Extreme Mechanics Letters 80 (2025) 102405

FI. SEVIER

. 0 0 . ; EXTREME M[[:“A&I'I'E)RSs
Contents lists available at ScienceDirect

Extreme Mechanics Letters

journal homepage: www.elsevier.com/locate/eml

Mechanics of bonded sensor layers in soft tubes: Suppressing instability and
failure for sensing reliability

Yi Jin?, Christian A. Zorman ", Changyong Chase Cao

a,b,c,*

2 Department of Mechanical and Aerospace Engineering, Case Western Reserve University, Cleveland, OH 44106, USA
b Department of Electrical, Computer and Systems Engineering, Case Western Reserve University, Cleveland, OH 44106, USA
¢ Advanced Platform Technology (APT) Center, Louis Stokes Cleveland VA Medical Center, Cleveland, OH 44106, USA

ARTICLE INFO

Keywords:

Soft tubes

Bonded sensors
Ovalization

Buckling

Sensor failure
Measurement fidelity
Structural instability

ABSTRACT

Integrating sensors onto thin-walled tubular structures is of paramount importance for the advancement of smart
infrastructures and facilities, enabling real-time detection of mechanical states and environmental conditions.
This study systematically investigates the mechanics of bonded sensor layers in suppressing bending-induced
ovalization, buckling, and failure in soft, thin-walled tubes, with the goal of enhancing sensing reliability.
While significant progress has been made in understanding instability phenomena in tubular structures under
mechanical loading, a critical gap remains in characterizing how bonded sensor layers influence deformation and
failure mechanisms. To address this, a comprehensive parametric analysis—supported by finite element simu-
lations and experimental validation—was conducted to evaluate the effects of four key parameters: length ratio,
thickness ratio, wrapped angle, and relative stiffness. The results reveal that optimized config-
urations—specifically, length ratios exceeding 0.7, thickness ratios above 1.6, moderate wrapped angles
(approximately 21/3-4n/3), and relative stiffness greater than 0.03—can suppress ovalization to below 25 % in
sensor-covered regions, redistribute deformation to uncovered segments, and trigger complex buckling behaviors
involving multiple kinks and secondary instabilities. These thresholds mitigate localized strain concentrations,
reduce the risk of sensor layer wrinkling or delamination, and preserve measurement fidelity under operational
loading. The findings extend classical instability theories to hyperelastic, multilayered systems and provide
practical design guidelines for sensor-integrated tubular structures. Applications include smart pipelines and
conduits for structural health monitoring and environmental sensing in next-generation infrastructure systems.

1. Introduction

or elliptical shape during bending [8]. Excessive ovalization may un-
dermine the tube’s structural integrity, create localized stress concen-

Smart infrastructures and facilities increasingly rely on integrated
sensor technologies for real-time monitoring and enhanced operational
efficiency, such as in pipelines, structural components, and environ-
mental systems [1-4]. Thin-walled tubular structures equipped with
bonded sensor layers represent a critical advancement in these domains,
enabling the detection of mechanical states and environmental condi-
tions [4]. These smart tubes are designed to adapt to complex environ-
ments while providing data on parameters like internal pressure or
structural integrity. Consequently, the system can be modeled as a
thin-walled tube integrated with bonded sensor layers [5,6]. In opera-
tional scenarios, these tubular structures are particularly susceptible to
bending loads, which induce ovalization and buckling [7]. Ovalization
denotes the deformation of the tube’s circular cross-section into an oval

trations, and promote sensor layer failure modes such as wrinkling or
delamination, thereby compromising sensing fidelity [9-11]. Further-
more, the interaction between ovalization and wall flattening can result
in distinct loading and unloading paths, generating hysteresis that re-
quires accurate capture by the sensor.

