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A Sensorless Hand Guiding Scheme Based on
Model Identiﬁcation and Control for Industrial
Robot
Shaolin Zhang, Shuo Wang, Fengshui Jing, and Min Tan

Abstract—Most industrial robots are not capable of teaching
by hand and require path points to be speciﬁed by teaching
pendants. To enable the teaching of industrial robots by hand
without any force sensors, this paper proposes a scheme to minimize the external force estimation error and reduce disturbance
in the guiding task by using the virtual mass and virtual friction
model. In this case, the maximum velocity and acceleration of
the robot end-effector shall be limited to ensure safety. Thus,
the operator is allowed to guide the robot by hand. The joint
torque is obtained from the motor current. The inertial force
and friction of the links and driving systems are analyzed. The
nonlinear dynamic model of the industrial robot is built and
its parameters are calibrated by a nonlinear method. The force
estimation is referenced to set the virtual friction and design
the force following controller. Hence the end-effector can follow
the direction of external force compliantly and suppress jitters.
Finally, several experiments on a six-degree-of-freedom industrial
robot demonstrate the validity of the proposed control scheme.
Index Terms—Industrial robot, dynamic model, parameter
calibration, human-robot interaction, virtual friction.

I. I NTRODUCTION
OST collaboration robots are lightweight manipulators
with DC motors and force sensors, such as UR [1] and
LBR iiwa [2]. However, in the ﬁeld of stacking, welding, and
spraying, most multi-joint industrial robots adopt AC servo
systems and gearboxes with high reduction ratios. Further, they
work with heavy loads and always have no force sensors or
safety skins [3]. These robots move along a trajectory that
is pre-programmed by teaching pendants for a given job. If
they could detect external forces and follow the traction, the
teaching task could be achieved by hand guiding. Then, these
industrial robots could switch to another task quickly and
become more adaptable to small batch production. Therefore,
force detection and control for these types of industrial robots
have great research value.
This paper focuses on a hand guiding control scheme for
industrial robot teaching. The operator guides the robot endeffector to the desired pose by hand. The robot estimates the
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external force and generates a trajectory to follow it. Two
components are added to the industrial robot control system
for the hand guiding task: an external force estimator and a
force following controller. Much research has been conducted
on the external force measurement or estimation for multijoint robots. It is easy to measure the external force using a
six-dimensional force sensor installed on the robot end-effector
[4]. However, these sensors are expensive and industrial robots
usually do not have such sensors. Another method is to
measure the joint torque and calculate the external force. [5]
proposed a force estimator based on momentum conservation
of the manipulator links. [6] proposed a similar method, but the
external force was feedback based on the commanded control
force by the computer. The motors work in torque mode. Thus,
the external force can affect the motion of manipulator links
directly, resulting in a change of momentum. However, the
motors of industrial robots usually work in position mode
and the controllers of standard conﬁguration are forbidden to
be modiﬁed. Moreover, most industrial robots do not provide
the dynamic models needed in this method. Another method
is to obtain the external force in each joint by subtracting
the driving torque of manipulator links from the total torque
provided by the motor [7] [8]. Some observers have been
designed for the detection [9] [10]. These methods are based
on the calibration of dynamic parameters. However, industrial
robots usually do not have torque sensors and the driving
torque is obtained from the motor current [11], which includes
the inertial force and friction of the motor and gearbox.
Because the motor inertia is large and the lubrication is not
always good, ignoring the effects of the motor and gearbox
will result in larger errors in the force estimation and lead to
poor guiding performance.
To guide by hand, a force following controller is required
for the robot control system. It allows a part of motion
determined by the external force. [12] proposed a general
framework of online planning a desired trajectory under physical limitations whose mathematical expression is unknown in
advance. [13] developed an integrated control design for slave
manipulators to handle a target object cooperatively under the
control of master manipulators. The communication delays
and nonlinearities existing in the environmental dynamics
are analyzed. However, in addition to the online trajectory
planning and interaction with the environment, the operability
of the manipulator should be considered. One method is to
adopt the closed-loop velocity control strategy and set the
desired velocity to zero [6] [14]. The proportional parameters
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of the controller are adjusted to obtain an appropriate stiffness.
The robot can be pushed forward by the external force and can
decelerate and stop under the closed-loop control. In addition
to proportional control, mass-spring-damping models [15] [16]
and some other models [17] [18] can also be used. However,
the resistance generated by the closed loop is not intuitive for
hand guiding. There is no clear reference about how to set the
parameters such as stiffness. It is difﬁcult to guide a robot with
excessive stiffness by hand, whereas too small a stiffness could
result in a long time for deceleration. Moreover, the modeling
uncertainties and measurement noises are not considered in
these cases.
In this paper, an external force estimation method based on
the dynamic model is proposed. The driving torque is obtained
from the motor current. Since the measurement of driving
torque is affected by the motor and gearbox, the friction and
noise are larger than those of lightweight manipulators and
make the robot difﬁcult to guide by hand. Therefore, a model
of the driving system is built in this study. The inertial force
and friction parameters are calibrated by a nonlinear method.
A force following controller is designed based on virtual mass
and virtual friction. The external force pushes the end-effector
forward and the virtual friction is a hypothetical resistance.
The modeling uncertainties and measurement noises are estimated with the calibrated model. In the experiments, the
angular position of each joint keeps stationary ﬁrst. The endeffector moves if the external force applied to the robot is
larger than the virtual friction. When the external force is
removed, the end-effector decelerates until stopped.
The main contributions of this paper are as follows.
1) The nonlinear dynamic model of the driving system
with consideration of motors and gearboxes is built
for a six-degree-of-freedom industrial manipulator. The
corresponding parameter calibration method is proposed.
The external force estimation noise is calculated and
discussed.
2) A force following controller based on virtual mass and
virtual friction is presented for robot teaching. The
inﬂuence of noise is analyzed.
The rest of this paper is organized as follows. First, we
present the preliminaries in Section II. The hand guiding
control scheme is introduced in Section III. The dynamic
model and force following controller are designed. Finally,
the experiments and discussions are described in Section IV
and we conclude in Section V.
II. P RELIMINARIES
Usually, robot manufacturers do not provide the dynamic
model. A parameter calibration is required before external
force estimation. In the descriptions throughout the text we
adopted the following subscripts:
• m: variables related to the motor.
• g: variables related to the gearbox.
• ω: noise.
• f : friction.
• c: variables related to Coulomb friction.
• s: variables related to static friction.

