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Theoretical Derivation and Realization of Adaptive Grasping Based
on Rotational Incipient Slip Detection
Tetsuya Narita, Satoko Nagakari, William Conus, Toshimitsu Tsuboi and Kenichiro Nagasaka
Abstract— Manipulating objects whose physical properties
are unknown remains one of the greatest challenges in robotics.
Controlling grasp force is an essential aspect of handling
unknown objects without slipping or crushing them. Although
extensive research has been carried out on grasp force control,
unknown object manipulation is still difficult because
conventional approaches assume that object properties (mass,
center of gravity, friction coefficient, etc.) are known for grasp
force control. One of the approaches to address this issue is
incipient slip detection. However, there has been few detailed
investigations of robust detection and control of incipient slip on
rotational case. This study makes contributions on deriving the
theoretical model of incipient slip and proposes a new algorithm
to detect incipient slip. Additionally, a novel sensor
configuration and a grasp force control algorithm based on the
derived theoretical model are proposed. Finally, the proposed
algorithm is evaluated by grasping objects with different weights
and moments including a fragile pastry (éclair).
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Figure 1. Mobile Manipulator equiped with grippers and sensors to
detect rotational incipient slip.

incipient slip. Therefore, once grasp force is determined as the
minimum force necessary to keep the incipient slip area from
expanding, unknown objects can be grasped without slipping
and are less likely to be crushed. This is especially effective
for grasping fragile objects.
Although various approaches regarding incipient slip
detection have been proposed, robust detection and control of
incipient slip remain major problems. In particular, no research
has been able to detect and control rotational incipient slip for
unknown objects. Rotational incipient slip detection is
essential for grasping objects subject to a moment of force.
There are three fundamental problems faced with incipient slip
detection when applied to grasp unknown objects:
A) Physical mechanism of the rotational incipient slip
phenomenon is not mathematically well defined.
B) Detection methods of rotational incipient slip and its
corresponding sensor configuration have not been established.
C) Robust and general grasp force algorithms to limit
rotational incipient slip have not been established.

I. INTRODUCTION
Manipulation is an essential skill for robots to perform
various tasks instead of, or in cooperation with, humans. In
most cases, robots are required to work in unstructured
environments, which is one of the greatest challenges faced by
many researchers. Manipulation tasks in an unstructured
environment usually require a robot to grasp unknown objects,
where a grasp model contains unknown parameters i.e., mass,
center of gravity, elasticity, friction coefficient, etc. Therefore,
a considerable amount of literature has grown around the
theme of unknown object grasping using object recognition,
tactile sensing, grasping stability and grasp force control.
However, the performance of unknown object grasping is
limited by difficulties of handling unknown object properties.
In particular, grasping unknown objects without slipping
or crushing them requires appropriate grasp force control to
balance force and moment according to the force closure
theorem. While various grasping approaches based on force
closure have been proposed, conventional approaches assume
physical models or object properties are known. Therefore, a
novel grasping approach that controls grasp force
independently of object properties is required to handle
unknown objects. Incipient slip detection is one effective
solution to solve this problem. Incipient slip is the physical
phenomenon observed when only a partial area in the contact
area slips [1]. The contact area here represents the area where
the robot hand and an object contact each other. When
tangential force is applied to an object, the slip area is
expanded, and after the slip area expands over the entirety of
the contact area, slip occurs. Namely, incipient slip is the
transitional phenomenon of slip. In other words, slip between
the robot hand and an object can be predicted by detecting

Contribution
This paper addresses the above three problems and
proposes a new algorithm to detect translational and rotational
incipient slip, a novel sensor configuration and a grasp force
control algorithm.
In summary, the primary contributions of this paper are:
1) Deriving models of translational and rotational incipient slip.
2) A novel sensor configuration and an incipient slip detection
algorithm that includes rotation.
3) Grasp force control algorithm that handles incipient slip.
This paper begins by reviewing related research in section II.
Section III elucidates the incipient slip mechanism for
translational and rotational incipient slip based on the
mathematical model. In section IV, conditions for stable and
robust detection are clarified and a sensor configuration to
detect rotational incipient slip is proposed. Section V discusses
the design of a novel grasp force control algorithm to control
the area of incipient slip. Section VI demonstrates that
proposed algorithm allows a robot to control incipient slip
independent of the object properties: mass, friction efficient,
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etc., to achieve object grasping that is robust to translational
and rotational incipient slip.