The integration of sensor layers in tubular structures holds signifi-
cant promise across diverse applications, enhancing reliability and
functionality under deformation [4]. In smart infrastructures, these
configurations facilitate pipeline inspection for leak detection and
integrity assessment, structural health monitoring in bridges and
buildings to prevent failures, and environmental sensing in water dis-
tribution systems for contamination detection. Similarly, in soft robotics
[12-14], they enable minimally invasive medical devices for precise
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navigation and force feedback [15,16], agricultural grippers for delicate
harvesting tasks [17,18], and exploration robots for subsurface or
confined-space operations [19]. By addressing deformation challenges
in these scenarios, such as ensuring sensor durability during bending,
the technology supports broader impacts including improved safety,
efficiency, and adaptability in both infrastructural and robotic systems.

Extensive research has investigated ovalization and buckling in tubes
without bonded sensor layers or rigid reinforcements, utilizing analyt-
ical [20-22], numerical [23-26], and experimental [27,28] approaches.
A significant portion of analytical studies extends Brazier’s methodology
[8], linking bending curvature to cross-sectional instability. Wilkes
enhanced Brazier’s model by developing an analytical framework that
describes the combined effects of bending, pressure, and axial loads on
ovalization and collapse in cylindrical tubes [29]. Zhang and Yu
examined ovalization in tubes with arbitrary cross-sections, establishing
the full moment-curvature relationship [30]. Their analysis demon-
strated that flattening increases nonlinearly with longitudinal curvature.
In cases with complex boundary conditions and nonlinear materials,
approximate solutions or finite element analyses are typically employed
[31,32]. Despite progress in understanding thin-walled tube instability
under various loads, a substantial knowledge gap remains concerning
the impact of a bonded sensor layer on deformation and instability in
these structures.

To bridge this gap, this study performs a parametric analysis of the
bonded sensor layer’s geometric and material properties on ovalization
and buckling in thin-walled tubes through finite element analysis and
experimental validation. As shown in Fig. 1(a), the simulations feature
partial bonding of a sensor layer around the central portion of a thin-
walled tube, bent by moments applied at its ends. During the process,
the tube’s cross-section experiences ovalization and flattening, poten-
tially leading to one or two kinks, as illustrated in Fig. 1(b). Ovality is the
measure of the ovalization of a cylindrical object’s cross-section from a
perfect circle, typically expressed as the difference between its
maximum and minimum diameters divided by the nominal diameter.
Following standard convention, ovalization is expressed as:

Drnax — Dmin % 100%

= Dmax + Dmin

where 1) is the ovality of the tube cross-section during bending, and Dyax
and Dp, are the major and minor outer diameters, respectively. This
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Fig. 1. Schematic of a soft, thin-walled tube under bending with a bonded
extensible layer at the midsection. (a) The tube is partially wrapped by an
extensible layer and subjected to a bending moment at both ends. (b) During
bending, the tube undergoes cross-sectional ovalization and may buckle; the
extensible layer constrains ovalization and influences the buckling behavior.
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study covers three geometric parameters of the sensor layer—length,
thickness, and wrapped angle—as well as the relative stiffness between
the tube and the layer. The findings are detailed in the following
sections.

The organization of this paper is as follows: Section 2 presents the
computational and experimental approach used in the study. Section 3
discusses the bending behavior of a baseline tube without a bonded
sensor layer. Section 4 examines the critical factors influencing tube
ovalization and buckling—specifically, length ratio, thickness ratio,
wrapped angle, and relative stiffness—and analyze their effects on
bending behavior as well as strategies to prevent failure and ensure the
reliability of integrated sensors. Finally, Section 5 provides concluding
insights and suggestions for future research.