i: i = 1..n, where n is the number of links.
k: variables in Cartesian space.
• j: variables in joint space.
• d: variables related to inertial force.
• ext: “external”, exerted by the operator.
• total: driving torque of the motor.
• x, y, z: coordinate axes.
The dynamic equation of a multi-joint robot under external
force can be described as
•
•

τd = τj + τext

(1)

where τd is the inertial force vector of robot links, τj is the
driving force vector, and τext is the external force applied to
the robot links.
For a multi-joint serial robot, the inertial force of links can
be described as [19]
τd = M (q)q̈ + V (q, q̇) + G(q)

(2)

where M (q) is the inertia matrix of robot links, V (q, q̇)
is the centrifugal and Coriolis forces, G(q) is the gravity
vector, and q, q̇, q̈ are the angular position, angular velocity,
and angular acceleration, respectively.
Equation (2) includes the kinematic and dynamic parameters. The kinematic parameters are assumed to be known. q is
measured by angular position sensors, and q̇, q̈ are observed by
ofﬂine differentiation of q. However, the dynamic parameters
are unknown and need to be calibrated.
To calibrate the dynamic parameters, (2) can be expressed
in a linear form of the parameters [20]:
τd = Kφ
where

(3)

⎛

⎞
φ1
⎜ . ⎟
⎟
φ=⎜
⎝ . ⎠
⎛ φn
⎞
mi
φi = ⎝ m i ci ⎠
¯
⎛l(Ii ) ⎞
I¯i11
⎜ I¯i12 ⎟
⎜
⎟
⎜ I¯i13 ⎟
⎜
¯
l(Ii ) = ⎜ ¯ ⎟
⎟
⎜ Ii22 ⎟
⎝ I¯i23 ⎠
I¯i33
⎞
⎛
¯
Ii11 I¯i12 I¯i13
I¯i = ⎝ I¯i12 I¯i22 I¯i23 ⎠ , i = 1..n.
I¯i13 I¯i23 I¯i33

The matrix K is only related to the kinematic parameters.
It is known when the angular position, angular velocity,
and angular acceleration are given. φi contains the dynamic
parameters of joint i, including mass mi , centroid ci , and
rotational inertia I¯i . n is the number of links.
In addition to the model of links, the gearbox model is
also needed in the case of current feedback. The friction of
robot joints includes Coulomb friction, viscous friction, and
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Fig. 1.

