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Abstract— Collaborative robotics allows merging the best
capabilities of human and robots to achieve complex tasks.
This enables the user to interact with distant and directly
inaccessible environments such as the micro-scale world. This
interaction is made possible through the bidirectional exchange
of information (displacement-force) between the user and the
environment through a haptic interface. The efficiency of the
human/robot interaction strongly depends on how the human
feels the forces. This is a key point to enable the human to take
right decisions in a collaborative task. This paper deals with
the design of a dynamic observer to estimate forces applied by
a human operator on a class of parallel Pantograph type haptic
interfaces used to control robotic systems at the small scales.
The aim is to reject disturbances to improve the human force
feeling capability in a wide frequency range. A dynamic model
of a Pantograph is proposed and validated experimentally. The
observer is designed based on the non linear dynamic model
proposed and its efficiency for the estimation of the applied
human force is for the first time demonstrated with Pantograph
type interfaces. The experimental validation of the proposed
approach shows firstly the effectiveness of the disturbance
observer for the estimation of the external human force with a
response time less than 0.2 s and a mean error less than 0.007
N and secondly the effectiveness of the controller to improve
the quality of the force feedback sensing that can reached a
variation of 10 mN .

I. INTRODUCTION

Achieving efficient and safe robotic tasks at the small
scales (1 nm-100 um) in an automated or a tele-operated way
is one of the main challenges of recent years. Several robotic
systems with a high resolution, precision and flexibility are
now available but they are not yet smart enough to deal with
complex tasks [1]. For instance, the assembly of micro-
mechanical components into a watch or the assembly for
new integrated optical devices is often done by a human
operator, which is able to adapt its operating mode when
dealing with unpredictable situations. However, the human
has not the required capabilities to deal with the physics at
the small scales such as sensing forces at the micro-Newton
and positioning the manipulation tool with a micrometer
resolution. Micro-robotic systems are able to deal with such
physical constraints but they are not able to make smart
decisions. Collaborative robotics [2] is a key technology
to improve the productivity of robotic tasks at the micro-
scales. It merges the best capabilities of the human operator
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Fig. 1: Pantograph interface.

and the micro-robot to deal with complex manipulation
and characterization tasks on micro- components and nano-
materials.

The collaboration between human and robot often referred
as cobotics is characterized by a direct or an indirect in-
teraction between human and robot to achieve a common
goal. Many works on macro-scale robotics have shown
the effectiveness of the collaborative approach to achieve
tasks in industrial, military, agricultural and surgical [3]
[4] [5] [6] [7] [8] fields. At the micro-scale, tele-operated
and automated approaches have demonstrated their efficiency
and complementarity in various applications such as micro-
assembly [9] [10] [11] [12] [13] and biology [14] [15].

Usually, a micro-robot with a force sensing capability is
coupled to a haptic interface. The latter is handled by a
human operator and allows him to feel the forces applied
by the micro-robot and to control the motion of the end
effector [10] [16]. One of the main issues is that the force
felt by the human is not only the force proportional to that
returned by the micro-robot end effector, but also unwanted
inertial and friction forces from the haptic interface as well
as disturbance forces generated by the human himself. For
a better transparency in the force feeling, these undesirable
forces must be removed [17].

This paper focuses on human force estimation and
disturbance rejection considering parallel type haptic
interfaces for a fine human force feeling in a wide frequency
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Fig. 2: Conceptual diagram of Disturbance Observer Based
Control (DOBC) [20].

range. Such an issue is essential for an effective human
decision making in a collaborative task. Parallel haptic
interfaces are widely used in the fileds of robotics like Force
Dimension’s Omega®, SensAble’s Phantom®. Such an
architecture offers a low and high-frequency forces feeling
to the human operator in range from the DC to the kHz [16].

In this study, we focus on Pantograph type architecture,
initially reported in [18] [19], whose main advantage is
that it has a uniform response over the entire human tactile
frequency range [16]. The aim is to design a disturbance
observer based on a dynamic model of the Pantograph which
has never been reported in the literature. The observer aims at
estimating the force applied by the human on the interface
and to reject unwanted perturbations for better feeling of
only the forces returned by the interface and proportional to
that measured by a robot end effector. Several Disturbance-
Observer-Based Control (DOBC) methods have been re-
ported in the literature [20] but none of them have been
designed and validated experimentally for Pantograph type
interfaces. The basic architecture of the observer designed
here [21] [20] is shown in Fig.2. To be used in the case of
our study, a precise dynamic model G(s) of the Pantograph
is investigated in the paper to estimate the force applied by
the human operator on the Pantograph in a dynamic way.

