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Abstract— Collaborative robotics allows merging the best
capabilities of humans and robots to perform complex tasks.
This allows the user to interact with remote and directly
inaccessible environments such as the micro-scale world. This
interaction is made possible by the bidirectional exchange of
information (displacement - force) between the user and the
environment through a haptic interface. The effectiveness of
the human/robot interaction is highly dependent on how the
human feels the forces. This is a key point to enable humans to
make the right decisions in a collaborative task. This paper
discusses the design of a dynamic observer to estimate the
forces applied by a human operator on a class of parallel
pantograph-type haptic interfaces used to control small-scale
robotic systems. The objective is to reject disturbances in order
to improve the human force perception capability over a wide
frequency range. A dynamic pantograph model is proposed and
experimentally validated. The observer is designed on the basis
of the proposed dynamic model and its efficiency in estimating
the applied human force is demonstrated for the first time
with pantograph-type interfaces. Experimental validation first
shows the effectiveness of the perturbation observer for external
human force estimation with a response time of less than 0.2 s
and a mean error of less than 7 mN and then the effectiveness
of the controller in improving the quality of human sensation
of forces down to 10 mN.

I. INTRODUCTION
Performing efficient and safe robotic tasks in the small

scales (1 nm−100 µm) in an automated or remotely operated
manner has been one of the main challenges in recent
years. Several robotic systems with high resolution, precision
and flexibility are now available [1], but they are not
yet intelligent enough to handle complex tasks [2]. For
example, the assembly of micro-mechanical components in a
watch or the assembly of integrated optical devices is often
performed by a human operator, who is able to adapt his
mode of operation when faced with unpredictable situations.
However, the human has not the required capabilities to deal
with the physics at the small scales such as feeling forces at
the micro-Newton and positioning the manipulation tool with
a micrometer resolution. Microrobotic systems are able to
cope with such physical constraints [3] [4] [5], but they are
not able to make intelligent decisions. Collaborative robotics
[6] is a key technology to improve the productivity of robotic
tasks at the micro-scales.

Collaboration between a human and a robot, often re-
ferred to as cobotics, is characterized by direct or indirect
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interaction between the human and the robot to achieve a
common objective. Much work on robotics at the macro scale
has shown the effectiveness of the collaborative approach
to perform tasks in the industrial, military, agricultural and
surgical fields [7] [8] [9] [10] [11] [12]. At the micro scale,
tele-operated and automated approaches have demonstrated
their efficiency and complementarity in various applications
such as micro-assembly [13] [14] [15] [16] [17] and biology
[18] [19]. Usually a micro-robot (e.g. a micro-positioner)

with a force feeling capability is coupled to a haptic interface.
It is manipulated by a human operator and allows him to
feel the forces applied by the micro-robot and to control
the movement of the end effector [14] [20]. One of the
main problems is that the force felt by the human is not
only the force proportional to that returned by the micro-
robot effector, but also the undesirable inertial and frictional
forces of the haptic interface as well as the disruptive forces
generated by the human. For a better force feeling, these
undesirable perturbations must be suppressed [21].

This paper deals with human applied force estimation and
disturbance rejection for a fine force feeling over a wide
frequency range. Such issue is essential for effective human
decision-making in a collaborative task. In this study, we
focus on the pantograph-type interface originally presented
in [22] [23], whose main advantage is that it has a
uniform response over the entire range of human tactile
frequencies [20]. The objective is to design a disturbance
observer based on a dynamic model of the pantograph. The
observer aims to estimate the force applied by humans on the
interface and to reject undesirable disturbances in order to
better feel the forces returned by the robot’s effector. Several
Disturbance-Observer-Based Control (DOBC) methods have
been reported in the literature [24] but none of them have
been designed and experimentally validated for pantograph-
type interfaces.

The remainder of this paper is organized as follows. Sec-
tion II describes the architecture and purpose of a disturbance
observer. The main architecture and characteristics of the
pantograph studied in this article are described in section III.
Pantograph modeling is presented in IV. Section V deals with
the observer design by considering the dynamic model of the
pantograph and the control strategy. Experimental validations
are presented in sections VI and VII.

II. DISTURBANCE OBSERVER

The basic architecture of a disturbance observer is shown
in Fig. 1 [24]. Such an observers is useful when the distur-
bance d is not measurable.
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Fig. 1: Architecture of a disturbance observer used in a
closed loop control scheme.

G(s) is the model of the system to be controlled, U is
the control input, y is the controlled output, yr is the input
reference, C(s) is the transfer function of the controller, Q(s)
is the transfer function of a filter, d is the input disturbance
and d̂ is the estimated disturbance at the output of the
observer. The filter Q(s) is mainly designed to ensure that the
transfer function Q(s)G(s)−1 is implementable, i.e. the order
of the numerator is less or equal to that of the denominator. It
is often a low-pass filer for which the cutoff frequency must
be chosen to ensure that d̂ = d in the frequency bandwidth
of interest. In this paper, the focus is not on feedback
control using C(s) but mainly on the observer design for the
estimation of the human force applied on the pantograph.

