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Highlights:  

 A hybrid compliant revolute joint is proposed to enhance directional stiffness without 

compromising rotational compliance. 

 Directional stiffness is achieved through strategic distribution of structural PLA reinforcement ribs 

within a compliant TPU matrix. 

 Finite element analysis shows that the hybrid joint achieves a significantly higher off-axis to on-axis 

rotational stiffness ratio than mono-material designs. 

 The design is compatible with monolithic fabrication via dual-material fused deposition modelling. 

Abstract: Compliant revolute joints (CRJs) offer advantages in terms of frictionless motion, 

compactness, and monolithic fabrication, but their practical application is often constrained by an 

inherent stiffness–flexibility trade-off. High rotational compliance is typically accompanied by 

insufficient resistance to off-axis deformation, leading to parasitic motion and reduced directional stability. 

To address this challenge, this study proposes a hybrid CRJ designed to enhance directional stiffness while 

maintaining large elastic rotational capability. The joint integrates stiff polylactic acid (PLA) 

reinforcement ribs within a compliant thermoplastic polyurethane (TPU) matrix, with material 

distribution strategically tailored to suppress off-axis deformation without compromising the intended 

rotational motion. The design is compatible with monolithic fabrication via dual-material fused 

deposition modelling (FDM). Finite element analysis, informed by experimentally characterised material 

and interfacial properties, is employed to evaluate the mechanical performance of the proposed joint. The 

results demonstrate that the hybrid joint exhibits a significantly higher ratio of off-axis to on-axis rotational 

stiffness compared with mono-material PLA and TPU joints, indicating effective suppression of parasitic 

deformation while preserving rotational compliance. 

Keywords: compliant revolute joints; hybrid-material design; off-axis to on-axis stiffness ratio; 

dual-material fused deposition; finite element analysis 
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1. Introduction 

Compliant mechanisms (CMs) achieve motion, force, or energy transmission through elastic 

deformation of flexible members rather than through discrete rigid-body joints [1]. Compared with 

conventional rigid-body mechanisms assembled from multiple components connected by kinematic 

pairs, CMs are typically monolithic structures interconnected by flexure elements, which eliminates 

sliding or rolling interfaces and thereby reduces friction and backlash [2]. These characteristics enable 

compact, lightweight designs with high motion accuracy, and have led to the widespread adoption of 

CMs in applications such as articulated and continuum robotic systems, where geometric compactness 

and precise motion are critical [3–5]. 

In such applications, rotational motion is commonly realised using compliant joint (CJ) architectures 

based on elastic bending. When a single, dominant rotational degree of freedom (DOF) is required, 

compliant revolute joints (CRJs) are often preferred. Nevertheless, CRJ designs inherently inherit the 

stiffness–flexibility trade-off of CMs [6,7]. Increasing joint compliance facilitates large elastic rotations 

about the intended axis but often leads to insufficient resistance to off-axis deformation under external 

loading. Conversely, increasing joint stiffness improves resistance to unintended deformation modes, 

but restricts the achievable elastic rotation and increases mechanical resistance to motion [8]. Achieving 

large elastic rotational capability while maintaining adequate directional stiffness therefore remains a 

central challenge in CRJ design. 

To address this challenge, a range of design strategies has been explored. Geometry-based 

approaches enhance directional stiffness through tailored joint shapes or flexural arrangements, but often 

do so at the expense of reduced compliance along the intended rotational axis, leading to limited off-axis 

to on-axis stiffness ratios [9,10]. Reinforcement-based approaches introduce locally stiff features to 

increase bending resistance; however, such designs frequently rely on single-material implementations 

or multi-part assembly, which can introduce fabrication complexity, assembly tolerances, and reduced 

structural consistency [11]. As a result, the development of a structurally simple, monolithic CRJ that 

achieves a high off-axis to on-axis rotational stiffness ratio while remaining readily manufacturable 

remains insufficiently addressed. 