The remainder of this paper is organized as follows. The
main architecture and features of the Pantograph studied
in this paper are described in Section II. The kinematic
modeling of the interface is presented in Section III. Section
IV deals with the observed design considering the dynamic
model and the control strategy. The experimental validations
are presented in Section V. Finally, Section VI concludes the

paper.
II. PANTOGRAPH

The architecture of the Pantograph is represented in Fig.1.

It is mainly made of two DC bruchless motors, a kinematic

chain and two optical Encoders. TABLE I resumes the
essentials specifications of each component.

Fig. 3 and Fig. 4 show the kinematic representation of
the Pantograph. The torques [Tj, T5] generated at the actives
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Fig. 3: Geometric representation for the kinematic study of
the pantograph.
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Fig. 4: Pantograph representation with its work-space.

joints 1 and 5 are transmitted to forces [F",F;"] through
the kinematic chain at end effector E . At E, the human
operator senses the forces generated. By applying a forces
F/ ,F}"], the end effector moves and its position is tracked
by measuring the rotational angle of the joints 1 and 5.

IITI. KINEMATIC AND DYNAMIC MODELING
A. Kinematic Modeling

The kinematics problem consists on finding the position
of the end effector E from the two measured joint angle
6, and 05 where the optical encoders are mounted (Fig. 3).

TABLE I: Pantograph components specifications

Component Properties Value
Brushless Power 20w
| Nominal torque 24.2 mN.m
DC Motor o 2
Maxon RE 25 Rotor inertia ;o0 9.11 gem
Torque constant 16.1 mN.m/ A
s I:fell‘ﬁf]?nc Resolution 100000 CPR
systems Max speed 8640 RPM

Optical Encoder

5 lightweight
aluminium
linkage

Mechanical
linkages




The origin frame (0,X,Y,) is set at the first joint such as

represented in Fig. 3 (b).

To solve this problem, each link j is represented by a vector
;j that connects its two joints where :

%|7j|| = length of the link j =1},
arg V = orientation angle of the link = 6,
Z(V) =1, j= 12,345

Z(?,) is the Euler representation of the complex number
represented by the vector V.

To obtain the position of the end effector £ in the base
reference, we should determine the vector O? After that,
the coordinate of E can be expressed as :

Z((ﬁ) = logeiGOE,
= IOECOS(GOE)+iIOE sin(GOE), ()
= Xg +iYg,
Where lpr and Opg are the length and the angle of orientation
respectively of OF. Xg, Yg are the coordinate of E expressed
in (0,X,Y,).
Considering Fig. 3 (b) and taking into account that ||72||
and ||V 3|| are equal (because this two bars are equal), O
is calculated by a summation of vectors:

OE=V,+05B +H,

2
?:774+75+71, @
Where ﬁ is the perpendicular vector to ?
Expressing (2) with the complex representation:
Z(O;ﬁ)__ Z(V 1) +0.5Z(B) +Z(717), )
Z(B)=-Z(V4)+Z(Vs)+Z(V1),

With
2(71) =Le?, 2(74) = le'%,
Z<75) =Is, Z(ﬁ) = K'e"eﬂ7 4)

K= m, Oy = arg(?) -3

Finally, from (4) and (3) :

Z(O?) =0.5(11€" — I+ 14¢'%) + Ke'%
Xg = Real(Z(OF)) 5)
Y = Img(Z(OF))

The Jacobian matrix can be found by a direct differenti-
ation of the end effector £ coordinates with respect to the
actuated joints 6; and 6s:

J— 9XE/891 aXE/895
B 8YE/(99| 8YE/(995 ’
Equation (6) is used to map the joint-space torques onto

the task-space forces as follows [22]:

Fm=yT¢m (7

(6)

where 7" € R?>*! is the input torque vector presented in the
joint space and F™ € R?>*! is the force vector representing
the mapping of the input torques on the task-space forces.
Note : The rectangular shape of the work-space (see Fig.
4) is choosed to avoid the singularity of the Jaccobian matrix.