2. Computational and experimental approach

To investigate the influence of bonded sensor layers on tube defor-
mation, finite element (FE) simulations were implemented using the
commercial software Abaqus™. Computer-aided design (CAD) models
of tubes integrated with sensor layers of varying geometric parameters
were generated in SolidWorks™ and imported into Abaqus™. A neo-
Hookean hyperelastic model was assigned to the tube material, with
coefficients C19 = 1 MPa and D; = 0.01 MPa™!, reflecting the soft ma-
terial properties. Solid elements (C3D10H) were employed for meshing
the tube. For the sensor layer, a similar neo-Hookean model was applied,
with coefficients C19 = 0.02 MPa and D; = 0.01 MPa™ for geometric
parameter studies, while varying these for relative stiffness analyses.
The layer was also meshed with C3D10H elements. During simulations,
the longitudinal motion at the tube’s mid-plane was constrained, and
displacement loadings were applied at the ends to achieve specified
bending angles. Moment and angle data were extracted from the tube
ends for analysis. Mesh convergence was verified by refining element
sizes until ovality variations were below 1 %, ensuring computational
accuracy. Failure criteria for the sensor layer were incorporated by
monitoring maximum principal strains, with thresholds set at 150 % to
identify potential wrinkling or delamination risks, based on material
limits.

Complementing the simulations, experiments were conducted to
validate deformation behaviors. Tubes were fabricated using a digital
light processing (DLP) resin printer (Photon Mono M7, Anycubic™) with
a commercial UV-curable flexible resin (F69, RESIONET™). Post-
printing, specimens were cured under 405 nm UV light for 30 min,
followed by oven curing at 60 °C for 1 h, yielding a Young’s modulus of
approximately 10 MPa. VHB tapes (4905 and 4910, 3M™) with thick-
nesses of 0.5 mm and 1 mm, and an assumed Young’s modulus of
0.2 MPa, served as sensor layer analogs. A custom bending test appa-
ratus was designed, comprising a rigid base plate with a semicircular
track and two movable sliders (see Supporting information, Fig. S2).
Tube ends were clamped to the sliders to preserve cross-sectional shape
during bending, with sliders moving along the track for controlled
deformation. Longitudinal motion at mid-span was restricted using a
thin thread. A camera captured configurations at specified angles for
ovality quantification via image analysis, with measurements showing
agreement within 10 % of FE predictions, accounting for material
variability.

3. Baseline behavior of the tube under bending loads

Initial simulations investigated a tube without a bonded sensor layer
to establish baseline insights into geometric influences on ovalization
and buckling. Given the focus on soft materials, a neo-Hookean model
was employed, as described in Section 2. As shown in Fig. 2(a), the tube
bends about its mid-plane by an angle 6. During bending, both end
cross-sections were assumed to remain constant, and displacement-
controlled loading was applied to achieve the target angle. The tube
had an outer diameter D = 20 mm and wall thickness ¢, defining the
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Fig. 2. Influence of diameter-to-thickness ratio and bending angle on tube deformation without a bonded sensor layer. (a) Geometric parameters of the tube. (b) FEA
results showing ovality at a bending angle of /6 for varying diameter-to-thickness ratios. (¢) Configurations of bent tubes at different diameter-to-thickness ratios.
(d) FEA results of normalized moment-angle curves for tubes with different diameter-to-thickness ratios. (e) Effect of increasing bending angle on tube ovality and

deformation configuration for a fixed ratio.

diameter-to-thickness ratio D/t (examined values: 6, 10, 20, 30). Tube
length was fixed at L = 100 mm, with bending up to 6 = =/6. Fig. 2(b)
presents the maximum ovality at & = x/6 for different D/t ratios.
Ovalization increased with D/t, with a distinct mid-plane kink forming
at D/t > 20. For D/t < 10, the cross-sections remained nearly circular,
as shown in Fig. 2(c). Thinner walls facilitated more significant ovali-
zation, which may pose challenges for maintaining structural integrity
during sensor layer integration in smart infrastructure applications.
Normalized bending moment curves, M/ (Et®), are plotted against 6
in Fig. 2(d), where E is the Young’s modulus. Buckling was observed at
0 ~ /12 for D/t = 30 (critical normalized moment = 17), and at 6 ~
n/9 for D/t = 20 (critical normalized moment ~ 12). Tubes with D/t <
10 remained stable up to 6 = /6. These trends are consistent with
Brazier theory [8], validating its relevance to soft materials, although

