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Abstract 11 

Variable-stiffness linear mechanisms must combine flexible posture formation with reliable 12 

load support after locking. This paper presents an Inclined Joint Variable Stiffness Linear 13 

Mechanism composed of serial rigid modules with inclined circular contact surfaces and an 14 

internal steel wire. Releasing the wire permits continuous relative rotation at the interfaces and 15 

three-dimensional posture formation. Tensioning the wire compresses the modules so that 16 

interfacial friction and geometric support jointly maintain the posture. A multi-module 17 

prototype with an adjustable worm-gear winding mechanism was developed to accommodate 18 

posture-dependent changes in wire take-up. A Denavit-Hartenberg-based kinematic model and 19 

convex-hull workspace analysis were used to examine the effects of inclination angle and 20 

module number and to compare the proposed configuration with an Orthogonal Semicylindrical 21 

Joint Mechanism (OSJM). A simplified quasi-static model was established to explain direction-22 
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dependent holding behavior. Module-pair experiments evaluated transverse holding capability 23 

and torsional resistance at inclination angles of 30°, 45°, and 60°, and a multi-module 24 

experiment examined the relationship between steel wire tension and holding capability. The 25 

results show that inclination angle affects posture-forming capability, directional holding 26 

capability, and torsional resistance, whereas increasing wire tension improves the holding 27 

capability of the assembled mechanism. The proposed configuration therefore provides a 28 

practical balance between posture-forming capability and multidirectional load support. 29 

Keywords: Variable-stiffness mechanism; inclined joint; posture-forming capability; holding 30 

capability; torsional resistance; steel wire tension 31 

I. Introduction 32 

Flexible robotic mechanisms can conform to surrounding objects, absorb disturbances, and 33 

operate in confined or irregular environments [1]–[3]. These properties are useful in medical 34 

devices, search-and-rescue robots, inspection tools, and manipulators that interact with 35 

uncertain environments. However, excessive compliance impairs positioning, posture retention, 36 

force transmission, and load support. Achieving deformability and reliable load-supporting 37 

capability in one mechanism therefore remains an important challenge. 38 

Variable-stiffness mechanisms [4], [5] address this challenge by switching between a flexible 39 

state for posture formation and a locked state for load support. This function is particularly 40 

important for line-shaped multi-joint structures that must form three-dimensional postures and 41 

then maintain them under external loads. Potential applications include shape-adaptable 42 

supports, steerable tubular structures, and flexible robotic arms. 43 
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Existing approaches include material-based stiffness modulation, jamming, geometric 44 

locking, and friction-based locking. For serial line-shaped mechanisms, internal-tension-45 

element designs are attractive because they are compact and permit continuously adjustable 46 

postures. Conventional spherical-joint configurations, however, rely mainly on inter-module 47 

friction, which limits their holding capability under large bending and torsional loads. 48 

Introducing geometric support into the joint can improve load resistance beyond that 49 

provided by friction alone. Excessive geometric constraint, however, reduces the attainable 50 

three-dimensional posture range. The central design problem is therefore to balance locked-51 

state holding capability with flexible-state posture-forming capability. 52 

53 

 54 

To address this problem, this paper investigates the Inclined Joint Variable Stiffness Linear 55 

Mechanism shown in Fig. 1. Serial rigid modules with inclined circular contact surfaces are 56 

Fig. 1.  Prototype of the proposed Inclined Joint Variable Stiffness Linear Mechanism.  
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threaded by a central steel wire. When the wire is slack, adjacent modules rotate continuously 57 

about the normals to their contact surfaces, allowing the chain to form different postures. 58 

Tensioning the wire compresses the interfaces, so interfacial friction and the inclined-surface 59 

geometry jointly resist external loads. 60 

The objective is to obtain high holding capability without sacrificing the three-dimensional 61 

posture-forming capability of the serial chain. The mechanism is therefore examined from both 62 

kinematic and mechanical perspectives. A serial kinematic model and workspace-based 63 

evaluation quantify posture-forming capability for different inclination angles and module 64 

numbers. The reachable workspace is also compared with that of an Orthogonal Semicylindrical 65 

Joint Mechanism (OSJM), a geometrically constrained reference configuration with strong 66 

directional support. 67 

The holding principle is analyzed in terms of steel wire tension, inclined-surface geometry, 68 

and external-load direction. Because the inclined contact introduces direction-dependent 69 

geometric support, the module pair is evaluated through mechanical analysis and 70 

multidirectional holding experiments. Torsional resistance is tested separately, and an 71 

assembled multi-module prototype is evaluated under different steel wire tensions to determine 72 

their effect on maximum sustainable load. 73 

The main contribution is the systematic evaluation of an inclined-joint architecture that 74 

combines frictional locking with geometric support while retaining continuous posture 75 

adjustment. Unlike friction-dominated spherical joints, it uses the contact geometry to support 76 

load; unlike the strongly constrained OSJM, it preserves a larger posture-forming range. 77 
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Kinematic workspace analysis, a direction-dependent holding model, and module-pair and 78 

multi-module experiments clarify this balance. 79 

The remainder of this paper is organized as follows. Section II reviews related mechanisms 80 

and the design motivation. Sections III-V describe the structure, kinematic model, workspace 81 

evaluation, and holding model. Section VI presents the prototype, Section VII reports the 82 

experiments, Section VIII discusses the combined results and limitations, and Section IX 83 

concludes the paper. 84 

II. Related Work 85 

Variable-stiffness mechanisms are used in soft robots, continuum robots, wearable devices, 86 

and medical manipulators to reconcile deformation with force transmission and posture 87 

maintenance. Representative approaches include material-based modulation, jamming, 88 

geometric locking, and friction-based locking of serial modules. 89 

Material-based variable-stiffness mechanisms change the intrinsic stiffness of the constituent 90 

material. Magnetorheological [6]–[8] and electrorheological [9], [10] materials can alter their 91 

mechanical properties under magnetic or electric fields. Phase-change materials, such as low-92 

melting-point alloys [11]–[13] and thermally responsive polymers [14], can switch between soft 93 

and rigid states through temperature control. These approaches are effective when large 94 

stiffness variation is required within a compact volume. However, they generally require 95 

external energy input for activation, and their response speed, heat management, material 96 

fatigue, and integration complexity must be considered. In addition, material-based stiffness 97 

modulation does not always provide a simple mechanical path for supporting large external 98 

loads in a slender serial structure. 99 
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Jamming-based mechanisms achieve variable stiffness by changing the internal contact state 100 

of granular particles or layered sheets. In granular jamming [15]–[17], particles enclosed in a 101 

flexible membrane are compressed by vacuum pressure, resulting in increased stiffness through 102 

particle-particle contact. In layer jamming [18]–[21], stacked sheets are compressed so that 103 

friction between layers resists deformation. These methods are attractive because they can 104 

provide continuously variable stiffness while maintaining a soft outer shape. However, vacuum-105 

based systems are limited by the maximum pressure difference available under atmospheric 106 

conditions. Their performance also depends strongly on sealing reliability. Damage to the 107 

membrane or leakage in the pneumatic system can directly reduce the locked-state load-108 

supporting capability. Positive-pressure variable-stiffness systems [22], [23] can alleviate some 109 

sealing issues by arranging rigid elements outside a sealed tube, but their stiffness may still be 110 

affected by the elastic restoring force of the pressurized rubber tube. 111 

Geometric locking directly constrains rigid components and can resist large loads with little 112 

or no continuous holding energy. Many latching [24] or dog-clutch-like mechanisms [25], 113 

however, lock only at discrete positions. This is unsuitable for line-shaped mechanisms that 114 

must retain arbitrary, continuously adjusted three-dimensional postures. 115 

Friction-based serial mechanisms compress rigid modules with an internal tensile element 116 

[26]–[29]. With the element released, the modules move relative to one another; when it is 117 

tensioned, interface friction maintains the posture. The architecture is compact, continuously 118 

adjustable, and compatible with a central passage, but locked-state performance depends on the 119 

available contact friction. 120 
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121 

 122 

A typical configuration in this category is the spherical-joint variable-stiffness mechanism 123 

[30], as shown in Fig. 2(a). Because the spherical joint allows multidirectional rotation, the 124 

overall mechanism can achieve high compliance and can form various postures. This is a major 125 

advantage when the mechanism must be manually shaped or guided through a complex path. 126 

However, the same large number of degrees of freedom also limits the holding capability after 127 

locking. Since the holding force is generated mainly by friction, the mechanism can slip when 128 

subjected to large bending moments or torsional moments. Therefore, although spherical-joint 129 

mechanisms are effective in terms of compliance, their holding capability is insufficient for 130 

applications requiring stable load support. 131 

Fig. 2.  Comparison of three configurations. (a) Spherical-joint configuration. (b) Orthogonal Semicylindrical 