In this context, hybrid-material design offers a promising route to decouple rotational compliance 

from directional stiffness at the joint level. By spatially distributing stiff and compliant materials within 

a single joint geometry, it becomes possible to selectively enhance resistance to undesired deformation 

modes without compromising the intended compliant motion. Accordingly, this study proposes a hybrid 

CRJ fabricated via dual-material fused deposition modelling (FDM), in which stiff polylactic acid (PLA) 

reinforcement ribs are integrated within a compliant thermoplastic polyurethane (TPU) matrix. Through 

tailored material distribution, the proposed joint aims to enhance off-axis stiffness while preserving large 

elastic rotational compliance, providing an effective joint-level strategy for improving directional 

stiffness in CRJ design. 
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2. Design, fabrication, and evaluation methods 

2.1. Design requirements 

Previous CRJ designs often suffer from limited directional stiffness and excessive off-axis deformation, 

particularly when large elastic rotations are required. These limitations originate from the inherent 

stiffness–flexibility trade-off of CMs, in which increasing rotational compliance about the intended axis 

is frequently accompanied by reduced resistance to unintended deformation modes. To address these 

limitations at the joint level, the proposed CRJ is designed to satisfy the following mechanical and 

structural requirements: 

 Large elastic rotational capability: The joint shall accommodate elastic rotations of up to ± 1.5 

rad about the primary rotation axis without yielding or permanent deformation and shall fully 

recover its original configuration upon unloading. 

 Strong directional compliance: The joint shall exhibit a high ratio of off-axis to on-axis rotational 

stiffness, enabling compliant motion along the intended rotational axis while effectively 

suppressing parasitic off-axis deformation. 

 Structural simplicity and manufacturability: The joint shall maintain a compact and monolithic 

structure that is compatible with FDM, avoiding complex multi-part assembly or post-processing. 

2.2. Conceptual structural design and hybrid material strategy 

(1) Baseline joint geometry 

A variety of structural configurations have been proposed for CRJs, including long single-blade 

flexures, notch-based hinges, and curved flexure hinges, each offering different trade-offs between 

flexibility and constraint capability [12–15]. Amongst these, the single-blade designs are widely 

employed in CRJs due to their structural simplicity and ease of fabrication, and are also commonly used 

as fundamental elements in more complex CRJs [16–18]. 

As illustrated in Figure 1a, the single-blade configuration permits three deformation modes: two 

in-plane motions, i.e., rotation about the z-axis (Rz) and translation along the x-axis (Tx), as well as 

an out-of-plane motion about the y-axis (Ry). The presence of this out-of-plane motion (Ry), which 

constitutes an undesired off-axis deformation relative to the intended on-axis rotation about z-axis (Rz), 

arises from the insufficient geometric constraint inherent to the single-blade design, and may lead to 

reduced kinematic precision [19]. 

To overcome this limitation, a symmetric diamond-shaped configuration is proposed, as shown in 

Figure 1b. As a multi-beam compliant structure, it forms a coupled system with enhanced geometric 

constraints. Based on the equivalent wire-beam representations of the structures in Figure 1, the 

diamond-shaped configuration can be interpreted as an extension of the single-blade design with two 

additional folded-beam flexures, thereby introducing extra constraints. Through the kinematic 

compatibility of the overall structure, these added constraints significantly increase the out-of-plane 

stiffness to suppress the off-axis rotation (Ry), thereby enabling a more well-defined on-axis rotational 

behaviour about the z-axis (Rz). 

Therefore, the diamond-shaped configuration is adopted in this study as a representative architecture 

to explore stiffness modulation via multi-material design, owing to its superior constraint capability. It 



Adv. Equip  Article 

 4 

should be emphasised that the focus of this work is not on geometric optimisation, but on demonstrating 

the feasibility and effectiveness of hybrid material strategies. 

  

(a) (b) 

Figure 1. Comparison of CRJ configurations and their equivalent wire-beam models: (a) single-blade 

CRJ; (b) diamond-shaped CRJ. 

