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Cooperative Manipulation of Deformable Objects
by Single-Leader-Dual-Follower Teleoperation
Darong Huang, Bin Li, Yanan Li, Senior Member, and Chenguang Yang, Senior Member

Abstract—This paper proposes a method for singleleader-dual-follower (SLDF) teleoperation, where one robot
(direct-follower robot, DFR) is directly teleoperated and
the other robot (assisting-follower robot, AFR) can autonomously cooperate with DFR to hold and move a deformable object, with the contact force regulated to a desired value. Since AFR does not know its partner’s movement, firstly, it achieves position alignment with DFR by
using the contact force. Secondly, we develop an adaptive
movement estimation algorithm according to Lyapunov theory, such that DFR’s position is estimated in the presence
of dynamic uncertainties. Finally, we adopt the impedance
control to generate a reference trajectory for AFR to track,
in order to maintain the desired contact force. Several
simulations are conducted on a platform with two threedegrees-of-freedom (3-DOFs) robots. Experiments are performed with a dual-arm robot (Baxter), results of which
demonstrate the feasibility and effectiveness of the proposed method.
Index Terms—Contact force regulation, impedance controller, movement estimation, multi-robot collaboration,
single-leader-dual-follower teleoperation

I. I NTRODUCTION

R

OBOT teleoperation is widely implemented in applications of manufacturing [1], healthcare [2], search and
rescue [3], aerospace [4] [5] and marine exploration [6]–
[8], military [6] etc., which enables human operators to stay
in a comfortable and safe place to control robots working
on hazardous experiments. Within this field, alleviating human’s cognitive and physical burdens is an emerging topic in
recent years. Comparing to multiple-leader-multiple-follower
(MLMF) teleoperation [9], employing one leader robot to
teleoperate multiple tele-robots [10] [11] reduces operators’
cognitive burden. Comparing to single-leader-single-follower
(SLSF) [12] [13] or multiple-leader-single-follower (MLSF)
[14] robot teleoperation, it has the ability to handle more
complicated tasks thanks to tele-robots’ collaboration.
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Fig. 1. An AFR needs to manipulate an object in collaboration with a
DFR whose movement is controlled by a human operator and unknown
to AFR.

Due to these unique advantages, single-leader-multiplefollower (SLMF) robot teleoperation is widely investigated.
While many SLMF works are about multiple mobile robots
[15] [10], manipulators are the main focus of this paper, where
their cooperation is achieved via physical contact. [11] investigated the regulation of dual tele-robots’ position, orientation
and force in single-leader-dual-follower (SLDF) teleoperation.
[16] developed a vision-based framework, enabling one telerobot to semi-autonomously assist a tele-robot to perform
minimally invasive surgery. [17] developed an approach for
some ubiquitous surgical tasks, e.g., suturing, by using SLDF
teleoperation.
The aforementioned SLMF teleoperation literature has an
assumption that the follower robots can share information, e.g.,
their poses, with each other. However, there are many cases
where AFR needs to cooperate with DFR, but they do not
have direct communication. As shown in Fig. 1, while DFR
is directly tele-operated by a human, AFR needs to modulate
its own movement for successful manipulation of the object.
Since these two follower robots are in physical interaction
through a common object, DFR’s movement may be estimated
by AFR using the information of interaction force. Moreover,
as for manipulation of deformable objects such as organs,
tissues, cables and household laundries [18]–[20], researchers
presented practical methods to endow the manipulator with
touching sense [21] and achieve high-precision force tracking
when interacting with soft objects [22] [23]. These works
shared the same idea that a robot can use the contact force
to modulate its movement. They also revealed challenges in
addressing the problems when the objects’ information is
entirely unknown.
To address all the concerns mentioned-above, the proposed
method in this paper has its unique properties for followers’
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collaboration in manipulating a deformable object, listed as
below:
• Comparing to previous works [11], [16], [17] where
both tele-robots exchange pose information with each
other, in this paper, two tele-robots do not know their
partner’s pose and their collaboration is achieved based
on merely the contact force. Different from traditional
passive impedance control [24]–[27], we enable AFR to
estimate its partner’s movement, leading to an explicit
contact force control.
• Comparing to [28] and its extensions like [29]–[31],
instead of dealing with an environment with a fixed rest
position, the proposed method enables AFR to interact
with an environment with a time-varying rest position
(because the contact surface moves as DFR moves),
without requiring the knowledge of the environmental
movements and interaction model parameters.
The rest of this paper is organized as follows: Section II
describes potential problems in the SLDF teleoperation when
the two tele-robots do not exchange information; Section III
develops an adaptation scheme for AFR, including regulation
of the holding pose, estimation of the unknown lumped
movement of DFR and the held object, and derivation of
the reference trajectory for AFR; Section IV illustrates the
simulations conducted on a platform with two 3-DOFs robots
and experiments on a Baxter robot; Section V concludes the
paper.
II. P ROBLEM F ORMULATION
A. System Description

