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Abstract—This paper proposes an object dynamics 
virtualization that enables a human operator to handle the 
object easy for a given task by changing dynamics of the object 
by a robot assistance. The proposed method uses a force sensor 
fixed between an end effector of the manipulator and an object 
to measure force/torque applied by the manipulator to the 
object. Then, force/torque applied by an operator are estimated 
by using a disturbance observer, which subtracts the sensing 
force/torque from those calculated based on the object 
acceleration. Using the force sensor makes implementation 
easier by isolating the object dynamics from those of the 
manipulator. By using a virtual internal model driven by the 
estimated force/torque, a task-oriented mechanical impedance is 
given to the object that is in reality heavy and unbalanced as if it 
were lighter and well-balanced. Experiments to virtualize 
dynamics of a rod with a weight at one end, i.e., an example of an 
unbalanced object, to be a uniform disc by a SCARA 
manipulator with three degrees-of-freedom were conducted, 
and the results showed the validity of the proposed method. 

I. INTRODUCTION 
ECHANICAL impedance control [1] has played an 
important role in various robot applications, especially 

for cooperative motion control with human. It is common 
knowledge that the impedance control can be used to give 
compliance to manipulators making them flexible with 
external force/torque by humans. It is also used to make a 
mobile robot follow an operator with an appropriate 
impedance to carry an object cooperatively [2][3]. It is 
important for such impedance control to be designed to be 
task-oriented [4], and for example, a concept of task oriented 
virtual tools for teleoperation was proposed in [5]. In [6], 
apparent dynamics, i.e., a task-oriented impedance for a 
handling object carried by a mobile robot and a human 
operator, was proposed. 

It has been more than 20 years since disturbance observers 
(DOBs) were used in robotics [7], and now they are essentials 
to linearize manipulator nonlinear dynamics by feedback 
control. Regarding the impedance control, DOBs are used to 
eliminate modeling errors in order to realize precise 
compliant motion as designed [8][9]. Another way to use 
DOBs for the impedance control is to use them as a reaction 
force/torque observer [2] and for force-sensor-less impedance 
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control [10]. It has been a challenge how precisely 
force/torque applied by humans or other external 
environments is measured, and its extension for power assist 
systems, for example, is a power-assisted wheel chair [11]. 
Reference [12] is an excellent paper to generally discuss those 
kinds of force-sensor-less power assist control. 

The authors proposed a DOB using acceleration feedback 
for cancellation of pivot nonlinearities of hard disk drives 
[13], and the results implies that disturbance can be observed 
more easily and precisely by setting sensors closer to the 
source of the disturbance. This is also true of manipulators to 
hide their complicated dynamics and to more focus the 
disturbance estimation on a handling object itself. Thus, to 
realize a task-oriented object dynamics virtualization, in the 
proposed method, a force sensor is set between a manipulator 
and an object to estimate not disturbance, but external 
force/torque applied by an operator. An advantage of using a 
force sensor fitted at that location is that operators can handle 
the object at anywhere they like, unlike setting the sensor at a 
predetermined operator's handling point on the object. 
However, it should be noted that an easy implementation that 
uses sensing force/torque as those applied by the operator just 
after coordinate system transformation ignoring the object 
dynamics makes the whole control system less-damped or 
sometimes unstable especially when the object is handled 
with large acceleration. This issue is discussed in Section III. 

The proposed method virtualizes real dynamics of an 
object to have another virtual mass, inertia tensor, mechanical 
impedance suitable for a given task based on a model 
following control using a virtual internal model (VIM) [14] 
driven by the estimated external force/torque. For example, a 
heavy and unbalanced object can be handled as if it were 
well-balanced and lighter than the real one. Model matching 
methods such a load sharing written in [15] could be 
alternatives, but the model following approach is adopted in 
this paper for the sake of good perspective of robustness in 
designing impedance with small or no damping. To show the 
validity of the proposed method, experiments are conducted 
using a selective compliance assembly robot arm (SCARA) 
type manipulator with three joints driven by direct drive 
motors. In the experiment, dynamics of a rod with a weight at 
one end, i.e., an unbalanced object is virtualized to have a 
virtual dynamics as a uniform disc. 