(2) Hybrid material strategy for directional stiffness enhancement 

Although the diamond-shaped geometry provides improved directional compliance, a mono-material 

implementation of this design still faces an inherent stiffness–flexibility trade-off at the joint level. The 

use of high-modulus materials enhances resistance to off-axis bending and torsion, but significantly 

reduces compliance about the intended rotational axis. Conversely, low-modulus materials permit large 

elastic rotations but provide insufficient resistance to off-axis deformation. 

These limitations indicate that geometric tailoring alone is insufficient to decouple rotational 

compliance from directional stiffness. To address this challenge, a hybrid-material CRJ is proposed, as 

illustrated in Figure 2, with key geometric dimensions defined in Figure 3. In this design, a compliant 

matrix is locally reinforced by high-stiffness ribs embedded within the diamond-shaped geometry. 

Inspired by the I-beam principle [20], the reinforcement ribs are positioned along the lateral edges 

of the joint, away from the neutral axis (NA) associated with bending in undesired directions. This 

material redistribution increases the second moment of area of the joint cross-section for off-axis 

bending, thereby enhancing directional stiffness while preserving compliance about the intended 

rotational axis. 

  

(a) (b) 

Figure 2. Schematic analogy between: (a) classical I-beam cross-section; (b) proposed hybrid CRJ 

with stiff reinforcement ribs positioned away from the NA. 

Blue (⟳): allowed rotation 

Red (⟳): constrained rotation 
Blue (→): allowed translation 
Black (●): fixed to the ground 
Red (●): fixed to the motion stage 
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(a) (b) 

Figure 3. Dimensions of the diamond-shaped hybrid CRJ: (a) front view; (b) side view (units: mm). 

2.3. Material selection  

Material selection for the proposed CRJ is guided by a systematic materials selection approach based on 

the Ashby method [21], in accordance with the hybrid material strategy for directional stiffness 

enhancement. Accordingly, the material selection problem is decomposed into two complementary 

tasks: selection of a compliant material governing on-axis rotational compliance, and selection of a stiff 

material for the reinforcement ribs. All selected materials are further required to minimise structural 

weight and be compatible with dual-material FDM, with particular consideration given to interfacial 

compatibility and process stability in multi-material printing. 

For the compliant matrix, elastic bending dominates the deformation behaviour and directly 

determines the achievable rotational compliance of the joint. Two material indices were therefore 

established. The first index, 𝑀1 = 𝜎𝑓/𝐸, represents the strength-to-stiffness ratio and approximates the 

maximum recoverable elastic strain prior to yielding. The second index, 𝑀2 = (𝐸𝜌)/𝜎𝑓
2, penalises high 

stiffness and density relative to strength and is associated with minimising elastic energy storage per unit 

mass during deformation, which is beneficial for reducing actuation torque requirements and improving 

energy efficiency, where E is Young’s modulus, σf is the yield strength, and ρ is the material density. 

Mapping these indices onto Ashby charts of specific strength (σf /ρ) versus specific modulus (E/ρ), 

generated using Ansys Granta EduPack (2024 R1), identifies elastomeric polymers as the most suitable 

candidates for the compliant region. Among FDM-compatible elastomers, TPU95A was selected due to 

its high elastic strain capacity, low density, and reliable processability. 

For the reinforcement ribs, the primary requirement is high specific stiffness to enhance off-axis 

rigidity and resistance to compressive and bending loads without introducing excessive mass. PLA 

exhibits a comparatively high specific modulus 𝐸/𝜌 , positioning it in the upper region of the 

corresponding Ashby chart and making it well suited for stiffness enhancement through material 

distribution. In addition, PLA offers stable and well-characterised FDM processability, particularly 

under ambient or non-enclosed printing conditions where thermal control is limited, enabling the 

fabrication of slender reinforcement features with good dimensional accuracy and repeatability without 
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significant warping or distortion, in contrast to materials such as ABS [22]. Accordingly, PLA was 

selected as the stiff reinforcement material for the hybrid joint architecture. 