The block diagram of sensorless hand guiding control scheme

static friction. The commonly used friction model is the LuGre
friction model [21]. The friction torque τf is:

q̇ δs
(4)
τf = Fc + (Fs − Fc )e−| q̇s | sgn(q̇) + β q̇
where Fc is the Coulomb friction coefﬁcient, Fs is the static
friction coefﬁcient, q̇ is the angular velocity, q̇s is the maximum angular velocity under which the static friction exists, δs
can be set to 2 [21], and β is the viscous friction coefﬁcient.
In equation (4), Fc , Fs , q̇s , β are the parameters to be
calibrated. However, (4) can not be written in a linear form of
Fc , Fs , q̇s , β. [7] neglected the nonlinear part of (4):
τf = Fc sgn(q̇) + β q̇.

(5)

If the inertial force and static friction of the motors and
gearboxes are ignored, the driving force τj can be written as
τj = Rτtotal − τf

A1

A2

X1
X2

Rτtotal =

A1

A2

A3

(9)

where
A1 = K
A2 = sgn(q̇)
A3 = q̈
X1 = φ
⎤
⎡
Fc
X2 = ⎣ β ⎦
γ
X3 = Mj .

q̇

q̇ 1/3

A common solution of (7) and (9) is the pseudo-inverse
method:

(6)

where R is a diagonal matrix, Rii is the reduction ratio of
joint i, and τtotal is the driving torque provided by the motor.
When the external forces are removed from the robot, τext
is 0. Substitution of (3), (5), and (6) into (1) yields
Rτtotal =

⎤
X1
⎣ X2 ⎦ = AX
X3
⎡

= AX

(7)

where
A1 = K
A2 = sgn(q̇) q̇
X1 = φ
Fc
.
X2 =
β

(10)

where X̂ is the estimate of X.
However, owing to the measurement error and model approximation error, the estimated parameters are not accurate.
The result obtained directly from the pseudo-inverse method
may have a large deviation from the actual value. The same
problem exists in the weighted pseudo-inverse method [24]
and Kalman ﬁlter method [25]. Even worse, the inertia matrix
may be non-positive and the mass may be minus. Thus, the
parameters should be limited in the solution. A nonlinear
optimal calibration method of the whole system is necessary
in this case.
III. S ENSORLESS H AND G UIDING C ONTROL S CHEME

Some linear approximation methods [22] [23] have also
been explored. The nonlinear part about static friction is
replaced by some linear approximations to ﬁt the friction
curve. In [22], q̇ 1/3 was introduced as an approximation:
τf = Fc sgn(q̇) + β q̇ + γ q̇ 1/3 .

X̂ = A+ Rτtotal

(8)

The inertial force of motors (Mj q̇) are taken into consideration. Then (7) becomes

A block diagram of the sensorless hand guiding control
scheme is shown in Fig. 1. The industrial robot consists of
the robot controller, servo system, motors, gearboxes, and
manipulator links. The model of drive system includes the
motors and gearboxes. It is built to estimate τ̂j . The model
of links is built to estimate τ̂d . τ̂ext is the subtraction of τ̂j
and τ̂d . Since the frequency of human operation is lower than
that of the noise [6], τ̂ext is ﬁltered before the calculation of
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F̂ext . The force following controller generates the command
trajectory based on the virtual mass and virtual friction model,
which controls the robot to follow the external force.