II. OBJECT DYNAMICS VIRTUALIZATION 

A. Concept of the Virtualization 
The objective here is to assist an operator who is handling 
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an object with a robot or more specifically a manipulator so as 
to feel it lighter and easier to be handled than real one (Fig. 1). 
For example, to make the object felt lighter, a lighter virtual 
mass and/or virtual smaller gravity are introduced. 
Furthermore, an appropriate mechanical impedance to 
achieve the task should be given to the object [4][5]. 
Although it is important to discuss what kinds of dynamics 
should be design for an operator to easily and skillfully 
achieve a given task, it will be the future work in cooperation 
with the authors' group working on human adaptive 
mechatronics (HAM), which is a system that adapts itself to 
the operator’s skill level to provide assistance to improve the 
humans’ skill [16]. Therefore, as the first step to the goal, an 
object dynamics virtualization, which gives the object a 
virtual property with a virtual mass, inertia tensor, stiffness, 
and damping around a compliance center located at any 
position and orientation, is proposed in the following part. 

 

 
Fig. 1.  Concept of object dynamics virtualization. 

B. Impedance Control for Virtualization by Using Virtual 
Internal Model 
Considering the case that a human operator and a 

manipulator cooperatively handle an object, four coordinate 
systems O, H, E, and B are defined as shown in Fig. 2. The 
coordinate system O is the Cartesian coordinate system, and 
those H, E, and B respectively show the handling point of the 
operator and that of the manipulator, and the center of gravity. 
Force/torque applied by the operator to the origin of H are 

defined as [ ] 6ℜ∈=
TT

a
T

aaF nf  and force/torque by the 

manipulator at the origin of E as [ ] 6ℜ∈=
TT

m
T

mmF nf . It 
is practical for a force sensor to be fixed at an end effector of 
the manipulator, not at the object itself. This is because 
objects can be quickly exchanged keeping the force sensor as 
it is. In such a case, however, object-handling force/torque 
should be carefully calculated in estimating a

H F . Hereinafter, 
left superscripts indicate the coordinate system from which 
the variables are observed. Leaving the estimation problem 
until Section III, assume that the estimate is given as a

H F̂ . 
Then, motion of a virtual object with a mechanical impedance 
in a virtual gravity 3ℜ∈vg , which is not necessary to be 
vertical, is generated by a virtual internal model. The virtual 
internal model generates a task-oriented dynamics different 
from those of the real object. Other coordinate systems G and  

 
Fig. 2.  Coordinate systems for a real object. 

 

 
Fig. 3.  Virtual object dynamics and the coordinate systems. 

 
 

C, i.e., respectively the center of the gravity of a virtual object 
and the compliance center, are defined as shown in Fig. 3. 

Equivalent force/torque at the center of gravity G applied 
by the operator at the origin H is given by 
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where 33×ℜ∈H
G R is a rotation matrix from the coordinate 

system H to G, 3ℜ∈HG
G p is a position vector of the origin 

H observed from the coordinate system G, and 

[ ] 33×ℜ∈×HG
G p  is a skew symmetric matrix for cross 

product operation. The orientation of the object is determined 
by the Z-Y-Z Euler angle of the coordinate system. Thus, the 
position and orientation of the virtual object are defined as

[ ]TGGGG
O zyx=p and [ ] 3ℜ∈= T

GGGG
O ψθφϕ , 

respectively.  
Then, the Newton’s equation of motion based on the object 

coordinate system G of the virtual object, the mass and inertia 
tensor of which are dm and G

G I  with an impedance specified 
by the stiffness matrix ( )

GGG zyxP kkkK diag=
 
and 

damping matrix ( )
GGG zyxP dddD diag= , is given by 

v
O

O
G

G
G

G
G

dGa
G

GC
O

O
G

PGC
O

O
G

PG
G

d

Rm

RKRDm

gpf

ppp

⋅+×−=

++

&

&&&

ω
 (2) 

where C
O

G
O

GC
O ppp −= . 

To realize an orientation-selective impedance, an 
intermediate coordinate system S, which is derived by 
rotating the coordinate system C by 2π− rad around the YC 
axis, is introduced (not depicted in Fig. 3). Then, an 
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orientation error of the coordinate system G to the coordinate 
system C is defined as 

T

GGGGC
S ddd ⎥⎦

⎤
⎢⎣
⎡ −= ψπθφ

2
ϕ  (3) 

where [ ]TGGGG
S ddd ψθφ=ϕ is the Z-Y-Z Euler angle 

of the coordinate system G from S. Then, define the angular 
velocity of the coordinate system G as 3ℜ∈G