B. Dynamic Modeling
To obtain the dynamic equation of motion for the Panto-
graph, the Euler-lagrange method based on Fig.4 is used:
d (8T) aT
dr dg dq
where T is the total energies of the system, g is the state
variable vector g = [0, 6,,64,605]) and Q is the total torque

acting on the system (Motor input torque and the external
human torque).

=0 ®)

The haptic-device is a planar mechanism, the total energies
is only the summation of the kinematic energies of each link
Ii,i=1...4

4
T=Y1, ©)
i=1

The kinetic energies of links (links 1 and 4) that exhibit
rotational motion are given by :

h= %(Il +Imot0r)612 and Ty = %(14 +Imot0r) 952 >
(10)
Links 2 and 3 undergoes translational and rotational motion.
Therefore, their kinetic energy is given by:

Ty = 1163 + 2210 + 303 + 126, 62r21)
;D
;= %139.4% + '"73(&952 +C%9f +l4C39594r54)

where r21 = cos(6, — 0;) and r54 = cos(6s5 — 6y).

The mass m;, the moment of inertia /; and the distance
to the center of mass c¢; of each link are obtained using
SOLIDWORKS. Results are shown in TABLE. II.

Based on (8), the dynamic equation of the haptic interface
in the joint space is given by:

1i(9)G+ Ba(q,4)g = 7" — "man (12)

where 1,(q) € R*¥* and B,(q,q)g € R** are the inertia
matrix and Coriolis damping matrix of the system in the joint
space, respectively. Moreover, T, = [T}, 75 and /" ¢
R?*! are the motors torque input on the active joint and
the human operator torque interaction with the Pantograph,
respectively. In (12) I,(q) is given by

|1 h+md 0 0
In(q) - 0 0 [3 +WL3C% ]34 ) (13)
0 0 I43 Iyg

TABLE II: PARAMETERS OF THE PANTOGRAPH.

link 1 H m; 1,' l,‘ Ci
1 3047 g 32469.88 gmm® 63 mm  21.65 mm
2 14.01 g 27660.59 gmm?®> 75 mm  38.04 mm
3 1509 g 26780.93 gmm*> 75 mm  36.57 mm
4 3047 g 32469.88 gmm® 63 mm  21.65 mm
5 - - 25 mm -




where .

mplicpr2l
I =1 +Im0mr+m2112a I, =Dy = %’

144 = 14 +Im0t0r +m3l§ s 134 = 143 = M s
B, (q,q) is given by:
20,6, —U16, 0 0

| Ui 20,6, 0 0

Bu(a:9)=1| " 0 2065 ~Unbs |’ (14)
0 0 U6, —2U,6,
where

malicasin6 — 6 mzlac3sin Bs — 64

U=——F—F—— A i e B

2 ’ 2 ’
Therefore, we project the equation of motion onto the task-
space to obtain

Ma(q)i+Ca(g, g)% = F" — FMme, (15)
where M,(q) € R**? and C,(q,q)g € R**? are the inertia
and Coriolis damping matrix of the system expressed in the

task-space. F' is the forces vector generated by the motors
at the end effector F™ = J Tt = [F™ Fm]/ . Fhman ig the

X 7y

human input force vector F/man — [Fxh,F)h]’
A solution of each problem is proposed in [23], with
M,(q) and Cy,(q,q)q is given by
_ 7T ~1

Ca(q) =T "Bu(q)I " =M, (g)JT 7",

with J € R?** a Jacobian matrix including the passive links
of the haptic device and it is given by

aXE/89| O O 3XE/965

= |ove/ae, 0 0 e/oes|” an

IV. OBSERVER DESIGN AND CONTROL
A. Instrumentation

The two DC motors are controlled with a current /. For
this reason, A Quanser two-channel Linear Power Amplifier
(LCA) is used. The purpose of using LCA is to ensure the
current stability output / for a reference voltage input V
with I = aV where « is the amplifying factor.

: Pantograph L
v I i :
DAC —> Motors gt :
: Encoder | .

Incremental
DS 1007 4—— Encoder
Processor

Interface

TF -

Fig. 5: Block diagram of the experimental component con-
nection.

An Incremental Encoder Interface DS3001 is used to
provide the absolute rotation angle from the output Optical
Encoder signal.The Real-time control of the system is im-
plemented using a DSpace DS1007 processor with Digital to
Analog Converter DAC DS2102 that provide an analog output
voltage signal. The instrumentation architecture to control the
torque generation of the haptic-device is shown in Fig. 5.