1

object surface

II. RELATED RESEARCH
A. Incipient Slip Theory
The incipient slip phenomenon is a behavior based on
friction theory that is defined by Amontons’ Law. Thus far,
much of the current literature on incipient slip pays particular
attention to tribology and robot manipulation. Johansson
studied mechanisms and perception of incipient slip of human
fingers [2][3]. Adams also focused on human fingers and
showed a mathematical formulation of elastic friction [4].
Otsuki studied mechanisms of friction for elastic objects and
explained incipient slip phenomenon through FEM analysis
and experiments [1]. Yamada showed that incipient slip occurs
at the edge of the contact area and proved this by using FEM
with a human finger model [5]. Maeno [6][7] and Canepa [8]
also provide analysis of incipient slip with FEM analysis.
Recently, Tada proposed quantification of incipient slip based
on elastic contact theory [9]. Although various research has
been conducted in the past, such studies remain narrow in
focus, dealing only with incipient slip in the translational
direction, and has not proposed a mathematical formulation for
rotational slip. Cirillo [10] and Melchiorri [11] suggests a
detection method of rotational slip using a friction model.
However, these proposals assume that model parameters are
known and are not applicable for unknown objects.
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Figure 2. Elastic contact model and plot of the stick ratio. (a) Elastic
contact model with hemispheric fingertip and object. (b) Plot of the stick
ratio with different orders of contact suface.

slip detection [26]. Maeno proposed a grasp force control
method with an elastic finger [27]. Melchiorri calculated
forces according to known model [11]. These approaches,
however, have failed to verify their effectiveness by grasping
unknown or fragile objects and taking rotational incipient slip
into account.
III. INCIPIENT SLIP MECHANISM
In this section, basic incipient slip theory based on elastic
contact theory is reviewed and a method to realize robust
incipient slip detection is detailed. The incipient slip theory
[28] is then extended to rotational slip.

B. Sensors and Structures
Incipient slip is a subtle and delicate physical phenomenon,
hence detection quality is considerably dependent on sensor
specification. Early works studying tactile sensing were
broadly reviewed in [12]-[14]. Pressure distribution sensors
are one of the most widely used tactile sensors. Some have
tried to detect slip or incipient slip from distributed force and
pressure data [10][15][16]. Vision sensors have been also
proposed for incipient slip detection. GelSight is a tactile
sensor that captures surface textures using an elastomer and
camera [17]. Since the captured data has high spatial resolution
information, including surface roughness and texture, deep
neural networks are often used to detect incipient slip [18]-[20].
Vibrations and sound signals also provide valuable
information for incipient slip detection. Romano used
vibrations for touch and slip detection [21]. Teshigawara [22]
and Cutkosky [23] distinguished slippage and changes in
normal force using vibrations from tactile or force sensors.
Although methods using vibrations can be fast and sensitive to
subtle changes caused by incipient slip, they are vulnerable to
external disturbances. Multimodal methods are one of the
proposed answers to these obstacles. BioTac® is a multimodal
tactile sensor, consisting of three complementary modalities:
force, pressure and temperature. Xu [24] and Su [25] utilized
BioTac® for manipulation. Although various sensor types and
processing algorithms have been proposed, these proposals are
not based on mathematical formulation, which means that
essential physical parameters for incipient slip detection is still
unclear.
C. Grasp Force Control
Although vast research has been proposed for incipient slip
detection, few have highlighted grasp force control. We
proposed a grasp force and position controller with incipient

