This article has been accepted for publication in IEEE Transactions on Industrial Electronics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIE.2023.3260342

Task-based Compliance Control for Bottle Screw Manipulation
with a Dual-arm Robot

Chunting Jiao, Lin Zhang, Xiaojie Su Jiangshuai Huang, Zhenshan Bing, and Alois Knoll

Abstract—In this paper, a novel task-based compliance
control approach for a dual-arm robot is presented with a
bottle screw task. The presented approach aims at overcoming
uncertainties from the object model and contact forces during
the bottle screw task. A novel framework is proposed to syn-
thesize the task motion planning and compliance control that
ensure desired performance of both accuracy and compliant
motion. The proposed task-based compliance control approach
provides a hierarchical strategy: gross motion planning and
fine compliance motion planning. The gross motion planning
involves the absolute and relative motion control on a macro
scale, while the fine compliance motion planning deals with
uncertainties by the compliance control to accomplish a task
requiring high precision robustly. A theoretical modeling of the
bottle screw task is presented within the proposed framework
through the analysis of uncertainties and constraints. The
experimental results show that the proposed framework is
efficient and robust to operate a set of bottles.

Index Terms—Dual-arm manipulation, task-based control,
gross motion, fine motion, hybrid control, bottle manipulation

I. Introduction

Ottle screw task is one of the most common daily-
life tasks, it is yet to be discussed widely. In previous
studies, some researchers focused only on opening a jar, a
can or a bottle. Both Honda’s Asimo anthropomorphic
robot and Stanford University’s PR2 robot attempted
the task of opening a bottle cap. But they did not
fasten it back, which reduced the complexity of the
experiment. One of the challenges for this task is the
absence of a widely-accepted framework that combines
the motion planning and compliance control to guarantee
the stability of both accuracy motion and contact forces
[1]. In particular, kinematic and contact uncertainties are
inevitable and may lead to the failure of the task [2].
The bottle screw task is similar to precision peg-in-hole
assembly, in which both the accurate position control and
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compliance force control are required [3], [4]. Traditionally,
the robotic peg-in-hole assembly task is divided into two
phases, i.e, the alignment phase and the insertion phase [5],
[6]. Visual servo control and pose estimation are applied
in the alignment phase, and force guided assembly is used
in the insertion phase. The clearance between the bottle
cap and body is only about 1 mm, making it difficult
for the cap to fit accurately on the top of the bottle.
Thus, similar to the robotic peg-in-hole assembly task,
the execution process of the bottle screw task in daily
life can be divided into four stages: grasping the bottle,
opening the bottle cap, pouring water and screwing on the
bottle cap. The accuracy position control is used to match
the bottle cap and body, and the compliance force control
is required to compensate for the positional uncertainty.
Moreover, the force feedback can be applied to detect the
contact state to prevent stuck.

The main academic control problem in the bottle screw
task lies in the uncertainties, which can be classified into
two categorizes|7]:

1) The kinematic model of the robot and object is
uncertain, including both the geometric and motion
uncertainties;

2) The contact state is uncertain. During the dynamic
manipulation, the interaction force may cause an
unexpected relative movement between the bottle
and the gripper, resulting in an unstable grasp.

The uncertainties are likely to make the task fail, for
example, if the cap and the edge of the bottle collide, the
cap cannot be placed on the bottle or the cap may get
stuck due to the uneven force during the screw motion.
To overcome these uncertainties, several approaches for a
dual-arm manipulation have been proposed in the previous
studies [8], [9], [10]. Visual recognition is used to reduce
the positional uncertainty. Motion planning method is
discussed to find an available joint sequence between
the start and goal. A couple of hybrid position/force
control methods have been studied thoroughly. Hyeonjun
proposed a compliance-based method by analyzing the
contact state without any force feedback [8]. Jiao et
al. [9] presented an adaptive hybrid impedance control
method for dual-arm cooperative manipulation with ob-
ject uncertainties. In [10], the Markov decision process
of the assembly task was formulated, where the task
was accomplished through the learned policy without
analyzing the contact state. One the other hand, the
active compliant control was talked about in [11], [12].
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The contact force errors were compensated by Cartesian
impedance control. Ren introduced a novel autonomous
assembly application completed by a dual-arm robot by
using a hybrid position/force control [13]. Event-triggered
sliding mode control methods were proposed in [14], [15] to
study the system and parameter uncertainties. Adaptive
neural tracking control methods for manipulators are
discussed in [16], [17], [18], [19] for trajectory tracking
of robotic systems.