Joint configuration. (c) Inclined Joint configuration. 
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To overcome this limitation, joint geometries with additional constraints have been 132 

investigated. The Orthogonal Semicylindrical Joint Mechanism (OSJM) [31] is one such 133 

example(Fig. 2(b)). In this configuration, semicylindrical joint structures are arranged 134 

orthogonally at the front and rear ends of each module. This geometry can strongly constrain 135 

motion in a specific direction and provide high holding capability after locking. It can also offer 136 

high torsional resistance because the constrained joint surfaces directly support the applied 137 

moment. However, this advantage is accompanied by strong anisotropy. The mechanism 138 

strongly restricts motion in one direction but provides much lower resistance in the rotatable 139 

direction. Moreover, when multiple modules are connected in series, the overall posture-140 

forming capability may become limited, making it difficult to form and lock complex three-141 

dimensional postures. 142 

The design motivation of the inclined-joint mechanism (Fig.2(c)) is based on this trade-off. 143 

A variable-stiffness linear mechanism should not simply maximize holding capability by 144 

constraining all possible motions. Instead, it should retain sufficient posture-forming capability 145 

while introducing sufficient geometric support to improve holding capability after locking. The 146 

proposed inclined-joint configuration addresses this requirement by using inclined circular 147 

contact surfaces. These surfaces reduce the degrees of freedom of each joint compared with a 148 

spherical joint, while still allowing continuous relative rotation between adjacent modules. At 149 

the same time, the inclined surfaces generate a structural support component against external 150 

loads when the mechanism is locked by wire tension. 151 

This design can be interpreted as an intermediate solution between highly compliant 152 

spherical joints and strongly constrained semicylindrical joints. Compared with spherical joints, 153 
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the inclined-joint mechanism introduces geometric support in addition to frictional locking, 154 

thereby improving the load-supporting capability. Compared with the orthogonal 155 

semicylindrical joint configuration, it avoids excessive directional constraint and maintains 156 

greater overall posture-forming capability. Therefore, the proposed mechanism is expected to 157 

provide a more balanced relationship between posture-forming capability and holding 158 

capability. 159 

Based on this design motivation, the trade-off between posture-forming capability and 160 

holding capability should be evaluated from both kinematic and mechanical perspectives. In 161 

serial variable-stiffness mechanisms with geometrically constrained joints, the joint geometry 162 

directly determines both the allowable relative motion between adjacent modules and the 163 

mechanical support generated after locking. Therefore, evaluating the holding force alone is not 164 

sufficient to characterize the effectiveness of the mechanism. It is also necessary to quantify 165 

how the joint structure affects the posture-forming capability of the entire serial mechanism. 166 

For this purpose, this study introduces a workspace-based evaluation method using kinematic 167 

modeling. The reachable workspace of the distal end is used as a kinematic index of the posture-168 

forming capability of the mechanism in the flexible state. A larger and more spatially distributed 169 

workspace indicates that the mechanism can form a wider range of postures, whereas a smaller 170 

or highly restricted workspace indicates stronger kinematic constraint. By comparing the 171 

workspace of the inclined-joint configuration with that of the orthogonal semicylindrical joint 172 

configuration under comparable geometric conditions, the influence of joint geometry on the 173 

posture-forming capability of the mechanism can be quantitatively evaluated. 174 
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On the basis of the above considerations, the design requirements of the proposed mechanism 175 

are summarized as follows. The mechanism should allow continuous posture formation in the 176 

flexible state, improve holding capability beyond that of friction-only spherical-joint 177 

mechanisms, avoid excessive geometric constraint that would prevent complex posture 178 

formation, and maintain a simple serial modular structure suitable for fabrication and 179 

integration. The inclined-joint variable-stiffness linear mechanism is designed to satisfy these 180 

requirements by combining frictional locking with geometric support generated by inclined 181 

contact surfaces. The following sections describe its structure, kinematic characteristics, 182 

holding principle, and experimental performance. 183 

A preliminary study of the proposed mechanism was reported in [32], presenting the basic 184 

mechanism design, a static model for a representative loading condition, prototype development, 185 

and direction-dependent holding experiments using a 45° inclined-joint module pair. The 186 

present article substantially extends that study through DH-based kinematic modeling and 187 

workspace-based evaluation of posture-forming capability for different nominal inclination 188 

angles and module numbers; kinematic and mechanical comparisons with the Orthogonal 189 

Semicylindrical Joint Mechanism (OSJM); generalization of the mechanical analysis to 190 

different loading directions and nominal inclination angles; systematic holding and torsional-191 

resistance experiments using module pairs with nominal inclination angles of 30°, 45°, and 60°; 192 

and evaluation of the relationship between steel wire tension and the holding capability of the 193 

assembled multi-module mechanism. These extensions provide a more comprehensive 194 

evaluation of the trade-off between posture-forming capability and load-supporting capability. 195 
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III. Structure and Operating Principle 196 

This section describes the structure of the proposed Inclined Joint Variable Stiffness Linear 197 

Mechanism, its basic flexible-to-locked switching principle, and a structural issue that arises 198 

from the inclined contact surfaces together with its solution. 199 

200 

 201 

The proposed mechanism is a serial multi-joint structure designed to combine posture-202 

forming capability with reliable holding. In addition to friction at adjacent interfaces, the 203 

inclined contact geometry supplies mechanical support against external loads (Fig.3).  204 

Fig. 3.  Principle of stiffness switching in the proposed mechanism.  
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 205 

 206 

207 

 208 

The Inclined Joint Variable Stiffness Linear Mechanism consists mainly of two parts: an 209 

inclined-joint module section and a wire-tensioning section. The inclined-joint module has a 210 

geometry similar to an obliquely cut cylinder (Fig.4). The boundary of the inclined contact 211 

surface is designed as a true circle, so that a constant contact condition can be maintained 212 

Fig. 4.  Structure of the Inclined Joint module. 

Fig. 5.  Schematic comparison of the operating states and sliding behavior of the inclined-joint modules. 

(a) in the inclined-joint-only structure, wire tension induces relative sliding along the inclined contact 

surfaces, causing the steel wire to contact the inner wall of the module hole and reducing the effective wire 

tension; (b) the addition of the concave–convex anti-sliding structure suppresses relative sliding while 

preserving flexibility in the released state, thereby improving locking in the tensioned state. 
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between adjacent modules during relative rotation. A through-hole is provided at the center of 213 

each module for the steel wire to pass through. 214 

Two types of modules are used in the mechanism. The first type has inclined contact surfaces 215 

at both ends and is used as the main intermediate module of the mechanism. The second type 216 

has an inclined contact surface on only one side and is used as the terminal module at both ends 217 

of the mechanism. These modules are connected in series by a steel wire passing through their 218 

central holes, thereby forming the complete linear mechanism. 219 

When the steel wire is slack, adjacent modules can rotate relative to each other along the 220 

inclined circular contact surfaces. As a result, the entire mechanism can deform flexibly and 221 

form various postures. When the steel wire is tensioned, the modules are compressed against 222 

each other, and the current posture is maintained. In this locked state, the mechanism obtains 223 

high holding capability through the combined effect of frictional locking at the contact 224 

interfaces and geometric support generated by the inclined surfaces. 225 

In this type of line-shaped variable-stiffness mechanism, steel wire tension is a key parameter 226 

governing the locked-state holding capability. However, unlike spherical modules, modules 227 

with inclined contact surfaces generate a force component perpendicular to the central axis 228 

when the steel wire is tensioned. This force component causes adjacent modules to slide along 229 

the inclined surfaces. As a result, the inner wall of the module hole may eventually come into 230 

contact with the steel wire, as shown in Fig. 5(a). Although the modules do not separate because 231 

they remain connected by the internal steel wire, this contact between the module hole and the 232 

steel wire significantly reduces the effective wire tension available for locking and reduces the 233 
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overall holding capability. Therefore, the contact structure of the module must be improved in 234 

order to suppress this displacement as much as possible. 235 

To solve this problem, a flat protrusion is introduced at one end of the module, and a matching 236 

recess is introduced at the other end. These concave-convex features are designed to be 237 

concentric with the inclined circular contact surface, as shown in Fig. 5(b). By mechanically 238 

constraining the outward sliding tendency between adjacent modules, this structure enables the 239 

modules to rotate more stably about the axis normal to the inclined surface. At the same time, 240 

it allows a larger proportion of the steel wire tension to be effectively used for inter-module 241 

locking. As a result, the proposed concave-convex structure improves the stability of the 242 

inclined-joint module and improves the holding capability of the overall mechanism. 243 

IV. Kinematic Modeling and Workspace Evaluation 244 

This section quantitatively evaluates the posture-forming capability of the proposed inclined-245 

joint mechanism in its flexible state. Serial kinematic models were developed for inclined-joint 246 

configurations with nominal inclination angles of 30° , 45° , and 60 °  as well as for the 247 