Furthermore, the PLA–TPU material combination was selected not only based on mechanical 

performance, but also considering manufacturability and interfacial compatibility in dual-material FDM. 

For the Ultimaker S3 platform, PLA and TPU exhibit a relatively compatible printing conditions, 

enabling stable co-printing without complex process adjustments. This selection is further supported by 

the manufacturer guidelines for the Ultimaker S3 platform, which identify PLA–TPU as one of the few 

practically feasible dual-material combinations in terms of interfacial bonding behaviour [23]. 

2.4. Fabrication via dual-material FDM  

The proposed hybrid PLA–TPU CRJ was fabricated using a dual-extrusion FDM printer (Ultimaker S3). 

The detailed printing parameters for both materials are summarised in Table 1. Process parameters were 

primarily based on the default Ultimaker Cura settings and subsequently adjusted to improve interfacial 

bonding between dissimilar materials within the hybrid joint. In particular, the extrusion temperature of 

TPU was increased to 235 °C when deposited adjacent to PLA regions, while active cooling was locally 

disabled in the interfacial zones. This strategy promotes partial re-melting and enhanced polymer 

diffusion at the PLA–TPU interface, thereby improving inter-material adhesion and reducing the likelihood 

of interfacial delamination during large elastic deformation. The internal material distribution of the hybrid 

joint, together with a representative fabricated specimen, is shown in Figure 4a and Figure 4b, respectively, 

where the PLA reinforcement ribs are shown in blue and the TPU compliant matrix is shown in black. 

Table 1. Dual-extrusion FDM printing parameters for the hybrid PLA–TPU CRJ. 

Parameter Extruder 1 (PLA) Extruder 2 (TPU 95A) 

Nozzle diameter (mm) 0.25 0.4 

Printing temperature (°C) 205 235 

Print speed (mm/s) 40 25 

Layer height (mm) 0.2 0.2 

Line width (mm) 0.25 0.4 

Cooling fan speed (%) 80 10 

Retraction speed (mm/s) 45 45 

Prime tower Enabled Enabled 

  

(a) (b) 

Figure 4. Fabrication of the hybrid PLA–TPU CRJ: (a) sectional view of the hybrid joint in 

Ultimaker Cura; (b) photograph of the fabricated hybrid PLA–TPU CRJ. 
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2.5. Finite element modelling and simulation methods 

Finite element analysis (FEA) was employed to investigate the mechanical behaviour of the proposed 

diamond-shaped CRJ under different rotational loading conditions. The primary objective of the FEA 

simulations was not to predict absolute stiffness values with high numerical precision, but rather to 

enable a consistent and quantitative comparison between different material configurations and structural 

layouts. In particular, the simulations aimed to evaluate the influence of hybrid material distribution on 

on-axis compliance, off-axis stiffness, and overall directional stiffness ratios. 

All simulations were conducted using the commercial finite element software ABAQUS/CAE 

(2024) with the implicit solver. Large-deformation effects were considered throughout the analysis to 

capture the nonlinear geometric behaviour inherent to CMs subjected to finite rotations. To ensure a fair 

comparison, all joint configurations shared identical external geometries and boundary conditions, 

differing only in material composition and internal structural features. 

(1) Joint configurations 

Three joint configurations were analysed: a mono-material PLA joint, a mono-material TPU joint, 

and a hybrid PLA–TPU joint, as illustrated in Figure 5a–c. In addition, a standalone PLA reinforcement 

rib was included as a reference configuration (Figure 5d) to characterise the intrinsic stiffness of the 

reinforcement element and to evaluate the effectiveness of the structural reinforcement strategy. All 

models shared identical external geometries (see Figure 3) to ensure that the observed differences in 

mechanical response were solely attributable to material distribution. The hybrid joint employed an 

approximate PLA-to-TPU volume ratio of 1:8, which was selected as a representative proof-of-concept 

configuration to demonstrate stiffness modulation through material distribution, rather than as an 

application-optimised design. For example, future implementations involving serially connected 

modular CRJ systems may require different material distributions depending on payload conditions, 

accumulated self-weight, and desired motion characteristics. By analysing the PLA rib independently 

and in combination with TPU, its standalone stiffness contribution and its synergistic effect in enhancing 

directional stiffness within the hybrid joint could be clearly distinguished. 