B. Disturbance Observer Based Control

The Pantograph’s dynamic equation of motion in the task-
space is expressed in equation (15). From this equation, the
human force applied on the haptic-device is:

Fhuman — pm M, (q)% — C(q,4)%, (18)

According to Newton’s third law, the human force sensa-
tion Fsh is given by:

F;h — Fhuman. (19)

From (18) and (19), if the desired force F.r was applied
directly on the system F™ = F.r, we would have two
situation:

« In static mode, x =0 and X = 0, the human senses only
the force F,

e In dynamic mode, the influence of the inertia and
Coriolis forces appears in the human force sensing.

If control input is calculated without considering the influ-
ence of the inertia and Coriolis forces, the human force sens-
ing can be changed. For this reason, the control force input
F™ of pantograph motors to be generated is developed to
mask these influences and to have a uniform force sensation
in dynamic like a static mode.

The aim of the control input F™ is to ensure that the human
force sensing F! is equal to the desired force Fy.r. From (18)
and taking F"ma" = F,, .. F™ can be obtained by

F" = Fref +M, (Q)x—’_cn (q’Q)x’
S =

Flnertia

(20)

[FCoriolis

FCoriolis s calculated and fed back to cancel out the
Coriolis force influence.

By feeding back the Coriolis force in the overall control
F™, (15) can be written as follows

M, (q)i+ Fhman — p(p), (21)

disturbance

Here, we consider the human force F"Man a5 an external
disturbance. This disturbance can be estimated through the
following filter [21]:

d e Frman — 8 (F 4 g M, ()5) — g % Ma(q)%,

s+g @2)

where d is the total estimated disturbance force, Fhuman ig
the estimated human force and g is the gain observer. In
general, the selection of g should be large enough to cover the
dynamical frequency range of the motion of the Pantograph.
The observer output is the human force estimation that is
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Fig. 6: Block diagram of the the global control scheme.

used to obtain an estimation of the inertia force M,(q)%,
where:

FInertia =M, (q))’c\ —F— I’;‘vhuman, (23)

Therefore, F/"¢"@ is added in the control input to eliminate
the inertia force influence.

Fig. 6 rshows the global control block diagram of the
Pantograph to improve the human sensing. The control
input F™ is transformed into torques through the Jacobian
matrix. The current I” needed to ensure the torque control
is obtained through the torque constant of the motors Kj.
The digital current input /° is converted into the analog one
I using the DCA that controls the LCA with voltage signal.

V. EXPERIMENTAL VALIDATION
A. Force Generation

The aim here is to demonstrate that the reference force
F,.y signal defined at the input of the controller (Fig. 6) is
faithfully applied on the point E (Fig.4) of the pantograph.
A Nanol7 (SI-120.12) force sensor is used to measure the
force F in y direction (i.e. F}) generated by the Pantograph
at the point E. Fig. 7 shows the experimental setup for the
validation procedure. The block diagram of Fig. 6 is adopted
to control the Pantograph. The results are represented in Fig.
8. Based on this results, The pantograph can generate forces
with an error less than 0.007N and a response time = 0.1s.

Reference force
sensor Nano17

contact point (E)_‘!

Fig. 7: Experimental setup for force measurement.
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Fig. 8: Experimental measurement of the generated force by
the Pantograph.

B. Observer Validation

After the validation of the forces generated by the Pan-
tograph, the next step is to validate the DOBC output for
our system without taking in consideration inertia force
feedback.

Different values of F,.r have been applied to the Panto-
graph, namely 0.01 N, 0.05 N and 0.1 N without the presence
of human operator on the haptic interface. Therefore, the
observer must provide a signal that tends to zero in steady
state. Fig. 9 shows the outputs of the DOBC for different
input forces values.

From (15) and applying

Fm — ref+FC0ri0Hs, (24)

the equation become
M, (Q)x = Fref (25)

In the absence of human operator, the pantograph moves
freely. Only the control force F,.r and the inertia force
Finertia — Mo (g)i are acting on the displacement of the
system. The results presented in Fig 9 correspond well with
our objectives. The DOBC applied is able to estimate an
approximate zero human force interaction on the system
Fhuman () Based on the disturbance output Ffhuman - the
estimation of the inertia force is achieved F/™"@ ~ F,, f-

C. Human Force sensing

After the validation of the generated forces, the human
force and the inertia force estimation through the DOBC, this
section discusses the improvement of human force sensing.