A. Translational Incipient Slip Theory
Fig.2(a) describes the elastic contact model between the
robot finger and an object. A contact area of depth d is defined
between a flat elastic plate with springs and a hemispherical
rigid object. The contact surface is described as the function:
𝑓𝑓(𝑥𝑥) = 𝐶𝐶𝑛𝑛 𝑥𝑥 𝑛𝑛 , where 𝐶𝐶𝑛𝑛 is a constant and 𝑛𝑛 is the order of the
function. The contact area is assumed to include both stick and
slip areas. The total normal force 𝐹𝐹𝑁𝑁 , which in this case is
equivalent to the grasp force, can be calculated as follows:
𝑎𝑎

𝐹𝐹𝑁𝑁 = 2𝐸𝐸 ∗ ∫0 𝑢𝑢𝑧𝑧 (𝑥𝑥)𝑑𝑑𝑑𝑑 =
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where 𝐸𝐸 ∗ is effective Young’s modulus calculated from
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𝐸𝐸 ∗

=

, using Yong’s moduli of the robot finger 𝐸𝐸1 and
object 𝐸𝐸2 as well as their shear moduli 𝜈𝜈1 and 𝜈𝜈1 . 𝑢𝑢𝑧𝑧 (𝑥𝑥) is the
indentation depth at 𝑥𝑥. 𝜆𝜆𝑛𝑛 is a scaling factor that maps from
one-dimensional contact to three-dimensional contact with n
order contact surface [29].
Tangential force can be calculated based on the elastic
contact theory as follows:
𝐸𝐸1
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where μ is the friction coefficient and 𝐺𝐺 ∗ is the transverse
elastic modulus. From (1), (2), the following is derived:
𝑐𝑐

𝑎𝑎

= �1 −

𝐹𝐹𝑥𝑥

𝜇𝜇𝐹𝐹𝑁𝑁

�

1
𝑛𝑛+1

.

(3)

The left side of (3) represents the ratio of stick area against
contact area (stick ratio), in other words, the tendency of
incipient slip. Drop of the stick ratio toward zero implies an
increased tendency of incipient slip.
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Fig.2(b) is a plot of (3), which represents the stick ratio
with different orders of contact surface n. Fig.2(b) shows that
the stick ratio dropped to zero suddenly when grasp force
decreases or tangential force increases. This sudden drop must
be avoided for stable grasp control. Also, (3) indicates that the
stick ratio is dependent on the unknown parameter, the friction
coefficient, which makes it difficult to estimate the stick ratio.
These two are the major problems to control incipient slip with
unknown parameters and are discussed in section IV.

𝑧
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B. Rotational Incipient Slip Theory
Detection of rotational incipient slip for unknown objects
is essential for handling unknown objects where moments are
applied. In this section, the translational incipient slip theory is
extended to rotational incipient slip.
The total moment around the contact center can be
calculated as follows:
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Figure 4. ANSYS® simulation results. Rigid plane is shown as a
transparent rectangular shape and elastic contact surface is shown as a
colored shape. (a) Plot of stick ratio of contact with elastic flat plane. (b)
Plot of stick ratio of contact with elastic sphere.

the state distribution. Fig.4 shows that the stick ratio changes
slowly for the curved surface contact, while it drops suddenly
for the flat surface contact. These results support the theory
that a robot finger with curved surface is preferable for
incipient slip control.
For problem 2), a stick ratio estimation method with shear
displacement 𝑢𝑢𝑥𝑥 is proposed. Shear displacement represents
the displacement of the robot elastic fingertip in the tangential
direction when tangential force is applied to the grasped object.
If shear displacement of fingertip can be measured, (3) can be
rewritten as follows:

= 0. (5)