represent the inertial matrix, Coriolis and centrifugal matrix,
gravity vector and Jacobian matrix of AFR, respectively; τ
denotes the control torque for each joint; F = [fx , fy , fz ]T
stands for the force between AFR and the object and fx , fy
and fz are components of F in x, y z directions. Within the
discussion of this paper, the point contact between the robots
and the object is considered, i.e., F in Eq. (3) contains no
torques.
Assumption 1: The object held by two robots is assumed to
be a spring connecting two EEs and its mass is supposed to be
small enough to be neglectable, or is considered estimable [32]
such that its affect can be compensated for. Thus, the following
development leaves out the object’s mass for brevity.
Based on Assumption 1, in accordance with the dynamics
of a spring, we have
||F || = ko ||∆D||,

where ||F || is the holding force of the spring; ∆D =
[∆Dx , ∆Dy , ∆Dz ]T with ∆Dx , ∆Dy and ∆Dz standing for
the increment components between two EEs’ displacement in
the x, y and z directions; ||∆D|| represents the deformation
of the virtual spring; ko denotes the Hooke’s coefficient of the
spring; and “|| · ||” stands for 2-norm operator. Then, it is easy
to obtain
F = ko ∆D.

(4)

As shown in Fig. 2, the increment is
∆D = D − (X1 − X2 ),

Fig. 2. Single-leader-dual-follower teleoperation system. DFR is under
the leader robot’s control and its movement is unknown to AFR.

The system setup to be discussed in this paper is shown in
Fig. 2, where the leader robot is manipulated by an operator,
and its position Xl = [xl , yl , zl ]T is conveyed to DFR, and
AFR assists DFR in holding and moving a deformable object.
As Xl is directly from the leader, the desired position for
DFR is
X2,d = sRXl ,
(1)
where X2,d = [x2,d , y2,d , z2,d ]T , R is the rotation matrix
which transforms the leader robot’s coordinate to the telerobots’ coordinate and s is a scaling factor to be selected
according to different implementation scenarios.
Since we focus on the controller design for AFR, its
dynamics equation is given as
M1 (q)q̈ + C1 (q, q̇)q̇ + G1 (q) = τ + J1 (q)T F,

(3)

(2)

where q, q̇ and q̈ are respectively the joint position, velocity,
and acceleration of AFR; M1 (q), C1 (q, q̇), G1 (q) and J1 (q)

(5)

where X1 = [x1 , y1 , z1 ]T and X2 = [x2 , y2 , z2 ]T represent AFR and DFR’s positions respectively and D =
[Dx , Dy , Dz ]T stands for the distance between two EEs when
the spring is at its rest position, i.e. not deformed. X1 and
X2 in Eq. (5) are coordinates in AFR’s frame and X2 is an
unknown and time-varying variable. Now, we take the object
and DFR as a whole, which is a dynamical environment from
AFR’s perspective. We define this environment’s rest position
as Xc (when the object is not deformed), then the contact
force becomes
F = ko (Xc − X1 ),

(6)