F,y= 001N F,ey=0.05 N
002 " poan
Z 001 Z004} |
8 8O 02
& o e
| A
-0.01 0
0 5 10 15 0 1 2 3 4
Time (s) Time (s)
Frej=01N
__ prinertia
—Frey
.~ _ frhuman
\L IMV.’V‘I L I
0.2 0.4 0.6 0.8 1 1.2
Time (s)

Fig. 9: Experimental Validation of the observer output.
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(b) The rejection of the inertia force influence F Inertia from
the human force feeling £/ with control force F™ as (20).

Fig. 10: Comparison of the human force feeling with and
without Pantograph dynamic rejection for low dynamic
manipulation.

As mentioned in Section IV-B, the human force sensation
is affected by the dynamic of the haptic interface. For this
reason, the block diagram represented in Fig. 6 is adopted to
control the Pantograph in order to improve the human force
feeling. The Figures 10 and 11 show a comparison of the
human force feeling with and without taking into consider-
ation the disturbance rejection for slow motion and speed
motion applied by the human operator on the Pantograph.
The human force feeling £ is obtained from the DOBC
(22).

Let us recall that the objective is that Fhuman — Frey.
The experimental results of Fig.10 are obtained for low
dynamic motion of the human. In other words, when the
human moves the pantograph at point E (Fig.4) slowly. It
can be observed that without the observer based disturbance
rejection (Fig.10 (a)), F™" is not equal to Frer. With the
disturbance rejection, the condition F’ human — g 7 is satisfied.
Fig.11 demonstrate that the objective is also obtained when
the human moves the pantograph with a faster motion. This
is the first time in the literature that such a result is obtained
for pantograph type haptic interfaces.

D. Positioning with respect force sensing

The perception of the human at its fingertip is limited to
10 mN [24]. This value changes from operator to another
one and varies depending on various parameter such as
temperature, humidity, sex , age, etc... .

Force (N) W.r.t X axis

Time (s)

(a) The inﬂuepce of the inertia force FMe™id on the human
force feeling F human ith control force F™ (F™ = Frer)

X E
-+ —_ frhuman
= A
Z o
[0)
0-0.11
O
(NN

_02 1 1 1 1 1 1

2 4 6 8 10 12
Time (s)

(b) The rejection of the inertia force influence F Inertia from
the human force feeling /%" with control force F™ as (20).

Fig. 11: Comparison of the human force feeling with and
without Pantograph dynamic rejection for high dynamic
manipulation

The feeling of such force is affected by the inertial forces
for low and high dynamic. In this section, we study the
influence of the perturbation rejection on the positioning of
pantograph with respect the force feed backed to the dynamic
model for the pantograph. for this reason, the reference force
is generated as follow :

{ Fpin if X € [20,30] U[40,50] U [60,100] mm
Fref = 0

else.
where F;, is the minimum force detectable by the human
operator Fpi, = 10 mN
The Figures 12 and 13 show a comparison for the human
force feeling with and without taking into consideration the
disturbances rejection for low and high dynamic respectively.
The Figures 12 and 13 show a comparison for the human
force feeling with and without taking into consideration the
disturbances rejection for low and high dynamic respectively.
Without perturbation rejection, For low and high dynamic,
Fig. 12 -A- and 13 -A-, the inertia force F' Inertia that act on
the system dominate the force generated F.r. For that, the
human operator cannot distinguish the variation of the force
which implies a difficulties to positioning with respect the
force sensed. However, with the rejection of the perturbation,
the inertia force is masked and the users can distinguish
clearly the variation of the force on the specified position
for a positioning with respect the force feeling.

VI. CONCLUSIONS

This paper has dealt with the dynamic modeling of a Pan-
tograph type haptic interface and a Disturbance-Observer-
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Based Control (DOBC) to improve the human force feel-
ing during a robotic collaborative task. A comprehensive
dynamic model has been proposed and has been used to
design the observer. Experimental validations have shown
the effectiveness of such approach to estimate the external
human force with response time less than 0.2sec. The
designed controller is able to reject unwanted perturbation
forces due to the dynamic of the interface for low and high
human dynamic inputs and achieved a feeling for a 10 mN
variation of force (the limit for the human sensation). This
result along with experimental validations has never been
reported in the literature for Pantograph type interfaces. This
is a key point to enable the human to take right decisions in
a collaborative task.
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