When the contact surface is assumed quadric (n = 2), the stick
ratio becomes:
𝑎𝑎

𝑥𝑥

𝑎𝑎

0.8

where 𝑟𝑟 is the distance from the contact center, 𝜃𝜃 denotes the
rotational direction around the center of fingertip and 𝑓𝑓𝜃𝜃 (𝑟𝑟) is
the tangential force in the rotational direction applied per unit
area. The stick ratio can be represented as follows:
� �

𝑐𝑐

slip
area

Figure 3. Elastic contact model with flat and curved area. (a) Contact
model. (b) Plot of stick ratio with different flat area/curved area ratio.
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IV. DETECTION METHOD AND SENSOR CONFIGURATION
A. Incipient Slip Detection Method
According to section III, two major problems need to be
addressed to control incipient slip stably: 1) Avoiding sudden
stick ratio drop and 2) Calculating or estimating the stick ratio
independent of the friction coefficient. In this section, these
problems are further discussed.
For problem 1), the relationship between elastic contact
surface and the stick ratio is first mathematically analyzed.
Fig.3 provides the analytical model and results of different
contact surface shapes. The contact surface is composed of a
flat surface and a curved surface, where 𝑏𝑏⁄𝑎𝑎 represents the
surface ratio. As shown in Fig3, there is a clear trend that the
stick ratio drops suddenly when the surface ratio is large. This
result gives interesting insight on the incipient slip mechanism.
The result implies that when the slip area reaches the flat
surface, slip occurs suddenly. In Amonton’s friction law, slip
behavior is related to static friction and the strength of the
normal pressure distribution. Consequently, a sudden drop is
considered to occur when the gradient of contact pressure
distribution is flat. The above theory for flat and curved contact
cases is also confirmed with the ANSYS® simulation software.
The elastic flat plate and elastic curved surface are
contacted by a rigid plate. The same tangential force is applied
to the rigid plate. The simulation outputs the contact state
distribution: “stick” or “slip”, and stick ratio is calculated from

𝑐𝑐

𝑎𝑎

where Ψ(𝜇𝜇, 𝐹𝐹𝑁𝑁 ) =

1

= (1 − Ψ(𝜇𝜇, 𝐹𝐹𝑁𝑁 )𝑢𝑢𝑥𝑥 )𝑛𝑛+1
𝑛𝑛+1

𝐹𝐹

2
𝑛𝑛+1

𝐺𝐺 ∗ 𝜋𝜋� 2𝑛𝑛 ∗ 𝑁𝑁 �
𝐸𝐸 𝐶𝐶𝑛𝑛 𝜆𝜆𝑛𝑛
𝜇𝜇𝐹𝐹𝑁𝑁

(7)

. Equation (7) shows that

if shear displacement 𝑢𝑢𝑥𝑥 is zero, the stick ratio becomes equal
to one, which means that incipient slip no longer occurs. Shear
displacement can be calculated by tracking the displacement
of the maximum pressure point. When there is difficulty in
tracing the maximum pressure point due to sensing noise, the
Center of Pressure (CoP) is also effective as an approximation
of the maximum pressure point.
The same applies for the rotational case. Rotational shear
displacement 𝑢𝑢𝜃𝜃 can be defined as the displacement of the
robot elastic fingertip in the rotational direction when torque is
applied to the grasped object. Equation (6) can be rewritten
with rotational shear displacement as follows:
𝑐𝑐

𝑎𝑎

where Φ(𝜇𝜇, 𝐹𝐹𝑁𝑁 ) =
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= ��4 − Φ(𝜇𝜇, 𝐹𝐹𝑁𝑁 )𝑢𝑢𝜃𝜃 − 1
1
3 𝐹𝐹𝑁𝑁
3
�
∗
4𝐸𝐸 𝐶𝐶2 𝜆𝜆2

16𝐺𝐺 ∗ �

3𝜇𝜇𝐹𝐹𝑁𝑁

(8)

