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Abstract—Rigid—-deformable coupled objects, such as stone
fruits and biological tissues, consist of deformable envelopes
enclosing rigid cores. While humans can readily perceive envelope
compliance despite internal variations, achieving comparable
core-agnostic compliance perception in robots remains challeng-
ing. This paper presents a FEM-guided framework for estimating
the elastic modulus of deformable envelopes in rigid—deformable
coupled objects. The method formulates compliance estimation
as a physics-based inverse problem in continuum mechanics
and derives a unified finite-element formulation that naturally
accommodates variations in the geometry and placement of
the internal rigid cores. Leveraging distributed vision-based
tactile sensing, the proposed framework enables data-efficient
modulus estimation from a single tactile contact frame. Com-
prehensive simulations and real-world experiments, including
non-destructive fruit maturity assessment, demonstrate accurate
and robust compliance estimation across diverse core geometries,
contact conditions, and loading configurations.

I. INTRODUCTION

Rigid—deformable coupled objects, such as stone fruits and
biological tissues, consist of a deformable envelope enclosing
a rigid core, as shown in Fig. 1. For these objects, the
compliance of the envelope is often the property of interest,
as it reflects functional states such as fruit ripeness or tissue
condition. However, reliable estimation of the envelope com-
pliance remains challenging because the measured response is
easily confounded by the internal rigid structure.

From the sensing perspective, conventional point-wise prob-
ing is sensitive to local heterogeneity and contact condi-
tions [1, 2]. Vision-based approaches that combine probing
with external observation partially alleviate these issues but
typically rely on dense visual markers and are prone to occlu-
sion during contact [3]. In contrast, vision-based tactile sensors
are better suited to this problem, as they directly provide
dense measurements of boundary deformation and contact
force [4, 5]. Existing compliance estimation methods also
remain limited. Learning-based methods [6-8] often demand
extensive training data, making it difficult to decouple the
compliance of the deformable envelope from the influence of
the internal rigid core.

In contrast, this work presents a FEM-guided framework
for core-agnostic compliance perception. The method inte-
grates distributed tactile measurements with a continuum-
mechanics inverse model to recover the elastic modulus of the
deformable envelope from a single tactile contact frame. By
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Fig. 1. Compliance perception in rigid—deformable coupled objects. Left: A
human pinches a plum to assess envelope compliance. Right: Vision-based
tactile sensing enables analogous core-agnostic estimation in robots.

explicitly incorporating the known internal core geometry in
the FEM discretization, it separates core effects from envelope
compliance, yielding a physically grounded and data-efficient
formulation for modulus estimation across different core ge-
ometries and placements. The key contributions of this work
are as follows: 1) a core-agnostic modeling of rigid—deformable
coupled objects, ii)) FEM-guided modulus estimation via dis-
tributed tactile sensing, and iii) comprehensive validation and
application to fruit maturity detection.

II. RELATED WORK
A. Vision-based Tactile Perception

Tactile perception complements vision in contact-rich ma-
nipulation [9], but conventional force/torque sensors and tactile
skins are often limited by sparse spatial resolution [10, 11].
Vision-based tactile sensors, represented by GelSight and
GelSlim, convert contact-induced membrane deformation into
dense visual measurements, enabling high-resolution contact
geometry reconstruction [4, 5] and full-field force estima-
tion [12]. Exploiting dense tactile fields to identify mechanical
properties of heterogeneous, rigid—deformable coupled objects
remains largely unexplored.

B. Compliance Perception for Deformable Objects

Estimating compliance or elastic modulus has long been
studied in biomechanics and robotics [1, 13]. Classical in-
dentation methods fit force-displacement curves with idealized
contact models, such as Hertzian, flat-punch, or elastic half-
space assumptions [2, 14, 15]. External cameras broaden
observability [3], but the performance is limited by self-
occlusion. Recent tactile learning methods classify hardness
or regress material parameters from sensor images [6-8];
however, they remain data-intensive. In contrast, this work
explicitly models deformable envelopes with embedded rigid
cores and estimates the envelope modulus through a physics-
based FEM inverse formulation constrained by distributed
tactile measurements.
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Fig. 2. The overall pipeline. (a) The deformable envelope enclosing a rigid core is discretized using FEM to obtain the unit-modulus stifftness matrix and
displacement fields. (b) Vision-based tactile sensors capture full-field deformation during contact, and mesh registration reconstructs boundary displacements
and forces. (c) The elastic modulus is estimated by comparing the strain energies of the real and unit-modulus systems.