Gω , the Euler’s 
equation of motion is given by 
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By introducing the orientation error GC
Sϕ , a selective 

compliance determined by ( )
GGG ddd kkkK ψθφdiag=Θ

and ( )
GGG ddd dddD ψθφdiag=Θ in three orthogonal 

directions around the coordinate systems C and S is realized. 
When the directions of translational selective compliance 

are desirable to be based on the coordinate system C instead 
of G, (2) is replaced by 
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Eventually, the motion of the virtual object to the 
externally-applied force/torque is given by 
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where ΩΘRO is the same one in (6) replacing Gdφ and Gdθ by

Gφ and Gθ , and from (2) and (4),  
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To make the manipulator assist the operator and to 
virtualize the object dynamics, a model following control 
system is designed by using (8) as a virtual internal model. 
Due to the limitation of space, explanation of the controller 
design is omitted (see [17] for the detail). 

III. HANDLING FORCE ESTIMATION 

A. Stability Analysis of Impedance Control  
Consider a simple example of a mass system with one 

degree-of-freedom on a fiction-less base as shown in Fig. 4. 
For the system, an impedance control, the control input of 
which is mf , is implemented for the external force af . As 
described above, a force sensor is desired to be attached 
between a manipulator and the object. Thus, assume that mf
can be measured. In such a case, an easy implementation 
where af is estimated as ma fsQf ⋅−= )(ˆ  ignoring the mass 
dynamics could be used, and an example of this kind of 
impedance control is described in Fig. 5. However, when the 
ratio of md to m is getting smaller and/or when the 
acceleration of the mass becomes large, it is necessary to use 
a disturbance observer to estimate af  (Fig. 6).  

Simple simulations with parameters in Table I were 
conducted to show that the easy implementation decreases 
stability margin as md is getting smaller from 15 to 1 kg when 
m = 20 kg. Here, the controller ( )sC consists of a first order 
lead-lag filter, and the 0dB crossover frequency are set to be 
2π 15 rad/s. Filter ( )sQ  is a standard second order system, 
the parameters of which are also listed in Table I. Figures 7 

 

 
Fig. 4.  Single mass system with one degree-of-freedom. 

 
TABLE I 

SIMULATION PARAMETERS 
Symbol Numerical value Remarks 

m 20.0 kg  
dm  15.0 kg Heavy mass case for Fig. 7 

dd  66.0 N s/m Heavy mass case for Fig. 7 

dk  148 N/m Heavy mass case for Fig. 7 

dm  1.00 kg Light mass case for Fig. 8 

dd  4.40 N s/m Light mass case for Fig. 8 

dk  9.87 N/m Light mass case for Fig. 8 

nω  2π 20 rad/s Natural frequency of ( )sQ  
ζ  1.20 Damping ratio of ( )sQ  

afmf

x

m
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and 8 show frequency responses of a reference impedance 
model )(sV  and two transfer functions from af to x, i.e., 

[ ]
)()()()()(1

)()()(1)()()(
sQsVsCsCsP

sQsVsCsCsPsVeasy ++
+= ,  (11) 

for the easy implementation, and  

{ }[ ]
)()(1

)()()()(1)()(
sCsP

sQsVsCsQsPsVDOB +
+−=   (12) 

for the DOB case. Here, V(s) is designed for given md values 
so that the natural frequency and damping ratio are 
respectively to be π rad/s (0.5Hz) and 0.7. By comparing Figs. 
7 and 8, it can be seen that the damping ratio of the transfer 
function from af to x in the easy implementation is decreasing 
as the ratio of md to m is getting smaller. Furthermore, the 
transfer function (11) became unstable when md = 1 kg while 
that of the DOB implementation (12) had almost all no 
influence of changing md on the stability. Thus, in 
implementing the object dynamics virtualization, DOB 
configurations should be used. 
 

 
Fig. 5.  Easy implementation using mfsQ ⋅− )( as an estimate of af . 

 

 
Fig. 6.  Implementation using disturbance observer (DOB). 

 
Fig. 7.  Comparison of frequency responses of a reference model )(sV and 
transfer functions from af to x  when m = 20 kg: For md = 15 kg, there is no 
significant difference between two implementation methods. 

 
Fig. 8.  Comparison of frequency responses of a reference model )(sV and 
transfer functions from af to x  when m = 20 kg: For md = 1 kg, the damping 
ratio in the easy implementation was 0.159, and it was much less than the 
designed value 0.7. Furthermore, Veasy(s) was unstable. 