. In the same manner as the

translational case, if the rotational shear displacement 𝑢𝑢𝜃𝜃 can

be controlled to be zero then the stick ratio becomes equal to
one for rotational incipient slip. However, rotational shear
displacement cannot be detected with the same method as
translational slip because rotational incipient slip does not
change the maximum pressure point when the robot finger is
assumed to be a single hemisphere in Fig.2. To measure the
rotational shear displacement with the convex fingertip, a
novel sensor configuration is proposed in the following section.
B. Sensor Configuration
In order to measure rotational shear displacement, a finger
composed of multiple elastic hemispheres as shown in Fig.5 is
proposed. The translational shear displacement at each elastic
hemisphere can be measured with the CoP according to the
previous section. The translational shear displacement at each
elastic hemisphere would change according to the rotational
shear displacement. The relationship between rotational and
translational shear displacement, before and after rotational
incipient slip, can be represented using an affine transform:

Elastic gel
(3 x 3 hemisphere array)
Pressure Distribution Sensor
(11 x 13 nodes, 3mm pitch)

Sensor base

Figure 5.

Proposed elastic finger tip (left) and cross-section (right).
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𝑖𝑖
1
0
0
1
1
where i represents the index of the elastic sphere. 𝜃𝜃, 𝑡𝑡𝑥𝑥 and 𝑡𝑡𝑦𝑦
represent rotational shear displacement, x-axis, and y-axis
translational displacement respectively. In order to solve three
unknown parameters: 𝜃𝜃, 𝑡𝑡𝑥𝑥 , 𝑡𝑡𝑦𝑦 , more than three equations are
needed. In other words, fingertip contacts with at least two
hemispheres is necessary to calculate equation (9).
For measuring the CoP, a sensor capable of measuring
pressure distribution is required. A capacitive pressure
distribution sensor was chosen that calculates pressure by
transforming deformation of sensor material to capacity
change at each node.
A urethane gel composed of an array of elastic
hemispheres is placed on top of the sensor to allow rotational
shear displacement estimation. To measure the shear
displacement accurately, the distance between each sensor
node (sensor pitch) and the number of elastic hemispheres are
carefully selected. Fig.6 provides the simulation results on
estimation error of translational shear displacement with
different amounts of elastic hemispheres and different sensor
node pitches. As can be seen in Fig.6, a smaller sensor node
pitch is a key factor for lower estimation error. From a
practical point of view, however, node pitch should be
carefully decided because of a trade-off between smaller node
pitch and larger processing cost or lower sensitivity. To keep
a high enough data sampling frequency and sensitivity, a
sensor node pitch of 3mm is chosen. The data sampling
frequency is 100Hz. Fig.6 also shows that the hemisphere
array configuration also affects estimation error. With more
hemispheres used, the estimation error is partially reduced
except the case with more than 3x3 hemispheres used. This
result is explained by the fact that less sensor nodes are
assigned for each hemisphere with more hemispheres used. In
order to minimize the error, 3 x 3 hemisphere configuration is
selected. Considering the small size requirement, the fingertip
size is decided as 40x40mm and 11x13 pressure sensor nodes
are implemented.

1mm pitch

0.2
0.15
0.1
0.05
0
1x1

2x2

4x4

3x3

5x5

Hemisphere array configuration

Figure 6. Simulated translational shear displacement estimation error
for different fingertip gel hemisphere array configurations when the
sensor node pitch is 1mm and 3mm.

In particular, no shear displacement means no slippage
occurs between the finger and the objects. Additionally, this
allows robots to grasp objects without slippage. The next
section moves on to discuss a grasp force control algorithm to
prevent shear displacement.
V. GRASP FORCE CONTROL ALGORITHM
In order to prevent shear displacement for object grasping,
the shear displacement should be controllable by grasp force.
This section first gives theoretical explanations that the shear
displacement can be controlled by grasp force and then
proposes a grasp force control algorithm.
The proposed grasp force algorithm is based on the elastic
contact theory of the same mechanical model shown in Fig.2.
Under the precondition that the robot finger is an elastic
convex shape and is deformed by normal force, the contact
area is considered to be a circle whose radius is 𝑎𝑎. The radius
of the contact area is represented as a function of grasp force:
𝑎𝑎 = �

𝑛𝑛+1

𝐹𝐹𝑁𝑁

2𝑛𝑛 𝐸𝐸 ∗ 𝐶𝐶𝑛𝑛 𝜆𝜆𝑛𝑛

�

1
𝑛𝑛+1

.