Xc = [xc , yc , zc ]T = D + X2 ,

(7)

where

which is time-varying because of DFR’s unknown movement.
Remark 1: It should be pointed out that ∆D should satisfy
a condition 0 < ∆Dmin < ∆D < ∆Dmax , where ∆Dmin
is a minimum value to trigger the excitation for parameters
estimation and ∆Dmax is set for system safety purpose.
This condition will certainly become the constraint to Xc :
∆Dmin + X1 < Xc < ∆Dmax + X1 . It means that Xc must
deviate from X1 but can not move too far away from X1 at
every instant. In this paper, we technically set bounds for Xc
to acquire signal excitations and achieve system safety.
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B. Problem Statement
The key objective for the SLDF teleoperation presented in
Section II-A is to control AFR to collaborate with its partner,
DFR, which is directly under the leader’s (operator’s) control.
As X2 is time-varying and unknown to AFR, AFR’s trajectory
should be carefully designed, which is the main problem to
be addressed in this paper.
The task for AFR and DFR is to cooperatively hold and
move a deformable object, where the only information known
to AFR is the contact force F . To this end, based on F , we
firstly need to regulate AFR’s position to maintain holding according to DFR’s movement; and secondly, a proper trajectory
needs to be generated for AFR such that the object’s holding
force (the contact force F ) converges to a desired value.
To simplify the problems, we point out that the situation
we consider in this paper is that two robots hold a deformable
object in a hinge-like manner, where no torque is generated
between the object and the two robots, unlike grasping,
gripping or clamping an object [33]–[35]. Therefore, we do
not consider rotations but only translations of the object.
III. A DAPTATION S CHEME
Corresponding to problems stated in Section II-B, the proposed method can be divided into three steps: maintaining the
holding position of AFR when the object is being translated;
estimating Xc that lumps DFR’s movement and the object’s
deformation; and generating a reference trajectory based on
impedance control for AFR such that the object’s holding force
is maintained around the desired value.

The adaptation scheme in Eqs. (8) and (9) makes AFR move
against the directions of fy and fz until ∆y1 and ∆z1 → 0
when fy and fz → 0, e.g., AFR should move upwards as fy
points downwards in Fig. 3(b), which is under a condition that
the object has already been compressed. Consequently, AFR
will not move away from the holding line and thus the holding
line can be maintained along the x axis. Roughly speaking,
the adaptation scheme in Eq. (8) and (9) can be interpreted as
a special case of feedback force controllers ∆y1 = −ky (fy −
fy,d ) and ∆z1 = −kz (fz − fz,d ), where desired forces fy,d =
0 and fz,d = 0.
Remark 2: Since we have handled issues regarding y1 and
z1 , i.e., AFR’s movement is regulated to stay on the holding
line. In the following development, we focus on the regulation
of x1 , related to xc and fx , which are one dimensional
variables.
B. Unknown Movement Estimation
In this subsection, we will use the force fx to estimate
the unknown time-varying position xc , which is critical for
generating x1,d in Section III-C. Generally, we can model xc
to be a time-varying trajectory as
xc (t) = a0 + a1 t + a2 t2 + · · · + an−1 tn−1 .

(10)

where t represents time and an−1 with n = 1, 2, 3, · · · are
considered to be constants during a certain period of time.
Thus, the corresponding velocity and acceleration are
ẋc (t) = a1 + 2a2 t + · · · + (n − 1)an−1 tn−2 ,
ẍc (t) = 2a2 + · · · + (n − 1)(n − 2)an−1 tn−3 .

(11)

where, without loss of generality, we take n = 3 in the rest
of discussion for simplicity of analysis.
Based on the model in Eq. (10), the estimate of xc is
described as

A. Holding Regulation

x̂c = â0 + â1 t + â2 t2 ,
x̂˙ c = â1 + 2â2 t,
¨c = 2â2 ,
x̂

(a) No changes on F as DFR (b) F changes as DFR
rotates.
moves.

(12)

where ˆ∗ is the estimate of ∗. Then, we define

Fig. 3. Contact force on AFR changes depending on DFR’s movement.

fˆx = k̂o (x̂c − x1 ),

As there is no torque in F , the object is not expected to
rotate in this paper, shown in Fig. 3(a). When DFR translates,
AFR should translate in accordance, e.g. AFR should move
upwards in Fig. 3(b) as DFR moves upwards. For this purpose,
the holding line is defined when the contact force is in the
horizontal direction, i.e. along x-axis direction in the case of
Fig. 3. Therefore, the other components of F (fy and fz )
should be controlled to zero by adjusting y and z positions
via
∆y1 = −ky fy ,
(8)

where fˆx and k̂o are the estimated force and the object’s
Hooke’s coefficient, respectively. Subtracting Eq. (6) by Eq.
(13), we obtain

∆z1 = −kz fz ,

(9)

where ∆y1 and ∆z1 denote desired displacements for AFR in
the y and z-directions, ky > 0, kz > 0 and they stand for the
user defined adaptation gains.