 

B. Disturbance Observer (DOB) for Estimation of 
Handling Force/Torque Applied by Human Operator 
This section concretely explains how to estimate 

force/torque applied by an operator based on a DOB. Here, 
definitions of coordinate systems are the same as those in Figs. 
2 and 3. Force/torque applied by an manipulator are directly 
measured by a force sensor attached to the end effector, and 
the total equivalent force/torque applied to the center of 
gravity B are derived from the motion of the real object. Thus, 
the externally-applied force/torque by the operator can be 
calculated from the difference between those two kinds of 
force/torque.  

Define the force/torque applied by the manipulator at the 

coordinate system E as [ ]TT
m

ET
m

E
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E F nf= , equivalent 
forces/torques to the center of gravity B by the operator and 
by the manipulator are respectively given by 
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Newton and Euler’s equation of motion of a real object, the 
mass and inertia tensor of which are defined as m and B

B I , is 
given by 
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where [ ]TBBBB
O zyx=p and [ ]TBBBB

O ψθφϕ =
are respectively the position and orientation of the real object, 
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coordinate system B, and 3ℜ∈gO is the gravity vector 
observed from the Cartesian coordinate system O. Then, if the 
acceleration B

B p&& and angular acceleration B
Bω& of the real 

object are measured, the equivalent force applied by the 
operator at B can be obtained as 
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In the implementation, assume that the velocity B
O p& and 

angular velocity B
Oϕ& are available by a state observer or 

numerical finite difference based on the measurement of   
joint variables. Then, introducing filters )(sQi
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Eventually, the force/torque applied by the operator at the 
coordinate system H can be estimated as 
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Note that it is not essential that the location of the coordinate 
system H, i.e., the handling point, should be uniquely 
identified. This is because a

H F̂ is only used to calculate Ga
G F

in (1), and Ga
G F is directly calculate from Ba

B F̂  as 
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This means that the number of  handling points of the operator 
is not limited to one while all the other external force/torque 
are regarded to be valid for driving the impedance model. 

IV. EXPERIMENT 

A. Application for Manipulator with 3 Degrees-of-freedom 
Figure 9 shows the coordinate systems of the SCARA 

manipulator with three degrees-of-freedom (DOF) used in the 
experiments. The position and orientation of the coordinate 
system E are respectively defined as [ ]TEEE

O yx 0=p

and [ ]TEE
O 00φ=ϕ . In the experiments, the manipulator 

handles a rod with a weight at one end as an unbalanced real 
object as shown in Fig. 10. The virtual object, which is also 
shown in Fig. 10, is a disc with a diameter of 0.3 m. Figure 11 
shows a close-up around the objects and the coordinate 
systems. The operator manipulates the object at the origin of 
the coordinate system H, and the objective here is to make the 
operator feel the real object as if a uniform disc. Kinematic 
parameters of the experimental system are listed in Table II. 

 
TABLE II 

KINEMATIC PARAMETERS OF EXPERIMENTAL SYSTEM 
Symbol Numerical value Symbol Numerical value 

1l  0.360 m bl  0.342 m 

2l  0.290 m hl  0.150 m 

3l  0.072 m 1gl  0.115 m 

  2gl  0.023 m 

 

 
Fig. 9.  Coordinate systems of a 3DOF manipulator. 

 

 
Fig. 10.  Experimental system with 3 direct drive motors. 

2θ

3θ

1l

2l

3l

OX

OY

O

321 θθθφ ++=Ε

1θ

2X
2Y

3X

3Y

EX

EY

1X1Y

Force sensor

Ex

Ey

Cardboard to show 
the appearance of 
a virtual object 
(disc)

A weight of 
about 1 kg

4242



  

 
Fig. 11.  Layout of real and virtual objects and the coordinate systems. 

 
In the experimental system, the force/torque applied by the 

operator are estimated as 
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Here, Bmy
B f , Bmz

B f , and Bmx
Bn  are derived by transforming 

the measured force/torque at E via (14) and then filtering.  
From Ba

B F̂  given by (27), Ga
GF is calculated by (26) and is 

used for generating the motion of the virtual object by the 
virtual internal model (8), where the calculations are 
conducted in the three dimensional space, and only horizontal 
components are used for reference trajectory generation. The 
manipulator used here is the same one in [17], and details of 
the model following control design, the sampling interval of 
which is 2 ms, are omitted. 