the neo-Hookean model revealed stronger post-buckling softening than
predicted by linear elasticity. Based on these observations, a tube with
D/t = 20 was selected for further analysis. Fig. 2(e) explores the effect of
bending angle from 6 = 0 to /2. Ovality exceeded 25 % beyond n/6,
accompanied by mid-plane kinking, and reached a maximum at n/3
with inner surface contact. Ovality generally increased with bending
angle, reinforcing the importance of sensor layer bonding to suppress
deformation and maintain sensing accuracy under operational loading.
These results establish a critical bifurcation point, where localized strain
energy triggers instability, consistent with buckling behaviors in
elasto-active soft structures.
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4. Bending behavior of the tube with bonded sensor layer

This section investigates the influence of a bonded sensor layer on
the deformation and buckling behavior of a soft, thin-walled tube,
building on the computational and experimental approach described in
Section 2. As illustrated in Fig. 3(a), the tube has length L, thickness t,
and shear modulus y,. The sensor layer is bonded at the tube’s midsec-
tion, with length 1, thickness t;, and shear modulus y;. The wrapped
angle a defines the positive central angle spanned by the layer. Four
normalized parameters were analyzed to isolate geometric and material
effects: length ratio 1/L, thicknessratiot;/t, wrapped angle o,
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and relative stiffness y;/u,.

Three distinct types of normalized moment-bending angle curves
characterize the bending response of tubes with bonded sensor layers
(Supporting information, Fig. S3). The first type (Fig. S3(a)) exhibits
three regions: elastic, ovalization, and post-buckling, with two critical
points. From 0 = 0 to ©/18 radians, the moment (M/Et®) increases lin-
early, indicating an elastic response with a circular cross-section. Be-
tween 7/18 and /9, nonlinearity emerges as ovalization begins,
increasing local stresses that could risk sensor layer wrinkling. At 6
= 1/9, the curve peaks (critical moment ~ 14), followed by a sharp
drop, signaling local buckling with a mid-plane kink formation. Beyond
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Fig. 3. Influence of sensor layer length ratio on tube deformation and buckling behavior. (a) Geometric parameters and material properties of the tube and bonded
layer. (b) FEA results of ovality at a bending angle of 57/18 for varying length ratios. (c) Normalized kink position relative to the tube centerline. (d-e) FEA results
of normalized moment-bending angle curves for different length ratios: (d) 1/L = 0.3-0.6; (e) I/L = 0.7-0.9. (f) Comparison of FEA and experimental deformation

during bending for tubes with different sensor layer lengths.
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this, the moment declines, reflecting reduced load-carrying capacity and
potential layer failure due to stress concentrations. This behavior un-
derscores the need for layer optimization to maintain sensing fidelity.

The second type (Fig. S3(b)) features four regions: elastic, ovaliza-
tion, post-buckling, and post-collapse, with two instability points. After
an initial elastic phase, ovalization induces nonlinearity, with the crit-
ical moment (~ 14) at 8 = /9. Post-buckling, the moment decreases
gradually as small wrinkles form on the compressive side, reducing
stiffness but retaining some load capacity. At 6 =13n/60, a slight
moment increase precedes a sharp drop, indicating snap-through
instability where wrinkles coalesce into larger folds, temporarily
enhancing stiffness before collapse. Experiments confirm these patterns,
showing that strategic layer design mitigates wrinkling, preserving
structural and sensing reliability in smart infrastructure applications.