2) Model of Links:
The estimate of manipulator inertial force can be calculated
from (2):
(18)
τ̂d = M̂ (q)q̈ + V̂ (q, q̇) + Ĝ(q)

A. Dynamic Model

where τ̂d , M̂ (q), V̂ (q, q̇), and Ĝ(q) are the estimates of
τd , M̂ (q), V (q, q̇), and G(q), respectively.
The relationship between τd and τ̂d is

1) Model of Drive:
The model of drive is built to analyze the inertial force and
friction of the motor and gearbox. The vector of motor driving
torque is deﬁned as τm :
τm = τtotal − τf m − Mm Rq̈ − τωm

(11)

where τtotal is the total torque provided by the motor,
Mm Rq̈ is the inertial force of the motor rotor, Mm is the
rotational inertia of the motor rotor, R is the reduction ratio,
τf m is the motor friction, and τωm is the motor disturbance.
The motor torque is output to the joint through the reducer:
τj = Rτm − τf g − Mg q̈ − τωg

(12)

where τj is the joint driving torque, τf g is the reducer
friction, Mg is the equivalent rotational inertia of reducer,
and τωg is the gearbox disturbance.
The joint friction τf is
τf = Rτf m + τf g .

(13)

According to the LuGre friction model [21], τf m and τf g
could be
τf mi =
Fcmii + (Fsmii − Fcmii )e



 R q̇ δs
− q̇ ii i 
smi

τf gi = Fcgii + (Fsgii − Fcgii )e

sgn(q̇i ) + βmii Rii q̇i



 q̇ δs
− q̇ i 

sgn(q̇i ) + βgii q̇i

sgi

(14)
where the parameters in this equation have the same meaning as the parameters in (4).
Then the friction of joint i can be calculated as


 R q̇ 2
− q̇ ii i 

f2i e
τf i = f1i sgn( q̇i ) +

+f3i e
where
τf i
f1i
f2i
f3i
f4i

 q̇ 2
− q̇ i 
sgi

smi

sgn(q̇i )

(15)

sgn(q̇i ) + f4i q̇i

= Rii τf mi + τf gi
= Rii Fcmii + Fcgii
= Rii (Fsmii − Fcmii )
= Fsgii − Fcgii
= Rii βmii Rii + βgii .

Substitution of (13) and (11) into (12) yields
τj = Rτtotal − τf − Mj q̈ − τω1
where

(16)

Mj = RMm R + Mg
τω1 = (Rτωm + τωg ).

The estimate of τj is
τ̂j = τj + τω1 .

(17)

τd = τ̂d + τω2

(19)

where τω2 is the modeling uncertainty.
3) Parameter Calibration:
The dynamic parameters, frictional parameters, and rotational inertial parameters need to be calibrated. The kinematic
parameters and reduction ratios are supposed to be known.
When calibrating, no external force is applied to the robot
and τext is set to zero:
τext = 0.

(20)

Substitution of (3), (16), (19), and (20) into (1) yields
2

+ f1 sgn(q̇) + f2 e−| q̇sm | sgn(q̇)
Rτtotal = Kφ


Rq̇

 q̇ 2
− q̇sg


+f3 e

sgn(q̇) + f4 q̇ + Mj q̈ + τω

(21)

where τω = τω1 + τω2 . τω represents the modeling
uncertainties and measurement noises.
Here φ, f1 , f2 , q̇sm , f3 , q̇sg , f4 , and Mj are the parameters
to be calibrated. Deﬁne the set of the parameters as
X = {φ, f1 , f2 , q̇sm , f3 , q̇sg , f4 , Mj }.

(22)

An optimization method is used to calibrate the parameters.
The steps are as follows.
Step 1 The initial dynamic parameters (φinit ) are calculated
from the robot’s three-dimensional model.
Step 2 The parameters that have no effect on the dynamic
model are set to initial values in φinit . The base
inertial parameters [26] are determined by the structure of the manipulator. The other parameters are set
around φinit , allowing a certain range of error.
Step 3 Set the ranges of the friction and motor inertial
parameters: f1 , f2 , q̇sm , f3 , q̇sg , f4 , and Mj .
(f1 )ii > 0
(f2 )ii > 0
0 < (q̇sm )i < max((q̇sm )i )
(f3 )ii > 0
0 < (q̇sg )i < max((q̇sg )i )
(f4 )ii > 0

(23)

(Mj )ii = 0

(24)

where max((q̇sm )i ) and max((q̇sg )i ) are the maximum angular velocity under which the static friction
exists.
Step 4 Obtain the values of τtotal and q with an optimal
trajectory [2] without external forces and calculate
the vector Rτtotal .
Step 5 Add the constraints that the inertia matrices I¯i in (3)
are positive-deﬁnite.
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τω =


Rq̇ 2
Rτtotal − Kφ + f1 sgn(q̇) + f2 e−| q̇sm | sgn(q̇)
+f3 e



 q̇ 2
− q̇sg


⎤
0
0
Ikxx
Ikyy
0 ⎦
Ik3 = ⎣ 0
0
0
Ikzz
⎤
⎡
0
0
Mkx
Mky
0 ⎦
Mk3 = ⎣ 0
0
0
Mkz
⎡

Step 6 The noise τω is

sgn(q̇) + f4 q̇ + Mj q̈ .

