrated that a decrease or increase in stiffness in a certain direction can be controlled by changing the 

fiber orientation angle. The optimal fiber orientation angle was found to be 60°, which is similar to that of the natural 

IVD. For 30° or 45° fibers, some of the ROM values are similar to those of the natural IVD. Clearly, our 

experimental results are either similar to or different from those of the natural IVD determined by Wilke et al.[53] 

and Shikinami et al.[55]. In contrast, the experimental results were in approximate agreement with natural IVD data 

from intact human cadavers reported by Heuer et al.[43] and Hitchon et al.[54] This comparison with the natural IVD 

showed that the fiber orientation angle in the center of natural IVD was relatively small, and thus it showed better 

flexibility and was larger at the edge than at the center to show great rigidity. The results illustrated that the fiber 

orientation angle had beneficial influences on multidirectional stiffness and revealed that the fiber orientation angle 

of natural IVD gradually increased from the inner center to the outer edge regardless of whether there were certain 

discrepancies between our results and natural IVD data. This key finding deepens our understanding of how the 

fiber orientation angle affects the anisotropy of natural IVD, and in particular provides a strong experimental support 

for the establishment of appropriate theoretical and physical modeling. 

Figure 5b provides evidence that lamellar hardness may be adjusted to control multidirectional stiffness. The 

stiffness decreased for some specimens with certain hardness values (40A, 50A, 60A, 70A) and increased for other 

specimens with certain hardness values (60A, 70A, 85A,95A). This result illustrated that a decrease or increase in 

stiffness in a certain direction can be controlled by altering the hardness of the lamellae. Compared to those of the 

natural IVDs, the optimal lamellae are hardness values (60A, 70A, 85A, 95A). The partial ROM for hardness values 

(40A, 50A, 60A, 70A) and (50A, 60A, 70A, 85A) is also similar to that of the natural IVD. From Figure 5b, we can 



observe certain similarities and disparities in with the data from natural IVDs of intact human cadavers.[43, 53-55] This 

comparison with the natural IVD illustrates that the hardness in the center of the natural IVD is relatively small, so 

it can undergo a greater deformation, then gradually increases closer to the edge, producing smaller deformations 

radially. Although there are certain differences from natural IVD data, a key finding for this disparity proved that 

the anatomical stiffness of natural IVD can be matched by regulating the hardness of the lamellae, which 

demonstrated that, with reference to our experimental results, the annulus lamellae of natural IVD of the human 

spine actually has a graded structure from the inner to the outer lamellae, and highlighted the potential of mechanical 

grading as a way to control multidirectional stiffness.  

Figure 5c demonstrates that there was less stiffness for the disc height of 8 mm than 10 mm and more stiffness 

for the disc height of 12 mm. These results illustrated that a decrease or increase in stiffness in a certain direction 

can be controlled by regulating the disc height. The optimal disc height was 8 mm, which is similar to that of the 

natural IVD. The partial ROM values for heights of 10 mm and 12 mm are also similar to those of the natural IVD. 

Apparently, our experimental results for lateral bending and axial rotational motions showed that natural IVD was 

higher at the center than the edge, while the flexion and extension results indicated that the anterior was higher than 

the posterior, and the axial compression results indicated that the overall height of natural IVD was less, in 

agreement with the morphological height of natural IVD.[56] The discrepancy with the data from natural IVDs 

showed that the natural disc height is more variable than that revealed in our experimental data, emphasizing the 

approach to achieve multidirectional stiffness by adjusting the disc height. This supports the potential role of disc 

height in explaining the anisotropic mechanical properties of natural IVDs. 

Little is known in general about the anisotropic mechanical properties of natural IVD. Although the anisotropic 

mechanical behavior was explored only in terms of fiber orientation in a previous finite element simulation study,[57] 

our research reveals a key finding that the multidirectional stiffness can be controlled by regulating the fiber 

orientation angle, lamellar hardness and disc height. To our knowledge, no BIVD-L with multidirectional stiffness 

based on bionic and MM-AM technology has previously been reported or investigated, and the mechanism for the 

multidirectional stiffness of natural IVD has not previously been analyzed. This finding demonstrates how 

heterogeneous structure and mulitimaterial properties can regulate the anisotropic mechanical properties of natural 

IVD, providing crucial insights into the relationships between the unique structure, function and performance of 

their complex native tissue. Despite the successful demonstration of the multidirectional stiffness and mechanism 

of the BIVD-L using an established test apparatus with a robotic system, it is apparent limitations that some 

ligaments and facet joints which affect the mechanical properties of the FSU were not considered. Compared to 

experimental results, the finite element prediction results reported were approximate to the data of natural IVD. This 

result showed that ligaments complex and facet joints could affect the mechanical properties. Meanwhile, the 

biocompatibility in vivo and regeneration were not yet taken into account in this study. The biocompatibility 



experiments in vivo are helpful to eliminate the interference of other factors and can fully reflect the clinical 

transformation prospect. In the future, we will explore biocompatibility in vivo and tissue repair and regeneration 

associated with natural IVD [58-60] and monitor tissue rehabilitation after discectomy.[61] 

 

Figure 5. Effect of fiber orientation angle, lamellar hardness, and disc height on multidirectional stiffness and comparisons with data 

from natural IVDs in the literature. a) Effect of fiber orientation angle on stiffness for the artificial and natural IVDs. b) Effect of 

lamellar hardness on stiffness for the artificial and natural IVDs. c) Effect of disc height on stiffness for the artificial and natural IVDs. 



3. Conclusion 

We proposed an approach for an A-TDR implant design using bionic technology to reproduce the unique structure 

and material properties of natural IVD with excellent mechanical properties. The proposed BIVD-L was fabricated 

using a multimaterial 3D printer. The proposed BIVD-L with angle-ply structure and multimaterial composition 

mimics the multidirectional stiffness and mechanical functionality of natural IVD. We also demonstrated that 

multidirectional stiffness can be controlled by modulating in fine-scale structural parameters such as fiber 

orientation angle, annular lamellae hardness, and disc height. This approach using multimaterial composition and 

heterogeneous structure is expected to be applicable to making different TDR implants with multifunctionality, good 

performance and excellent mechanical functionality superior to that of homogeneous implants. There are still some 

major challenges to understanding the evolution of anisotropic behavior in a comprehensive way due to the 

physiological complexity and individual differences of natural IVD. This study offers a scientific explanation of 

anisotropic behavior in natural IVD and marks a significant advance in our understanding of the relationships 

between the angle-ply structure, multimaterial composition and anisotropic behavior of the human spine disc. The 

results of this study may also provide a rational approach for the design of the next generation of A-TDR implants 

to replace current A-TDR devices, supply technical support for the expansion of the functional range and the 

improvement of their mechanical properties, and bring new insight and inspiration to researchers and surgeons 

engaged in applications of A-TDR.  
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A bioinspired intervertebral disc (BIVD-L) with a heterogeneous fiber structure and graded lamella characteristics 

based on multimaterial properties and bionic technology is proposed in this research. The proposed BIVD-L 

reproduces the multidirectional stiffness of the natural IVD and further explains the mechanisms underlying 

multidirectional stiffness. The proposed BIVD-L demonstrates potential advantages for the development of 

biomedical devices. 


