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Intrinsic Contact Sensing and Object Perception
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Abstract—Owing to their tremendous adaptability to free-form
objects, soft grippers with fin-ray structure have a wide range of
applications. However, kinetostatics analysis and contact sensing
for such soft grippers are quite a challenge due to large structural
deformations. In this article, a model-based method for intrinsic
contact sensing, object perception, and interactive manipulation,
is proposed for this kind of adaptive grippers. The contributions
arise from the integration of compact strain-gauge sensors, that
are particularly fabricated for slender flexible beams undergoing
large deformations. Using a discretization-based approach, the
contact condition can be identified efficiently in light of the local
deformations gathered via the deflection sensors. Prototypes are
developed using simple materials and manufacturing methods, on
which various validation experiments are conducted. Owing to the
contact sensing capability, the developed adaptive fin-ray gripper is
able to perceive the boundary geometry and structural compliance
of unstructured objects. Moreover, sensor-based feed-back control
can be accomplished to perform interactive manipulation, in which
the contact force between the finger and object can be regulated
precisely (around 5% RMS error) in real-time.

Index Terms—Adaptive fin-ray gripper, deflection sensors,
intrinsic contact sensing, kinetostatics analysis, object perception.

I. INTRODUCTION

S TRUCTURAL compliance is of vital importance for robot
grippers to perform robust and stable grasping, especially
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for fragile and deformable objects [1], [2], [3], [4], [5]. Soft
grippers with the so-called fin-ray structure [6] exhibit a sim-
ple yet reliable way to permit compliant interaction with the
grasping objects. As illustrated in Fig. 1, the tremendous adapt-
ability of such a fin-ray gripper arises from the passive struc-
tural deformations of its flexible components to conform to the
touching surface. Owing to this merit, pioneered by Festo [7],
various adaptive grippers composing of fin-ray fingers have been
developed to handle a wide range of objects with free-form
shapes [8], [9], [10]. Although such a fin-ray gripper is simple
in structure, easy to fabricate and of high passive compliance, it
is quite a challenge to develop an accurate and efficient model
to characterize its kinetostatics behavior in contact with objects.

As exhibited in Fig. 1, the flexible components of the fin-ray
fingers undergo large-scale deformations when in contact with
an object. Moreover, these slender flexible beams are mutually
supported by several rigid ribs via passive joints, which results
in a complex multiloop mechanism composing of flexible and
rigid links. As a consequence, the conventional approaches for
compliant/flexible mechanisms, including the classical ellip-
tic integrals approach [11], [12], [13], the pseudorigid-body
technique [14], [15], [16], and the Cosserat rod method [17],
[18], [19], [20], cannot be directly applied to the kinetostatics
modeling and analysis of these fin-ray fingers. Therefore, in the
literature, there is a lack of comprehensive study on the kineto-
statics analysis of these fin-ray grippers. As a generic approach,
finite element method (FEM) is adopted to simulate the struc-
tural deformations of the fin-ray fingers under different loading
conditions [21], [22]. However, subject to the computational
burden, FEM is usually employed for the structural optimization,
rather than real-time kinetostatics analysis of those adaptive
grippers, in spite of its high-precision accuracy. To this issue,
Shan and Birglen [23] provided an analytical formulation to the
kinetostatics using the pseudorigid-body method. In their model,
a fin-ray finger is roughly approximated by a multibody system
(MBS), and the kinetostatics analysis can be implemented via
MBS simulation. Recently, Armanini et al. [24] introduced the
discrete Cosserat rod approach to the kinetostatics modeling
of fin-ray effect fingers and applied it to both the deformation
analysis and parametric optimization of such adaptive fingers.

Apart from accurate kinetostatics models, the ability of force
sensing is also of vital importance to such fin-ray grippers for
real-time control [2], [25], which can significantly improve the
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Fig. 1. Adaptive fin-ray finger integrating compact deflection sensors.

performance of interactive grasping with the objects. However,
due to large structural deformations, traditional proprioceptive
sensors (such as encoders, force/torque gauges) are difficult to
be embedded into the flexible components. To this end, many
alternative techniques of force sensing for the fin-ray grippers
have been reported in the literature.

Abdeetedal and Kermani [26] presented a sensorized adaptive
gripper with the capability of obtaining the contact force and lo-
cation via a compact load cell embedded in the finger phalanxes.
To conform the large deformations, Basson and Bright [27]
attached flexible force-sensitive film resistors to the soft fin-ray
gripper to directly detect the grasping density for active haptic
control. Aiming at physical human-robot interaction, Mahsereci
et al. [28] integrated high-resolution flexible tactile sensors to the
adaptive grippers to enhance perception of object recognition.
An ultra-thin CMOS stress sensor is particularly developed
by Mahsereci et al. [29] for the fin-ray grippers to enable the
extraction of object shapes and manipulation status. Recently,
vision-based approaches, usually in conjunction with deep learn-
ing techniques, are emerging for the force sensing of adaptive
grippers. By embedding interior cameras into soft fingers, She
et al. [30] developed the vision-based sensor, GelFlex, to simul-
taneously obtain the proprioceptive and tactile data undergoing
large deformations. Similarly, using neural network method, Xu
et al. [31] also introduced a vision-based force sensing approach
for the traditional fin-ray grippers by inserting rigid rods as
reference nodes. Relying on the recent progress of image-based
deep learning techniques, De Barrie et al. [32] established a
learning-based framework for predicting the contact force and
stress distribution of the fin-ray grippers. Although the vision-
based methods are robust for force sensing, extra cameras were
required to capture the images. This significantly increases the
complexity of gripper system, especially in space limited sce-
narios, even difficult to implement in those soft fin-ray fingers.
Moreover, the training of the neural network, usually relying on
FEM simulation, also imposes additional computational burden.

In this article, a model-based sensing method is proposed for
predicting the contact condition of the adaptive fin-ray grip-
per [7], in the light of local deformations gathered at a number

of discrete positions. To this end, a special type of strain gauge
sensors is particularly designed and fabricated for the flexible
beams in the soft gripper that undergoing large deformation. A
systematic kinetostatics model of the studied fin-ray structure
is established in the discretization-based modeling framework,
developed in our prior work [33], for large deflection problems
of slender flexible links. The benefit of this modeling strategy
results from the approximation of flexible beams to articulated
mechanisms with a large number of rigid bodies and passive
elastic joints. Conventional methods for robot kinematics and
statics can be adopted to complete the kinetostatics modeling
and analysis, as well as contact sensing of the studied fin-ray
structure. Using the proposed model, the contact condition of
the adaptive gripper can be predicted precisely and efficiently,
such that object perception can be realized.

To verify the feasibility of the proposed model-based contact
sensing and object perception, a prototype of the adaptive fin-
ray gripper is developed utilizing easy-to-access materials and
simple fabrication approaches. And a variety of experiments
are conducted on the developed fin-ray gripper to validate the
effectiveness of the established modeling, analysis, and sensing
methods. The results show that, according to the deformation
data collected by the locally-deployed deflection sensors, the
developed adaptive gripper can predict the touch condition and
contact force in comparatively high precision and efficiency. In
addition, the gripper’s capabilities of geometry reconstruction
and compliance perception of unstructured object are exhibited
in an intuitive way. Furthermore, demonstrations on interactive
manipulation of the developed adaptive fin-ray gripper are also
given to verify the capability of sensor-based feedback control
of contact force.