(13)

fˆx − fx = k̂o (â0 + â1 t + â2 t2 − x1 )
− ko (a0 + a1 t + a2 t2 − x1 )
= [x1

1

t

(14)

2

t ]Φ,

where

−k̂o + ko
k̂o â0 − ko a0 

Φ=
k̂o â1 − ko a1  ,


(15)

k̂o â2 − ko a2
which denotes the estimation errors of the unknown lumped
dynamical parameters.
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According to Lyapunov theory, we design an adaptive
updating law for Φ,


˙
 
−k̂o
x1

˙
1
k̂o â0 + k̂o â˙ 0 
−1
 = −Γ   (fˆx − fx ),
(16)
Φ̇ = 
˙

t
˙
k̂
â
+
k̂
â
 o 1
o 1
t2
˙
k̂o â2 + k̂o â˙ 2
i.e., adaptive updating laws for k̂o and âi ,
˙
k̂o = γ1−1 x1 (fˆx − fx ),

(17)

1 −1 j−1 ˆ
˙
â˙ j−1 = − (γj+1
t (fx − fx ) + k̂o âj−1 ), j = 1, 2, 3 (18)
k̂o
where the updating rate γj in Eqs. (17) and (18) belongs to the
positive definite matrix Γ = diag[γ1 , γ2 , γ3 , γ4 ] in Eq. (16). In
the following equations, we show that the adaptation laws in
Eqs. (15)-(17) make the force estimation error fˆx −fx converge
to 0.
Let us construct a Lyapunov function as
1 T
Φ ΓΦ.
2
Differentiating Eq. (19), with respect to time, yields
V =

V̇ = ΦT ΓΦ̇.

(19)

(25)

ef = fx − fx,d

(26)

where
is the force tracking error, with fx,d as the desired force, m,
b and k are positive and represent impedance parameters.
According to Eq. (6), we can write,
1
x1 = − fx + xc
ko
(27)
1
= − (fx,d + ef ) + xc .
ko
Substituting Eq. (27) into impedance model (25), we obtain
mëf + bėf + (k + ko )ef =
− (mf¨x,d + bf˙x,d + kfx,d ) + ko (mẍc + bẋc + kxc ) − kko x1,d .
(28)
mëf + bėf + (k + ko )ef =

(20)

Substituting the adaptive updating law (16) into Eq. (20), and
considering Eq. (21), we have
 
x1

1
T ˆ
ˆ
 ˆ
V̇ = −ΦT 
 t  (fx − fx ) = −(fx − fx ) (fx − fx ). (22)
t2
Eq. (22) shows that V̇ ≤ 0 and V will decrease when the force
estimation error f˜x = fˆx − fx exists. Therefore, the updating
law in Eq. (16) will eventually lead to f˜x → 0 when t → ∞.
C. Reference Trajectory Generation
In this subsection, with the estimation of the unknown
movement of DFR and the object deformation, inspired by
[28], we develop an algorithm to generate a reference trajectory for AFR, such that the holding force of the held object
can be sustained around a fixed value when being moved.
As shown in Fig. 2, according to Eq. (6), we set a desired
force
fx,d = ko (xc − x1,d ),
(23)
which corresponds to a desired trajectory
1
fx,d ,
ko

mẍ1 + bẋ1 + k(x1 − x1,d ) = ef ,

As fx,d is constant, we have

Taking the transpose of both sides of Eq. (14), we have
 
x1
1
T
T

(fˆx − fx ) = Φ 
(21)
 t .
t2

x1,d = xc −

III-B, if we have the estimation of xc and ko , we can obtain
the desired trajectory for AFR via Eq. (24), which will be used
for comparison in Section IV to the forthcoming-developed
impedance-model-based approach.
We define a target impedance model for AFR,

(24)

with fx,d representing the desired holding force and x1,d
denoting the desired trajectory for AFR. Based on Section

− kfx,d + ko (mẍc + bẋc + kxc ) − kko x1,d .