Orthogonal Semicylindrical Joint Mechanism (OSJM). The reachable positions of the distal end 248 

were calculated through forward kinematics, and the convex-hull volume of the sampled point 249 

cloud was used as a quantitative index of workspace size. The effects of the joint geometry, 250 

nominal inclination angle, and number of modules on the posture-forming capability of the 251 

mechanisms were then evaluated. 252 

A. DH-Based Kinematic Model and Evaluation Method 253 

To quantitatively evaluate the posture-forming capability of the inclined-joint configuration 254 

and the Orthogonal Semicylindrical Joint Mechanism (OSJM), both mechanisms were modeled 255 



15 

as serial kinematic chains. Inclined-joint configurations with nominal inclination angles of 30°, 256 

45°, and 60° were considered. For each configuration, the number of modules was varied from 257 

two to six. The analysis focuses on the flexible state, in which the internal steel wire is released 258 

and relative motion is permitted between adjacent modules. 259 

According to the Denavit–Hartenberg convention, a coordinate frame Σ௜ was assigned to 260 

each module joint. The ݖ௜-axis was aligned with the rotational axis of the corresponding joint, 261 

the ݔ௜-axis was defined along the common normal between adjacent joint axes, and the ݕ௜-262 

axis was determined by the right-hand rule. The homogeneous transformation from Σ௜−1 to 263 

Σ௜is expressed as: 264 

௜−1܂௜ = [cos ௜ߠ − sin ௜ߠ cos ௜ߙ sin ௜ߠ sin ௜ߙ ܽ௜ cos ௜sinߠ ௜ߠ cos ௜ߠ cos ௜ߙ − cos ௜ߠ sin ௜ߙ ܽ௜ sin ௜0ߠ sin ௜ߙ cos ௜ߙ ݀௜0 0 0 1 ] 265 

where ܽ௜, ݀௜, and ߙ௜ are the DH parameters determined by the module geometry, and ߠ௜is 266 

the joint angle. The joint angle is written as 267 

௜ߠ = ௜ݍ +  ௜,0 268ߠ

where ݍ௜is the joint variable and ߠ௜,0is the initial angular offset determined by the assembled 269 

configuration. 270 

In the inclined-joint configuration, the rotational axis of each joint is normal to the inclined 271 

contact surface. When the nominal inclination angle of the contact surface is denoted by ߙ, the 272 

inclination of the rotational axis relative to the module axis is 273 

ߚ = 90° −  274 ߙ
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Accordingly, nominal inclination angles of 30°, 45°, and 60°correspond to rotational-axis 275 

inclination angles of 60° , 45° , and 30°  respectively. These geometric relationships were 276 

incorporated into the DH parameters of the corresponding serial models. 277 

For an ݊-module mechanism, the transformation from the base frame to the final module 278 

frame is obtained by sequentially multiplying the transformation matrices: 279 

(ݍ)௡܂0 = (2ݍ)2܂1(1ݍ)1܂0 ⋯ ௡−1܂௡(ݍ௡) 280 

When the fixed terminal offset is included, the transformation of the distal end is expressed 281 

as 282 

(ݍ)ா܂0 =  ா 283܂௡(ݍ)௡܂0

where ௡ ாܶ represents the fixed transformation from the final module frame to the distal end. 284 

The distal-end position is obtained from the translational component of the transformation 285 

matrix: 286 

(ݍ)ா݌ = [(ݍ)ாݖ(ݍ)ாݕ(ݍ)ாݔ] = trans(0 ாܶ(ݍ)) 287 

A base azimuthal rotation was introduced separately and was allowed to vary over a full 288 

360∘ range for all configurations. This eliminates the influence of the initial azimuthal 289 

orientation on the calculated workspace. 290 

For the inclined-joint configurations, each module joint was allowed to complete a full 291 

rotation about the normal to its inclined contact surface: 292 

௜ݍ ∈ ,(ߨ0,2] ݅ = 1,2, … , ݊ 293 
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For the OSJM, relative motion at every module joint was restricted by the convex–concave 294 

semicylindrical contact geometry. The allowable angular range of each OSJM module joint was 295 

set to 296 

௜ݍ ∈ [−45°, 45°], ݅ = 1,2, … , ݊ 297 

The number of modules was set to 298 

݊ = 2,3,4,5,6 299 

The corresponding straight lengths of the mechanisms were 35, 55, 75, 95, and 115 mm, 300 

respectively. For a given number of modules, the three inclined-joint configurations and the 301 

OSJM had the same total length and the same distal-end definition. Therefore, their workspace 302 

volumes could be directly compared under identical dimensional conditions. 303 

The joint variables were sampled within their allowable ranges, and the distal-end position 304 

was calculated for each sampled posture using the forward kinematic model. The resulting set 305 

of distal-end positions ܲ was used to approximate the reachable workspace. The envelope 306 

volume of the workspace was evaluated using the convex hull of the sampled point cloud: 307 

hܸull = Volume(ConvHull(ܲ)) 308 

For configurations with the same number of modules, the original convex-hull volume 309 

hܸullwas used directly because their total lengths were identical. When comparing mechanisms 310 

with different numbers of modules, the total length also changed. Therefore, the workspace 311 

volume was normalized by the cube of the straight mechanism length: 312 

nܸorm = hܸullܮtotal3  313 
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The normalized volume permits comparison across module numbers while reducing the 314 

effect of mechanism scale. 315 

Self-collision between modules, collision with the surrounding environment, elastic 316 

deformation of the modules, and restrictions caused by the actual steel wire path were not 317 

considered in the kinematic analysis. Therefore, the calculated workspace represents the 318 

fundamental geometric mobility of each configuration rather than the complete reachable 319 

workspace of the physical prototype. In addition, because the convex hull may include concave 320 

regions and internal voids that are not actually reachable, hܸull  was used as a consistent 321 

comparative index of workspace size. 322 

B. Representative Four-Module Comparison 323 

The reachable workspaces of the four configurations were first compared using 324 

representative four-module models. The straight length of each model was 75 mm, and the same 325 

distal-end definition and workspace evaluation procedure were used. Fig. 6 shows the sampled 326 

workspaces of the 30 ° , 45 ° , and 60 °  inclined-joint configurations and the OSJM. 327 
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328 

 329 

The inclined-joint configurations generated larger spatial envelopes than the OSJM. Among 330 

the three inclined-joint configurations, the workspace became smaller as the nominal 331 

inclination angle increased. The 30° configuration generated the largest workspace, followed 332 

by the 45° and 60° configurations, whereas the OSJM exhibited the most restricted workspace. 333 

Table 1 summarizes the convex-hull volumes of the representative four-module models. 334 

 335 

Configuration Nominal inclination angle hܸull(ܿ݉3) Ratio to OSJM 

Inclined joint 30° 730.346 4.41 

Inclined joint 45° 661.589 3.99 

Inclined joint 60° 500.804 3.02 

OSJM — 165.663 1.00 

Fig. 6.  Reachable workspaces of the representative four-module configurations. (a) three-dimensional 

workspace envelopes; (b) X–Y projections; (c) X–Z projections. 

Table 1  Comparison of convex-hull workspace volumes of four-module inclined-joint configurations. 

and the OSJM 
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The workspace volume of the 30° inclined-joint configuration was approximately 4.41 times 336 

that of the OSJM. The corresponding ratios for the 45 °  and 60 °  configurations were 337 

approximately 3.99 and 3.02, respectively. Thus, all three inclined-joint configurations 338 

provided substantially larger reachable workspaces than the OSJM under the same module 339 

number and total length. 340 

The smaller workspace of the OSJM results from the limited angular range of its module 341 

joints. Although the orthogonal arrangement of the semicylindrical joints permits bending in 342 

alternating directions, each module joint is restricted to ±45∘. In contrast, each inclined joint 343 

can continuously rotate about the normal to its contact surface, allowing a larger number of 344 

combinations of module orientations. 345 

The comparison also confirms that inclination angle affects flexible-state posture-forming 346 

capability. Within the investigated range, decreasing the nominal inclination angle increased 347 

the reachable workspace. 348 

C. Effects of Inclination Angle and Module Number 349 

To examine whether the tendency observed in the four-module comparison was maintained 350 

for different serial-chain lengths, the workspace analysis was extended to mechanisms 351 

consisting of two to six modules. Because the straight mechanism length increased with the 352 

number of modules, the normalized workspace volume nܸormwas used for this comparison. 353 

Fig. 7 shows the relationship between module number and normalized workspace volume for 354 

the three inclined-joint configurations and the OSJM.  355 
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356 

 357 

For all four configurations, normalized workspace volume increased with module number. 358 