The main contributions of the present work can be
summarized as follows:

1) A novel task-based manipulation planning frame-
work is proposed for a dual-arm robotic system.
This framework imitates human behavior and can
improve the efficiency and robustness of task execu-
tion;

2) An active compliant motion method is characterized
by force-based feedback control to tackle contact
state uncertainties;

3) A theoretical model of the bottle screw task is con-
structed, which can be extended to screw-tightening
task.

II. Cooperative Task Space

Inspired by human behaviors, we can roughly partition
the task space of a robot into absolute and relative motion
components [20]. The absolute motion is performed by
the master arm, which is aimed to achieve the accurate
and robust tracking of the reference trajectories. The
relative task can be conducted by the slave arm, which is
described solely through a relative motion of the robot’s
end-effectors, i.e., the motion of one end-effector with
respect to the other.

A. Task Formulation for Coordinated Motion

Consider a robot system composed by two arms, as
shown in Fig. 1, which are denoted by Arm-k, where k =
a,b. The reference frames are defined as follows: ., 0r14
is the world frame, X, is the base frame of Arm-k, and
Yk is the end-effector frame of Arm-k. The world frame
Yworta is set as the default reference frame. Let per € R3
denotes the position vector of the end-effector of Arm-
k and R, € SO (3) is the rotation matrix of the end-
effector orientation of Arm-k with respect to the base
frame ¥,,. We write the angle-axis representation of R
as R;(veg), where vy, is the angle through which one must
rotate about the axis j to obtain Reg. Ter = (Rek,Pek) €
SE (3) denotes the homogeneous transformation matrix
of the end-effector, where z., = (m,y,z,a,ﬁ,’y)T is the
corresponding pose (position and orientation) of the end-
effector. The orientation of the end-effector is represented
by the Z-Y-X Euler angles. pox € R® and we, € R3
represent, respectively, the linear and angular velocities
of the k—th end-effector, which can be collected in the
generalized velocity vector vy = (pgk,wg;c)T €ERS.qeC
is the joint state in the configuration space C' C RS, and
Gq and ¢, are the joint angular velocities of the two arms.
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Besides this, the real-time force and torque information
F. is described in the end-effector frame X.;, which can
be used to guide the motion of the robot arms. Then, the
differential forward kinematics can be expressed as:

Veq = Jg (QG) a (1)

veb = Jb (@) @b

where the matrix J, € R%® is the so-called geometric
Jacobian of the Arm-k. Without the loss of generality,
assume the Arm-a as the master arm which is used to
generate the absolute motion, and the Arm-b as the slave
arm, as shown in Fig. 1.

Fig. 1: Motion model coordinated by a dual-arm robot.

From the task point of view, the task-based formulation
is defined by the absolute and relative motion variables
of the cooperative system. The absolute and relative
motion components can be derived from the end-effector
coordinate frames as

1
Pa = 5 (pea +peb)

1 (2)
R, = ReaRka,b <§Ua,b>

where p, is the position of the absolute coordinate frame
Y. in the world frame Y.,0.14, R, is the orientation of 3,
with respect to Xora (absolute orientation), and kg
and v, are extracted from the angle-axis representation
of “ Ry, = R Rep.
The relative position p, and orientation R, between two
arms are defined as:
(o
r — Llggdleb — eb
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The absolute linear and angular velocities of the system
are obtained as the time derivative of (2)

) 1 . .
Pa = 5 (pea +peb)
: (W

Wq = 5 (wea + web)

Similarly, the relative linear and angular velocities can
be derived as

pr = peb - pea
{ (5)

Wyr = Web — Wea

In the task space, the velocity of the end-effectors can
be recovered via the absolute and relative motion:

B IBNK

Veb Es L1Eg
Assuming that motion of the object is known, the
desired trajectories of the two arms can be derived by
374 or 5" polynomial function. Thus, the desired motion
of each end-effector can be obtained as

1
d d d
Veq = Vg — 57}7" .
d d 1 d ( )
Vep Va + QUT

where the right superscript (-)? indicates the desired
motion of the relevant variable.