(25)
Deﬁne the optimization target as the sum of the mean
and standard deviation of the noise τω :
X̂ = {X| min(J =

n


|τ̄ωi | + Kω

i=1

n


σ(τωi ))}

i=1

(26)
where τ̄ωi is the mean of τωi , and Kω ∈ 1 is
a positive balance between the mean and standard
deviation.
Step 7 Solve the optimization problem.
The particle ﬁlter algorithm [27] is used to solve the
optimization problem here. After the iterative calculation of
the sampled trajectory, the parameters are calibrated.
B. Guiding Control Based on Virtual Mass and Virtual Friction
The external force in joint space can be calculated as
follows:
τext = τ̂d − τ̂j + τω .
(27)
The noise τω exists in the calculation owing to the accuracy of the model and the interference of the gearbox. The
relationship between the external force in Cartesian space and
the joint torque can be described as
τ̂d − τ̂j = Jb T Fext

(28)

where Jb is the Jacobian matrix and F̂ext is the estimated
external force: Fext = [ τx τy τz Fx Fy Fz ]T .
Substitution of (27) into (26) yields
T

τext = Jb F̂ext + τω .

(29)

A low-pass ﬁlter is used to limit the high-frequency part of
the noise. The calculation of F̂ext is
F̂ext = Jb −T · F ilter(τext − τω ).

(30)

With the calculated external force F̂ext , it is possible to
control the robot to follow the guiding hand. A strategy is
to set a virtual mass Mk and a virtual friction Ff k for the
end-effector. When external force F̂ext is applied, the endeffector overcomes the virtual friction Ff k and moves along
the direction of F̂ext . The acceleration in Cartesian space is
deﬁned as ak . The motion satisﬁes
F̂ext + Ff k = Mk ak

(31)

where ak ∈ 6×1 is a six-dimensional vector deﬁned
as ak = [ αx αy αz ax ay az ]T . Mk ∈ 6×6 is
deﬁned as
0
Ik3
Mk =
0 Mk3

where Ikxx , Ikyy , Ikzz are the virtual inertias and
Mkx , Mky , Mkz are the virtual masses. They can be
changed according to the guiding performance and safety
requirements.
The direction of virtual friction Ff k is always opposite to
the direction of velocity. For a simple guiding experience, Ff k
can be set to
⎧
⎨ −δi , Vi > 0
0,
Vi = 0
(32)
(Ff k )i =
⎩
δi ,
Vi < 0
where δi > 0.
Then, the trajectory in Cartesian space is obtained by

⎧
−1
⎪
M
⎪
kii (F̂ext )i + (Ff k )i , (F̂ext )i ≥ δi
⎪
⎪
⎨
−1
Mkii
(Ff k )i , −δi < (F̂ext )i < δi , Vki = 0
.
(ak )i =
⎪
0,
−δ
i< (F̂ext )i < δi , Vki = 0
⎪
⎪
⎪
⎩ M −1 (F̂ ) + (F ) , (F̂ ) ≤ −δ
ext i
fx i
ext i
i
kii
(33)
The velocity vk and position pk are obtained by integrating
the acceleration ak . The command angular position, angular
velocity, and angular acceleration qc , q̇c , q̈c are calculated in
the robot controller and sent to the driving system. Then the
robot end-effector moves following the guiding hand.
Remark: The magnitude of noise τω depends on the accuracy of parameters in (22). It changes with the angular position,
angular velocity, and angular acceleration. The noise affects
the velocity by
T
Mk ΔVk =

.
Jb −T · F ilter(τω )dt = Jb −T τ̄ω T

(34)