The rest of this article is organized as follows. Section II
presents the mechanical design and prototyping of the studied
adaptive fin-ray gripper. A general approach for the elastostatics
of large-deformation flexible beams is also introduced in this
section, as the modeling framework. Then, the kinetostatics
modeling for the fin-ray fingers is conducted in Section III,
where contact-enforced deformation analysis is also completed.
In Section IV, a model-based sensing method is established
for identifying the equilibrium configurations in contact with
objects. Section V conducts a variety of experiments to verify the
correctness and effectiveness of the proposed modeling, analy-
sis, and contact sensing methods. In this section, the capabilities
of geometry reconstruction and compliance perception of the
unstructured objects are validated for the developed adaptive
fin-ray gripper. Thereafter, interactive manipulation in contact
with both fixed and moving objects are provide in Section VI, to
demonstrate the efficiency and applicability of the established
contact sensing method. Finally, Section VII concludes the
article.

II. PROTOTYPING AND MODELING FRAMEWORK

This section presents the mechanical design and fabrication
of the studied adaptive soft gripper. Easy-to-access materials
and simple fabrication approaches are used to make the flexible
and rigid components, as well as the passive connecting joints.
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Fig. 2. Architecture of the studied adaptive fin-ray gripper integrating deflection sensors.

A modeling framework for the elastostatics of slender flexible
beams that undergoing large-scale deformations is introduced
in this section for the kinetostatics modeling and analysis of the
soft fingers with the fin-ray structure.

A. Architecture Characterization and Fabrication Method

As shown in Fig. 2, the studied adaptive gripper composes
of two identical soft fingers with fin-ray structure. These two
fingers are actuated by two planar four-bar linkages that driven
via a common worm-gear mechanism. The developed adaptive
gripper is mounted on the end-effector of a cooperative robotic
arm, JAKA-Zu3, to perform grasping tasks. Compared to the
existing fin-ray grippers, the main contribution of the proposed
one is the integration of the compact deflection sensors locally
deployed on the back-side flexible beam. As a consequence,
model-based prediction for contact conditions with the grasped
objects can be realized in a precise and efficient way.

As same as the widely-used fin-ray grippers [7], the studied
soft finger consists of two slender flexible beams, denoted by
the “front-side” and “back-side” beams, respectively, as shown
in Fig. 2. These two flexible beams are mutually supported by
a number of intermediate rigid ribs via passive revolute joints.
Owing to this special fin-ray structure, such a soft finger can
deform passively to accommodate the shape of the objects in
contact, which would result in a simple and reliable grasping.
Comprehensive study on the analysis and optimization of these
fin-ray grippers have been conducted in the literature [7], [11].
In this article, we focus on kinetostatic modeling and analysis,
and contact sensing of these soft fin-ray fingers. Therefore, the
kinematic parameters of the developed soft fin-ray fingers are
determined according to the criterion proposed in [21].

As shown in Fig. 3, an asymmetric structure is adopted in
this article. The length l0 and angle ϕ0 specify the finger’s
size and shape. The compliance characteristics mainly depends
on the number of rigid supporting ribs, namely r, and their
positions and orientations, namely li and ϕi, for i = 1, . . . , r.
In addition, the capability of contact sensing for the developed
finger relies on the number of the deployed deflection sensors,

Fig. 3. Kinematic parameters of the studied fin-ray fingers.

TABLE I
KINEMATIC PARAMETERS OF THE DEVELOPED FIN-RAY FINGER

termed m, and their positions on the back-side beam, namely
pj (j = 1, . . . ,m). The values of these kinematic parameters of
the developed fin-ray fingers are listed in Table I.

The existing methods for manufacturing the adaptive fin-ray
grippers can be categorized into two types. On one hand, the
soft fingers can be fully 3-D printed as a whole structure us-
ing multiple materials [23], [32]. Although 3-D printing is a
very convenient way to fabricate the fin-ray fingers, the printed
materials suffer from plastic deformation after repeated usage.
Moreover, it is also difficult to derive an accurate elastostatics
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Fig. 4. Fabrication of the adaptive fin-ray fingers.

model for the printed plastic structure. On the other hand, the
flexible beams and rigid ribs can also be fabricated separately
and assemble together to construct the finger [7], [24]. In such
a case, passive hinges are required to connect the supporting
ribs to the flexible beams. Then, assembling positions on both
the rigid ribs and the flexible beams should be reserved, which
results in an incompact structure and noncontinuous flexible
characteristics. And this will also increase the difficulty to the
elastostatics modeling of the soft fingers.

To this end, easy-to-access materials and simple fabrication
techniques are used to manufacture the adaptive fin-ray fingers
developed in this article. As shown in Fig. 4, both the flexible
beams and the rigid ribs of the developed fingers are made
of ordinary carbon-fiber plates. Meanwhile, soft yet unstretch-
able polyimide tapes are employed to fabricate flexure hinge
joints [34], [35] with compact format. In addition, a sandwich
structure is introduced to enhance the rigidness of the interme-
diate supporting ribs. Besides, both the finger base and the distal
cap connecting the front-side and the back-side flexible beams
are using 3-D printed plastic components.

As exhibited in Fig. 4, it is quite convenient to assembly
all the above components together. The intermediate rigid ribs
are acquired by clipping two face-to-face layers of polyimide
tape with two identical carbon-fiber plates. In this step, regular
glue for carbon-fiber materials are strong enough to bond the
sandwich structure. Next, the fin-ray skeleton of the soft finger
can be realized by means of adhering the polyimide tape to the
flexible beams directly. In the end, the entire fin-ray finger can
be achieved by attaching the flexible beams to each other, via
the connecting cap at the distal ends, and mounting them to
the finger base at the proximal ends. To ease the assembling
procedures, simple customized 3-D printed molds are made to
assist the manufacture of the soft fin-ray fingers.

The advantages of the developed fabrication method reflect
in the following aspects. First, all the above components, e.g.,
the carbon-fiber plates, the polyimide tape, and the 3-D printed
parts, can be acquired readily. Second, the relative rotation
between the rigid ribs and the flexible beams are realized by
the deflection of the unstretchable tap. Thus, the flexure hinges
are more aligned with passive revolute joints. In addition, the

Fig. 5. Elastostatics modeling of the finger’s flexible component.

adopted fabrication approaches lead to a compact structure, so
that these adaptive fin-ray fingers can be easily miniaturized.
Lastly, the flexible components are made of carbon-fiber plates
in regular shapes (with a rectangular cross-section), which can
be modeled more accurately using the established mechanism
approximation approach.

B. Framework for Elastostatics Modeling of Flexible Beams

As addressed in Section II-A, the front and the back sides of
the studied soft finger are made of slender carbon-fiber plates that
can undergo large deformations. Thus, the prediction accuracy
of the gripper’s grasping behavior is significantly affected by
the elastostatics models established for slender flexible beams.
In this article, a discretization-based method for large deflection
problems of flexible links, developed in our prior work [33], is
introduced as the modeling framework for the characterization
of elastostatics behavior of the slender flexible beams.

Using the proposed modeling method, a flexible beam will be
discretized into a number of small elastic segments, whose struc-
tural compliances are approximated by articulated rigid-body
linkages with passive elastic joints. Hence, the flexible beams
can be characterized by hyperredundant multibody systems
(MBS) composing of rigid bodies and elastic joints. The main
advantage of the proposed modeling strategy comes from the
approximation to the structural continuum mechanics with the
kinetostatics of a rigid MBS. Therefore, conventional methods
for robot kinematics and statics can be employed to accomplish
the kinetostatics analysis concisely and efficiently. Refer to [36]
for details of this method.

Since the distal end of the approximation mechanism is cut
from the fixed base, geometric constraints should be imposed
to the linkage’s tip frame. As well, the balance condition in
the joint space should be satisfied as the approximation joints
are elastic. In the proposed method, the product-of-exponential
formula is adopted for the kinematics and statics modeling of
this hyperredundant rigid MBS, which results in a concise and
straightforward representation [37].

