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Abstract: In the design of compliant mechanisms, thin flexural members, consisting of bends and curves, can be used 

to produce a controlled path of rotation under load, which could benefit the design of cervical artificial disc replacements 

(c-ADR) for example to improve compliance and avoid adjacent segment degeneration. However, to date, there is little 

literature to characterize the design and mechanical properties of additively manufactured flexural members, limiting 

crucial data needed to inform implant design. To address this knowledge gap, the goal of this work is to design and 

additively manufacture a family of primitive flexures to explore how different design features affect the resulting 

mechanical response under load. Several flexure primitive design features were varied within a common 3-prong flexure 

component design, including flexure thickness, overhang angle, and number of bends. The response of these designs was 

then analyzed through applied loading (non-destructive cyclic bending and compression to failure) based on a targeted 

application of a compliant mechanism for cervical artificial disc replacements. The ability to realize complex parts with 

latticed or flexible features has value in improving compliance in orthopaedic applications. The primitive flexure designs 

were printed using Ti6Al4V on the EOS M290 laser powder bed fusion system. For mechanical testing, the flexures were 

printed between custom-designed endplates to attach to the AMTI VIVO joint motion simulator. The deformation 

response was captured using the ARAMIS 3D digital image correlation system. Testing results indicated that thicknesses 

of at least 1mm were required in Ti6Al4V flexures to replicate the axial compressive stiffness in the cervical spine. 

Introduction of compliant flexure zones led to a negligible reduction in stiffness, while increasing structure compliance 

in compression and rotation. 
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1. Introduction 

Compliant mechanisms are mechanical structures that achieve controlled deformation along a path through the elastic 

deformation of its members rather than the articulation of joints. Many types of compliant mechanisms currently exist, 

such as springs, or bending points of different thicknesses along a rigid body, as compiled by Howell [1, 2]. These 

mechanisms can be developed through different methodologies [1], but the critical aspect is the controlled deformation 

path [3]. Due to the complex geometries required for compliant mechanisms, additive manufacturing holds promise, with 

its compatibility in printing monolithic bodies and providing a lower time cost from design to product. Additive 

manufacturing has also become increasingly common in the orthopaedics space, being used to print complex geometries, 

porous materials, latticed structures, and osseo-integrative implant components [4-7].  

Howell’s method for design of compliant mechanisms [1, 2] involves creating a design library and then evaluating against 

design parameters for the design space. General considerations for compliant mechanisms include fatigue life of the 

design, material selection, stiffness, range of motion. For a target application of a cervical artificial disc replacement (c-

ADR), it is important to also consider the biomechanics of the design space. Intervertebral discs (IVDs) are the primary 

joints between vertebrae, and are present in the cervical, thoracic, and lumbar spine. IVD biomechanics are complex, due 

to the anatomical differences in biological cell types in its’ inner and outer sections. IVDs are made up of a soft squishy 

gel-like nucleus pulposus (NP) surrounded by a tough supportive annulus fibrosus (AF). IVDs carry the bulk of the 

compressive load in the cervical vertebral motion segment and experience flexion-extension, lateral bending, and axial 

torsion in the neck [8]. The IVD’s stiffness in compression is reported as 800 N/mm [9].  While latticing has been used 

for implants such as spinal cages [10], latticing largely benefits bone growth and stability of the implant, whereas c-ADR 

requires highly controlled mobility under load, a task which flexures are better suited to through localized movement 

through elastic deformation. The introduction of flexures is aimed at addressing the gap of adjacent segment degeneration 

(ASD), which still occurs in 15-20% of c-ADR procedures [11]. 

In this study, we aim to design and additively manufacture a family of primitive flexures to explore how different design 

features affect the resulting mechanical response under load. It was hypothesized that, by developing better understanding 

of primitive features like flexure thickness, overhang angle, and number of bends, the flexural deformation response 

under bending and compressive loading could be optimized in future c-ADR designs to match the IVD behaviour. 
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2. Materials and Methods 

2.1. Design Generation 

The design space considered was with a 15x15mm rectangular footprint, and a height of 6mm, matching sizing data for 

current c-ADR [12]. The starting design space considered two ‘endplates’ to serve as hypothetical interfaces with superior 

and inferior vertebral endplates, with flexural elements connecting the endplates and providing the ‘compliance profile’ 

of the mechanism. Previous work on this topic by the same authors [13] showed that 2-element designs showed lower 

stiffness and weaker compressive strength than 3-element designs, so 3-element designs, such as the one shown in Figure 

1, were the focus of this work, in an attempt to better match the target properties of c-ADR. 