0

where τ̄ω is the mean of τω .
If the mean of the noise is close to zero and the standard
deviation is small, the velocity is less affected by τω . Thus,
the optimization target in (26) is set to the sum of the mean
and standard deviation. Moreover, the low-pass ﬁlter helps to
reduce the noise in joint torque and leads to a better guiding
performance.
The friction adds a certain amount of resistance to make
the velocity less disturbing. However, a large virtual friction
makes it hard to guide the robot. Therefore, the friction can be
set separately according to the robot state. When guiding the
robot, the friction is set small. The noise and friction affect
the velocity by
.
Mk ΔVk = Jb −T τ̄ω T + Ff k T.
(35)
To produce a resistance feel similar to push a box on the
ground, the friction should be larger than the noise:


|Ff ki | = rJb−T τ̄ω i , r ≥ 1.
(36)
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When the external force is removed, the friction could be
set larger instead. The range of r in (36) can be set to r ≥ 3.
IV. E XPERIMENTS AND D ISCUSSIONS
A six-degree-of-freedom industrial robot Efort ER20-C10
is used in the experiments. The maximum payload of the
robot is 20kg and the operating radius is about 1.7m. The
robot controller is a Beckhoff industrial computer CX5130.
The cycle of the force following controller is 10ms and the
cycle of the robot controller is 1ms. The servo drivers are
Sanmotion AC servos, which can feed back the current value
to the controller. The controller and servo drivers are connected
by EtherCAT. All six joints are rotary joints with reducers. No
force sensors are installed. The control system and D-H frames
are shown in Fig. 2. The reduction ratio, maximum torque, and
power of each joint are listed in Table I.
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(b) The D-H frames and table
Fig. 2.

Efort ER20-C10 robot system

The experiments include two parts: parameter calibration
and guiding movement. The procedures and results will be
described respectively.
A. Experiments of Parameter Calibration
In the calibration, no external force is applied to the robot.
Trajectory points consist of τtotal and q are sampled from
an optimal trajectory. Since the static friction is difﬁcult to
estimate when standing still, these points are ﬁltered out.

Then, the points are input into the optimization solver for
calculation. The parameters in (22) are to be calibrated. The
three-dimensional robot model provided by the ofﬁcial site is
not accurate enough, so the parameter ranges are set to ±30%
around the initial values.
mi ∈ mi ± mi · 30%
ci ∈ ci ± max(abs(cia )) · 30%, a = 1, 2, 3
I¯i ∈ I¯i ± max(abs(I¯iab )) · 30%, a = 1..6, b = 1..6.

(37)

The friction parameters f1 , f2 , f3 , and f4 are difﬁcult to
estimate. The ranges of these parameters are set large enough
for calibration. The Kω in (26) is set to 1.
The calibration result is shown in Fig. 3. Six ﬁgures show
the results of six joints. Rτtotal is calculated from the motor
current and drawn as “Calculated torque” in black lines. Kφ+
τf + Mj q̈ is calculated with the calibrated parameters and
drawn as “Proposed method” in red dash-dot lines. It can be
seen that the two torques almost match each other. The means
and standard deviations of τω are calculated by (25) and listed
in Table II. The means and standard deviations are small. Thus,
the virtual friction can be set small, which is good for the
guiding performance.
The result is compared with two other models described
in [7] and [22]. Parameters are calculated by the pseudoinverse method in (10). The means and standard deviations
are calculated and listed in Table II. The calibrated torques
are drawn in blue dashed lines and green dotted lines in Fig.
3.
Comparing the results, it can be seen that J of the two
models are larger than that of the model presented in this
paper. The models in [7] and [22] do not calculate the torques
of the driving system accurately and cause larger errors of
J. Although the calculation of the linear models is relatively
simple, the pseudo-inverse method is a curve ﬁtting method.
The deviations between the parameters and the true values are
large.
B. Experiments of Guiding Movement
The calibrated parameters are used for guiding movement
in this section. To test the accuracy of external force estimator,
payloads of different weights are installed on the end-effector.
The external force estimated by (30) and the weight of payload
are listed in Table III. The payload is estimated during moving
and the inertial force of payload is considered.
As can be seen in Table III, the accuracy of estimation is
smaller than 10N. In fact, the error approaches zero with the
number of iterations. Owing to the modeling uncertainties and
measurement noises, it is not as accurate as force sensors, but
enough for guiding the robot.
To move the robot, the virtual mass and virtual friction
parameters are set. For safety reasons, the maximum velocity
is set to 0.2rad/s and 0.2m/s. The minimum acceleration
time is set to 0.5s. Thus, the maximum acceleration is set
to 0.4rad/s2 and 0.4m/s2 (0.4=0.2/0.5). Assuming the external force of 100N m or 100N produces an acceleration of
0.1rad/s2 or 0.1m/s2 , the virtual mass should be 1000kg ·m2
or 1000kg (1000=100/0.1). Considering the error of F̂ext , the
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TABLE I
T HE REDUCTION RATIO , MAX TORQUE AND POWER OF EACH JOINT
Item