As illustrated in Fig. 5, let {S} be the spatial frame as the
system reference, and {T} the body-fixed tip frame attached to
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the distal end. Then, the geometric constraint to the tip end of
the approximation mechanism can be represented as follows:

gst(θ) = exp(ζ̂1θ1) · · · exp(ζ̂nθn)gst,0 = gt (1)

where gst ∈ SE(3) denotes the relative pose of {T} with re-
spect to {S}, with gst,0 = gst(0) and gt being the initial and the
target ones, respectively. ζ̂i ∈ se(3), i = 1, . . . , n are the joint
twists, in 4× 4 standard representation. θ = [θ1, . . . , θn] ∈
R

n×1 is the vector of joint variables, whose components θi
correspond to the displacements of the elastic joints.

Meanwhile, the equilibrium condition in the joint space can
be stated as that, the restoring torques in those passive elastic
joints must be balanced by the external load-induced reactions
transmitted from the tip frame. Based on the reciprocal relation
between motion and force transmission, the balance condition
can be expressed in a concise form as follows:

τ = Kθ θ − JT
t F t = 0 (2)

where Kθ = diag(k1, . . . , kn) ∈ R
n×n is the diagonal stiffness

matrix of the elastic joints. F t ∈ R
6×1 relates to the interaction

force, in 6× 1 wrench form, reacted between the mechanism
and the fixed base at {T}. Jt ∈ R

6×n is the Jacobian matrix
relating the joint space to the tip frame.

By differentiating the POE Formula (1), the Jacobian matrix
in (2) can be derived directly in a compact form as follows:

(ġstg
−1
st )

∨ = Jt θ̇ ⇒ Jt = [ξ1, ξ2, · · · , ξn] (3)

where ( · )∨ is the “vee” operator mapping elements of se(3)
from the standard representation to vector form. And ξi ∈ R

6×1

simply relates to the corresponding joint twist, in the current
configuration at θ, which can be obtained directly as follows:

ξi = Ad
(
exp(ζ̂1θ1) · · · exp(ζ̂i−1θi−1)

)
ζi, i = 1, . . . , n

where Ad( · ) is the adjoint operator for SE(3) [38].
Combining the geometric constraint to {T} and the equilib-

rium condition in the joint space, the kinetostatics model of the
approximation mechanism can be written in the form of a set of
nonlinear algebraic equations as follows:

C(θ, F t) =

[
y
τ

]
=

[(
ln(gst g

−1
t )
)∨

Kθ θ − JT
t F t

]
= 0 (4)

where y = (ln(gst g
−1
t ))∨ ∈ R

6×1 represents the pose devia-
tion of the tip frame from its target one. While τ ∈ R

n×1 relates
to the deviation of torques that are restored in the elastic joints
to balance the external load.

The kinetostatics model (4) relates to a set of 6 + n nonlinear
algebraic equations in terms of n+ 6 unknowns. It should be
noted that, the planar posegst degenerates to elements belonging
to the 3-D subgroup. Analogously, the reaction force F t also
degenerates a 3-D planar wrench. Hence, both the numbers of
the valid equations and the independent variables are n+ 3,
which implies that the kinetostatics model is deterministic. In
the proposed model, the classical Newton-Raphson method is
adopted to solve the obtained nonlinear algebraic equations in
an efficient way, by making full use of system Jacobian matrix
in analytical form.

Differentiating (4) with respect to all unknowns, the system
Jacobian matrix of the kinetostatics model can be derived in a
concise form as follows:

∇C =

[
∂y
∂θ

∂y
∂F t

∂τ
∂θ

∂τ
∂F t

]
=

[
Jt 0

Kθ −KJt
−JT

t

]
(5)

where all the block elements are determined analytically in a
straightforward way. Please refer to [36] for details.

On the basis of the analytical system Jacobian matrix (5),
the equilibrium configuration (4) can then be determined in an
iterative way by following the update theme as follows:[

θ
F t

]
k+1

=

[
θ
F t

]
k

+ (∇C)−1
k Ck (6)

where the subscript “k” denotes the k th iterative step.
According to (6), both the joint displacements θ and the

reaction force F t will be repeatedly updated until they converge
to stable values and the kinetostatics condition C approaches
to zero. And the resultant configuration simply corresponds to
the solution of the kinetostatics model of the approximation
mechanism. The effectiveness and efficiency of the presented
discretization-based approach has been validated in [36], [39],
[40], [41], [42]. And it also works well for the “∧”-shape flexible
beams in the studied adaptive fin-ray finger, as exhibited in Fig. 5,
under the geometric constraint to the tip frame.

III. KINETOSTATICS MODELING AND ANALYSIS

On the basis of the modeling framework for the elastostatics
of slender flexible beams, addressed in Section II-B, this section
presents the kinetostatics modeling and analysis of the studied
adaptive soft finger, with multiple intermediate supporting ribs.
Further, the equilibrium condition of the soft finger in contact
with a specified object is also established using the proposed
method. The advantage of the presented modeling framework
reflects that the kinetostatics model for single flexible beams
can be extended to the whole finger naturally, even in the case
of contact with objects.

As addressed in Section II-A, the flexible beams of the studied
fin-ray finger are supported via multiple rigid intermediate ribs.
Let Lk and Rk (k = 1, . . . , r) be the connecting points on the
front and the back beams that associated with the same rib, as
shown in Fig. 6. Here, r is the number of ribs. Then, except
for y and τ in (4), extra constraints should be introduced to the
approximation mechanism as follows:

dk = ‖rLk
− rRk

‖ = dk,0, k = 1, . . . , r (7)

where dk,0 is the length of the rib. rLk
∈ R

3×1 and rRk
∈ R

3×1

are position vectors of Lk and Rk, respectively, in {S}.
According to the reciprocal relationship between motion and

force transmission, an internal reaction force will be generated
in each of these supporting ribs. As addressed in Section II-A,
these rigid ribs are connected to the flexible beams through
unstretchable tapes, which can be regarded as compact passive
revolute joints. Then, these fin-ray ribs can be considered as rigid
two-force members, in which only a pure reaction force along
the direction will be generated in each rib.
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Fig. 6. Kinetostatics model of the whole fin-ray finger with the multiloop topology.

Fig. 7. Sensing model of contact condition.

As a result, these internal reaction forces can be expressed in
the general form of 6× 1 wrench as follows:

F k = fk

[
rLk

× uk

uk

]
= fk W k, k = 1, . . . , r (8)

where uk = (rLk
− rRk

)/dk corresponds to the unit vector
from Lk to Rk. While fk ∈ R is the magnitude of the reaction
force and W k is the corresponding unit wrench.

In such a scenario, the approximation mechanism of the soft
finger is not only exerted by the reaction force at the tip frame,
but also the internal ones reacted in the supporting ribs. Then,
the balance condition in the joint space of the approximation
mechanism, namely (2), should be updated by means of adding
these additional ones as follows:

τ = Kθθ − JT
t F t −

r∑
k=1

(
JT
Lk

− JT
Rk

)
F k = 0 (9)

where JLk
∈ R

6×n and JRk
∈ R

6×n denote the Jacobian ma-
trices of {Lk} and {Rk} with respect to {S}, respectively.

It is worth noting that, for ease of representation, r pairs
of local reference frames are constructed. As shown in Fig. 6,
these local frames, denoted by {Lk} and {Rk}, respectively, are
attached to the back- and front-side flexible beams atLk andRk.

Using the POE formula, these local Jacobian matrices in (9) can
be obtained directly by picking up the corresponding columns
from Jt as follows:⎧⎪⎨
⎪⎩
JLk

=
[
ξ1, . . . , ξnLk

, 0, . . . ,0
]

JRk
=
[
ξ1, . . . , ξnRk

, 0, . . . ,0
] , k = 1, . . . , r (10)

where nLk
and nRk

relate to the numbers of joints in front of
{Lk} and {Rk}, respectively. They can be determined directly
according to the positions of the ribs.