(10)

Assuming the tangential force applied to the elastic fingertip
is constant, then the shear force 𝐹𝐹𝑥𝑥 of the elastic fingertip can
be represented as follows:
𝑎𝑎

𝐹𝐹𝑥𝑥 = ∫−𝑎𝑎 𝐺𝐺 ∗ 𝑢𝑢𝑥𝑥 𝑑𝑑𝑑𝑑 = 2𝐺𝐺 ∗ 𝑢𝑢𝑥𝑥 𝑎𝑎.

(11)

The relationship between translational shear displacement
𝑢𝑢𝑥𝑥 and grasp force 𝐹𝐹𝑁𝑁 is derived from (10) and (11):
𝑢𝑢𝑥𝑥 =

𝐹𝐹𝑥𝑥
1
𝐹𝐹𝑁𝑁
𝑛𝑛+1
𝑛𝑛+1
�
𝐺𝐺 ∗ �
2𝑛𝑛 𝐸𝐸∗ 𝐶𝐶𝑛𝑛 𝜆𝜆𝑛𝑛

.

From (4), the moment 𝑇𝑇𝜃𝜃 of the elastic fingertip is:
𝑎𝑎
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𝑟𝑟

2

𝑇𝑇𝜃𝜃 = ∫−𝑎𝑎 𝐺𝐺 ∗ 𝑢𝑢𝜃𝜃 𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐺𝐺 ∗ 𝑢𝑢𝜃𝜃 𝑎𝑎2 .
𝑎𝑎

3

(12)

(13)

(i.e., hand-over or placement on a table). For example, grasp
force is expected to decrease when a robot hands over an object
to human. The shear displacement, in this case, would change
as the human begins to support the object against gravity. The
opposite is true when grasping objects. This extension is
simply realized by switching the increase and decrease of
grasp force (Fig.7) with the same incipient slip detection and
force control algorithm. Although this is simple extension,
smooth object release motion is achieved.
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VI. EVALUATION

Proposed grasp force controller for a finger.
Height adjuster

Pressure distribution sensor
Gel
test object

Linear / Rotational
stage

Figure 8. Experimental setup to evaluate shear displacement estimation
accuracy. Linear and rotational displacement are controlled by a 2 axis
positioning stage. Contact force is controlled with the height adjuster.

The relationship between rotational shear displacement 𝑢𝑢𝜃𝜃
and grasp force 𝐹𝐹𝑁𝑁 is derived from (10) and (13):
𝑢𝑢𝜃𝜃 =

3𝑇𝑇𝜃𝜃
2
𝐹𝐹𝑁𝑁
𝑛𝑛+1
𝑛𝑛+1
�
2𝐺𝐺 ∗ �
2𝑛𝑛 𝐸𝐸∗ 𝐶𝐶𝑛𝑛 𝜆𝜆𝑛𝑛

.