It is clear from equation (7) that the cooperative
task space is divided symmetrically between the two
end-effectors: the prescribed absolute motion is executed
equally by each arm, and the relative motion is divided
evenly between them. The motion control law . (t) of
the end-effector in the task space with the error correction
term can be written as

T
Fea (1) = 02, (1) + Kapeea (1) + Kai / Ceq (t)dt
T ®)
Fop (1) = v (1) + Kppewn (1) + K /0 e ()t

where K}, and Kj; are the 6 x 6 diagonal gain matrices,
which take the form k,E and k;F, respectively, where
kp, k; > 0. Also, the configuration error e.(t) can not be
defined as ey, (t) = 2%, (t)—zck () as it does not make any
sense to do the subtraction between two SE (3). Instead,
ek (t) should refer to the twist which, if followed for a unit
time, takes ey (t) to z%, (t). The se(3) representation
of this twist can be expressed as log (R, (t) R%, (1)).
Therefore, the configuration error is:

_ [ log (RZ, (1) R, (1)
€ek (t) - |: pgk (tk) _ pekk(t) ] (9)

The error dynamics are governed by:

T
Kkpeek (t) + K]ﬂ/ Cek (t)dt =0 (10)
0

where a proper choice of Ky, and Kj; implies that
lim e (t) = 0.
t—o00
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Then, the desired angular velocity of each joint can be
obtained by the inverse kinematics as:

qz = ']; (Qa) j:ea
dit = J} (@) dep

where Jg represents the generalized inverse of J,.

In this manner, once the absolute and relative motions
of the end-effectors are given in the task space, the joint
angular velocities of the two arms can be quantitatively
calculated accordingly. An advantage of using the absolute
and relative strategies is that the dual-arm robotic system
could be controlled without relying on the knowledge of
the object or the environment.

B. Screw motion model

In the process of screwing the bottle cap, the end-
effector of an arm performs a screw motion along the
screw thread. A screw motion can be interpreted in terms
of the screw axis S and a velocity 6 about that axis.

Lead angle

Bottle bodly

s Y

Fig. 2: Plane of screw thread

Upper internal thread /
1 : ﬂ E{ Upper internal thread

Fig. 3: Contact force between the internal and external
screw threads

Fig. 2 shows the thread plane of the bottle and cap. In
the developed thread plane, the rotary torque 7 and rotary
angle 0 can be translated into the force f and the position
Dzy along the screw axis S, respectively. Therefore, 7 and
0 are represented as:

F6) =27 () (13

Pay (1) =76 (t)

where r represents the radius of the screw.

We define the screw thread on the bottle as the external
thread and the screw thread on the cap as the internal
thread. When the cap is screwed, the external thread
should slide into the internal thread, contacting with the
lower internal thread or upper thread, and carry out the
screw motion according to the thread track. Therefore,
the contact model of the threads can be simplified as
one external thread and two internal contacting threads.
Fig. 3 shows the thread profile, where p, represents the

(14)

EEE Xplore. Restrictions apply.



This article has been accepted for publication in IEEE Transactions on Industrial Electronics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIE.2023.3260342

rotational displacement along the thread, p,, represents the
displacement of the thread orthogonal to the screw axis,
p: represents its displacement in the horizontal direction,
p. represents the displacement along the screw axis, i.e.,
the z—axis of the end-effector frame, and S represents the
lead angle. The relationship between the screw motion of
the bottle cap and the vertical motion along the direction
of the axis can be expressed as:
5]
Pz

R s

cos f3

Fig. 3 shows the contact force between the internal
and external threads, where F.,; represents the push-
ing/pulling force along the screw axis, Py, is the friction
force along the thread direction pg, Nen, represents the
reaction force in the direction of p,, and T, is the force
in the p; direction. During the motion of the bottle cap,
T..+ and F.,; are the forces exerted by the gripper on
the bottle cap, which generate P,,, and N.,, through
the contact between the threads, respectively. Through
the rotation matrix, the dynamic equation between the
motion and force of the bottle cap can be expressed as:

jjq _ Tezt _ Penv
w5 ]| [E )L v]
(16)
where M and p represent the mass and acceleration of the

bottle cap, respectively. The forces P, and Ng,, can be
expressed as:

cos 3

—sin (15)

sin 3

cos 3

cos f3
—sin 8

(17)
(18)

Peny = MNen'u + Dppq
Nenv = Kn (pn - pnOL) + ann

where p, D, &, K and p,oy represent the dynamic friction
coeflicient, viscosity coefficient, velocity, stiffness, and
position of the lower internal thread plane, respectively.
When the cap and body of the bottle are tightened, no
longer any relative motion exists between the threads,
and the overall stiffness between the cap and body of the
bottle increases. Therefore, at the moment of tightening,
P.,.., needs to include additional stiffness terms.