For the sake of simplifying the representation, 4× 1 homo-
geneous coordinates are utilized to depict the position vectors
of the connecting points. Then, we have{

rLk
= gLk

e0

rRk
= gRk

e0
⇒
{
gLk

(θ) =
∏nLk

k=1 exp(ζ̂kθk)gLk,0

gRk
(θ) =

∏nRk

k=1 exp(ζ̂kθk)gRk,0

(11)
where rLk

∈ R
4×1 and rRk

∈ R
4×1 represent the homogeneous

coordinates of the point Li and Ri, respectively, with respect to
{S}. gLk

∈ SE(3) and gRk
∈ SE(3) are the relative poses of

{Lk} and {Rk} with respect to {S}, having gRk,0 and gLk,0

as their initial poses. And e0 = [0, 0, 0, 1]T corresponds to the
homogeneous coordinates of the local origin.

Integrating the constraints of the rigid ribs (7) and updating
the balance condition of the passive elastic joints with (9), the
kinetostatics model of the whole fin-ray finger with rigid ribs
can be represented in the form of implicit nonlinear algebraic
equations as follows:

C(θ, F t, f) =

⎡
⎣yτ
d

⎤
⎦ = 0 (12)

wheref = [f1, . . . , fr]
T ∈ R

r×1 is the vector of magnitudes of
the internal forces. d = [d1 − d1,0, . . . , dr − dr,0]

T ∈ R
r×1 is

the deviation vector of the connecting distances from the lengths
of the corresponding ribs.

The updated kinetostatic model (12) can be thought of as an
extension of the original one (4), by introducing r additional
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constraint functions d and an extra n-dimension unknown f .
Obviously, the number of equations still equals to the number
of unknown variables. Thus, the Newton-Raphson method can
be adopted again to solve the nonlinear algebraic equations in
an iterative way. Analogously, the system Jacobian matrix of the
updated nonlinear algebraic (12) can be derived in an analytical
form. Moreover, all the block elements in (5) can be directly
reused in the updated one.

The system Jacobian matrix of the implicit nonlinear algebraic
(12) can be represented as follows:

∇C =

⎡
⎢⎢⎣

∂y
∂θ

∂y
∂F t

∂y
∂f

∂τ
∂θ

∂τ
∂F t

∂τ
∂f

∂d
∂θ

∂d
∂F t

∂d
∂f

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

Jt 0 0

Kθ −KJ −JT
t

∂τ
∂f

∂d
∂θ 0 0

⎤
⎥⎥⎦ (13)

where all the block elements can be derived analytically in the
proposed modeling framework.

First, the item ∂τ/∂f can be obtained by means of partially
differentiating (9) with respect to f as

∂τ

∂f
= − ∂

∂f

(
r∑

k=1

(JLk
− JRk

)TW k fk

)

=
[
JT
W1

W 1, . . . , J
T
Wr

W r

]
whereJWk

=JRk
−JLk

=[ . . . , 0, ξnLk
, . . . , ξnRk

, 0, · · · ] ∈
R

6×n, which can be obtained directly by picking up the nLk
to

nRk
columns from Jt.

Besides, the newly-introduced item ∂d/∂θ and the updated
configuration-dependent one of the overall joint stiffness KJ

can also be derived analytically in a straightforward manner.
The details of deduction for these partial derivative items can be
found in Appendix A.

Taking advantage of the closed-form system Jacobian (13),
the equilibrium configuration of the soft finger considering the
multiple supports by the rigid fin-ray ribs can be determined
iteratively using the Newton-Raphson method. Here, the same
example of slender flexible beams given in Section II-B is
adopted again to show the effectiveness of the proposed ap-
proach. As exhibited in Fig. 6, the static equilibrium configura-
tion of the whole finger can be determined, once the constraint
(12) are satisfied. From the figure, it can be seen that, under the
geometric constraints of the intermediate supporting ribs, the
equilibrium configuration of the fin-ray finger is different from
the single flexible beam.

IV. MODEL-BASED SENSING OF CONTACT CONDITION

In Section III, the kinetostatics modeling and analysis of the
studied adaptive finger with the fin-ray structure is conducted.
Although the prediction of the contact-enforced deformation
of the finger can be accomplished, it relies on the information
on the object’s shape and position. However, in many cases,
the objects cannot be specified in advance and the kinetostatics
analysis cannot be performed directly. To this end, strain-gauge
sensors are particularly developed to measure the bending of
the finger at multiple locations on its back-side beam. With this
extra information, additional constraints can be imposed to the

kinetostatics model, such that the information of the object can
be released as unknown variables. Then, the contact condition
can be sensed indirectly by means of the kinetostatics analysis
in light of the sensor readings.

A. Deformation Reconstruction and Force Sensing

As shown in Fig. 7, m deflection sensors are deployed on
the finger’s back-side beam. As indicated in Section II-A, these
deflection sensors are a special kind of strain gauges that are
suitable for large-scale deformations. And their resistances are
approximately proportional to their bending angles. Owing to
this property, a sensing model of the contact condition can be
established readily on the basis of its kinetostatics ones.

In this case, the flexible beams are enforced to deform due
to the contact force reacted between the object and the finger.
Accordingly, the balance condition (9) in the joint space of the
approximation mechanism should be updated as follows:

τ = Kθθ − JT
t F t −

r∑
k=1

(
JT
Lk

− JT
Rk

)
F k − JT

c F c = 0

(14)
where Jc = [ξ1, . . . , ξnc

,0, . . . ,0] ∈ R
6×n is the Jacobian ma-

trix associated with the contact frame{C}. Here,nc ∈ Ndenotes
the number of joints before {C}, which is a function of contact
position. And the contact force F c ∈ R

6×1 can be given as
follows:

F c = fc

[
rC × xc

xc

]
= fcW c (15)

where fc denotes the magnitude of the contact force and W c

is the corresponding unit wrench. Here, rC ∈ R
3×1 and xc ∈

R
3×1 simply relate to the position of contact point C and x-axis

of {C}, respectively. It is worth noting that the friction along the
yc-axis is not taken into account.

In the proposed method, the bending angle of a deflection
sensor simply corresponds to the sum of joint displacements it
covers. Then, the bending information collected by the sensors
can be added as an extra constraint as follows:

s = Seθ − s0 = 0 (16)

where s0 = [s1,0, . . . , sm,0]
T ∈ R

m×1 corresponds to the read-
ings of the deflection sensors. Se ∈ R

m×n is a constant relating
to the position of the sensors, whose rows are given by

Se,j = [0, . . . , 0, 1, . . . , 1, 0, . . . , 0] , j = 1, . . . ,m

whose nj,1 ∼ nj,2 elements are ones and the others are zeros.
Here, nj,1 and nj,2 are the numbers of joints in front of the
sensor’s proximal and distal ends, respectively.

Substituting the balance condition in (12) with the updated
one (14), the kinetostatic model of contact sensing can then be
obtained by combining the sensor constraint (16), as follows:

C(θ, F t, f , lc, fc) =

⎡
⎢⎢⎣
y
τ
d
s

⎤
⎥⎥⎦ = 0 (17)

wherre lc relates to the location of {C}, as shown in Fig. 7.
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In the sensing model (17), the contact conditions, including
the location lc and the magnitude fc, are additional variables that
need to be identified. On the other hand, the sensor information
(16) induces additional constraints to the kinetostatic model. To
make it solvable, at least two deflection sensors are required
to be deployed on the back-side beam. As for the developed
gripper, four sensors are deployed to increase the robustness
of the proposed contact sensing method. Then, the number of
equations is slightly greater than that of unknowns, such that
the contact sensing model corresponds to an overdetermined
problem. In such cases, the Newton-like algorithm will result in
a least-square solution, which can reduce the influence of the
measurement noise on the sensing accuracy.