 

 

Figure 5. Diamond-shaped CRJs with different material configurations: (a) PLA; (b) TPU; 

(c) hybrid PLA-TPU; and (d) standalone PLA reinforcement rib. 

(2) Constitutive material models 

The mechanical properties of additively manufactured polymers are strongly influenced by processing 

parameters, including print orientation, layer height, and extrusion temperature [24]. As a result, material 

data reported in the literature may not accurately represent the behaviour of the FDM-printed components 

(a) (d) (c) (b) 
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investigated in this study. To ensure reliable constitutive input for the FEA, experimental material 

characterisation was conducted using specimens fabricated with the same printer, filament, and 

processing parameters as the CRJ prototypes.  

PLA was modelled as a homogeneous and isotropic elastic–plastic material [25], with the anisotropy 

induced by the layer-by-layer nature of FDM neglected, as the dominant loading and deformation 

directions of the joint are parallel to the printed filament layers rather than normal to the interlayer 

interfaces. The elastic response was defined using a linear elastic model characterised by the Young’s 

modulus (E) and Poisson’s ratio (ν), followed by yielding governed by a von Mises yield criterion 

defined by the yield stress (σy). Material parameters were obtained from uniaxial tensile tests conducted 

on FDM-printed PLA specimens in accordance with ASTM D638 (see Appendix A). The material 

properties implemented in the simulations are summarised in Table 2. 

Table 2. Material properties of FDM-printed PLA. 

E (GPa) ν σy (MPa) 

2.6 0.35 53.7 

TPU exhibits pronounced nonlinear elastic behaviour and was therefore modelled as a hyperelastic 

material [26]. In this study, the Marlow hyperelastic model implemented in ABAQUS was adopted, as 

it allows material characterisation based solely on uniaxial tensile test data, without requiring multi-axial 

experimental inputs or assuming a predefined strain energy density function [27]. The hyperelastic 

response of TPU was calibrated using true stress–true strain data converted from uniaxial tensile tests 

conducted in accordance with ASTM D412. The conversion from engineering stress–strain to true 

measures was performed assuming incompressible deformation, where the true strain is defined as 

𝜀𝑡𝑟𝑢𝑒 = ln⁡(1 + 𝜀𝑒𝑛𝑔), (1) 

and the corresponding true stress is given by 

𝜎𝑡𝑟𝑢𝑒 = ⁡𝜎𝑒𝑛𝑔(1 + 𝜀𝑒𝑛𝑔), 
(2) 

where εeng and σeng denote the engineering strain and stress, respectively. The resulting true stress–true strain 

curve used for model calibration is shown in Figure 6. An isotropic material response was assumed in the 

hyperelastic formulation, while potential anisotropy induced by the layer-by-layer nature of the FDM process 

was neglected. 

 

Figure 6. Hyperelastic material parameters of FDM-printed TPU derived from experimental results.  

True stress–strain curve of FDM-printed TPU 
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(3) Interface modelling 

The interface between PLA and TPU was modelled using a surface-based cohesive behaviour 

formulation with a traction–separation law implemented in ABAQUS [28]. For modelling simplicity, 

isotropic interfacial behaviour was assumed, with identical properties assigned in the two shear 

directions throughout the cohesive formulation [29,30], as interfacial shear anisotropy is not a focus of 

this study. 