The third type (Fig. S3(c)) mirrors the second but exhibits post-snap-
through fluctuations, reflecting dynamic load redistribution. After
initial elastic deformation and ovalization, local buckling occurs, fol-
lowed by snap-through at 6~ 131/60. Subsequent oscillations arise from
kink migration along the compressive surface, as wrinkles coalesce into
larger folds seeking stable configurations. This migration, observed in
both simulations and experiments, dissipates energy incrementally,
delaying complete collapse. The dynamic behavior highlights complex
tube-layer interactions, where optimized parameters can reduce layer
failure risks (e.g., delamination) and ensure consistent sensing perfor-
mance under large deformations. These curves demonstrate that bonded
sensor layers significantly influence tube mechanics, with implications
for preventing failure modes and maintaining sensing reliability. Sub-
sequent subsections explore specific parameter effects to optimize these
outcomes.

4.1. Effects of length ratio in bonded sensor layers

This section investigates how the length ratio 1/L affects ovalization
and buckling, with other parameters fixed at t;/t =2, « = 2=, and
/1= 0.2. The tube is bent to a constant angle of 51/18 radians. Fig. 3
(b) presents the finite element analysis (FEA) results of ovality for
varying length ratios. When 1/L < 0.7, the tube collapses on both sides of
the sensor layer, exhibiting extreme ovality (up to 150 %), while the
mid-plane remains nearly circular (ovality < 40 %). This is due to the
lower stiffness of the uncovered regions, which reach their critical mo-
ments before the covered region. As 1/L increases, ovality at both the
middle and maximum planes decreases. For 1/L. > 0.7, collapse occurs
in the mid-plane itself, with an ovality of 137.43 %, indicating nearly
simultaneous instability in both covered and uncovered regions.

Fig. 3(c) shows the normalized kink position versus length ratio,
calculated as +a/(L/2), where a is the distance of the kink from the mid-
plane. For I/L < 0.7, two symmetric kinks appear away from the center.
As the length ratio increases, these kinks migrate outward. At
1/L > 0.7, only one central kink forms, indicating a shift in the domi-
nant buckling location. The normalized moment-bending angle curve
for 1/L < 0.7 is presented in Fig. 3(d). The moment rises linearly, then
drops sharply at the critical point, followed by a gradual decline. As the
length ratio increases, the critical moment rises and occurs later in the
deformation process, consistent with delayed instability. For example,
the critical moment for 1/L = 0.6 is 13.62. Post-buckling behavior is
similar across these cases, as buckling occurs in the identical uncovered
region.

Forl/L > 0.7, Fig. 3(e) shows that the normalized moment also rises
linearly, followed by varied post-buckling responses. At 1/L = 0.8, the
moment drops abruptly and then decreases gradually. At 1/L = 0.7 and
0.9, the moment first decreases gradually, accompanied by surface
wrinkling and stiffness loss. This is followed by a sharp fluctuation—a
rise and drop—reflecting a second buckling event where initial wrinkles
coalesce into larger features, momentarily increasing structural stiffness
before a final decline. All three cases share the same critical moment (=
14.21) and final deformation pattern, suggesting that beyond a
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threshold (I/L > 0.7), the length ratio no longer influences the critical
moment or post-buckling path. Experimental validation of the defor-
mation profiles for 1/L = 0.6 and 0.7 is provided in Fig. 3(f).

These findings reveal a stiffness-gradient-induced bifurcation
mechanism, where extending the sensor layer redistributes strain en-
ergy, delays the onset of buckling, and suppresses catastrophic mid-
plane collapse. The results align with nonlinear finite element models
of pre-stressed tubular systems, extending Brazier’s classical theory by
incorporating hyperelastic effects that intensify secondary buckling
through wrinkle coalescence. In smart infrastructure applications—such
as pipeline health monitoring under seismic or wind-induced bend-
ing—optimized sensor layer length ratios (1/L > 0.7) improve structural
stability and sensing reliability, reducing the risk of delamination.
However, the assumption of perfect bonding may oversimplify real-
world conditions. Interfacial shear lags or imperfect adhesion could
shift kink locations and deformation modes. Future studies should
consider cohesive zone models [33] or introduce internal pressure
loading to explore more realistic scenarios.