Because the volume was normalized by the cube of total length, the increase reflects the 359 

additional combinations of joint rotations rather than scale alone. 360 

The ordering remained unchanged over the full range: 361 

3ܸ0° > 4ܸ5° > 6ܸ0° > ைܸௌ௃ெ 362 

Thus, the relationship observed in the representative four-module comparison was also 363 

maintained for mechanisms consisting of two, three, five, and six modules. The 30° inclined-364 

joint configuration consistently generated the largest normalized workspace, whereas the OSJM 365 

generated the smallest. 366 

The difference among the three inclined-joint configurations became smaller as the number 367 

of modules increased. For the two-module models, the normalized workspace volume of the 368 

30° configuration was approximately 1.69 times that of the 45° configuration, whereas this 369 

ratio decreased to approximately 1.06 for the six-module models. Similarly, the normalized 370 

Fig. 7.  Effect of module number on the normalized workspace volume. 
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volume of the 60° configuration increased from approximately 31% of the 45° value for two 371 

modules to approximately 88% for six modules. 372 

This tendency suggests that the influence of the geometry of an individual joint is particularly 373 

pronounced in short serial chains. As the number of modules increases, the greater number of 374 

possible joint-angle combinations partially reduces the difference in the overall workspace 375 

caused by the nominal inclination angle. Nevertheless, even for the six-module models, the 376 

normalized workspace volumes of the 30°, 45°, and 60° inclined-joint configurations remained 377 

approximately 2.20, 2.09, and 1.83 times that of the OSJM, respectively. 378 

In summary, smaller nominal inclination angles produced larger workspaces under the 379 

investigated conditions, and increasing module number enlarged the normalized workspace for 380 

every configuration. The inclined-joint mechanisms consistently retained a larger flexible-state 381 

posture range than the OSJM. 382 

V. Quasi-Static Holding Model under Transverse Loading 383 

In the locked state, steel wire tension generates interface compression and friction, while the 384 

inclined contact geometry provides additional support against external loads. Holding 385 

capability therefore arises from both frictional locking and geometric support. 386 

The simplified quasi-static model developed here isolates the geometric support responsible 387 

for the directional variation observed in module-pair tests. Friction, local deformation, 388 

roughness, clearance, and detailed pressure distribution are omitted; the model is intended to 389 

explain directional trends rather than predict the absolute maximum force. 390 
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The external load is applied at the distal end within the transverse plane. An apparent 391 

inclination angle defined for each loading plane allows the maximum sustainable load to be 392 

expressed as a function of loading direction. 393 

A. Definition of the Transverse Loading Direction 394 

The module axis is defined as the X-axis. Accordingly, the transverse plane at the distal end 395 

of the module pair is defined as the Y-Z plane. The direction of the external load within this 396 

transverse plane is represented by the angle ߮.  397 

398 

 399 

For an arbitrary loading direction ߮, a two-dimensional loading plane can be defined by the 400 

module axis and the current external-load direction. The effective geometric support point at 401 

the holding limit is assumed to lie within this loading plane. In this plane, the original inclined 402 

surface appears as a projected inclined line. Consequently, the inclination angle used in the 403 

quasi-static analysis is not necessarily the nominal inclination angle ߙ , but rather the apparent 404 

inclination angle in the current loading plane, denoted by ߙఝ. 405 

Fig. 8.  Geometric framework for quasi-static holding analysis under an arbitrary transverse load. 



24 

B. Apparent Inclination Angle and Holding Model 406 

The apparent inclination angle ߙఝ is obtained from the geometric projection of the original 407 

inclined surface onto the current loading plane, as illustrated in Fig. 8. Its sine and cosine are 408 

expressed as 409 

sin ఝߙ = sin sin2√ߙ ߙ + cos2 ߙ cos2 ߮ 410 

cos ఝߙ = cos ߙ cos ߮√sin2 ߙ + cos2 ߙ cos2 ߮ 411 

Here, cos  ఝ is treated as a signed quantity. Its sign represents the direction of the axial 412ߙ

projection of the inclined surface in the current loading plane and changes with the transverse 413 

loading direction ߮. 414 

The fundamental relationship of the model is 415 

݀ܽ݋݈ ݁ݏݎ݁ݒݏ݊ܽݎݐ ݈ܾ݁ܽ݊݅ܽݐݏݑݏ ݉ݑ݉݅ݔܽܯ = ݀ܽ݋݈ ݈ܽ݊ݎ݁ݐݔ݁ ℎ݁ݐ ݂݋ ݉ݎܽ ݐ݊݁݉݋ܯ݊݋݅ݏ݊݁ݐ ݁ݎ݅ݓ ℎ݁ݐ ݕܾ ݀݁ݐܽݎ݁݊݁݃ ݐ݊݁݉݋݉ ݃݊݅ݐݏ݅ݏܴ݁  416 

The holding limit is defined as the critical state immediately before relative rotation, sliding, 417 

or separation begins between the locked modules. In the two-dimensional loading plane 418 

corresponding to ߮ , the wire tension ܶ  generates a resisting moment through the inclined 419 

geometry. The effective moment arm of the wire tension about the geometric support point is 420 

approximated as 421 

sin ݎ  ఝ 422ߙ

where ݎ  is the radius of the circular inclined contact surface. The resisting moment 423 

generated by the wire tension is therefore expressed as 424 

(߮)்ܯ = ݎܶ sin  ఝ 425ߙ
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The external load ܨ produces an overturning moment about the same effective geometric 426 

support point. Its effective moment arm is expressed as 427 

ܮ − ݎ cos  ఝ 428ߙ

where ܮ  is the distance from the center of the circular inclined contact surface to the 429 

external-load application point. The overturning moment generated by the external load is 430 

therefore 431 

(߮)ிܯ  = ܮ)ܨ  − ݎ cos  ఝ) 432ߙ

At the holding limit, the resisting moment generated by the wire tension balances the 433 

overturning moment generated by the external load. The maximum sustainable external load in 434 

the transverse loading direction ߮ is therefore obtained as 435 

(߮)௠௔௫ܨ = ݎܶ sin ܮఝߙ − ݎ cos  ఝ 436ߙ

This expression indicates that the maximum sustainable load varies with the transverse 437 

loading direction ߮. When the loading direction changes, the apparent inclination angle ߙఝ 438 

in the corresponding loading plane also changes. Consequently, both the resisting moment arm 439 

of the wire tension and the effective moment arm of the external load vary with the loading 440 

direction. 441 

The proposed quasi-static model describes the geometric support contribution of the inclined 442 

joint under transverse end-face loading. The model indicates that the maximum sustainable 443 

external load is governed by the balance between the resisting moment generated by the wire 444 

tension and the overturning moment generated by the external load. Increasing the wire tension 445 

ܶ, increasing the effective contact radius ݎ, or reducing the distance ܮ between the contact 446 
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region and the external-load application point can improve the holding capability. The 447 

inclination angle ߙ should be designed by considering both the holding performance in the 448 

locked state and the posture-forming capability in the flexible state. 449 

The model explicitly represents only geometric support. Actual holding additionally includes 450 

friction, side-wall contact, local deformation, surface condition, and contact area. Therefore, 451 

this model is primarily used to investigate the origin of the direction-dependent load-bearing 452 

capability of the inclined-joint mechanism and to provide a preliminary explanation of how 453 

variations in the nominal inclination angle affect its load-bearing capability. 454 

VI. Prototype Development 455 

A. Module Fabrication and Assembly 456 

A multi-module prototype was fabricated to verify switching between flexible and locked 457 

states and to examine the posture-dependent wire take-up required by the serial chain. 458 

Intermediate modules have inclined contacts at both ends; terminal modules have one 459 

inclined and one perpendicular end. All modules were printed in AR-M2 resin using an 460 

AGILISTA system (Keyence, Japan), and a 2 mm-diameter steel wire passed through their 461 

central holes. 462 

During assembly, the first terminal module, the intermediate modules, and the final terminal 463 

module were threaded sequentially onto the fixed wire while each protrusion-recess pair was 464 

engaged. The free wire end was then connected to the tensioner, allowing free relative rotation 465 

when released and interface compression when tensioned. 466 
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B. Posture-Dependent Wire Take-Up and Adjustable Tensioning Mechanism 467 

Joint rotation changes the wire path through the modules. Relative to the aligned reference 468 

posture, bent configurations and postures involving several rotated joints generally require 469 

more take-up before all interfaces are sufficiently compressed. 470 

The initial toggle-clamp tensioner (Fig. 1) confirmed basic flexible-to-locked switching but 471 

provided an essentially fixed stroke. Limited adjustment through the hollow screw could not 472 

reliably lock some complex postures. 473 

474 

 475 

An adjustable worm-gear winding mechanism was therefore developed (Fig. 9). A 476 

handwheel drives a worm, worm wheel, and coaxial roller to wind or release the steel wire 477 

gradually. The mechanism continuously adjusts take-up to the current posture, and worm self-478 

locking suppresses reverse rotation under wire tension. It thereby accommodates different 479 

postures, although winding displacement alone does not directly measure the compression at 480 

each interface. The parameters of the improved prototype are summarized in Table 2.  481 

Fig. 9.  Prototype with an adjustable steel wire take-up length using a worm gear tensioning mechanism.  
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 482 

VII. Experimental Evaluation 483 

A. Direction-Dependent Holding Capability of Module Pairs 484 

1) Experimental Setup and Evaluation Method 485 

To evaluate the holding capability of different module-pair configurations under transverse 486 

end-face loading, quasi-static loading experiments were conducted using a simplified 487 

specimen consisting of a single pair of modules. Three inclined-joint module pairs with 488 

nominal inclination angles of 30°, 45°, and 60°, respectively, and one Orthogonal 489 

Semicylindrical Joint Mechanism (OSJM) module pair were evaluated.  490 

491 

 492 

Specification Value 

Overall dimensions (L×W×H) 109×86×101 [mm] 

Assembly mass 860 g 

Module slanted-face diameter 21.21 mm 

Module slant angle 45° 

Number of modules 15 

Module material AR-M2 

Table 2  Prototype specifications. 