Joint1

Joint2

Joint3

Joint4

Joint5

Joint6

Ratio
Max Torque(Nm)
Power(w)

147
1764
2000

178
2138
2000

164
418
750

77
105
400

80
109
200

50
35
200

500
0

0

-500

Calculated torque
Proposed method
Method in [7]
Method in [22]

-1000
0

500

1000

1500

2000

Torque(Nm)

0

Torque(Nm)

Torque(Nm)

500

-500
Calculated torque
Proposed method
Method in [7]
Method in [22]

-1000

2500

0

500

1000

N

1500

2000

-100
-200
-300
-400

2500

0

-10
Calculated torque
Proposed method
Method in [7]
Method in [22]

-20
-30
1500

2000

-10
-20
Calculated torque
Proposed method
Method in [7]
Method in [22]

-30
-40

2500

2500

10

0

Torque(Nm)

Torque(Nm)

Torque(Nm)

0

2000

20

10
10

1500

(c) Joint 3

20

1000

1000

N

(b) Joint 2

20

500

500

N

(a) Joint 1

0

Calculated torque
Proposed method
Method in [7]
Method in [22]

0

500

1000

1500

2000

2500

0
-10
-20

Calculated torque
Proposed method
Method in [7]
Method in [22]

-30
-40

0

500

1000

1500

N

N

N

(d) Joint 4

(e) Joint 5

(f) Joint 6

2000

2500

Fig. 3. Comparisons between the torques calculated from the motor currents and the torques calculated by different methods (proposed method, method in
[7] and method in [22])
TABLE II
T HE RESULTS OF DIFFERENT CALIBRATION METHODS
Method in [7]

Item

J=

n

i=1

Joint1
Joint2
Joint3
Joint4
Joint5
Joint6
|τ̄ωi | + Kω

n

i=1

σ(τωi )

Method in [22]

Proposed method

Mean(Nm)

Std/Max Torque

Mean(Nm)

Std/Max Torque

Mean(Nm)

Std/Max Torque

-8.49
3.76
6.34
-1.69
0.0623
-0.925

2.59%
1.86%
2.80%
1.89%
2.19%
5.92%

-4.52
2.44
5.56
-2.34
0.0965
0.230

2.21%
1.80%
2.77%
3.37%
3.38%
11.5%

-4.52
-4.06
2.35
-0.109
0.0755
-0.0261

1.84%
1.71%
2.50%
1.60%
1.86%
5.67%

124.85

virtual friction is set to 15Nm/15N and the stopping friction
is set larger. The parameters can be changed according to the
guiding performance.
During the guiding movement, the robot follows the external
force from one pose to another. An example of the external
force and velocity is shown in Fig. 4. The torques/forces are
drawn in green solid lines and the velocities are drawn in
red dashed lines. When N is smaller than 200, no external

115.47

96.36

force is applied. Owing to the estimation error, F̂ext is not 0.
However, the command velocity is 0. Then, the external force
is applied and the end-effector starts to move in directions (vx
and vz ) where the external force is larger than 15Nm/15N.
Finally, the external force is removed, and the end-effector
decelerates until stopped under the effect of stopping friction
(50Nm/50N).
The result is compared with the closed-loop velocity control
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TABLE III
T HE ESTIMATED EXTERNAL FORCE AND THE WEIGHT OF PAYLOAD
Item

Payload1

Payload2

Payload3

Payload4

Payload(N)
Estimated Result(N)

71.54
66.74

101.92
102.80

120.54
113.68

154.84
147.00

10

0
0

0
Torque
Proposed method
Method in [14]

-10

-10

Torque(Nm)