Pepy = tNeny + Dppq + Kp (pq - pqO)

where pyo represents the length of the thread. Through a
force analysis, the reaction forces Te,, and F.,, in the p;
and p, directions can be expressed as:

BRI

Fen'u COS ﬁ
To shorten the time of z, reaching x,¢ in equation (19),
small P,,, is desirable in equation (16). In equations (17)
and (19), a decrease in Ny, leads to small P,,,,. Moreover,
Neny is calculated in terms of p,,. Therefore, p,, is required
to be zero for small P.,,. p, in (15) can be rewritten as:

(21)

(19)

cos 3

—sin 8 (20)

Pn = —Pzy sin 3 + Pz COS B

To control p,, as zero, the expected p, can be written
as:

P = Py tanf =rftan (22)
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Thus, along the screw axis, the relation between the
expected linear displacement p? and rotary angle 6¢ can
be described as:

p? =r6tan 3 (23)

Differentiate both sides of equation (34), the expected
linear and angular velocities in equation (2) should be
constrained as:

d

vd = rwd tan B (24)

where v? and w? are the desired relative linear and angular
velocities along and about the screw axis S, respectively.
Thus, the screw pitch can be defined as a constant as

h =

= rtanf (25)

<
NgglN S

III. Contact State Identification

The precise online identification of contact states is
necessary for the successful execution of a fine motion.
Taking the bottle screwing task as an example, the model
of the contact state identification is discussed.

In Fig. 4, the contact state between the fingers and the
bottle body is analyzed. If the center of the gripper GE
does not contact with the edge of the bottle body BE, the
force closure will be broken, and the grasp is not stable,
as shown in Fig. 4(a). In this case, the gripper will exert
an additional torque 77, on the bottle body, which may
cause an unexpected movement or uncertainty, resulting
in failure of the task. The expected contact state is shown
in Fig. 4(b), where the gripper center and the bottle body
center coincide with each other.

(a) The center of the gripper (b) The center of the gripper
does not coincide with the center coincides with the center of the
of the bottle body. bottle body.

Fig. 4: Force analysis of steady gripping of the bottle body

One way to guarantee the grasp maintenance is to carry
out edge detection. As shown in Fig. 5(a), the finger of
the gripper can be used to detect the edge of the cap.
When a certain force feedback is read, the position of the
end-effector is recorded. After getting three feature points,
the center of the cap can be calculated, as shown in Fig.
5(b).

To calculate the center point C'C, the intersection points
of S1 and [; as well as Iy and Sy are determined as

Lie = n +2xl+1ayic = g +2yz+1

with i =1,2.  (26)
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A line can be described as Ay/Ax = const , thus:

— U -1
_ Bz 2l

(1’1 - l’z‘+1) k;

(y — yzc)
(x — i)

(27)

Thus, the bisectors, which are perpendicular to the
secant and passing through (z1c,%1.) and (22, yac), can
be described as:

The intersection point of the two bisectors is the desired
center of the cap. Hence, equalizing lines l; and ls, we
obtain the coordinates (z,,yn) of the center point C'C.

—Yic + Y2e + k171 — kaac
Ty =
ki1 — ko

Ym = Yic + ky (CL - zlc)

(29)

The radius r can be expressed as

r= \/(:1:1 —2m)? + (Y — ym)® with i =1,2 or 3. (30)

(a) Three detected points.

(b) The calculated cap center
(CC).

Fig. 5: Geometrical center of the bottle cap.

Therefore, the position and attitude of the gripper can
be adjusted to grasp the cap through the straight line
passing through the center of the cap.

In Fig. 6(a), the center of the gripper GC does not
coincide with that of the cap CC. When the gripper
screws the cap, an undesirable contact sliding may take
place. Through the object detection method, the grasp
maintenance can be guaranteed as shown in Fig. 6(b). It
is partial form closure and force closure.

These force/torque constraints in equation (31) can
be used to determine the contact state between the cap
and body of the bottle, which is of great significance for
planning of online fine motion and effective reduction of
uncertainties. The torque T¢, goes through the center
of the cap. T¢, should have upper and lower bounds
as expressed in equation (31). When T¢, is less than
Tinin, sliding occurs between the fingertip and the cap.
When T¢, is bigger than T,,.., the bottle cap and the
bottle body get stuck, requiring to unscrew the cap in the
opposite direction and then to readjust.