4.2. Effects of thickness ratio in bonded sensor layers

This section explores how the thickness of a bonded sensor layer
influences ovalization and buckling in a soft tubular structure. The
sensor layer’s length ratio and wrapped angle are held constant at 1/L
= 0.2 and o = T, respectively. The thickness ratio t;/t is varied from 0.4
to 2.8, and all simulations are conducted under a fixed bending angle of
6 = 5m/18 radians. Figs. 4(a) and 4(b) present FEM results for ovality
and normalized kink position at the specified bending angle. For a thin
layer (t;/t = 0.4), the tube exhibits a single central kink, with ovality
reaching ~ 160 %. However, once the thickness ratio exceeds 0.8, the
deformation pattern shifts: ovality drops below 40 %, and two distinct
kinks form near the edges of the sensor layer. The normalized kink po-
sition plot shows that increasing thickness causes the kink locations to
migrate toward the mid-span (y = 0.5). This trend highlights the role of
sensor layer thickness in constraining ovalization and redistributing
deformation, thereby preventing localized structural collapse.

Figs. 4(c) and 4(d) exhibit the normalized moment-bending angle
relationships. For t/t < 1.6, the moment curves resemble those
observed for length ratios 1/L < 0.7, indicating that thinner layers do not
significantly alter critical buckling behavior. Critical moments remain
close to those of the uncovered tube. In contrast, for t;/t = 1.6 and 2.0, a
second buckling event emerges, characterized by moment fluctuations
and surface wrinkling. Tubes with t;/t > 1.6 exhibit consistent defor-
mation behavior, with closely grouped kink positions and converging
moment-angle curves in the post-buckling regime. This suggests a
saturation effect, where further increases in thickness provide dimin-
ishing structural benefit. Experimental validations for three represen-
tative cases are provided in Fig. 4(e): (1) single-kink case (t;/t = 0.4), (2)
transitional case (t;/t=1.2), and (3) dual-kink case (t;/t= 2.0).
Experimental deformation patterns and kink positions show good
agreement with the FEA predictions, confirming the model’s ability to
accurately capture the effects of thickness on buckling behavior.

These results demonstrate a thickness-dependent stabilization
mechanism, whereby increased bending stiffness from the sensor layer
suppresses hoop strain gradients and delays instability onset. This shifts
the dominant buckling mode and improves collapse resistance. The re-
sults extend classical Brazier theory by incorporating the role of layered
hyperelasticity, which introduces enhanced post-buckling resilience
through distributed strain energy dissipation. In practical applications
such as structural health monitoring of pipelines or soft infrastructure,
optimizing the thickness ratio (t;/t > 1.6) improves the mechanical
integrity of the sensor layer, reduces stress concentrations, and mini-
mizes the risk of delamination—enhancing long-term sensing reliability.
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Fig. 4. Influence of sensor layer thickness ratio on ovalization and buckling behavior. (a) FEA results of ovality at a bending angle of 57/18 for different thickness
ratios. (b) Normalized kink position relative to the tube centerline. (c-d) FEA results of normalized moment-bending angle curves for different thickness ratios: (c)
)/t = 0.4-1.2; (d) t;/t = 1.6-2.8. (e) Comparison of FEA and experimental deformation during bending for tubes with varying sensor layer thicknesses.

4.3. Effects of wrapped angle in bonded sensor layers

This section investigates how the wrapped angle « of a bonded
sensor layer affects ovalization and buckling in soft tubular structures. In
practical applications, sensor layers often cover only a portion of the
tube circumference, making it essential to understand the influence of
partial wrapping. Wrapped angles were varied from n/6 to 27 in in-
crements of n/6, while keeping other parameters fixed: 1/L =0.2,
t/t=2, and y;/u, =0.2. The sensor layer was positioned on the
compressive side of the bent tube. Bending is about symmetric axis
(Results for asymmetric conditions are shown in Fig. S4). Fig. 5(a) shows
FEA results for ovality across different wrapped angles. Four distinct
deformation regimes emerge:

e Small angles (1/6 < a < x/2): A single central kink forms at the
mid-plane, with ovality reaching ~ 160 %, indicating collapse in the
uncovered region due to insufficient constraint.

e Moderate angles (1/2 < a < 4n/3): The tube develops two kinks
near the edges of the sensor layer, with maximum ovality around
158 % and reduced ovality (< 40 %) at the center, reflecting
increased constraint in the covered zone.