III. METHOD

The rigid—deformable coupled object is modeled as a de-
formable envelope with an embedded rigid core, as shown in
Fig. 2. During contact, the tactile sensor measures boundary
displacement and force on the contact region. The elastic
modulus represents envelope stiffness, and FEM converts the
continuous deformable body into a stiffness-matrix relation
between nodal forces and displacements.

F = KU,
17 — ccontactl]7 F — ccontactF’ (1)
where K € R™*" denotes the global stiffness matrix, U € R"
and F € R" denote the global nodal displacement and
force vectors, U € R™ and F € R™ denote the measured
nodal displacement and force vectors on contact boundary,
and ccontact ¢ R™MX"™ extracts the contact boundary quantities.
Here, n is the total number of degrees of freedom, and m is
the number of measured contact degrees of freedom. Because
the known internal core geometry is explicitly included in
the discretization, the effect of the rigid inclusion is handled
directly in the mechanical model rather than absorbed into an
effective stiffness estimate.

For a linear elastic envelope with fixed Poisson’s ratio and
a rigid-core constraint, the system matrix can be factorized as
K = E; ;K. This separates the unknown envelope modulus
E4 from the geometry-dependent part Ky € R™*". We then
solve an auxiliary problem with unit modulus and the same
prescribed boundary displacement. The resulting displacement
field Uy € R" is identical to that of the real system, which
leads to the closed-form estimator

FTU FTU

- UchontactKOUO - UOTKOUO’
which can be interpreted as the strain energy ratio between
the actual system and a unit-modulus auxiliary system.
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IV. SIMULATION EVALUATION

Abaqus simulations provide a controllable testbed for iso-
lating factors that are coupled in real specimens. Two rep-
resentative interaction modes are considered: a two-sensor
grasp of a deformable cuboid with a spherical core and a
single-sensor press of a deformable cube with a cubic core, as
shown in Fig. 3(a) and (b). The goal is to recover the known
envelope modulus while varying one factor at a time. The
evaluation focuses on: i) validity of modeling assumptions,
ii) advantage of distributed tactile sensing, and iii) the core-
agnostic property of the framework.
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Fig. 3. Abaqus simulation setup and validation. (a) Two-sensor grasp of an
object with a spherical core. (b) Single-sensor press of an object with a cubic
core. (c) Modulus estimates from linear elastic and Neo-Hookean forward
simulations over the tested modulus range. (d) Contact-area sweep in the press
case, showing improved accuracy with denser tactile boundary information.

Model Assumption Evaluation. In the grasping case, for-
ward simulations are generated with both a linear elastic model
and a Neo-Hookean model, a common nonlinear model, over



the tested modulus range, with other factors fixed. Applying
the same estimator to both datasets yields closely matched
modulus estimates, as shown in Fig. 3(c), with a maximum
discrepancy of 2.01%, indicating limited nonlinear effects.

Tactile Distribution Evaluation. In the pressing case, the
contact area is swept over 12, 32, 52, 102, and 152 mm? to
evaluate the benefit of distributed tactile measurements. As
shown in Fig. 3(d), the estimation error decreases from 27.70%
at 1 mm? to 8.66% at 25 mm?, and further drops below 5% at
100 mm?. This confirms that larger contact area reduces bias
caused by local stress concentration and edge effects.
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Fig. 4. Sensitivity of modulus estimation to core location. (a) Evaluated
core displacement range. Modulus deviation induced by (b) normal-direction
perturbations (XZ slice) and (c) tangential perturbations (XY slice).
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Fig. 5. Core-agnostic evaluation with respect to pressing position and core
geometry. (a) Spatial distribution of estimated modulus and relative error
across different pressing locations. (b) Estimated modulus and relative error
for different core geometries.

Core-Agnostic Evaluation. Core-prior sensitivity is first
evaluated by perturbing the assumed core location around
its nominal position. Exploiting geometric symmetry, one
quarter of the displacement space is sampled using four 1 mm
tangential shifts along the x/y directions and normal shifts
up to 4 mm along the loading axis, as shown in Fig. 4. The
result shows that the estimator is more sensitive to normal than
tangential offsets because normal shifts directly change the
local envelope thickness along the loading axis. Nevertheless,
the maximum error remains within 8%, suggesting tolerance
to moderate uncertainty in core placement.