Moreover, the system Jacobian matrix corresponding to (17)
can be derived conveniently. The first and third rows just keep
the same as the corresponding ones in (13). As for the last
row, all block elements but the first one, including the partial
derivatives of s with respect to F t, f , lc, and fc yield to zeros,
since the sensing reading is independent of them. Moreover, the
partial derivative ∂s/∂θ is simply the constant matrix Se. The
remaining elements can be derived straightforwardly in a similar
way, which are given in Appendix B.

Then, the Newton-like method can be used to determine the
equilibrium configuration of the adaptive finger, as well as the
contact condition, following the update theme:⎡

⎢⎢⎢⎢⎣
θ
F t

f
lc
fc

⎤
⎥⎥⎥⎥⎦
k+1

=

⎡
⎢⎢⎢⎢⎣
θ
F t

f
lc
fc

⎤
⎥⎥⎥⎥⎦
k

+ (∇C)+k Ck (18)

where (∇C)+k is the pseudoinverse of Jacobian ∇C to (17).
Since the corresponding system Jacobian matrix is obtained

analytically, the update theme (18) converges efficiently within
several iterative steps. Then, the equilibrium configuration of
the deformed soft finger can be reconstructed in terms of the
identified joint variables. Similarly, the contact frame can also
be determined according to its initial position on the front-side
beam of the adaptive fin-ray finger. It should be noted that, in
the proposed sensing model, the identified result only provides
local information of the object geometry at the contact point.
More precisely, the origin of the contact frame {C} locates on
the boundary of the unknown object, while the corresponding
tangent direction is simply coincident with yc-axis. Moreover,
the contact force F c is assumed in the normal direction, viz.
xc-axis, and passing through the contact point. In other words,
the shearing friction is not taken into account in the sensing
model. An instance is provided in Fig. 7 to exhibit the recon-
struction of the equilibrium configuration of the soft finger in
contact with an unknown object.

B. Geometry Construction of Unknown Objects

As shown in Section IV-A, using the proposed sensing model,
the deformed configuration of the finger’s front-side beam, as
well as the contact position, can be reconstructed. Then, the
local information of object shape, which is locally consistent

to the finger deformation around the contact location, can be
determined. More precisely, for each contact configuration, a
small curve that is internally tangent to the object surface, can
be extracted for the contact position. As a result, the geometry
of the entire object can be completely reconstructed through
multiple touches from different orientations.

As illustrated in Fig. 8, by rotating the object to a number
of discrete orientations, a bunch of common tangent curves can
be locally collected from the deformed front-side beam around
the contact position. Then, the interior envelope of these short
curves can be extracted to depict the entire shape of the target
object. In this article, image processing techniques are adopted
to obtain the contour of the blank area enclosed by the tangent
curves. As shown in the figure, the obtained contour fits the
interior envelope of the tangent curves press well, such that it is
extracted as the sensed shape of the unknown object. It should
be noted that, in the proposed model, only those objects with
smooth edges are taken into consideration.

For ease of description, the concept of Fourier descriptors
for plane closed curves [43] is employed to depict the shape of
the constructed object. Then, the contour of the object can be
represented in the discrete Fourier expansion as follows:

f(t) =

K∑
k=−K

ck e
i·2πkt, t = [0, 1] (19)

where ck ∈ C are the discrete Fourier coefficients, which can be
obtained as ck =

∑N−1
n=0 e−i·2πktr(n)Δt. Here,N is the number

of discrete points on the extracted envelope, then Δt = 1/N .
r(n) ∈ C relates to the coordinates of the n th point.

In the following section, a variety of objects with different
shapes are tested using the proposed contact sensing method.
The capability of the developed adaptive fin-ray fingers to re-
construct the geometry of unknown objects has been verified via
these validation experiments.

C. Compliance Perception of Unstructured Objects

As indicated in the above, using the contact sensing model,
the interaction force between the object and the finger can also
be determined simultaneously with the contact position. Then,
a compliance prediction model for objects with elasticity can
be established by means of pushing the soft finger towards the
object in different trials.

As shown in Fig. 9, a linear slider springily-connected to the
ground is introduced to simulate the unstructured objects having
structural compliance. In order to reduce the influence of friction,
a pulley bearing is mounted on the slider to contact with the
finger. Using the sensing model, the displacement of the slider
and the corresponding contact force can be identified by pushing
the finger with different strokes. Then, the stiffness of the elastic
object can be represented in a general form as follows:

ko, x =
Δ fx
Δx

(20)

where ko, x represents the contact stiffness of the object at x.
And fx = fc x

Txc corresponds to the linear component of the
contact force along the slider direction.

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on February 18,2024 at 08:14:30 UTC from IEEE Xplore.  Restrictions apply. 

IEEE Transactions on Robotics (T-RO) paper, presented at ICRA 2024, Yokohama, Japan. Cite as T-RO paper.

IEEE Transactions on Robotics (T-RO) paper, presented at ICRA 2024, Yokohama, Japan. Cite as T-RO paper.



4490 IEEE TRANSACTIONS ON ROBOTICS, VOL. 39, NO. 6, DECEMBER 2023

Fig. 8. Sensor-based construction of the object geometry.

Fig. 9. Sensor-based perception of object compliance.

According to (20), the directional compliance of the elastic
object can be predicted. Then, interactive control of the adaptive
soft gripper can be performed to manipulate unstructured objects
with structural compliance. Although the compliance prediction
model developed in this section is particularly built for objects
constrained to a linear slider, it can be extended to cases of free
objects grasped via a two-finger gripper.

In Section V, corresponding experiments will be conducted
on single fingers to validate the effectiveness of the obtained
compliance prediction model for springy objects. As well,
further demonstrations on compliance perception of unstruc-
tured compliant objects are provided on a two-finger gripper to
exhibit the advantages of the established intrinsic contact sensing
methodology.

D. Discussion

The capability of contact sensing is established based on the
exact kinetostatic model of the adaptive fin-ray gripper. As it is
known, the kinetostatic model of such a flexible robotic system
is determined under the condition of prescribed contact state.
Owing to the information gathered by the deflection sensors,
extra equations can be obtained to release the contact condi-
tion as unknown variables. This gives the adaptive gripper the
capability of intrinsic contact sensing and object perception. In
the proposed method, each sensor measures the corresponding

local deformation of the flexible beam as a whole. Therefore,
it requires at least two deflection sensors to identify the contact
condition (location plus force) for each point. In the developed
grippers, four strain gauges are integrated in the large fingers
for validation experiments, and three are used in the smaller
ones for interactive grasping. Consequently, in this paper, only
the single-point model is developed and implemented. This
is the main limitation of the proposed contact sensing method
for the adaptive fin-ray gripper.

To overcome this limitation, two methods can be potentially
adopted to realize contact sensing of multiple points. On one
hand, more strain gauges can be used on the back-side beam,
as well the front-side one, to gather more abundant information
of local deformations. Thus, more equations can be derived to
achieve multipoint contact sensing. On the other hand, data-
driven methods can be introduced to establish the input/output
relation between the sensor readings and the contact condition
of multiple points. Hence, the contact information of multiple
points can also be estimated, even with less deflection sensors,
using the proposed sensing method integrated in the adaptive
fin-ray gripper. The aforementioned two ways will be further
studied in our future work, to enhance the sensing capability of
the developed adaptive gripper.

V. EXPERIMENTAL VALIDATION

In the section, different types of experiments are conducted
to verify the effectiveness of the proposed modeling, analysis,
and sensing methods for the studied adaptive fin-ray structure.
As exhibited in Section II-A, using easy-to-access materials and
simple fabrication approaches, a prototype of the soft adaptive
gripper is developed for the validation experiments. From the
results, it can be seen that, owing to the local deformation data
collected by the deflection sensors, the proposed discretization-
based method works well for the kinetostatics analysis of the
adaptive soft fingers in contact with objects.