(29)

For such force tracking error dynamics, the steady-state error
is
ko
k
ef,ss =
(− fx,d +(mẍc +bẋc +kxc )−kx1,d ). (30)
k + ko ko
Consequently, to eliminate the steady-state error, we need the
desired AFR trajectory to satisfy
k
1
(31)
x1,d = (mẍc + bẋc + kxc − fx,d ).
k
ko
Replacing xc and ko in Eq. (31) with the updating x̂c and k̂o
from Eq. (23), we will have AFR’s reference trajectory
k
1 ¨
˙
fx,d ).
(32)
x1,r = (mx̂
c + bx̂c + kx̂c −
k
k̂o
As similarly proved in [28], we eventually have fx → fx,d as
x1,r eliminates ef,ss .
To summarise, we have fˆx → fx → fx,d → ||Fd || because
i) fˆx → fx as described in the previous subsection, ii) fx →
||F || as fy and fz → 0 and iii) fx,d is set as ||Fd || (e.g.,
Fd = [fx,d , 0, 0]T in this development). This means that based
on the holding line regulation, the movement-estimation-based
and impedance-model-based reference trajectory x1,r leads to
the object’s contact force converging to the desired value.
IV. S IMULATIONS AND E XPERIMENTAL S TUDY
In this section, we conduct three groups of simulations and
two experiments. Corresponding analysis of their results is
given.
Since adaptation of AFR’s reference trajectory requires a
certain time to stabilize, we smooth it via x01,r = x1,r (1 −
η
e−µt ). In this way, x01,r will start from zero and will be
gradually dominated by x1,r as time goes by. µ = 5 and η = 1
in all simulations and µ = 0.01 and η = 2 in all experiments.
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A. Simulations

(a)
(a) Initial pose 1.

(c) Traj. 1.

(b) Initial pose 2.

(d) Traj. 2.

Fig. 4. The simulation platform with two 3-DOFs robots and simulation
settings. (a) and (b) are two initial poses of the two robots, alternatively
used in the simulations. In (c) and (d), the red lines represent DFR’s trajectories and the blue lines with arrows indicating the moving directions
of the trajectories.

Three groups of simulations are conducted on two 3DOFs robots in MATLAB, as shown in Fig. 4(a), whose
task space is on a two-dimensional plane. The two robots’
dynamic and kinematic parameters are presented as follows.
Robot links’ lengths are li1 , li2 , li3 =0.5, 0.3, 0.1 (m). Their
masses are mi1 , mi2 , mi3 =1.5, 0.9, 0.2 (kg). AFR base
coordinate is [0.5, 0] (m). DFR base coordinate is [0, 0]
(m). There are two initial positions of AFR, which are
shown in Fig. 4(a): [1/3π, 1/3π, 1/3π]T (rad) and in Fig.
4(b): [0.9112, 1.4184, 0.8120]T (rad), and they will be utilized
alternatively for comparison purposes. DFR initial joint position is [2/3π, −1/3π, −1/3π]T (rad). PD controller gains are
Kp=diag[700, 600, 500], Kd=diag[10, 1, 0.1]. Sampling time
is 10−3 (s) and scaling factor s = 1. Holding line direction is
parallel to x-axis.
Two trajectories for Xl (X2,d ) illustrated in Fig. 4(c) and
Fig. 4(d) are set to mimic the operator’s movement. Traj.
1: {(xl , yl )|xl = α sin 2π
σ t,yl = 0 }. Traj. 2: {(xl , yl )|xl =
βt, yl = α sin 2π
σ t }. They are also designed for comparison
purposes and will be implemented alternatively in the forthcoming simulations, where α, β and σ will be adjusted as
needed.
1) Holding Line Regulation: In this group of simulations,
we consider the following two cases:
Case 1: Due to calibration error or measurement noise, AFR
and DFR may start a task from two different holding lines. In
this part, we simulate such a case by commanding the two
robots to hold and move an object with DFR teleoperated by
Traj. 1 and two robots’ initial positions in Fig. 4(b). To address
the effect of the misalignment, Eq. (8) is applied with ky =
0.001. In this case, we set ko = 45, fx,d = 1N, and in Traj.
1, α = 0.18 and σ = 20. x2 and ko are assumed to be known
to AFR.