-1

0

Velocity(0.001rad/s)

Torque
Proposed method
Method in [14]

Torque(Nm)

Velocity(0.001rad/s)

Torque(Nm)

0

Torque
Proposed method
Method in [14]

-2

-2

Velocity(0.001rad/s)

0

-2

1000

-20

1500

0

500

1000

N

(a) ωx

0

500

1000

-100

-100

Force(N)

Force
Proposed method
Method in [14]

Velocity(mm/s)

0

-4

(c) ωz

10

0

1500

N

(b) ωy

100

Force(N)

-4

1500

N
10

5

5
Force
Proposed method
Method in [14]

0

40

0

50
Force
Proposed method
Method in [14]

20

Velocity(mm/s)

500

Force(N)

0

Velocity(mm/s)

-2

0
-200

Fig. 4.

-200
0

500

1000

1500

-5

0

500

1000

1500

-5

0

0

500

1000

N

N

N

(d) vx

(e) vy

(f) vz

1500

The external force and velocity.
TABLE IV
T HE VIRTUAL MASS AND VIRTUAL FRICTION PARAMETERS
Item

ωx

ωy

ωz

x

y

z

Mass
Friction
Stopping friction

1000(kg · m2 )
15(N m)
50(N m)

1000(kg · m2 )
15(N m)
50(N m)

1000(kg · m2 )
15(N m)
50(N m)

1000(kg)
15(N )
50(N )

1000(kg)
15(N )
50(N )

1000(kg)
15(N )
50(N )

effector moves along the main direction of external force.
The limitations in acceleration and velocity cause direction
deviations between the arrow and trajectory. When the external
force is removed, the end-effector stops and keeps still.



strategy [6] [14]. The velocity of this method is drawn as
“Method in [14]” in Fig. 4 with blue dash-dot lines. The
following conclusions can be drawn.
1 The robot moves slowly when no external force is applied. The stopping velocity has a gradual approaching
process when the external force is removed. While the
method in this paper does not have these problems. The
estimation error of external force has no inﬂuence on the
velocity.
2 It is difﬁcult to move the robot in a certain direction.
There are noises in other directions. In the method in
this paper, vx and vz are not zeroes, while velocities of
the other directions keep stationary.
The external forces in Cartesian space and generated trajectory are shown in Fig. 5. The blue arrows are the external
forces and the red line is the generated trajectory of the
end-effector. The length of the arrow is proportional to the
magnitude of external force. It can be seen that the end-
























Fig. 5. The external force and generated trajectory in Cartesian space (blue
arrows: forces, red: trajectory)

1551-3203 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TII.2019.2900119, IEEE
Transactions on Industrial Informatics

9

Finally, the proposed method is used to generate a trajectory
for a welding task. In Fig. 6(a), the welding seam of an
aluminum radiator is shown, which requires to be followed
by the end-effector. First, the end-effector is guided to the
start point P1 . It is then guided along the welding seam to
end point P2 . In Fig 6(b), the guiding trajectory is sampled
and drawn with discrete points. The solid line connecting point
P1 and P2 generates the ﬁnal welding trajectory. Finally, the
robot can use this trajectory for welding between point P1 and
P2 .

tĞůĚŝŶŐƐĞĂŵ

(a) The aluminum radiator for welding

0.75

Z(m)

P1
0.7
0.2
0.15
0.1
P2

0.05
0

Y(m)

1.05

-0.05
1

X(m)

(b) The guiding trajectory and the generated welding
trajectory
Fig. 6.

A welding trajectory generated by hand guiding

V. C ONCLUSION
This paper has proposed a sensorless hand guiding scheme
with an external force estimator and a force following controller for the industrial robot teaching. A nonlinear model of
the driving system and manipulator links is presented for the
external force estimator. The model parameters are calibrated
based on particle ﬁlter algorithm under some reasonable
constraints. Compared with two classic models, the proposed
model improves the accuracy of external force estimation.
Then the virtual mass and virtual friction are presented and
used in the force following controller design for making the
robot easier to guide by hand. The experimental results show
the proposed control scheme not only makes the end-effector
of a six-degree-of-freedom industrial manipulator follow the
direction of external force but also suppresses jitters. And the
sensorless hand guiding scheme is also applicable to other
industrial robots.
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