A. Experimental Setup

To accomplish the validation experiments for the proposed
modeling, analysis, and contact sensing methods, an apparatus
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Fig. 10. Experimental setup for the validation of the proposed contact sensing methodology.

is particularly designed and built up, composing of the soft fin-
ray fingers, a two-finger gripper, the deflection-sensing device,
and a manual object-loading platform. As shown in Fig. 10, the
whole experimental setup can be divided into the following four
subsystems.

a) The adaptive gripper with fin-ray fingers: As addressed in
Section II-A, fiber-carbon plates and unstretchable poly-
imide tapes are adopted to construct the slender flexible
beams, the intermediate rigid ribs, and the passive revolute
joints. Besides, a one-DOF fully actuated gripper compos-
ing of two fin-ray fingers is fabricated mainly using 3-D
printed plastic components and a worm-gear mechanism
actuated by a high-quality Maxon dc motor.

b) The sensing subsystem for local deflections: Full-bridge
strain gauges for large-scale bending are deployed on the
back-side flexible beams of the soft fingers. And a sam-
pling circuit integrating multiple transmission channels is
designed to collect the information of local deformations,
in real-time, from the gauge sensors.

c) The implementation subsystem for kinetostatics analysis:
The calculation algorithm for contact sensing model of the
soft fin-ray gripper is implemented using C++ language.
Hence, the solution procedures for kinetostatics analysis
and contact sensing can run efficiently at about 30 Hz. An
interface is developed to communicate with the deflection
sensing module and the servo controller of the gripper.

d) The object loading platform: A planar 3-DOF platform is
constructed using commercial three high-precision man-
ual stages, as shown in Fig. 10. Then, the object can be
loaded from different positions and orientations to contact
with the soft finger. Besides, an ATI force/torque sensor
is deployed on the loading platform as an external sensor
to measure the interaction force between the target object
and the soft finger.

In the developed experimental setup, the SoftBUS technique
is employed to integrate all the above subsystems, including
the kinetostatics analysis module, the dc motor controller, the
deflection sensing circuit, and the ATI F/T sensor. Therefore,

all those datum in the validation experiments can be collected
and transferred in an automatic way. This provides the reliable
hardware/software support for the developed adaptive gripper to
perform object perception in real-time.

B. Validation of Kinetostatics Analysis and Contact Sensing

In this section, based on the developed experimental setup,
various experiments are carried out to validate the proposed
kinetostatics modeling and analysis. As shown in Fig. 10, a
sliding platform is used to load a circular object to contact
with the finger at a series of specific positions. In these val-
idation experiments, a 4 × 6 grid of workspace is prescribed
for the target object. For each position, the deformed config-
uration of the flexible beams and the corresponding resistance
reading of the deflection sensors are recorded simultaneously.
Meanwhile, the theoretical results of these contact condition
are calculated using the developed kinetostatics model. Then,
comparisons of the contact locations and reaction forces between
the predicted ones and those measured in the experiments are
made for the validation of the model-based contact sensing
method.

Fig. 11 shows the pose deviations of the predicted contact
frames from the measured ones. In this experiment, the exact
configurations of these frames measured between the object
and the finger are captured via an image processing method.
From the results, it can be seen that the proposed kinetostatics
model is able to characterize the contact-deformation behavior
of the studied fin-ray finger. The mean position and orientation
errors of the calculated contact frames are 0.70 mm and 1.21◦,
respectively, at the 24 tested locations. Analogously, the poses
of the contact frames obtained using the model-based sensing
method are also illustrated in the figure. Correspondingly, the
mean position and orientation errors of the predicted contact
frames are 0.58 mm and 1.24◦, respectively, from the measured
ones. The results verify the feasibility and effectiveness of the
proposed model-based prediction method for contact sensing of
the developed adaptive fin-ray gripper.
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Fig. 11. Validation experiments for the sensing of contact locations.

Fig. 12. Validation experiments for the sensing of contact forces.

In addition, the interaction force reacted between the object
and the finger is predicted using the contact sensing method.
Comparing with those measured by the force/torque sensor, the
prediction errors of the sensed contact forces are provided in
Fig. 12. From the results, it can be seen, using the proposed
contact sensing method, the interaction force can be predicted
effectively for the studied fin-ray finger composing of flexible
components undergoing large deformations. As shown in the
figure, the mean sensing error of contact forces at the tested
locations is about 0.15 N (around 5% of the measured ones).
This is comparatively high considering on the compactness of
the sensors used for large-scale deformations.

To evaluate the sensing performance more comprehensively,
the estimation accuracy for the contact condition is examined
at different part of the developed adaptive gripper. As shown in
Fig. 13, a variety of positions along the front side are selected
and the manual stage is used to change the location of contact.
For each height, several deformed configurations are tested to
calculate the RMS error of the identified contact forces. The
result of accuracy performance is given in Fig. 13. From the
figure, it can be seen that the sensing accuracy at the finger’s
top and bottom part is much lower than that at the middle one.
It is about 3 ∼ 4 times worse at the top/bottom part, which is

Fig. 13. Sensing accuracy of contact force at different part.

Fig. 14. Geometry reconstruction of objects with curved boundary.

Fig. 15. Reconstruction accuracy of objects in curved boundary.

mainly caused by the difference of contact stiffness along the
fin-ray structure. And it gives the users an intuitive view how
to enhance the gripper’s performance of contact sensing when
performing interactive manipulation.

C. Validation of Object Geometry Reconstruction

In this section, validation experiments on shape construction
of unknown objects are conducted on the developed adaptive
fingers. As shown in Figs. 14 and 16, ten objects with different
shapes are selected as candidates for geometry reconstruction.
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Fig. 16. Geometry reconstruction of objects with filleted corners.

Fig. 17. Reconstruction accuracy of objects with fillet corners.

These testing objects could be divided into two categories with
smoothly curved boundary and filleted corners, respectively.

For each object, 36 discrete orientations (with an increment
of 10◦) are evenly selected for the contact sensing, by manually
rotating the object loading platform. Image processing technique
is used to extract the contours of the testing objects from the
gathered shape information about the local geometry. The re-
sults of geometry reconstruction are provided in Figs. 14 and
16, in an intuitive manner, with the direct comparison to the
corresponding objects. From the results, it can be seen that, the
reconstructed shapes of the tested objects fit the real ones pretty
close. Even for those with filleted corners, the geometry around
the local fillets can be reconstructed precisely using the proposed
contact sensing method.

In addition, a quantitative assessment is provided to evaluate
the accuracy performance of the proposed geometry reconstruc-
tion method. Polar coordinates are adopted to represent the
boundary of the tested objects, and the prediction errors of their
radial coordinate are provided in Figs. 15 and 17 for the two
categories, respectively. The results indicate that the proposed
contact sensing method is comparatively accurate for geometry
reconstruction of unknown objects. The percentage errors of the
identified radial coordinates are mostly less than 3% for all of
the tested objects.

From the results, it is known that the estimation errors for
the objects with filleted corners are slightly greater than those
with smoothly curved boundaries. Moreover, the performance

Fig. 18. Experimental setup of object compliance perception.

of reconstruction accuracy becomes even worse at the regions
around the corners. This is mainly caused by the small radius
of curvature at the filleted corners, which are relatively difficult
to be identified, using the proposed single-point contact model.
Overall, the developed adaptive fin-ray fingers with embedded
compact deflection sensors perform pretty well in the geometry
reconstruction of unstructured objects.

D. Validation of Object Compliance Perception

Based on the proposed sensing model, this section presents
the validation experiments for the capability of perceiving struc-
tural compliance of unstructured objects. Following the idea
presented in Section IV-C, a springy object-loading setup is
particularly built up for this experiment. As shown in Fig. 18,
five springs with different stiffness coefficients are tested on the
developed adaptive gripper to validate the effectiveness of the
proposed compliance perception method.