Fig. 10.  Experimental setup for the directional holding-force tests of the inclined-joint and OSJM 

module pairs. 
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Fig. 10 shows the setup. One module was fixed, and a tensile testing machine (STB-1225S, 493 

Instron, Japan) loaded the other. Suspended weights applied an approximately constant steel 494 

wire tension throughout loading, limiting changes in the locking condition. 495 

For the inclined-joint pairs, load was applied in the transverse plane at 496 

߮ = 0°, 45°, 90°, 135°, 180° 497 

The desired direction was obtained by changing the specimen mounting orientation because 498 

the testing machine loaded only along its actuation axis. The OSJM was tested in its 499 

representative rotatable (0°) and geometrically constrained (90°) directions.  500 

Experimental conditions: 501 

1)  Loading direction:  0°, 45°, 90°, 135°, 180°.  502 

2)  Hanging weight:  2 kg (ܶ ≈ 19.6 ܰ).  503 

3)  Wire diameter:  2 mm.  504 

4)  Inclined angle of the module: ߙ = 30°, 45°, 60° . 505 

5)  Radius of the inclined circular surface of the module: ݎ = 10.6 ݉݉.  506 

6)  Center-to-center distance between the two end faces of a single module: ܮ = 17.5 ݉݉. 507 

7)  Tensile speed: 20 mm/min.  508 

8)  Length of the module pair: 40 mm. 509 

All specimens used the same wire tension, loading speed, overall length, axial distance from 510 

the module end face to the circular-surface center, and contact-surface diameter. The OSJM also 511 

incorporated comparable protrusion-recess features to maintain consistent test conditions. 512 

After the prescribed wire tension locked the pair, the external load was increased until the 513 

measured force dropped abruptly. The preceding peak was defined as the maximum holding 514 
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force and marked the onset of appreciable relative motion. Each condition was tested five times; 515 

results are reported as means with standard-deviation error bars. 516 

2) Effect of Inclination Angle and Comparison with the Quasi-Static Model 517 

518 

 519 

520 

 521 

Fig. 11 compares the experimentally measured maximum holding forces with the predictions 522 

of the quasi-static geometric model for inclined-joint module pairs with inclination angles of 523 

Fig. 11.  Predicted and experimental direction-dependent maximum holding forces.  

Fig. 12.  Experimental comparison of direction-dependent maximum holding forces. 
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30°, 45°, and 60°. The experimental results are represented by discrete markers with error bars, 524 

whereas the continuous curves represent the geometry-only predictions obtained using the 525 

model proposed in Section Ⅴ. 526 

Model parameters were taken directly from specimen dimensions and test conditions, 527 

without fitting, to evaluate whether the geometry-only model reproduced the observed 528 

directional trends. 529 

As shown in Fig. 11, the maximum holding force was significantly affected by both the 530 

loading direction and the nominal inclination angle. In particular, the module pair with an 531 

inclination angle of 30° exhibited a non-monotonic directional response. The experimental 532 

results showed that the maximum holding force in the 45° loading direction was higher than 533 

that in the 0°  direction, after which the holding force decreased as the loading direction 534 

approached 180°. The quasi-static geometric model predicted the same initial increase followed 535 

by a decrease. 536 

This non-monotonic behavior results from the competing variations of the two effective 537 

moment arms in the model. As the loading direction ߮  increases, the effective resisting 538 

moment arm generated by the steel wire tension, 539 

ݎ sin ఝߙ  540 

gradually increases. At the same time, the effective overturning moment arm of the external 541 

load, 542 

ܮ − ݎ cos  ఝ 543ߙ
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also increases. For the 30° module, the beneficial effect of the increase in the resisting 544 

moment arm dominates over the relatively small loading-direction range, causing the predicted 545 

maximum holding force to initially increase. As the loading direction increases further, the 546 

effect of the increasing external-load moment arm becomes dominant, resulting in a gradual 547 

decrease in the maximum holding force. For the present geometric parameters, the model 548 

predicts that the geometry-only holding force reaches its maximum at a loading direction of 549 

approximately 64°. In the experiments, the holding force at 45° was higher than that at 0°, 550 

supporting the intermediate-loading-direction peak predicted by the model. 551 

For the module pair with an inclination angle of 45°, the theoretical prediction varied only 552 

slightly in the low-loading-angle range and then gradually decreased as the loading direction 553 

approached 180°. The experimental results similarly exhibited an overall decreasing tendency 554 

toward 180°, although the measured maximum occurred in the 0° direction. For the module 555 

pair with an inclination angle of 60°, both the model and the experimental results exhibited a 556 

more continuous decrease from 0° to 180°. These results indicate that the nominal inclination 557 

angle affects not only the absolute magnitude of the maximum holding force, but also the shape 558 

of its directional response and the loading direction corresponding to the maximum holding 559 

capability. 560 

As also shown in Fig. 11, the three theoretical curves intersect at 561 

φ = 90° 562 

At this loading direction, the apparent inclination angle satisfies 563 sin ఝߙ = 1  cos ఝߙ = 0 564 

and the geometry-only prediction becomes 565 
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௚௘௢௠(90°)ܨ = ܮݎܶ   566 

which is independent of the nominal inclination angle ߙ  . In contrast, the experimental 567 

results at 90° remained dependent on the nominal inclination angle. This difference indicates 568 

that, in this loading direction, the holding behavior of the actual module pair includes additional 569 

contributions associated with the contact state between the modules. 570 

Predictions were generally below the measured maxima because the experiment also 571 

included interfacial friction, side-wall contact of the mating features, local deformation, and 572 

assembly effects. The model therefore provides a geometric baseline, whereas the 573 

measurements represent total holding capability. 574 

Despite the differences in absolute magnitude between the model predictions and the 575 

experimental results, the model captured several important directional characteristics observed 576 

in the experiments. In particular, it reproduced the non-monotonic response of the 30° module 577 

and predicted that increasing the inclination angle improves the holding capability near the 135° 578 

and 180° loading directions. These results demonstrate that the proposed quasi-static model 579 

provides a mechanical interpretation of how the inclination angle and loading direction 580 

influence the geometric contribution to the holding capability of the module pair. 581 

3) Comparison with the Orthogonal Semicylindrical Joint Mechanism 582 

To further clarify the holding characteristics of the inclined-joint configuration, its 583 

experimental results were compared with those of an OSJM module pair. As shown in Fig. 12, 584 

the figure presents the maximum holding forces of the inclined-joint module pairs with 585 
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inclination angles of 30° , 45° , and 60°  under five loading directions, together with the 586 

experimental results of the OSJM in the 0° and 90° directions. 587 

For the OSJM, the 0° direction corresponds to its representative rotatable direction, whereas 588 

the 90° direction corresponds to the direction in which relative motion is strongly constrained 589 

by the orthogonal semicylindrical geometry. As shown in Fig. 12, the maximum holding force 590 

of the OSJM was approximately 15.5 N in the 0°  direction. In contrast, it increased to 591 

approximately 193.8 N in the 90 °  geometrically constrained direction. This substantial 592 

difference indicates that the OSJM exhibits pronounced directional anisotropy and provides 593 

strong structural support in its constrained direction. 594 

None of the three inclined-joint module pairs achieved the extremely high holding force 595 

exhibited by the OSJM in its 90° constrained direction. Nevertheless, the inclined-joint module 596 

pairs maintained a certain level of holding capability in all five transverse end-face loading 597 

directions investigated. In addition, changing the nominal inclination angle altered the 598 

directions of relatively high and low holding capability. In particular, increasing the inclination 599 

angle improved the holding capability near the 135° and 180° loading directions. 600 