(b)

Fig. 5. The holding forces in Case 1 and Case 2 in Section IV-A1.

The holding force ||F || is presented in Fig. 5(a). In this
case, when Eq. (8) is not applied, ||D|| is larger due to the
discrepancy between two robots’ actual moving directions,
compared to the situation where Eq. (8) is utilized. As a result,
x1,r also gets larger, leading to a larger distance between two
EEs, which contributes to a larger error in force tracking.
Case 2: Even if both EEs are perfectly aligned in a holding
line, when there is environmental disturbance acting on DFR,
DFR’s movement will deviate from its desired direction, which
results in δy between the two EEs. In this part, we mimic such
a case by using Traj. 2 and Fig. 4(a), where β = 1/200 and
other settings are the same as in Case 1. Results are illustrated
in Fig. 5(b).
From the above two cases, we can find how the regulation
in Eq. (8) enables AFR to move up and down such that
the holding line is maintained efficiently. In addition, its
significance is evident in the case when DFR’s deviation is
relatively large. Such a case may cause failure in the task of
holding and moving an object due to the insufficiently large
holding force.
2) Estimation of Unknown Movement: In this group of
simulations, using the proposed estimation approach in Section
III-B, we will demonstrate that the desired contact force can
be achieved even if we set parameters ko and x1 to different
values. Two cases are involved, where xc is unknown to AFR
and initial values of the variables are: k̂o = 30(N/m) (unit
“N/m” are the same for all stiffness variables in this paper
˙
and will be left out in the following), k̂o = 0, â0 = 0.55,
˙â0 = 0, â1 = 0, â˙ 1 = 0, â2 = 0, â˙ 2 = 0, m = 0.01, b = 0.1
and k = 10. The initial position in Fig. 4(a) and Traj. 1 are
employed.
Case 1: In this case, we set ko = 25, 35 and 45 respectively,
α = 0.18 and σ = 20. Other parameters are the same as those
in Section IV-A1 Case 1.

Fig. 6. Results of Case 1 in Section IV-A2.

As shown in Fig. IV-A2, fx converges to fx,d in all three
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conditions.
Case 2: As the movement X2 of DFR, is unknown to AFR,
we will demonstrate that when the desired force is set close
to 0, the proposed adaptive estimation method can make x̂c
converge to xc despite different x2 . Various x2 are set by
defining different σ in Traj. 1: σ=10, 30 and 40. ko is set to
35 in this case and other parameters are the same as those
in Section IV-A1 Case 1. Simulation results are illustrated in
Fig. 7.

TABLE I
18 SIMULATION CONFIGURATIONS .
No.
Controller
Traj. No.
Holding line regulation
fd (N)

s1
F
1
No
1

s2
F
1
Yes
1

s3
PIm
1
No
1

s4
PIm
1
Yes
1

s5
NoIm
1
No
1

s6
NoIm
1
Yes
1

No.
Controller
Traj. No.
Holding line regulation
fd (N)

s9
PIm
2
No
1

s10
PIm
2
Yes
1

s11
NoIm
2
No
1

s12
NoIm
2
Yes
1

s13
Im
2
No
1

s14
Im
2
Yes
1

No.
Controller
Traj. No.
Holding line regulation
fd (N)

s15
NoIm
2
No
7

s16
NoIm
2
Yes
7

s17
Im
2
No
7

s18
Im
2
Yes
7

s7
Im
1
No
1

s8
Im
1
Yes
1

(a) ef of s1-s8.

(a) σ=10.

(b) σ=30.

(c) σ=40.

Fig. 7. Results of Case 2 in Section IV-A2.