The elastic response was defined by three interfacial stiffness components—normal stiffness (Knn) 

and shear stiffnesses (Kss and Ktt)—which were treated as numerical penalty parameters and assigned to 

be identical in all directions. For polymer interfaces, a commonly used default value is 106 N/mm2, which 

has been found to be sufficiently high to maintain numerical stability without introducing excessive 

stiffness [29]. Damage initiation was defined using a nominal stress criterion, in which the normal 

traction strength (tnn) was obtained from uniaxial tensile tests conducted in accordance with ASTM D638 

(Appendix B). Two shear traction strength components (tss and ttt) were defined to correspond to the two 

orthogonal shear directions required by the cohesive formulation; however, both were assigned the same 

value based on single-lap shear tests conducted in accordance with ASTM D5868 (Appendix B). 

Damage evolution was governed by an energy-based cohesive law [31]. The Mode I fracture energy 

(GI) was determined from double cantilever beam (DCB) tests following ASTM D5528. Mode II and 

Mode III fracture energies (GII and GIII) were defined to represent shear-dominated delamination modes 

and were both determined from end-notched flexure (ENF) tests following ASTM D7905, with identical 

values assigned for modelling simplicity. Mixed-mode fracture behaviour was described using the 

Benzeggagh–Kenane (BK) criterion, with the BK exponent calibrated from mixed-mode bending 

(MMB) procedures reported in the literature [32]. All cohesive parameters implemented in the finite 

element model are summarised in Table 3, with detailed experimental procedures and fracture energy 

calculations provided in Appendix C. 

Table 3. Cohesive parameters used for modelling the PLA–TPU interface. 

Knn 

(MPa) 

Kss 

(MPa) 

Ktt 

(MPa) 

tnn 

(MPa) 

tss 

(MPa) 

ttt 

(MPa) 

GI 

(mJ) 

GII 

(mJ) 

GIII 

(mJ) 
n 

1.00E + 6 1.00E + 6 1.00E + 6 5.1 6.1 6.1 72 102 102 0.9 

(4) Boundary Conditions and Loading Protocol 

The boundary conditions and loading protocol were designed to evaluate the on-axis rotational 

compliance about the z-axis (Rz), together with the off-axis rotational stiffness associated with rotations 

about the x- and y-axes (Rx and Ry), of the CRJ. The bottom surface of the joint was fully constrained 

using an ENCASTRE boundary condition, restricting all translational and rotational DOF. A reference 

point (RP) was defined at the geometric centre of the top surface, and a kinematic coupling was applied 

to ensure rigid-body motion of the top surface during rotational loading. 

Three independent rotational loading cases were considered to evaluate the joint response about the 

principal and off-axis directions, as illustrated in Figure 7. For the on-axis rotation (Figure 7a), a 

prescribed rotation of 1.5 rad was applied about the Z-axis to assess the primary compliant motion of 

the joint, while rotations about the remaining axes were constrained to ensure pure axial deformation. 
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To assess the joint’s resistance to unintended off-axis deformation, two off-axis rotational loading 

cases were analysed. A small rotation of 0.03 rad was applied about the X-axis (Figure 7b) to evaluate 

off-axis bending stiffness, with rotations about the Y- and Z-axes constrained. Similarly, a rotation of 

0.03 rad was applied about the Y-axis (Figure 7c) to assess torsional stiffness and potential instability 

behaviour, while rotations about the X- and Z-axes were constrained. 

In all loading cases, rotations about the non-loaded axes were constrained to isolate the intended 

deformation mode and enable a consistent comparison of rotational stiffness and deformation behaviour. 

 

Figure 7. Boundary conditions and deformation modes of the CRJ under rotational loading:  

(a) rotation about the Z-axis; (b) rotation about the X-axis; and (c) rotation about the Y-axis. 