Together with the workspace results in Section IV, these tests distinguish the two design 601 

strategies. The OSJM favors strong support in a specified direction, whereas the inclined joint 602 

favors useful holding across several directions while retaining greater flexible-state mobility. 603 

B. Torsional Resistance of Module Pairs 604 

1) Experimental Setup and Evaluation Method 605 

To investigate the effect of the inclination angle on the torsional resistance of inclined-joint 606 

module pairs, torsional loading tests were conducted using module pairs with inclination angles 607 
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of 30°, 45°, and 60°. For comparison, an Orthogonal Semicylindrical Joint Mechanism (OSJM) 608 

module pair was also tested under the same conditions.  609 

 610 

 611 

In this experiment, torsional resistance was defined as torque about the central through-hole 612 

axis, which coincides with the steel wire axis in the straight configuration. One module was 613 

fixed and a 90 mm loading bar was attached to the other (Fig. 13). A wire at the bar tip remained 614 

parallel to the tensile direction so that the measured force generated torque about the central 615 

axis. 616 

The experimental conditions were as follows: 617 

1)  Hanging weight: 2 kg, (ܶ ≈ 19.6 ܰ).  618 

2)  Loading-bar length: 90 mm.  619 

3)  Internal steel-wire diameter: 2 mm.  620 

4)  Tensile speed: 20 mm/min.  621 

5)  Module-pair length: 40 mm.  622 

Fig. 13.  Experimental setup for torsional-resistance measurements of the inclined-joint and OSJM 

module pairs.  
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Torque was calculated from tensile force and the 90 mm arm. Initial displacement offsets 623 

were corrected to reduce the effect of loading-system slack before the five torque-displacement 624 

curves for each configuration were averaged. 625 

The maximum value within the tested displacement range was defined as the maximum 626 

measured resisting torque because not every configuration exhibited a distinct post-peak 627 

decrease. Means and standard deviations were calculated from five trials. 628 

2) Torsional Test Results and Discussion 629 

 630 

 631 

Fig. 14(a) shows the torque–displacement curves of the inclined-joint module pairs with 632 

inclination angles of 30°, 45°, and 60°, together with that of the OSJM module pair. The 633 

resisting torque of the 30° module pair gradually increased to a distinct peak and subsequently 634 

decreased. The resisting torque of the 45° module pair increased over most of the tested 635 

displacement range without exhibiting a pronounced post-peak reduction. The 60° module pair 636 

exhibited a relatively rapid initial increase in resisting torque, followed by a region of more 637 

gradual change. By contrast, the resisting torque of the OSJM module pair increased 638 

continuously throughout the tested displacement range and reached a substantially higher level 639 

Fig. 14.  Torsional-resistance comparison of inclined-joint and OSJM module pairs. (a) mean torque–

displacement curves; (b) mean maximum resisting torques.  
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than those of the inclined-joint module pairs, with no evident peak or plateau before the end of 640 

loading. 641 

As summarized in Fig. 14(b), the maximum resisting torques, averaged over five trials for 642 

each configuration, were 0.303, 0.591, 0.271, and 3.895 N·m for the 30°, 45°, and 60° inclined-643 

joint module pairs and the OSJM module pair, respectively; the error bars represent one 644 

standard deviation. Among the inclined-joint configurations, these results indicate that torsional 645 

resistance does not vary monotonically with the nominal inclination angle. The maximum 646 

resisting torque of the OSJM module pair was approximately 6.6 times that of the 45° inclined-647 

joint module pair, which exhibited the highest value among the three inclined-joint 648 

configurations. This pronounced difference is consistent with the directional holding tests and 649 

supports the interpretation that the orthogonal semicylindrical contacts of the OSJM strongly 650 

restrict rotation about the steel-wire axis, thereby providing substantially greater torsional 651 

resistance in its constrained direction. 652 

C. Relationship between Assembled-Mechanism Holding Capability and Steel Wire 653 

Tension 654 

1) Experimental Setup and Evaluation Method 655 

Multi-module tests examined the effect of steel wire tension on holding capability (Fig. 15). 656 

After the mechanism was locked, a tensile testing machine loaded its distal end. The posture 657 

and loading direction were kept identical because holding capability is direction dependent. 658 
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659 

 660 

The steel-wire tension was adjusted by changing the mass of the hanging weight. The 661 

experimental conditions were as follows: 662 

1)  Steel-wire tension: applied using hanging weights of 1, 2, 3, 4, 5, and 6 kgf.  663 

2)  Internal steel-wire diameter: 2 mm.  664 

3)  Inclined angle of the module: 45°.  665 

4)  Radius of the inclined circular contact surface: 10.6 mm.  666 

5)  Tensile speed: 20 mm/min.  667 

6)  Overall length of the mechanism: 195 mm.  668 

7)  Total number of modules: 10 669 

For each trial, the peak immediately before the abrupt load drop was defined as maximum 670 

holding force, marking loss of the stable locked state. Five trials were conducted at each tension; 671 

means deviations were used for analysis. 672 

Fig. 15.  Experimental setup for multi-module holding-capability tests. 
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2) Experimental Results and Discussion 673 

674 

 675 

676 

 677 

Fig. 16 shows that both the sustained load and the peak immediately before failure increased 678 

with steel wire tension. 679 

Fig. 16.  Holding force curves under different steel wire tension.  

Fig. 17.  Relationship between steel wire tension and maximum holding force. 
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As shown in Fig. 17, the maximum holding forces measured under hanging weights of 1, 2, 680 

3, 4, 5, and 6 kgf were approximately 0.497, 0.848, 1.141, 1.451, 1.750, and 1.937 N, 681 

respectively. The maximum holding force increased monotonically with the steel wire tension 682 

over the investigated range. 683 

Linear regression of the experimental data yielded 684 ܨ௠௔௫ = 0.273 + 0.0294ܶ,  685 

with a coefficient of determination of ܴ2 = 0.992, where both ܨ௠௔௫and ܶ are expressed 686 

in newtons. This result indicates that the maximum holding force of the assembled mechanism 687 

increased approximately linearly with the steel wire tension within the tested range. The 688 

empirical relationship obtained in this experiment can serve as a practical reference for selecting 689 

the steel wire tension required to resist a specified external load under the tested posture and 690 

loading direction. 691 

VIII. Discussion 692 

The combined kinematic and mechanical results show that the nominal inclination angle 693 ߙ 

affects both the posture-forming capability of the mechanism in the flexible state and its load-694 

supporting characteristics in the locked state. However, these performance indices do not 695 

exhibit the same dependence on the inclination angle. Among the three configurations 696 

investigated, the 30° configuration consistently generated the largest workspace, whereas the 697 

45° module pair exhibited the highest torsional resistance. Increasing the inclination angle also 698 

improved the holding capability near the 135° and 180° loading directions, but reduced the 699 

overall workspace. Therefore, the nominal inclination angle is a coupled design parameter 700 

governing posture-forming capability, directional holding capability, and torsional resistance, 701 



41 

and it cannot be selected on the basis of a single performance index. A smaller inclination angle 702 

is advantageous when a wide posture-forming range is required. Among the tested 703 

configurations, the 45° configuration is preferable when torsional resistance is prioritized, 704 

whereas a larger inclination angle may be beneficial when greater holding capability under 705 

opposite-side loading is required. Accordingly, the inclination angle should be selected by 706 

considering both the required posture range and the expected loading directions. 707 

The influence of the nominal inclination angle on the workspace decreased as the number of 708 

modules increased. The ratio of the normalized workspace volume of the 30° configuration to 709 

that of the 45° configuration decreased from approximately 1.69 for the two-module models to 710 

approximately 1.06 for the six-module models. This result indicates that the geometry of an 711 

individual joint has a stronger influence on the posture-forming capability of a short serial chain, 712 

whereas the increasing number of possible joint configurations in a longer chain partially 713 

compensates for the workspace difference caused by the inclination angle. Therefore, for 714 

mechanisms containing a relatively large number of modules, greater emphasis may be placed 715 

on the locked-state mechanical performance when selecting the inclination angle. In contrast, 716 

the OSJM exhibited the smallest normalized workspace for all investigated module numbers, 717 

while its maximum holding force in the constrained direction reached approximately 193.8 N. 718 

Its maximum measured torsional resisting moment was approximately 3.895 N·m, which was 719 

6.6 times that of the 45° inclined-joint module pair. These results demonstrate that strong 720 

geometric constraint can substantially improve load-supporting capability in a specific direction, 721 

but simultaneously restrict the posture-forming range. The inclined-joint configuration instead 722 
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retains continuous rotational freedom at each joint and therefore achieves a different balance 723 

between geometric support and overall posture-forming capability. 724 

For the assembled mechanism, maximum holding force increased approximately linearly 725 

with applied steel wire tension under the tested posture and direction. End tension, however, 726 

need not equal interface compression: bending changes the wire path, and wall contact and 727 

friction can cause losses and nonuniform joint forces. The worm-gear device accommodates 728 

take-up variations, but winding displacement alone does not determine the locked-state force. 729 