 

Figure 1. A sample flexure in the design space. Three flexure prongs with built-in compliant zones to allow for translation and 

rotation under loading, shown in the print orientation on the PBF-LB build plate (a-left) and its orientation under load (b-right) 

The family of flexure elements considered have various properties that define their mechanical behaviour, such as 

thickness, overhang angle from the endplates, number of designed compliance zones, shape of the cross-sectional area, 

and infill variation, such as solid, hollow or latticed. The first three properties were selected for this work to observe the 

effect that variations had on the mechanical behaviour. In total, 10 different designs were generated, shown below in 

Table 1. Flexure types 1-7 all had 3 compliant zones per flexure, while Types 8-10 had 0, 1, and 2 compliant zones each 

respectively. These designs were all printed (n=3) via PBF-LB (EOS M290, EOS, Germany) in Ti6Al4V (AP&C – Ti-

6Al-4V Grade 5, Grade 23 (Fine), AP&C, Canada).  

Table 1. Code index with thicknesses and overhangs of printed parts. Types 1-4 were tested to study thickness, types 2, 5-7 to study 

overhang, and types 2, 8-10 to look at number of compliant zones per flexure 

Type Thickness 

[mm] 

Overhang 

[deg] 

Type Thickness 

[mm] 

Overhang 

[deg] 

1 0.5 40 6 0.7 45 

2 0.7 40 7 0.7 50 

3 1 40 8 0.7 33.8 

4 1.5 40 9 0.7 40 

5 0.7 37.5 10 0.7 40 

2.2. Design Evaluation 

To characterize the mechanical behaviour using digital image correlation (DIC), each successfully manufactured flexure 

part was first painted with a white matte coat and then speckled with black spray paint, to produce a random distribution 

of points. Each flexure part was tested on the VIVO joint motion simulator (AMTI, USA) with a custom input waveform 

to provide three cycles at 0.05Hz of  ±6° rotation in the plane of flexure rotation, about the axis perpendicular to the view 

shown in Figure 1b, followed by a compressive load from 0 to -1.8mm of displacement in the z-axis, at a rate of 0.1 

strain/minute, per ISO 13314:2011. The Aramis 3D DIC system (Zeiss, Germany) was used to track the 3D displacement 

of the flexure members during the waveform. Data was recorded at a rate of 1Hz during the mechanical testing. 

3. Results and discussion 

All samples printed successfully, except for one type 1 part which broke upon receiving for analysis. All samples were 

able to successfully complete three cycles of ±6° rotation in the plane of flexure rotation. Porosity of a sample flexure 

was 0.02%, while average surface roughness measured on side-skin of a 1mm thickness flexure sample was 24.35um. 

Compliant 

Zones 
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Flexure types 2-5, 8-10 had n=3 samples tested, while flexure types 6 and 7 had n=2 samples tested due to a mechanical 

equipment fault causing premature specimen failures. Axial stiffness values were calculated from the slopes of the force-

displacement curves during compressive loading up to 30% strain, along with the measured axial load and measured 

axial strain of the flexures relative to the bottom endplate. Loads and axial displacements were reported at failure, or at 

the max value of 30% applied compressive strain. The average in-plane displacement of the flexures is reported during 

the ±6° of rotation, at the maximum range of motion of the flexures. The effect of thickness on these properties is shown 

in Table 2, from flexures of 0.5, 0.7, 1, and 1.5mm thickness (Types 1-4). The effect of overhang from the endplates is 

shown in Table 3, from flexures of 37.5, 40, 45, and 50 deg overhang (Types 5, 2, 6, 7). The effect of the number of 

compliant zones per flexure is shown in Table 4, from flexures with 0, 1, 2, and 3 compliant zones (Types 8-10, 2). 