(14)

Equations (12) and (14) show that the translational and
rotational shear displacement are defined as functions of
grasp force (𝐹𝐹𝑁𝑁 ), which suggests that displacement can be
controlled by grasp force. It should be noted that these
theories are only applied to convex elastic fingertips.
Fig.7 shows the proposed grasp force control algorithm.
This algorithm is composed of two control blocks: Grasp
Force Control and Acceleration Control block. The grasp
Force Control block calculates grasp force at 1kHz so that no
translational or rotational shear displacement occurs. Since
translational and rotational incipient slip generally occur
simultaneously, grasp force for translational and rotational
incipient slip are first calculated respectively and then summed.
A first order of low pass filter is used to suppress the noise of
shear displacement values. The reference generator updates
the target shear displacement dependent on grasp status and
application. Since two contact points between an object and
hemispheres on the finger is necessary to calculate shear
displacement from the result in section IV, minimum grasp
force is added to keep contact. The minimum contact force is
determined as the grasp force applied when two contact points
are detected for the first time. The acceleration Control block
controls the acceleration of the actuators used to generate
accurate grasp force at 8kHz. A disturbance observer (DOB)
is adopted to cancel disturbance noise caused by inertia and
friction in an actuator, where 𝐽𝐽𝑛𝑛 is nominal inertia of the
actuator, 𝐼𝐼𝑎𝑎 is target inertia and plant is described as a second
order system. A first order of low pass filter is used in the DOB.
It is interesting to note that the proposed algorithm can be
extended to other manipulation tasks such as object release
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A. Experimental Setup and Procedure
In order to evaluate the proposed method, two different
experiments are conducted. Since the proposed incipient slip
detection method detects incipient slip based on shear
displacement, the estimation accuracy of shear displacement
is firstly evaluated. For this evaluation, a 2-axis (rotational
and translational) position control stage (Fig.8) is utilized.
The proposed elastic fingertip and a test object are in contact
with each other, and contact force is maintained by adjusting
the stage’s height. Shear displacement is applied to the object
by position control of the stage and the position is measured
by the embedded encoder. Shear displacement is calculated
using CoP as an approximation of the maximum pressure
point as described in section IV-B. The accuracy is evaluated
by comparing the encoder position and estimated shear
displacement derived from (9).
Secondly, the proposed grasp force control algorithm is
evaluated using a mobile manipulator equipped with two 7
DoF arms and parallel link grippers composed of the proposed
tactile sensor and torque-controlled actuators (Fig.1). The
experiments are conducted in the following order. First, the
gripper grasps a target object placed on a flat plane. Second,
the object is lifted by the arm. Third, the grasped object is held
in the air for 4 seconds. Finally, the object is placed at its
original position. Grasp force is determined using the proposed
algorithm with no object information given to the robot. Every
experiment is conducted using this test sequence. In each test
sequence, grasp force τ derived from the proposed algorithm,
shear displacement 𝑢𝑢𝑥𝑥 and 𝑢𝑢𝜃𝜃 from Fig.7 are recorded at 10
Hz. Fig.12 shows 3 different test objects used in this evaluation.
B. Estimation Accuracy of Shear Displacement
Fig.9 provides the results of shear displacement estimation
accuracy. The horizontal axis represents the applied
displacement, which was measured using the stage encoder,
and the vertical axis represents estimated shear displacement.
𝑅𝑅2 represents the coefficient of determination of the linear
regression line. Although the estimation error is observed at
15% and 3% for translational and rotational displacement
respectively, the estimated displacement shows strong linear
correlation with the applied displacement. A possible cause of
error is the approximation error of CoP.
C. Robustness of Proposed Grasp Force Control Algorithm
to Object Weight and Moment Variations
At the first step of the evaluation, grasp force τ, shear
displacement 𝑢𝑢𝑥𝑥 and 𝑢𝑢𝜃𝜃 , are observed. A rectangular plastic
bottle is utilized as a target object. As shown in Fig.10-a, grasp
force is controlled according to the values of 𝑢𝑢𝑥𝑥 and 𝑢𝑢𝜃𝜃 .