The effects of pressing position and core geometry are
then evaluated separately. In Fig. 5(a), the pressing position
changes while the core geometry and other factors are fixed.
In Fig. 5(b), the modeled core geometry changes among ball,
cube, star, and tetrahedral shapes while the pressing condition

and core center are fixed. The maximum changes in relative
error are 2.97% and 0.57%, respectively, indicating that the
estimator is insensitive to these controlled variations.

V. REAL-WORLD EXPERIMENT

Real-world experiments are conducted to evaluate both
controlled modulus estimation and practical fruit compliance
perception.
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Fig. 6. Real-world experimental setups. (a) Normal pressing with an ABB

industrial robotic arm, and (b) grasping with a DH parallel gripper.
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TABLE I
REAL-WORLD EVALUATION RESULTS OF ESTIMATED ELASTIC MODULUS.

. . 5
Loading & Core Configuration Estimated Elastic Modulus (10~ ° MPa)

Cylinder Ball Average
Single-sensor Pressing 4.384+0.36 4.29+0.61 4.36 +0.43
Two-sensor Grasping 4.634+0.47 4.70+0.31 4.67+0.38
Average 441+£0.38 4404056 4.41+0.44

Controlled experiments on soft PDMS specimens with em-
bedded rigid cores are conducted under single-sensor pressing
and two-sensor grasping, using both cylindrical and spherical
core geometries, as shown in Fig. 6. The reference modulus
is obtained from the same material batch using Shore OO
durometer, providing an approximate modulus reference [16].
As shown in Table I, the estimated modulus distributions
remain compact across all conditions, with an overall mean
relative difference of 3.5% from the Shore-calibrated reference
modulus, supporting robustness to both core geometry and
loading configuration.
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Fig. 7. Fruit geometry reconstruction. A 3D point cloud is generated from
multi-view images using VGGT, followed by filtering and Poisson surface
reconstruction to obtain a watertight mesh. The core geometry, measured using
calipers, is embedded into the reconstructed fruit mesh.
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Fig. 8. Fruit modulus estimation. (a) Two-sensor grasping of a fruit. (b)
Reconstructed fruit models with embedded pits and displacement fields, with
estimated moduli compared against Shore OO references.

The method is further tested on nectarines and cherries with
different maturity levels. Because absolute Young’s modulus
ground truth is not available without destructive mechanical
testing, Shore OO hardness is used as a reference trend rather
than absolute ground truth. Fruit geometries are reconstructed
from multi-view images using the pipeline in Fig. 7. Specifi-
cally, VGGTI[17], a high-performance visual geometry model,
is adopted to generate 3-D point clouds from multi-view
images. Scale calibration is performed based on the measured
fruit height, followed by point cloud filtering and Poisson
surface reconstruction to obtain a watertight mesh. For the
internal pit, assuming geometric similarity within the same
fruit type, pit dimensions and relative positions are measured
from an additional fruit and applied to all fruits of that cate-
gory. As shown in Fig. 8, the estimated moduli preserve the
correct maturity ordering and follow the Shore-based reference
trend, supporting non-destructive fruit assessment. This result
also highlights a current limitation: pit-size uncertainty mainly
perturbs the local envelope thickness along the loading axis,
consistent with the core-location sensitivity study.

VI. CONCLUSION

This paper presents a FEM-guided framework for es-
timating the elastic modulus of deformable envelopes in
rigid—deformable coupled objects based on distributed vision-
based tactile sensing. The method can recover the envelope
modulus from a single tactile contact frame while explicitly
accounting for the effect of the rigid core. This advances
tactile material perception beyond homogeneous objects and
supports practical non-destructive assessment such as fruit
maturity evaluation. Simulations and real-world experiments
support robustness to loading configuration, core geometry,
and moderate core-placement uncertainty.

A current limitation is that the FEM model still requires an
approximate prior on the core geometry, size, and placement;
therefore, core-agnostic should not be interpreted as core-
free. Core-size uncertainty changes the modeled envelope
thickness along the loading path and thus perturbs the unit-
modulus strain energy in the energy-ratio estimator. In the
fruit experiments, the measured pit is therefore used only
as an approximate category-level prior, and the results are
interpreted primarily as maturity-related compliance trends.
Future work will quantify core-size mismatch and jointly infer
core geometry and modulus.
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