Large angles (4n/3 < a < 3n/2): The system reverts to a single
central kink, likely due to geometric symmetry favoring energy
minimization.

e Very large angles (o > 31/2): Two kinks reappear, with ovality ~

160 % and suppressed mid-plane deformation.

This non-monotonic trend reveals that increased coverage initially
suppresses mid-plane buckling by shifting instability toward uncovered
regions. However, when wrapping approaches half the circumference
(a =~ ), symmetry-induced energy minimization re-establishes a central
kink. Further increases in a reinforce stiffness in the covered region,
again driving edge-localized buckling.

Fig. 5(b)-(d) present normalized moment-bending angle curves
grouped by wrapped angle:
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e Small angles (7/6 < a < /2, Fig. 5(b)): The sensor layer provides
minimal constraint. Critical moments and post-buckling paths

remain similar to the uncovered case.

e Moderate angles (27/3 < a < 7x/6, Fig. 5(c)): Tubes exhibit multi-
stage buckling, with variable critical moments and wrinkle forma-
tion, indicating transitional behavior.

e Large angles (37/2 < a < 2z, Fig. 5(d)): Buckling localizes to un-
covered regions. As a increases, the critical moment decreases, and
instability occurs earlier due to increased constraint within the

covered zone.

Fig. 5(e) compares experimental results with simulations, including
cross-sectional views from FEA. The experimental deformation patterns
confirm the simulation predictions, validating both kink location and
ovality trends across wrapped angles.

These analyses reveal an asymmetry-driven mode transition mech-
anism, in which partial wrapping introduces circumferential stiffness
gradients that reshape buckling pathways and deformation energy dis-

tributions. This builds upon classical Brazier theory by incorporating

non-uniform circumferential constraints in hyperelastic tubes. Notably,
moderate wrapping angles promote secondary buckling and wrinkle
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formation through localized strain amplification, consistent with recent
nonlinear analyses of layered or notched soft structures. In the context of
smart infrastructure systems—such as flexible pipelines under seismic
loading or bridge components under dynamic stress—moderate wrap-
ped angles provide a balance between structural constraint and flexi-
bility. They enable targeted sensor deployment, mitigate wrinkling, and
preserve sensing fidelity by preventing excessive ovalization.

4.4. Effects of relative stiffness in bonded sensor layers

This section examines the effect of relative stiffness between the
bonded sensor layer and the soft tube on deformation and buckling
behavior. The stiffness ratio y;/u, was varied across 16 combinations in
the form (b x 10"|b =1,2,3,4;n =-3,-2,-1,0), covering four orders
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of magnitude. The corresponding ovality and normalized kink positions
are shown in Figs. 6(a) and 6(b). For relative stiffness values less than
0.01, the tube exhibits a single central kink, with minimal influence
from the sensor layer on ovalization. At a stiffness ratio of exactly 0.01,
two distinct kinks appear near the edges of the layer, reaching a
maximum ovality of 175 %, while mid-plane ovality decreases to 59 %.
As the stiffness ratio increases beyond 0.01, ovalization at the mid-plane
sharply declines, falling below 25 % for y;/u, > 0.03, indicating signif-
icant constraint from the stiffer layer. However, the uncovered regions
still undergo high deformation, with ovalities near 155 %, leading to
localized collapse. The kink positions in these uncovered regions shift
outward with increasing layer stiffness. Normalized moment-bending
angle curves for each stiffness regime are presented in Fig. 6(c)-(f),
grouped by order of magnitude:
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Fig. 6. Influence of relative stiffness between the sensor layer and the tube on ovalization and buckling behavior. (a) FEA results of ovality at a bending angle of
5n/18 for various relative stiffness values (4;/4,). (b) Normalized kink position relative to the tube centerline. (c—f) FEA results of normalized moment-bending
angle curves for different stiffness ranges: (¢) y;/p, =1 x 1073 —4 x 1073, (d) py/p, =1 x 1072 — 4 x 107%; (&) py/pu, = 0.1 —0.4; (O py/p, =1 — 4.
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e Order 103: Critical moments remain nearly constant across ratios,
but the post-buckling response shows multiple deformation events,
reflecting low stiffness influence.