1

R² = 0.9958

0.5

0

2
1
Applied Displacement [mm]

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0

R² = 0.9944

0

0.02
0.04
0.06
Applied Rotation [rad]

VII. CONCLUSION AND FUTURE WORK
This paper derived the rotational incipient slip theory by
expanding from the translational case and also clarified
essential conditions to stably detect and control incipient slip.
This theoretically contribution led to the proposal of a novel
incipient slip detection method, sensor configuration and
adaptive grasp force control algorithm. The experimental
results show that the proposed algorithm is able to adaptively
calculate grasp force for unknown objects with varied weights,
moments and stiffnesses. Finally, grasping objects, including
fragile pastries, was realized without slipping or crushing
them.
Future direction of our work includes improvement of the
sensing ability and control algorithm. Robustness and
durability of the sensor structure is an essential aspect from a
practical perspective. Increasing spatial resolution is also an
important future work. In addition, further investigation of
grasp control algorithm is needed for different hand
configurations such as a multi-fingered hand. Since graspable
objects range is limited due to geometric constraints of
parallel grippers, a multi-fingered hand may be one of the
possible options.

0.08

Figure 9. Estimation accuracy of (a) translational shear displacement
and (b) rotational shear displacement. The difference between the orange
dotted line and the blue plots represents the estimation error.
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Figure 10. (a) Grasp force τ , shear displacement 𝑢𝑢𝑥𝑥 and 𝑢𝑢𝜃𝜃 when
grasping the rectangular plactic bottle, (b) Grasp force with and without
rotational slip detection when grasping an éclair.

The observation shows that the grasp force drastically
increases and decreases during the whole sequence. Since
these changes can be observed at the exact time of lifting and
placing the object, it appears that the proposed algorithm
detects force and moment change adaptively by measuring
incipient slip.
In order to further confirm the robustness of the proposed
algorithm, grasp force, derived from the proposed algorithm,
is measured with an object of varied weights and moments. In
this evaluation, the derived grasp force τ is compared with
minimum grasp force (𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 ) to evaluate that the grasp force
is not larger than necessary. 𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 is investigated beforehand
by conducting grasp trials repeatedly given constant grasp
forces. 𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 is selected as the minimum grasp force among
successful trials. A rectangular plastic bottle (Fig.12-1,2) is
used for this evaluation. Object weight is changed by
adjusting the amount of small pieces of metal in the bottle and
object moment is changed by grasping at different positions
on the bottle. Fig.11 provides results of this experiment. Since
grasp force τ is stably close to 𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 , it is demonstrated that
the proposed algorithm derives the minimum necessary grasp
force, adaptively and robustly with different weight and
moment.
Finally, the grasp success rate is investigated for each
object to evaluate effectiveness of the proposed algorithm.
The success rate is derived from 10 trials for each object. If
an object does not touch the ground during a test sequence,
the trial is considered a success. The results of all target
objects are summarized in Table I. As Table I shows, every
target object, including a fragile pastry, can be grasped
without fail independent of object shape, weight, moment and
stiffness. In order to investigate effectiveness of rotational
incipient slip detection, grasp force is compared with and
without rotational incipient slip detection, which is illustrated

2

3.5

1.5

2.5

Grasp Force [N]

3

1
0.5
0

minimum grasp force
proposed method

Grasp Force [N]

1.5

Estimated Rotation [rad]

Estimated Displacement [mm]

2

0

in Fig.10-b. The comparison reveals that the grasp force is not
enough in no rotational slip detection case. In addition, the
results also show that rotational slip detection is essential for
grasping objects with unknown object properties.
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Figure 11. Comparison between grasp force τ derived by proposed
method and minimum grasp force 𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 with different weight and
moment. The range and mean of grasp force τ during 10 grasp trials is
represented.
TABLE I.

SPECIFICATION OF THE TEST OBJECTS
Object Properties

Object
1
2
3

1

Plastic bottle
(placed vertically)
Plastic bottle
(placed horizontally)
Eclair

2

Mass [𝒈𝒈]

Moment
[𝒎𝒎𝒎𝒎𝒎𝒎]

251

120

104

39

600

0

Success Rate
10/10
10/10
10/10

3

Figure 12. The 3 test objects. The robot grasps objects at the orientation
shown in the picture.
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