The measured relationship is therefore limited to the tested configuration, and direct tension 730 

sensing is preferable for control and state evaluation. 731 

Several limitations remain. Convex hulls can include unreachable concavities or voids and 732 

therefore serve only as comparative workspace indices; self-collision and the physical wire path 733 

were neglected. Module-pair tests do not capture serial-chain tension losses or joint interactions. 734 

Finally, because several torsional curves lacked a post-peak decrease, the reported torques are 735 

maximum measured values rather than confirmed ultimate capacities. 736 

IX. Conclusion and Future Work 737 

This study developed an Inclined Joint Variable Stiffness Linear Mechanism that combines 738 

interfacial friction with geometric support. Releasing the steel wire permits continuous joint 739 

rotation and posture formation; tensioning it locks the serial modules. The design was evaluated 740 

using DH-based workspace analysis, a direction-dependent quasi-static model, an adjustable 741 

worm-gear tensioner, and module-pair and multi-module experiments. 742 

The workspace analysis showed that, under identical module numbers and total mechanism 743 

lengths, the 30°, 45°, and 60° inclined-joint configurations all generated larger workspaces than 744 
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the OSJM. The 30° configuration consistently produced the largest workspace, although the 745 

differences among the three inclined-joint configurations gradually decreased as the number of 746 

modules increased. The holding-force experiments demonstrated that the nominal inclination 747 

angle affected both the magnitude and directional distribution of the maximum holding force, 748 

while the quasi-static model reproduced the non-monotonic directional response observed for 749 

the 30° module pair. Torsional resistance did not vary monotonically with the inclination angle, 750 

and the 45° module pair exhibited the highest torsional resistance among the three inclined-751 

joint configurations. Although the OSJM provided substantially greater holding and torsional 752 

resistance in its geometrically constrained direction, its workspace was also more severely 753 

restricted. In addition, under the posture and loading direction examined in this study, the 754 

maximum holding force of the assembled mechanism increased approximately linearly with the 755 

steel wire tension. These results indicate that the nominal inclination angle is a coupled design 756 

parameter affecting posture-forming capability, directional holding capability, and torsional 757 

resistance of the mechanism. They also show that the inclined-joint configuration achieves a 758 

different balance between posture-forming capability and load-supporting capability from that 759 

of a strongly constrained joint configuration. 760 

Future work will incorporate self-collision and the physical wire path into the kinematic 761 

model and experimentally validate reachable workspaces. The holding model will be extended 762 

to friction, side-wall contact, deformation, and clearance. A motorized tensioner with direct 763 

tension sensing and closed-loop control will support multi-module tests under arbitrary three-764 

dimensional postures, dynamic and repeated loads, and larger torsional displacements. These 765 
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data will enable multi-objective optimization of inclination angle, module geometry, and 766 

tension conditions for specific applications. 767 

List of abbreviations 768 

DH  Denavit–Hartenberg 769 

OSJM  Orthogonal Semicylindrical Joint Mechanism 770 

Declarations 771 

Availability of data and materials  772 

The datasets used and/or analysed during the current study are available from the corresponding 773 

author on reasonable request.  774 

Competing interests  775 

The authors declare that they have no competing interests.  776 

Funding  777 

This work was supported by JSPS KAKENHI Grant Number JP 25K01185. 778 

Authors’ contributions  779 

SY conceived and designed the study, developed the proposed mechanism, performed the 780 

modeling and experiments, analyzed the results, and drafted the manuscript. KA provided 781 

technical guidance on the DH-based kinematic modeling and workspace evaluation and 782 

reviewed and revised the manuscript. SM, MW, and KT provided guidance on the overall 783 

research direction, and reviewed and revised the manuscript. All authors read and approved the 784 

final manuscript. 785 

Acknowledgements 786 

This work was supported by JSPS KAKENHI Grant Number JP 25K01185. The authors used 787 

OpenAI Codex solely to assist with English-language editing and expression refinement. The 788 



45 

tool was not used to generate research ideas, experimental data, data analyses, or scientific 789 

conclusions. All AI-assisted revisions were carefully reviewed and verified by the authors, who 790 

take full responsibility for the final content of the manuscript. 791 

References 792 

[1] Rus D, Tolley MT (2015) Design, fabrication and control of soft robots. Nature 793 

521:467–475. 794 

[2] Tolley MT, Shepherd RF, Mosadegh B, et al (2014) A resilient, untethered soft robot. 795 

Soft Robot 1:213–223. 796 

[3] Hawkes EW, Blumenschein LH, Greer JD, Okamura AM (2017) A soft robot that 797 

navigates its environment through growth. Sci Robot 2:eaan3028. 798 

[4] Blanc L, Delchambre A, Lambert P (2017) Flexible medical devices: review of 799 

controllable stiffness solutions. Actuators 6(3):23. 800 

[5] Manti M, Cacucciolo V, Cianchetti M (2016) Stiffening in soft robotics: a review of the 801 

state of the art. IEEE Robot Autom Mag 23(3):93–106. 802 

[6] Majidi C, Wood RJ (2010) Tunable elastic stiffness with microconfined 803 

magnetorheological domains at low magnetic field. Appl Phys Lett 97(16):164104. 804 

[7] Yalcintas M, Dai H (1999) Magnetorheological and electrorheological materials in 805 

adaptive structures and their performance comparison. Smart Mater Struct 8(5):560–573. 806 

[8] Ma H, Chen B, Qin L, Liao WH (2017) Design and testing of a regenerative 807 

magnetorheological actuator for assistive knee braces. Smart Mater Struct 26(3):035013. 808 



46 

[9] Sadeghi A, Beccai L, Mazzolai B (2012) Innovative soft robots based on electro-809 

rheological fluids. In: 2012 IEEE/RSJ International Conference on Intelligent Robots 810 

and Systems (IROS), Vilamoura-Algarve, Portugal, pp 4237–4242. 811 

[10] Behbahani SB, Tan X (2017) Design and dynamic modeling of electrorheological fluid-812 

based variable-stiffness fin for robotic fish. Smart Mater Struct 26(8):085014. 813 

[11] Tadakuma K, Tadakuma R, Tanaka H, Fukuda T, Higashimori M, Kaneko M (2011) 814 

Omnidirectional state-changing gripper mechanism for various objects. In: Proceedings 815 

of the 16th International Symposium on Artificial Life and Robotics, Beppu, Japan, pp 816 

995–998. 817 

[12] Schubert BE, Floreano D (2013) Variable stiffness material based on rigid low-melting-818 

point-alloy microstructures embedded in soft poly(dimethylsiloxane) (PDMS). RSC Adv 819 

3(46):24671–24679. 820 

[13] Tadakuma K, Tadakuma R, Teshigawara S, Mizoguchi Y, Hasegawa H, Terada K, 821 

Takayama T, Omata T, Ming A, Shimojo M (2008) The morphing omnidirectional 822 

gripper “Morphing Omni-Gripper” with low melting point alloy. In: Proceedings of the 823 

26th Annual Conference of the Robotics Society of Japan, paper 1E1-01. 824 

[14] Shan W, Diller S, Tutcuoglu A, Majidi C (2015) Rigidity-tuning conductive elastomer. 825 

Smart Mater Struct 24(6):065001. 826 

[15] Brown E, Rodenberg N, Amend JR, Mozeika A, Steltz E, Zakin MR, Lipson H, Jaeger 827 

HM (2010) Universal robotic gripper based on the jamming of granular material. Proc 828 

Natl Acad Sci USA 107(44):18809–18814. 829 



47 

[16] Wall V, Deimel R, Brock O (2015) Selective stiffening of soft actuators based on 830 

jamming. In: 2015 IEEE International Conference on Robotics and Automation (ICRA), 831 

Seattle, WA, USA, pp 252–257. 832 

[17] Wei Y, Chen Y, Yang Y, Li Y (2016) A soft robotic spine with tunable stiffness based on 833 

integrated ball joint and particle jamming. Mechatronics 33:84–92. 834 

[18] Kim YJ, Cheng S, Kim S, Iagnemma K (2013) A novel layer jamming mechanism with 835 

tunable stiffness capability for minimally invasive surgery. IEEE Trans Robot 836 