For each spring, five trials are held to identify the stiffness
coefficient by means of pushing the finger towards the springy
slider step by step. In each trial, 20 steps (1 mm for each)
are taken to measure the corresponding compressing amount
and contact force according to the proposed contact sensing
model. The results are illustrated in Fig. 19, from which the
stiffness coefficients of the tested springs can be specified in
terms of the slope of the sensed force-compression lines. The
identified stiffness coefficients are drawn in Fig. 19, in the form
of a bar graph with error bars. Those measured by force sensor
are provided in the figure as a reference of the springs’ actual
stiffness. From the results, it can be seen that, the developed
fin-ray finger is capable of identifying the stiffness of the tested
springs with an acceptable accuracy. The prediction errors of
the stiffness coefficients are less than 15% with respect to the
measured ones. Moreover, those with larger errors are of small
stiffness, in which the friction of the loading slider and other
unmodeled factors have comparatively large impact.

In addition, a demonstration for the capability of compliance
perception of the developed adaptive gripper is performed on
deformable objects. As shown in Fig. 20, six daily necessities,
including a paper cup, a plastic water bottle, an aluminum soda
can, a napkin package, and two silica-gel (one solid + another
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Fig. 19. Prediction accuracy of object compliance.

hollow) cylinders, are chosen for this intuitive demonstration.
The developed two-finger gripper is used to manipulate these
deformable objects actively, and meanwhile, the corresponding
readings of the strain-gauge sensors that are integrated to the
flexible beams are collected in real time.

Using the proposed contact sensing method, both the defor-
mations of objects and the corresponding interactive forces can
be identified and recorded during the whole grasping process.
According to the force-deformation datum that gathered in the
grasping trials, the compliance of the candidate objects can be
evaluated and then, sorted. The result is illustrated in Fig. 20,
in the sequence from the stiffest to the most compliant as: The
solid silica-gel cylinder, the hollow one, the plastic bottle, the
aluminum can, the napkin package, and the paper cup. For
the sake of validation, compliance perception experiments on
the same objects are also performed by some volunteers. The
human-perceived results are as same as the one sorted via the
proposed contact sensing method.

VI. DEMONSTRATION OF INTERACTIVE MANIPULATION

Using the proposed sensing model, both the contact location
and reaction force between the fin-ray finger and the object can
be determined in real time. As a result, sensor-based feedback
control can be implemented for the interactive manipulation of
the developed adaptive gripper integrating compact deflection
sensors. In this section, demonstrations on the control of con-
tact force are provided to exhibit the capabilities of interactive
grasping of the developed gripper.

To realize the sensor-based feedback control, a graphic user
interface program is developed using the SoftBUS technique,
as shown in Fig. 21, to integrate the deflection sensing, motor
actuation, and kinetostatic calculation modules, as well as the

commercial force sensor. As drawn in the figure, in the exper-
imental setup, the fin-ray gripper is mounted on a linear stage
actuated via a servo motor. Thus, the gripper’s relative position
to the object can be actively controlled (through the actuation
module) to regulate the reaction force, which can be acquired
according to the contact sensing model (through the calculation
module) in light of the data sampled from the deflection sensors
(via the sampling module). Meanwhile, the exact contact force
is directly measured via the commercial force sensor (through
the measuring module) to assess the accuracy of force control.

Based on the established setup, several scenarios of interac-
tive manipulation are conducted to demonstrate the capability
of contact force control of the fin-ray gripper developed in
this work. In these experiments, the object is either mounted
on a manual stage, or a motor-actuated linear stage to in-
teract with the adaptive finger. First, validation experiments
for real-time sensing of contact force are carried out. In this
case, the finger is fixed on the linear stage, while the object is
manually moved to interact with the finger in a dynamic way.
The deformation of the fin-ray finger will change passively as
the object moves. Then, the reaction force can be estimated
using the proposed contact sensing model on the deformation
datum collected by the deflection sensors. Owing to the inte-
grated modules, this process can be implemented frequently.
The sensing results of contact force are drawn in Fig. 22, in
which those measured by the force sensor are also provided as a
comparison.

From the results, it can be seen that the developed adaptive
finger is able to predict the contact force in a continuous way.
The sensing frequency of contact force can reach about 30 Hz
using the developed experimental setup. In this experiment, the
contact force reacted between the finger and the object changes
from 0 to 8 N. And the root-mean-square (RMS) error of the
estimated contact force is 0.18N, with a maximum of 0.61 N. As
exhibited in Fig. 22, four trials of “contacting-separating” cycles
are carried out in an uninterrupted manner, and there is no evident
differences in sensing performance between them. Actually,
there is a small time interval between each two successive trials,
when the finger is separated from the object. In this demonstra-
tion experiment, the time intervals between the trials are about
0.26, 0.77, and 0.14 s, respectively. As shown in Fig. 22, there
is no evident difference in sensing performance between these
trials. It implies that the adaptive grippers require very short
time to recover from the deformed grasping configuration to
the undeformed status. Thus, in the developed adaptive fin-ray
gripper, the hysteresis of structural deformation is negligible for
contact sensing.

On the basis of contact sensing capability, the contact force
can be actively regulated on the developed experimental setup.
In this case, the object on the manual stage is fixed, while the
position of the adaptive soft finger is precisely controlled via
the linear stage. In such a scenario, the contact force reacted
between the object and the finger can be actively regulated by
means of the sensor-based feedback control. Two prescribed
trajectories, a harmonic and a step, are adopted to validate the
proposed sensor-based feedback control for the contact force.
Meanwhile, the exact contact force is also measured via the
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Fig. 20. Demonstration of the gripper’s capability of object compliance for daily necessities.

Fig. 21. Experimental setup of sensor-based feedback control for interactive manipulation.

Fig. 22. Real-time sensing of contact force with a moving object.

commercial force sensor to evaluate the performance of force
control in contact with the static object.

The results are given in Fig. 23, in which the prescribed and
measured trajectories of contact force are provided. As well,
their differences are drawn in the figure, as the control errors
of the contact force. From the results, it can be seen that the
motor-actuated adaptive finger is able to realize active control
of the contact force with the static object. The RMS errors of

Fig. 23. Regulation of contact force along harmonic and step trajectories.

force control in the two prescribed trajectories are 0.32 N and
0.10 N, with the maximum of 0.65 N and 0.26 N, respectively.
Moreover, there exists an obvious lag (about 130 ms) of the
actual force with respect to the corresponding prescribed ones.
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Fig. 24. Experimental setup for interactive force control with moving objects.

Fig. 25. Regulation of contact force with moving objects.

And this is mainly caused by the time delay between the ac-
tuation and calculation modules. Hence, the accuracy of force
control of the developed adaptive fin-ray finger could be further
improved by overcoming this issue, by means of using high-
performance actuation strategy and hardware.

In addition to be in contact with a static object, interactive
grasping with a moving object is conducted on the developed
experimental setup. In this case, the object is also mounted on
an active linear stage, which is individually actuated via a dc
motor, as shown in Fig. 24. In this experiment, the position of
the moving object is actively controlled in light of a prescribed
trajectory, and the adaptive finger is actuated to be in contact with
the object and stabilize the reaction force via the sensor-based
feedback control. It should be noted that the prescribed motion
of the object is unknown to the sensing and actuation system. In
other words, the reaction force generated with the moving object
is fully controlled according to the developed contact sensing
method. Here, two trajectories, a harmonic and a triangular,
are adopted to evaluate the capability of force control when
following a moving object. The results are given in Fig. 25,

Fig. 26. Experimental setup of a two-finger gripper for interactive grasping.