Table 2. Effect of flexure thickness on axial stiffness, compressive load and axial displacement at failure or test end (designated 

with *), and average in-plane flexure displacement during maximum range-of-motion 

Type Stiffness [N/mm] Failure load [N] Failure Z-disp [mm] Avg. In-Plane disp. [mm] 

1 815 ± 97 104.79 ± 16.27 0.13 ± 0.01 0.19 ± 0.00 

2 3268 ± 1075 354.30 ± 14.56 0.12 ± 0.04 0.17 ± 0.00 

3 11870 ± 1496 1027.70 ± 8.81* 0.09 ± 0.01* 0.16 ± 0.02 

4 78861 ± 22378 1228.00 ± 6.10* 0.02 ± 0.00* 0.13 ± 0.01 

 

Table 3. Effect of flexure overhang from the endplates on axial stiffness, compressive load and axial displacement at failure or test 

end, and average in-plane flexure displacement during maximum range-of-motion 

Type Stiffness [N/mm] Failure load [N] Failure Z-disp [mm] Avg. In-Plane disp. [mm] 

5 2536 ± 364 402.80 ± 1.30 0.16 ± 0.02 0.18 ± 0.01 

2 3268 ± 1075 354.30 ± 14.60 0.12 ± 0.04 0.17 ± 0.00 

6 1457 ± 58 263.00 ± 6.10 0.18 ± 0.00 0.18 ± 0.00 

7 749 ± 318 207.10 ± 3.40 0.30 ± 0.12 0.19 ± 0.01 

 

Table 4. Effect of number of compliant zones per flexure on axial stiffness, compressive load and axial displacement at failure or 

test end, and average in-plane flexure displacement during maximum range-of-motion 

Type Stiffness [N/mm] Failure load [N] Failure Z-disp [mm] Avg. In-Plane disp. [mm] 

8 3456 ± 105 494.40 ± 10.39 0.14 ± 0.01 0.16 ± 0.01 

9 2912 ± 1189 399.10 ± 5.70 0.15 ± 0.05 0.15 ± 0.01 

10 1765 ± 198 345.80 ± 5.20 0.20 ± 0.02 0.16 ± 0.01 

2 3268 ± 1075 354.30 ± 14.60 0.12 ± 0.04 0.17 ± 0.00 

 

 

Figure 2. A measurement of a Type 2 sample flexure under axial compression at the start of the (left) and at the end (b-right). 

Flexures frequently failed due to buckling from the compressive force, in the middle of the flexure 

There are several takeaways on the viability of different design features of a compliant flexure mechanism for a c-ADR 

implant design that can be taken from these results. Thicker flexures produced stiffer, stronger flexures that can withstand 

higher loads but experience smaller deformations, both in the axis of loading and in-plane during flexure rotation. 

Increasing the overhang angle of the flexures from their endplates both weakens and lowers the stiffness of the flexures 

in compressive loading. This is likely due to the greater ratio of ‘horizontal components’ present that reduces the amount 

Flexure  

Buckling 
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of material present to oppose the axial compressive force. Increasing the overhang angle increases the amount of 

displacement, both in the axis of loading and in-plane during rotation providing higher compliance. Increasing the 

number of compliant zones had insignificant effect on stiffness until a 3rd compliant zone was added, while it continually 

decreased the maximum compressive load of the flexures. It did increase the in-plane displacement during rotation, which 

suggests that the compliant zones succeed in making the flexure more compliant. Notably, introducing the first two 

compliant zones in the flexure path, had no effect on axial stiffness, while weaking failure load and increasing compliance 

during compression and rotation. This suggests adding a small number of compliant zones would be an effective method 

for increasing the compliance of thicker, stronger flexures in the desired plane of rotation. 

There are limitations to this exploratory study for the design and analysis of primitive flexures. Due to the small number 

of samples printed for each flexure type, and with two flexure types having only two tested samples, no detailed statistical 

analysis was performed. However, the small variance in the mechanical analysis data does indicate reliable findings from 

additively manufactured primitive flexure design features that can be actioned in future c-ADR design concepts.  

4. Conclusion 

In the context of the targeted application of c-ADR, only flexure type 1 being 0.5mm thick achieved the same level of 

axial stiffness reported in literature for a c-ADR. A low to medium thickness flexure, 0.5-1mm in thickness, with an 

overhang angle ≥ 40deg from the endplates, and with multiple compliant zones would provide the appropriate mix of 

axial stiffness, axial strength, and rotational compliance to warrant further development as a c-ADR implant to help 

address ASD. Next steps include further characterization of flexure fatigue strength, both in compression and rotation, 

testing additional rotational moments to simulate the physiologic loading of axial torsion and lateral bending, as well as 

center of rotation effect from varying flexure parameters. This flexure testing is proposed before actualization of a 

flexure-based c-ADR implant, which would then require detailed investigation of the biocompatibility and surface 

characterization before clinical use.   
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