29(4):1031–1042. 837 

[19] Narang YS, Vlassak JJ, Howe RD (2018) Mechanically versatile soft machines through 838 

laminar jamming. Adv Funct Mater 28(17):1707136. 839 

[20] Ibrahimi M, Paternò L, Ricotti L, Menciassi A (2021) A layer jamming actuator for 840 

tunable stiffness and shape-changing devices. Soft Robot 8(1):85–96. 841 

[21] Fujita M, Tadakuma K, Komatsu H, Takane E, Nomura A, Ichimura T, Konyo M, 842 

Tadokoro S (2018) Jamming layered membrane gripper mechanism for grasping 843 

differently shaped-objects without excessive pushing force for search and rescue 844 

missions. Adv Robot 32(11):590–604. 845 

[22] Onda I, Tadakuma K, Watanabe M, Abe K, Watanabe T, Konyo M, Tadokoro S (2022) 846 

Highly articulated tube mechanism with variable stiffness and shape restoration using a 847 

pneumatic actuator. IEEE Robot Autom Lett 7(2):3664–3671. 848 



48 

[23] Onda I, Watanabe M, Tadakuma K, Abe K, Tadokoro S (2025) Tube mechanism for 849 

positively pressurized variable stiffness by lever and wire. IEEE Robot Autom Lett 850 

10(3):2606–2613. 851 

[24] Yagi A, Matsumiya K, Masamune K, Liao H, Dohi T (2006) Rigid-flexible outer sheath 852 

model using slider linkage locking mechanism and air pressure for endoscopic surgery. 853 

In: Larsen R, Nielsen M, Sporring J (eds) Medical Image Computing and Computer-854 

Assisted Intervention—MICCAI 2006. Lecture Notes in Computer Science, vol 4190. 855 

Springer, Berlin, Heidelberg, pp 503–510. 856 

[25] Kern NI, Majewski TJ, Triolo RJ, Kobetic R, Quinn RD (2009) A locking compliant 857 

device inspired by the anatomy of the spine. J Mech Des 131(1):014501. 858 

[26] Yang W, Liu Z, Cao Y, Wang S, Xie L (2025) Design and control of a continuum robot 859 

with switchable stiffness based on ball-and-socket joints. Sci Rep 15:34363. 860 

[27] Degani A, Choset H, Wolf A, Zenati MA (2006) Highly articulated robotic probe for 861 

minimally invasive surgery. In: Proceedings of the 2006 IEEE international conference 862 

on robotics and automation (ICRA), Orlando, FL, USA, pp 4167–4172. 863 

[28] Walker KL, Partridge AJ, Chen HY, Ramachandran RR, Stokes AA, Tadakuma K, da 864 

Silva LC, Giorgio-Serchi F (2024) A modular, tendon driven variable stiffness 865 

manipulator with internal routing for improved stability and increased payload capacity. 866 

In: Proceedings of the 2024 IEEE international conference on robotics and automation 867 

(ICRA), Yokohama, Japan, pp 3030–3035. 868 



49 

[29] Chen Y, Chang JH, Greenlee AS, Cheung KC, Slocum AH, Gupta R (2010) Multi-turn, 869 

tension-stiffening catheter navigation system. In: Proceedings of the 2010 IEEE 870 

international conference on robotics and automation (ICRA), Anchorage, AK, USA, pp 871 

5570–5575. 872 

[30] Tadakuma K, Fujimoto T, Watanabe M, Shimizu T, Takane E, Konyo M, Tadokoro S 873 

(2020) Fire-resistant deformable soft gripper based on wire jamming mechanism. In: 874 

Proceedings of the 2020 3rd IEEE International Conference on Soft Robotics 875 

(RoboSoft), New Haven, CT, USA, pp 740–747. 876 

[31] Mori M, Hirose S (2002) Three-dimensional serpentine motion and lateral rolling by 877 

active cord mechanism ACM-R3. In: 2002 IEEE/RSJ International Conference on 878 

Intelligent Robots and Systems (IROS), Lausanne, Switzerland, vol 1, pp 829–834. 879 

[32] Yang S, Miyake S, Abe K, Watanabe M, Tadakuma K (2026) Inclined Joint Variable 880 

Stiffness Linear Mechanism. In: Proceedings of the 2026 IEEE International Conference 881 

on Mechatronics and Automation (ICMA), Changchun, Jilin, China, pp 1733–1738. 882 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

Inclinedjointvariablestiffnessmechanism.mp4

https://assets-eu.researchsquare.com/files/rs-10848182/v1/188b89e7bf9d621f7698ee29.mp4


   Σ  i


    𝛼  i


    𝜃  i


    𝜃  i =   q  i +   𝜃  i , 0


    q  i


    𝜃  i , 0


  𝛼


  𝛽 = 90 ° − 𝛼


  n


   ​ 0   𝐓  n  ( q ) =  ​ 0   𝐓 1  (   q 1 )  ​ 1   𝐓 2  (   q 2 ) ⋯  ​  n − 1   𝐓  n  (   q  n )


   ​ 0   𝐓  E  ( q ) =  ​ 0   𝐓  n  ( q )  ​  n   𝐓  E


    z  i


   ​  n   T  E


    p  E ( q ) =  [      x  E ( q )     y  E ( q )     z  E ( q ) ] = trans  (  ​ 0   T  E ( q ) )


   360 ∘


    q  i ∈ [ 0 , 2 𝜋 ) ,     i = 1 , 2 , … , n


    q  i ∈ [ − 45 ° , 45 ° ] ,     i = 1 , 2 , … , n


  n = 2 , 3 , 4 , 5 , 6


  P


    V hull =  Volume ⁡   ( ConvHull ⁡  ( P ) )


    V hull


    V norm =     V hull    L total 3


    x  i


    V hull


    V hull (   c m 3 )


  ±  45 ∘


    V norm


    V  30 ° ​ >   V  45 ° ​ >   V  60 ° ​ >   V  O S J M


    𝜑


  𝜑


  𝛼


    𝛼  𝜑


    𝛼  𝜑


    y  i


   sin ⁡    𝛼  𝜑 =    sin ⁡  𝛼      sin 2 ⁡  𝛼 +    cos 2 ⁡  𝛼    cos 2 ⁡  𝜑


   cos ⁡    𝛼  𝜑 =    cos ⁡  𝛼  cos ⁡  𝜑      sin 2 ⁡  𝛼 +    cos 2 ⁡  𝛼    cos 2 ⁡  𝜑


   cos ⁡    𝛼  𝜑 =    cos ⁡  𝛼  cos ⁡  𝜑      sin 2 ⁡  𝛼 +    cos 2 ⁡  𝛼    cos 2 ⁡  𝜑


   cos ⁡    𝛼  𝜑


  𝜑


  M a x i m u m   s u s t a i n a b l e   t r a n s v e r s e   l o a d =   R e s i s t i n g   m o m e n t   g e n e r a t e d   b y   t h e   w i r e   t e n s i o n  M o m e n t   a r m   o f   t h e   e x t e r n a l   l o a d


  𝜑


  T


  r    sin ⁡    𝛼  𝜑


  r


   Σ  i − 1


    M  T ( 𝜑 ) = T r  sin ⁡    𝛼  𝜑


  F


  L − r  cos ⁡    𝛼  𝜑


  L


    M  F ( 𝜑 )   =   F ( L − r  cos ⁡    𝛼  𝜑 )


  𝜑


    F  m a x ( 𝜑 ) =   T r  sin ⁡    𝛼  𝜑  L − r  cos ⁡    𝛼  𝜑


  𝜑


    𝛼  𝜑


  T


   Σ  i


  r


  L


  𝛼


  𝜑 = 0 ° ,   45 ° ,   90 ° ,   135 ° ,   180 °


  ( T ≈ 19 . 6   N )


 


  r   = 10 . 6   m m


  L   = 17 . 5   m m


  𝜑


  r  sin ⁡    𝛼  𝜑 ​


   ​  i − 1   𝐓  i =  [        cos ⁡    𝜃  i  −  sin ⁡    𝜃  i  cos ⁡    𝛼  i   sin ⁡    𝜃  i  sin ⁡    𝛼  i    a  i  cos ⁡    𝜃  i    sin ⁡    𝜃  i   cos ⁡    𝜃  i  cos ⁡    𝛼  i  −  cos ⁡    𝜃  i  sin ⁡    𝛼  i    a  i  sin ⁡    𝜃  i   0   sin ⁡    𝛼  i   cos ⁡    𝛼  i    d  i   0  0  0  1 ]


  L − r  cos ⁡    𝛼  𝜑


  φ = 90 °


   sin ⁡    𝛼  𝜑 = 1


   cos ⁡    𝛼  𝜑 = 0


    F  g e o m  ( 90 ° ) =   T r  L  


  𝛼


  90 °


  0 °


  T ≈ 19 . 6   N


  45 °


    a  i


    F ​  m a x = 0 . 273 + 0 . 0294 T ,  


    R 2 = 0 . 992


    F  m a x ​


  T


  𝛼


    d  i