Table III lists parameters of the real and virtual object, and 
two impedance models. One impedance model is for 
confirmation of the external force/torque estimation, and only 
the stiffness in ZB direction is set to be much softer than the 
other directions, hereinafter referring as Experiment 1 (E1). 
The other impedance model is for virtualizing a uniform disc, 
the center of which is tightened at the compliance center C, 
referring as Experiment 2 (E2). In the experiment, the virtual 
mass md was set to be 15.0 kg, which was larger than that of 
the real object. This was because an object with such a weight  

TABLE III 
PARAMETERS OF OBJECTS AND DOB 

Symbol Numerical value Remarks 
m 1.12 kg Mass of the rod and weight 

Bxx
B I 1.57×10-2 kg m2 Moment of inertia of the rod 

and weight in the XB direction
dm  15.0 kg Mass of the virtual object 

G
G I  diag (16.9, 8.44, 8.44) 

×10-2 kg m2 
Inertia tensor  of the virtual 
object 

PD  diag (831, 831, 41.6) 
N s /m Translational damping in E1 

PK  diag (800, 800, 2.00) 
×10 N/m Translational stiffness in E1 

ΘD  diag (21.1, 21.1, 21.1) 
N m s /rad Rotational damping in E1 

ΘK  diag (458, 458, 458) 
N m /rad Rotational stiffness in E1 

PD  diag (831, 831, 831) 
N s /m Translational damping in E2 

PK  diag (8.00, 8.00, 8.00) 
×103 N/m Translational stiffness in E2 

ΘD  diag (4.31, 4.31, 4.31) 
N m s /rad Rotational damping in E2 

ΘK  diag (19.1, 19.1, 19.1) 
N m /rad Rotational stiffness in E2 

nω  2π 10 rad/s Natural frequency of ( )sQi  

ζ  1.2 Damping ratio of ( )sQi  

 
of 15.0 kg was easy for the operator to handle the object, and 
it will be the future work to find what kinds of dynamics 
should be appropriate for given tasks. 

B. Experimental Results 

Figure 12 shows time responses of Bm
Bf− , Ba

B f̂  and B
Bzm &&

in the translational compliant motion along ZB axis in 
Experiment 1 (E1). From the figure, it was shown that B

Bzm &&

as dynamics of the real object should not be ignored and 
Bm

Bf−  should not be used as a substitute for Ba
B f̂ . In the 

lower half of Fig. 12, only B
Bzm && was plotted because the term 

of B
B

Bx
B ym &⋅ω in (27) was negligible small in E1. Another 

experiment based on an easy implementation where Bm
Bf−

was used instead of Ba
B f̂  was conducted, and it was 

confirmed that the system became unstable in the easy 
implementation in the conditions of E1 in Table I. 

Figure 13 shows time responses of ay
H f̂ , az

H f̂ , and ax
H n̂

in the rotational compliant motion in E2 when the operator 
intended to rotate the virtual object around the compliance 
center. Figure 14 shows the resultant trajectories of the origin 
of the coordinate system E in the XO-YO plane and time 
responses of the orientation Eφ . Even if the real object was 
unbalanced, the reference trajectory was generated so that the 
operator could feel as if handling a disc fixed at a spindle 
although tracking performance of the control system was not 
so good. The reason why the tracking performance was poor 
was that disturbance cancelation and handling force 
compensation were omitted. This is because sensing and 
signal processing delays of the force sensor made the system 
unstable in the experimental system. 
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Fig. 12.  Time responses of Bm

Bf− , Ba
B f̂  and B

Bzm && in the translational 
compliant motion along ZB axis (E1). 

 
Fig. 13.  Time responses of ay

H f̂ , az
H f̂  and ax

H n̂ in the rotational compliant 

motion (E2). 

 
Fig. 14.  Trajectories of the origin of the coordinate system E in the XO-YO 
plane and time responses of the orientation Eφ in the rotational compliant 
motion (E2). 

V. CONCLUSION 
This paper proposed a virtualization of handling object 

dynamics to assist an operator who is handling the object with 
a manipulator. The propose method is based on DOB to 
estimate the external force/torque applied by the operator. 
Experiments were carried out using a SCARA type 
manipulator with three joints equipped with direct drive 
motors. The proposed method successfully virtualized 
dynamics of a rod with a weight at one end to have virtual 
dynamics as a uniform disc. 

The future work will be to research what kinds of dynamics 
should be designed for an operator to easily and skillfully 

achieve given tasks. This will be conducted under the 
framework of the human adaptive mechatronics (HAM) that 
provides assisting mechanisms to improve the humans’ skill. 
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