As shown in Fig. 7, when DFR’s movement x2 changes with
σ varying from 10 to 40, x̂c eventually converges to xc (the
first row) with estimation errors converging to 0 (the middle
row), although the convergence takes a longer time when x2
changes fast (σ = 10). Such an estimation makes the object’s
holding force converge to fx,d (||Fd ||), as its tracking errors
fall into a small range around 0, depicted in the third row of
Fig. 7.
3) Comparison with Other Methods: To exhibit the superiority of our proposed method in detail, we design the following
comparative simulations, where the proposed method in Eq.
(32) is compared to the conventional force controller, the
passive impedance controller [27] and the method described in
Eq. (24). The force controller is described as x1 = 0.02(fx −
fx,d ). The passive impedance controller is designed based on
ef = mpi ẍ1 +bpi ẋ1 and is solved via the second order RungeKutta method, where mpi = 3 and bpi = 2.
In this comparison, we take both Traj. 1 & 2 and the robots’
initial position of Fig. 4(b) into consideration, simulating a
situation close to reality. ko = 35 and other parameters are the
same as those in Section IV-A2. Eighteen simulations under
different configurations are displayed in Table I, where “F”
represents the conventional force controller, “PIm” stands for
passive impedance model based controller, “NoIm” is the nonimpedance-based controller (Eq. (24)) and “Im” denotes our
proposed impedance based controller (Eq. (32)).
We evaluate these methods by comparing the holding force
tracking errors. As shown in Fig. 8, we deliberately divide
eighteen simulations into three groups according to differences

(b) ef of s9-s14.

(c) ef of s15-s18.

Fig. 8. Holding force tracking results of s1 to s18.

between their tracking trajectories and fd . Group 1 is in the
light grey table. They track Traj. 1 and fd = 1 and the
corresponding results are depicted in Fig. 8(a). Group 2 is
in the medium grey table. They track Traj. 2 and fd = 1 and
the corresponding results are depicted in Fig. 8(b). Group 3
is in the dark grey table. They track Traj. 2 and fd = 7 and
the corresponding results are depicted in Fig. 8(c). Fig. 8(a)
demonstrates that the force controller achieves the worst performance, so it is not considered in the rest of the simulations.
Comparing PIm to NoIm and Im in Fig. 8(a) and Fig. 8(c),
it is obvious that NoIm and Im have better performance than
PI. Comparing results of s3 to s4, s5 to s6, ..., and s17 to
s18, where the difference between them is whether Eq. (8) is
applied or not, we can conclude that Eq. (8) plays a significant
role in improving the regulation of the holding line and further
maintaining the holding force. From Fig. 8(b) and Fig. 8(c), we
can tell that as the desired force becomes larger, the superiority
of Eq. (8) becomes more evident. Similarly, comparing s5 and
s6 to s7 and s8, s11 and s12 to s13 and s14, s15 and s16 to
s17 and s18, we find that they all perform well because they
all implement the movement estimation. Moreover, we can
conclude that Im performs better than NoIm because, except
¨c and x̂˙ c as
for the movement estimation, Eq. (32) takes x̂
parts of the control input, which has the ability to predict the
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movement of x and adjust x1,r .
B. Experiments
In this section, we design a task for the SLDF teleoperation
system to hold and move an object on a physical robot
platform. The experiment setup is shown in Fig. 9(a), where
the TouchX device is regarded as the single leader device and
is manipulated by the operator, two arms of Baxter robot are
treated as the dual tele-robots, a force sensor (ATI MINI45
F/T) is mounted on the left arm EE and a balloon is considered
as the object to be held and moved. Baxter’s right arm is
directly teleoperated by the TouchX and the movement of
the left arm is independently controlled based on the contact
force but without using any information of the right arm. To
demonstrate the holding line regulating ability, the initial poses
of two EEs are set with discrepancies in x and z directions,
while y axis direction is chosen as the holding line, as shown
in Fig. 9(b). We set s = 1.2, R = [0, −1, 0; 1, 0, 0; 0, 0, 1]
and n = 2. We conduct the following two experiments to
demonstrate how the proposed method works.

(a)

(b)

(c)

(d)

Fig. 10. (a) EE trajectories projection in xoz-plane. (b) EE trajectories
projection in yoz-plane. (c) Forces with initial discrepancy [∆x, ∆z] =
[0.1, 0.1]m. (d) Forces with initial discrepancy [∆x, ∆z] = [0.08, 0.08]m.