3. Results 

3.1. Directional rotational stiffness of diamond-shaped CRJs 

The rotational behaviour of the diamond-shaped CRJ was evaluated under on-axis (Z-axis) and off-axis 

(X- and Y-axis) loading to assess directional compliance. Under a prescribed 1.5 rad rotation about the 

Z-axis, all joint configurations exhibited an approximately linear moment–angle relationship over the 

full deformation range (Figure 8a). The approximately linear moment–angle relationship observed in the 

present study is attributed to the symmetric diamond-shaped configuration, which does not introduce 

significant nonlinear effects (such as load stiffening) during the primary motion. This linear relationship 

is highly desirable in most engineering applications due to the simplicity of the resulting stiffness 

equation. To enable a clear comparison of the linear response, an enlarged view with a magnified y-axis 

is presented in Figure 8b. Linear regression of the enlarged responses was used to extract the on-axis 

rotational stiffness, showing that the PLA joint requires substantially higher actuation moments, whereas 

both the TPU and hybrid PLA–TPU joints achieve the same rotation with significantly lower moments, 

indicating enhanced on-axis compliance. 

 

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

Figure 8. Moment–angle response of diamond-shaped CRJs under Z-axis rotation: (a) full-range 

moment–angle curves; (b) enlarged view with a magnified Y-axis, showing linear regression fits 

used to extract on-axis rotational stiffness. 

Off-axis rotational responses about the X-axis are shown in Figure 9a. The PLA and hybrid joints 

exhibit a rapid stiffness reduction associated with instability onset, while the TPU joint maintains a 

smooth, monotonic response without a distinct buckling event. As off-axis rotation is not an intended 

operating mode, stiffness was evaluated in the pre-instability regime at an applied moment of 30 Nmm, 

corresponding to the linear elastic response region (Figure 9b). Similarly, the Y-axis moment–angle 

curves (Figure 10a) remain approximately linear over most of the deformation range, with pronounced 

nonlinearity emerging only near the end in the PLA joint due to instability-related deformation. For 

consistent comparison, stiffness values were extracted prior to instability (Figure 10b). 

  
(a) (b) 

Figure 9. Moment–angle response of diamond-shaped CRJs under X-axis rotation: (a) full 

response; (b) pre-instability regime with linear regression fits. 
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(a) (b) 

Figure 10. Moment–angle response of diamond-shaped CRJs under Y-axis rotation: (a) full 

response; (b) enlarged pre-instability view with linear regression fits. 

Directional stiffness was quantified by normalising the off-axis stiffness values by the on-axis 

stiffness, yielding X/Z and Y/Z ratios (Table 4). The hybrid PLA–TPU joint exhibits the highest stiffness 

ratios (X/Z = 830, Y/Z = 235), indicating strong resistance to unintended off-axis rotations while retaining 

compliance about the intended rotational axis. In contrast, the TPU joint shows near-isotropic compliance, 

while the PLA joint remains stiff in all directions and therefore provides limited directional selectivity. 

Table 4. Off-axis-to-on-axis rotational stiffness ratios of diamond-shaped CRJs. 

Joint 

configuration 

 

Rotational 

stiffness about 

the Z-axis 

(N·mm/rad) 

Rotational 

stiffness about 

the X-axis 

(N·mm/rad) 

Rotational 

stiffness about 

the Y-axis 

(N·mm/rad) 

Stiffness Ratio 

(X/Z) 

Stiffness Ratio 

(Y/Z) 

PLA Joint 221 28878 46286 131 209 

TPU Joint 5 422 674 84 135 

Hybrid PLA-

TPU Joint 
17 14104 3987 830 235 

3.2. Stress response and interfacial integrity 

The stress distributions under on-axis rotation about the z-axis (Rz) are shown in Figs. 11 and 12 for the 

hybrid and single-material configurations, respectively. The intended on-axis rotation about the z-axis 

(Rz) corresponds to a significantly larger rotational deformation (1.5 rad) than the off-axis rotations about 

the x- and y-axes (Rx and Ry), which were limited to 0.03 rad, and is therefore considered the governing 

loading condition. Although additional analyses were conducted for off-axis rotations, no more critical 

stress state or additional yielding was identified; therefore, these results are not shown for brevity.  