Tmin S ‘TCZ| S Tmax (31)
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(a) The gripper center does not (b) The gripper center coincides
coincide with the cap center. with the cap center.

Fig. 6: Force analysis between the gripper and the bottle
cap.

By introducing the techniques of contact state identi-
fication and force/torque constraints, the motion uncer-
tainties could be reduced significantly.

IV. Task-based Motion Planning with Compliance
Control

The motion of the bottle screw has to tackle some
uncertainties to make the task successful. Therefore, the
motion planning for the manipulation task can be divided
into two layers: gross motion planning and fine motion
planning.

A. Gross motion planning

In the bottle screwing task, the objective of the gross
motion planning is to address a collision-free motion plan-
ning problem in a changing environment. Let gini € Crree
be an initial joint configuration and ggoar € C'yree be a goal
joint configuration, where C,. denotes the collision-free
configuration. There should be safe distances between the
two arms and the environment. Given the desired poses
22, and z¢, of the two end-effectors according to the bottle
pose, the desired joint configuration ¢? can be calculated
using inverse kinematics. The environment is not static,
but its changes over time can be predicted, i.e., env(t) is
given. A task-time configuration space S C C' x R is cre-
ated. For given initial and goal configuration in the task-
time configuration space, so = <qg,0> and sy = <da,T>,
respectively, the gross motion planning problem can be
defined as:

qpo:7) = GrossMotionPlanning (so, s, env (t))
(32)
s.t.¥t € [0:T] : Collision — Free (q:, env (t))

where Collision-Free indicates the configuration space
where the two arms would not collide with each other
or the environment.

B. Fine Compliance Control

A fine compliance control in a domain of robotics is
restricted to a small-scale space and contacts between the
interacting objects, e.g., opening a can, driving a screw,
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or installing a fuse or a light bulb. In order to perform
this kind of tasks, the robot has to control the position of
the object along the screw axis and contact forces between
the two parts to avoid jamming. In our work, the task of
screwing a cap requires that the position and force control
are seamlessly integrated.

The position-based impedance control translates the
force/torque error of the end-effector to the input cor-
rection of position or attitude. The differential equation
of the impedance control can be described as:

MAZep + BATe, + KAz, = AF,, (33)

where M, B and K represent the inertia, damping, and
stiffness parameter, Az, = Tep — xgb is the position
deviation, z., and 29, are the actual and desired relative
motions of the slave arm, respectively; and AF,, is
the general force deviation. When the force deviation
AF,; is detected by the force/torque sensor, the position

adjustment can be obtained by Laplace transform as:

- AFeb(S)
- Ms2+Bs+ K

The impedance Y is defined by the transfer function
from the force perturbations to positions as
o Azo(s)
}/eb(s) AFeb(S)
A good fine motion controller is characterized by a low
impedance as Axe, = Yo AF,y,, and a small Y., implies
that force perturbations produce only small position
perturbations. Thus, the controller can guarantee the
accuracy of the task execution.
Finally, the fine compliance control of the slave arm can
be realized by directly adding Az, to 29, as

Azep(s) (34)

(35)

G = I (Fep + Azep) (36)

where the linear and angular velocities of Z., subject to
the constraint equation (24).

Fig. 7 shows the control structure of the bottle screw
manipulation by a dual-arm robot.

V. Experimental study

In order to demonstrate the effectiveness of the proposed
method, a dual-arm robot system was built up to carry
out the bottle screwing task. The dual-arm robot consisted
of two 6-DoF UR5 arms, both equipped with Robotiq
force/torque sensors. The details about the UR5 and force
torque sensor could be found in [21]. The control programs
were developed through ROS with Ubuntu 16.04. The
master arm gripped the bottle body and the slave one
manipulated the bottle cap. Fig. 8 shows the key frames
of the task manipulation.

In the bottle screw manipulation progress, the interac-
tion forces and torques of the two arms are shown in Fig.
9—Fig. 12, respectively. Because there existed kinematic
uncertainties, the two arms interacted with each other
during the opening and screwing process, causing the
forces and torques fluctuated within the safety threshold.
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The fluctuation of the master arm is from the gross
motion, as shown in Fig. 13 and Fig. 14, from which we
can find that the task-based control strategy is feasible
for the dual-arm manipulation to complete a bottle screw
task.