(a)

(b)

(c)

Fig. 9. The experimental setup. (a) The two arms of Baxter robot
are viewed as two independent follower robots, i.e., AFR’s motion
regulation is generated not based on any information of DFR. (b)
Discrepancies δx and δz while y direction is chosen as the holding
line direction. (c) The designed teleoperation trajectory that contains
movements in three directions.

1) Holding Regulation in Static Situation: We keep DFR
static, while AFR is controlled to approach the object along y
axis. When AFR establishes its contact with the object with a
force above 1N, the proposed method is triggered in order to
eliminate the discrepancies in x and z directions between two
robots’ EEs and to maintain the desired holding force. We set
two discrepancies: [∆x, ∆z] = [0.08, 0.08]m and [0.1, 0.1]m.
Parameters are: kx = kz = 0.0002, initial value k̂o = 10,
â0 = 0, fy,d = 10N and others are the same as those in
Section IV-A2. The experimental results are shown in Fig. 10.
From Fig. 10(a), we can tell that AFR adjusts its position
to hold the object properly with the proposed holding line
regulating method, no matter where its initial position is. From

Fig. 10(b), we see AFR moves forward and when it contacts
the object (where y ≈ 0.25m), the movement-estimation
algorithm is triggered to adjust AFR and finally move it to
the same destination as they are required to make the holding
forces converge to the same Fd depicted in Figs. 10(c) and
10(d). Fig. 10(c) and Fig. 10(d) also demonstrate that fx and
fz converge to zero and fy converges to fy,d .
2) Continuous Movement: DFR is teleoperated along a
designed trajectory shown in Fig. 9(c), which stands for a
general teleoperation task that has combinations of movements
in x, y and z directions, including a straight line and a curve.
The initial discrepancy is set to [∆x, ∆z] = [0.08, 0.08]m and
the other parameters are the same as those in the previous
experiment. For comparison purposes, the force controller and
the passive impedance controller described in the simulations
are also tested. The experimental results are shown in Fig. 11.
From Fig. 11(a) and 11(b), we can see that after AFR adjusts
its reference trajectory to stay on the holding line, the two
EEs have an approximately fixed distance, which leads to the
object’s holding force F staying around the desired value.
From Fig. 11(c), we can find that the proposed method has
better performance compared with the conventional force controller and the passive impedance controller in terms of force
tracking. This is more obvious after about 20s, corresponding
to the circle in Fig. 9(c) which includes forward and backward
movements. A similar result can be seen in Fig. 8(a), where
if DFR moves forwards and backwards in the holding line
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(a)

(b)

(c)

Fig. 11. (a) EE trajectories projection in yoz-plane. (b) EE trajectories
projection in xoz-plane. (c) Object’s holding forces under three methods.

direction, the advantage of the proposed method in regulating
the holding force becomes more evident. Therefore, we can
conclude that i) the proposed method is effective in regulating
the holding line and maintaining the contact force; and ii) the
movement estimation in the proposed method is of importance
to deal with time-varying movements.
V. C ONCLUSION
This paper introduces a method for an SLDF teleoperation
system to hold and move an object, with the object’s holding
force maintained around a desired value. Three necessary steps
are included. Firstly, the holding line regulation method is
to make the robots’ holding force orientation stay the same.
Secondly, an adaptive movement estimation approach is used
to enable the assisting tele-robot to infer its partner’s movement. Thirdly, an impedance controller is derived such that the
desired contact force is achieved. Comparative simulations and
experiments are designed and their results verify the feasibility
and effectiveness of the proposed method.
In this work, the constraint to Xc is technically addressed,
but not theoretically. In the future, we will transform constraint
variables such as Xc in this paper into continuous variables via, e.g., barrier Lyapunov function, making the development of
the proposed method more theoretically rigorous. In addition,
we will investigate more general movements that include the
object’s rotation. In addition, the EEs’ x-/z-direction forces are
still non-zero because there exist errors between the desired
position and the actual position. In the future, we will model
this error/offset via autoregressive model and compensate for
it to achieve more accurate force tracking.
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