As shown in Figure 11a, the deformation pattern of the hybrid configuration indicates coordinated 

bending between the compliant outer TPU skin and the embedded PLA reinforcement rib. Owing to the 

higher stiffness of the PLA material, the reinforcement rib experiences higher stress levels than the outer 

TPU skin (11.08 MPa in Figure 11b compared with 4.15 MPa in Figure 11c), suggesting that the PLA 
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rib plays an important role in stiffness support and load transfer during rotational deformation. This 

behaviour is consistent with the intended I-beam-inspired design concept, in which the TPU component 

primarily functions as a compliant web that separates the stiffer PLA reinforcement regions, rather than 

acting as the main stiffness-supporting component. 

As shown in Figure 12a, the single-material PLA joint reaches the highest stress levels and exhibits 

yielding, whereas both the TPU joint (Figure 12b) and the hybrid joint maintain substantially lower 

stresses. Notably, the PLA reinforcement rib embedded within the hybrid joint experiences significantly 

lower peak stress than the standalone PLA rib shown in Figure 12c, indicating more effective load 

redistribution and deformation sharing between the stiff and compliant components. The key stress 

results discussed above are summarised in Table 5 for comparison. 

 
(a) (b) (c) 

Figure 11. Stress distribution in the hybrid joint and its subcomponents: (a) hybrid joint; (b) PLA 

rib; (c) TPU skin. 

 
(a) (b) (c) 

Figure 12. Stress distribution in single-material joints: (a) PLA joint; (b) TPU joint; (c) PLA rib. 

Table 5. Maximum von Mises stress of joint components under Z-axis rotation (1.5 rad). 

Joint configuration Component 
Maximum von Mises stress 

(MPa) 
Yielding observed 

Hybrid joint 
PLA rib 11.09 No 

TPU matrix 4.15 No 

TPU joint — 1.11 No 

PLA joint — 55.54 Yes 

PLA rib (standalone) — 28.62 No 

The interface simulation results indicate that interfacial damage in the hybrid joint is highly 

localised, occurring primarily near the rib–skin connections (see Figure 13), where the cohesive surface 

damage variable CSDMG approaches 1, indicating near-complete local degradation. In contrast, the 

majority of the bonded interface remains in a low-damage state, with CSDMG values close to zero and 

continues to effectively transfer load. Overall, when the hybrid PLA–TPU joint undergoes a 1.5-rad 
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rotation about the Z-axis, its structural integrity remains high. The bonded surface effectively constrains 

relative slip between the two materials, promoting cooperative mechanical behaviour rather than 

interfacial separation. 

 

 

Figure 13. Damage analysis in the PLA-TPU bonded interface of the hybrid joint. 

4. Conclusion  

This study presented the design and numerical evaluation of a hybrid CRJ that enhances directional 

stiffness while maintaining large elastic rotational compliance. By integrating stiff PLA reinforcement ribs 

within a compliant TPU matrix, the proposed joint achieves a substantially higher off-axis to on-axis 

rotational stiffness ratio compared with mono-material PLA and TPU joints, demonstrating improved 

resistance to unintended deformation modes without compromising compliant rotation about the 

intended axis. 

Finite element simulations show that the hybrid joint attains stiffness ratios of X / Z = 830 and 

Y / Z = 235 under identical geometric and loading conditions, significantly exceeding those of  

mono-material counterparts. Stress and interfacial damage analyses further indicate that the hybrid 

material architecture promotes effective load sharing between stiff and compliant components, with 

interfacial degradation remaining highly localised under large elastic deformation. 

These results demonstrate that hybrid material distribution provides an effective joint-level strategy 

for addressing the stiffness–flexibility trade-off in CRJ design. Future work will focus on experimental 

validation of the proposed joint using improved additive manufacturing approaches (such as PolyJet) to 

minimise anisotropic effects and enable more consistent comparison with the numerical model. In 

addition, the influence of material distribution on directional stiffness will be further explored across 

different joint geometries, together with application-specific design optimisation to mitigate stress 

concentration and enhance structural performance. 
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