Fig. 27. Regulation of contact force in interactive grasping.

from which it can be seen that the developed fin-ray gripper
is able to regulate the contact force in a dynamic way. The
RMS errors of force control are 0.25 N and 0.29 N (with the
maximum 0.45 N and 0.46 N) for the harmonic and triangular
motion, respectively. Comparing to the target force (6 N), the
relative RMS error of the contact force is less than 5%, which is
quite accurate for a soft gripper when performing an interactive
manipulation with a moving object.

To demonstrate the capability of interactive grasping, a two-
finger gripper is also developed, as shown in Fig. 26, which is
actuated by one motor through two four-bar linkages. In this
demonstration, a rigid object is grasped and manipulated by
the gripper, which is capable of sensing the contact forces at
both fingers. Thus, the grasping force can be actively adjusted
by controlling the gripper’s movement using the sensor-based
feedback control scheme. In this experiment, a step trajectory,
as drawn in Fig. 27, is prescribed for the gripper for interactive
manipulation. And the grasping force is increased from 4N to
maximally 10 N (with a step of 2 N), and then decreased to
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the initial state in an opposite way. In this case, the force sensor
is internally embedded in the manipulated object, such that the
actual grasping force can be measured directly as the reference.
The results are provided in Fig. 27, from which it can be seen
that, owing to the integration of deflection sensors, the developed
fin-ray gripper is capable of sensing and controlling the grasping
force that exerted on the manipulated object. The RMS error of
the contact force is 0.25 N (with the maximum 0.80 N) when
performing the interactive manipulation.

From the figure, it is obvious that the error of force control
significantly increases when the gripper moves. This is because
of the actuation delay generated in the control system and
the physical mechanism. In those stable steps, th errors are
only about half of the maximum, within 5% comparing to the
corresponding prescribed ones. Therefore, the performance of
force control during the interactive manipulation can be further
improved by optimizing the strategies of feedback control and
using the high-quality materials and fabrication techniques for
prototyping. And this will be intensively studied in our future
work to extend the developed capable-of-sensing adaptive grip-
per to interactive manipulation scenarios, such as force-guided
assembling.

VII. CONCLUSION

In this article, a model-based intrinsic sensing method is
proposed for the adaptive fin-ray gripper through the integration
of compact deflection sensors. A discretization-based approach
for the large deformation problems of flexible links is adopted
to establish the kinetostatics model of the studied soft gripper
consisting of coupled flexible and rigid components. Under the
proposed modeling framework, a closed-form expression to the
overall system Jacobian matrix of the kinetostatics model can
be obtained in a straightforward way. Hence, the conventional
Newton-Raphson method can be used to efficiently determine
the large deformations of the soft fingers, and simultaneously,
contact condition with the grasping objects. According to the
deflection information gathered via the sensors, the developed
fin-ray gripper is capable of sensing both the contact location
and interaction force between the finger and the object.

Prototypes of the studied adaptive gripper are developed via
easy-to-access materials and simple fabrication techniques. A
variety of experiments are conducted to verify the feasibility
and effectiveness of the proposed intrinsic sensing method for
such fin-ray grippers. And the results show that the developed
sensor-integrated adaptive gripper is able to predict the contact
condition precisely. With this extra feature, the adaptive soft
gripper can gather abundant information of the contact objects,
for both geometry reconstruction and compliance perception,
which has been validated through comprehensive experiments.
An intuitive demonstration is also performed on the developed
adaptive fin-ray gripper, in order to exhibit the capability of
distinguishing deformable objects in light of their structural
compliance. In addition, experiments of interactive manipula-
tion are carried out to validate the capability of sensor-based
feedback control of contact force. Using the proposed sensing
model, the force reacted between the objects and the adaptive

gripper can be actively regulated in contact with fixed, moving
and grasping objects.

APPENDIX

A. System Jacobian Matrix of the Finger’s Kinetostatics Model

The partial derivative item ∂d/∂θ in (13) can be derived
readily according to its definition as follows:

∂d

∂θ
=

⎡
⎢⎣
uT
1

∂
∂θ (rL1

− rR1
)

...
uT
n

∂
∂θ (rLn

− rRn
)

⎤
⎥⎦ =

⎡
⎢⎣
uT
1 (ΓL1

JL1
− ΓR1

JR1
)

...
uT
n (ΓLn

JLn
− ΓRn

JLn
)

⎤
⎥⎦

(21)
where ΓLi

= [−r̂Li
, I3] ∈ R

3×6 and ΓRi
= [−r̂Ri

, I3] ∈
R

3×6. Here, r̂Li
and r̂Ri

represent the 3× 3 antisymmetric
matrices of the vectors rRi

and rLi
, respectively. I3 is the

three-order identity matrix.
Similarly, the configuration-dependent item of the system’s

overall joint stiffness can be rewritten as follows:

KJ =
∂

∂θ

(
JT
t F t +

n∑
i=1

(JT
Li

− JT
Ri
)F i

)

= KJt
+

n∑
i=1

(KJLi
−KJRi

) +

n∑
i=1

fi(J
T
Li

− JT
Ri
)
∂W i

∂θ

(22)

where the item KJLi
and KJRi

can be derived in the same way
as the one of KJt

.
The partial derivative of the unit wrench W i with respect to

θ can be obtained as follows:

∂W i

∂θ
=

[
r̂Li

∂ui

∂θ − ûi
∂rLi

∂θ
∂ui

∂θ

]
, i = 1, . . . , n (23)

where the item ∂ui/∂θ can be obtained in closed-form
as ∂ui/∂θ = (I3 − uiu

T
i )(ΓLi

JLi
− ΓRi

JRi
)/di. While

∂rLi
/∂θ = ΓLi

JLi
and ∂rRi

/∂θ = ΓRi
JRi

are as same as
those in (21).

B. System Jacobian Matrix of the Contact Sensing Model

For the nonlinear algebraic equations of the contact sensing
model (17), the system Jacobian matrix with respect to the
unknown variables can be represented as follows:

∇C =

⎡
⎢⎢⎣

Jt 0 0 0 0

Kθ −KJ − ∂JT
c F c

∂θ −JT
t

∂τ
∂f

∂τ
∂lc

−JT
c W c

∂d
∂θ 0 0 0 0
Se 0 0 0 0

⎤
⎥⎥⎦

(24)
where only the two items ∂(JT

c F c)/∂θ and ∂τ/∂lc require to
be determined additionally.

In this case, the relative pose of the contact frame {C} can be
represented as follows:

gsc(θ, lc) = exp(ζ̂1θ1) · · · exp(ζ̂nc
θnc

)gc,0 (25)
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where gc,0 is the initial pose of {C} in the undeformed state,
given by gc,0 = {I3, lc e2}, as shown in Fig. 7. e2 = [0, 1, 0]T

is the unit vector associated with the y-axis.
The additional item in the partial derivative ∂τ

∂θ that corre-
sponds to the contact force can be derived as

∂(JT
c F c)

∂θ
= KJc

+ fc J
T
c

∂W c

∂θ
(26)

where KJc
∈ R

N×N can be obtained in the same way as KJLk
.

And the one of W c with respect to θ can be given by

∂W c

∂θ
=

∂

∂θ

([
rC × xc

xc

])
=

[
r̂CΨxc

− x̂cΓC

Ψxc

]
Jc (27)

whereΨxc
= [−x̂c, 03] ∈ R

3×6 andΓC = [−r̂C , I3] ∈ R
3×6.

Similarly, the items ∂τ/∂lc can be obtained directly as

∂(JT
c F c)

∂lc
=fc J

T
c

∂W c

∂lc
=fc J

T
c

[
r̂CΨxc

− x̂cΓC

Ψxc

] [
0
yc

]
(28)

where rC corresponds to the origin of {C}. The unit vectors xc

and yc relate to the directions of x and y axes of {C}.
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