The whole process is divided into four phases:

1) Grasping: In the grasping phase, the main objective
is to generate a collision-free trajectory and grasp
the bottle body and cap stably. The whole process
lasts 52s, which is divided into two stages: gripping
the bottle body (0 — 27s) and gripping the bottle
cap (27s — 52s). In the first stage, P; is the initial
configuration. At ¢t = 12s, the master arm reaches
the pre-contact configuration, where the object de-
tection by the use of a force/torque sensor is applied
to compensate for the position uncertainty of the
bottle. When the sensed force along the z—axis is
bigger than the threshold 2N (2.12N in Fig. 9),
the gripper closes to complete the grasping of the
bottle body. In order to demonstrate that the bottle
cap is fasten and there is no leakage, the bottle is
rotated 60 degree. In the second stage, the slave arm
reaches a relative posture through the preset relative
position and attitude of the master arm. The height
of the bottle cap is detected, and the cap center is
calculated by the feature points. Then, the optimal
gripping position is determined, where the center of
the fingertips coincides with the geometric center of
the bottle cap.

2) Opening: The opening process lasts for about 20s,
from 52s to 72s. The slave arm performs a screw
motion, as shown in P,. During the opening process,
the maximum torque is 2.2Nm, which is less than
the preset constraint of 4Nm in equation (31). If
this constraint is violated, the bottle cap probably
gets stuck, and the gripper needs to unscrew the
cap. Otherwise, the position control will be executed.
However, due to the interaction between the cap
and body of the bottle, there are contact forces and
torques, as shown in Fig. 9—Fig. 12, respectively.
When the pulling force in the end-effector of the
slave arm returns to neighborhood of zero, the cap
is opened completely and reaches the state in Ps.

3) Pouring water: After opening the bottle cap, the
robot pours water from the bottle into a cup, and
then returns to the original position, respectively.
In this process, the slave arm remains static. The
force/torque sensor on the end-effector is required
to monitor whether a collision occurs. After pouring
water, the force/torque sensor is calibrated due to
the change of the center of gravity of the bottle.

4) Screwing fasten the bottle cap: Screwing the bottle
cap back onto the body starts at 95s. Firstly, the
slave arm with the cap moves down until the contact
force becomes bigger than the force threshold 4N
(4.33N in Fig. 11). Then, the robot arm conducts
click detection in P;. When a sudden change in the

EEE Xplore. Restrictions apply.
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Fig. 7: Overview of the control pipeline for the bottle screwing task.

contact force occurs (¢ = 109.8s, 10.12N, as shown
in Fig. 11), the robot arm starts to fasten the bottle
cap. During the screwing process, the pushing force
along the z—axis is maintained within 10N. When
the torque around the z—axis exceeds 2Nm and the
pulling force is bigger than 15N, the bottle cap is
proved to be tightened. Then, the slave arm returns
to the original position, the master arm rotates to
prove that the bottle cap is tightened and there is
no leakage. Finally, the robot arm puts the bottle on
the table and goes back to the original configuration.

To verify the robustness of the control strategy, another
bottle with different size and type is also manipulated, as
shown in Fig. 15. The size of the bottle, number of threads,
thread pitch and material are totally different from those
of the previous one. The success of this experiment proves
that the proposed control method is able to handle the
bounded uncertainty owing to the unmodel kinematics and
dynamics of the robot and object.

(d) Ps.

Fig. 8: The key frames of the proposed manipulation
planning strategy for the bottle screwing task.
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Fig. 10: The sensed torque of the master arm.

VI. Conclusion

In this paper, we propose a task-based compliance
control scheme for a bottle screw manipulation, which is
inspired by the human behavior. With the consideration of
uncertainties, a hierarchical control strategy is provided.
The gross motion planning is conducted by the master
arm to carry out the absolute motion, while the fine
motion planning is designed to deal with uncertainties
caused by the relative motion. Furthermore, a position-
based impedance control scheme is integrated into the
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fine motion planning on the slave arm. The proposed
compliance control scheme has better performance gain
to avoid the occurrence of jamming by the fine compliant
control. Experiments are conducted with two different
bottles. From the experimental results, we can conclude
that the proposed task-based compliance control scheme
is applicable and robust enough for a dual-arm robot to
complete a complex task. In future work, the artificial
intelligent skill and vision recognition will be taken into
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(a) R;.

Fig. 15: The key frames of the proposed manipulation
planning strategy for the bottle screwing task.
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