Order 102: A transition occurs (critical moment increases to 11.81)
and buckling patterns become more spatially organized, with
deformation shifting to uncovered zones.

Order 107! Further increases in stiffness yield a critical moment of
12.63, and consistent wrinkle formation appears, reflecting stronger
interfacial constraints.

Order 10°: The highest critical moment (13.12) is observed. Buck-
ling occurs earlier and predominantly outside the stiffened region,
with stable post-buckling characteristics.

These results reveal a contrast-driven preferential buckling mecha-
nism, where stiffness mismatch redistributes global strain energy and
drives instability into more compliant, uncovered regions. As the sensor
layer becomes stiffer, it effectively suppresses local deformation, ele-
vates load-bearing capacity, and stabilizes post-buckling behavior in the
covered region. However, this benefit comes at the cost of concentrating
stresses in unreinforced areas. This mechanism extends classical theories
of tube instability—such as Brazier’s model—by incorporating
nonlinear hyperelastic layering effects that promote multi-stage buck-
ling through progressive stiffness loss and wrinkle formation [8]. The
findings emphasize that stiffness ratios exceeding 0.03 are critical for
suppressing mid-plane ovalization and enhancing the structural per-
formance of soft hybrid systems. In smart infrastructure applica-
tions—such as pipelines exposed to vibration, wind-induced bridge
flexure, or bending in embedded sensor networks—strategically
designed stiffness ratios improve sensor layer integrity, reduce risks of
delamination, and ensure long-term sensing reliability under opera-
tional loading.

5. Conclusion

This study systematically investigated the mechanics of bonded
sensor layers in mitigating bending-induced ovalization, buckling, and
layer failure in soft, thin-walled tubular structures, with the aim of
enhancing sensing reliability under operational conditions. Through
integrated finite element analysis and experimental validation, we
demonstrated that key parameters—including length ratio, thickness
ratio, wrapped angle, and relative stiffness—govern the onset and evo-
lution of structural instability. Optimized configurations, such as length
ratios exceeding 0.7, thickness ratios above 1.6, wrapped angles in the
range of approximately 27/3 to 4n/3, and relative stiffness values
greater than 0.03, were found to suppress ovalization to below 25 % in
the covered regions. These configurations also redistributed deforma-
tion to the uncovered areas, leading to complex buckling behaviors
involving multiple kinks and secondary post-buckling events. Such
mechanisms reduce strain concentrations, mitigate the risks of sensor
wrinkling or delamination, and help preserve measurement fidelity in
embedded sensing systems. The new findings advance the understand-
ing of layered hyperelastic interactions in soft tubular systems, extend-
ing classical theories such as Brazier’s to include the effects of
circumferentially and axially heterogeneous stiffness distributions. The
results provide a foundation for the design and integration of sensorized
soft tubes in smart infrastructure applications, including structural
health monitoring pipelines and environmental sensing networks. To
further improve the predictive accuracy and practical relevance of the
models, future research should incorporate factors such as internal
pressure loading, cyclic fatigue, viscoelastic behavior, and imperfect
bonding conditions.
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