III. PANTOGRAPH

The pantograph is shown in Fig. 2. It consists mainly of
two DC brushless motors, a parallel mechanical structure
and two optical encoders for measuring the rotation angles
and speed of the motors. The main specifications of each
component are presented in the Table I. The torques τ1 and
τ4 generated at active joints 1 and 4 (Fig. 3) are translated
into forces Fm =

[
Fmx Fmy

]
at the point E . At this point, the

human operator applies and feels the forces. By applying a
force Fh =

[
Fhx Fhy

]
, the end effector moves and its position

is tracked by measuring the rotation angles of joints 1 and
4.

Optical encoders

DC brushless motors

Mechanical links

37 mm

Fig. 2: Pantograph interface at ISIR lab.
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Fig. 3: Geometric representation of the pantograph: (a) di-
mensions, (b) vectors representation and (c) human/interface
interaction forces representation at point E. Fh: human ap-
plied force. Fm: interface applied force without the inertia
effect.

IV. KINEMATIC AND DYNAMIC MODELING

A. Kinematic Modeling

The problem is to find the coordinates XE and YE of the
end effector E from the two measured joint angle θ1 and
θ4 where the optical encoders are mounted (Fig. 3). The
origin frame F0 = {O0,X0,Y 0} 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

−→
Vj , where :

||−→Vj ||= l j, arg
−→
Vj = θ j, Z(

−→
Vj ) = l jeiθ j ,

l j and θ j, are respectively the length and the orientation
angle of the link j as shown in Fig. 3 (a), where j =
1,2,3,4,5.

Z(
−→
Vj ) is the Euler representation of the complex number

represented by the vector
−→
Vj .

To obtain the coordinates XE and YE in the base reference
F0 = {O0,X0,Y 0}, the vector

−−→
O0E must be determined,

TABLE I: Pantograph components specifications

Component Properties Value

Brushless DC Motor
Maxon RE 25

Power 20 W
Nominal torque 24.2 mN.m
Rotor inertia Imotor 9.11 gcm2

Torque constant 16.1 mN.m / A
MicroE systems Inc

optical Encoder
Resolution 100000 CPR
Max speed 8640 RPM

Mechanical linkages 5 light weight alu-
minium linkage –
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where:

Z(
−−→
OoE) = lO0Eeiarg(

−−→
OoE)

= lO0E cos
(

arg(
−−→
OoE)

)
+ ilO0E sin

(
arg(
−−→
OoE)

)
= XE + iYE

(1)
lO0E and arg(

−−−→
OoE) are respectively the length and the angle

of orientation of
−−→
O0E.

Considering Fig. 3 (b) and taking into account the fact
that ||−→V 2|| and ||−→V 3|| are equal (because l2 = l3),

−−→
O0E is

calculated by a summation of vectors:
−−→
O0E =

−→
V 1 +0.5

−→
B +
−→
H ,

−→
B =+

−→
V 4−

−→
V 5−

−→
V 1,

(2)

The vector
−→
H is perpendicular to

−→
B .

Expressing Eq. (2) with the complex representation yields
to:

Z(
−−→
O0E) = Z(

−→
V 1)+0.5Z(

−→
B )+Z(

−→
H ),

Z(
−→
B ) =−Z(

−→
V 4)+Z(

−→
V 5)+Z(

−→
V 1),

(3)

With:

Z(
−→
V 1) = l1eiθ1 , Z(

−→
V 4) = l4eiθ4 ,

Z(
−→
V 5) = l5, Z(

−→
H ) = HeiθH ,

H =

√
l2
2 − ( ||

−→
B ||
2 )2, θH = arg(

−→
B )− π

2 ,

(4)

Finally, from Eq. (4) and (3):

Z(
−−→
O0E) = 0.5(l1eiθ1 − l5 + l4eiθ4)+HeiθH

XE = Real(Z(
−−→
O0E)),YE = Img(Z(

−−→
O0E))

(5)

The Jacobian matrix can be found by a direct differentiation
of the end effector E coordinates with respect to the actuated
joints θ1 and θ4:

J =

[
∂XE
∂θ1

∂XE
∂θ4

∂YE
∂θ1

∂YE
∂θ4

]
, (6)

Eq. (6) can be used to map the joint-space torques onto
the task-space forces as follows [25]:

Fm = JT−1
τm, (7)

where τm =
[
τ1 τ4

]T is the input torque vector presented
in the joint space and Fm =

[
Fmx Fmy

]T is the force applied
by the interface on the contact point E resulting from the
torques τ1 and τ4.

Note : the theoretical work-space of the contact point E
is the red space represented in Fig. 3 . However, the real
workspace is limited to the rectangular surface where the
human operator can move the point E. In this rectangular
space, the singularity of the jacobian matrix is avoided.

B. Dynamic Modeling

To obtain the dynamic equation of motion, the Euler-
lagrange method based on Fig. 3 (c) is used:

∂

∂ t
(

∂T
∂ q̇

)− ∂T
∂q

= Q (8)

where T is the total energies of the system, q is the state
variable vector q = [θ1 θ2 θ3 θ4]

T and Q is the total torque
acting on the system including the pantograph motor input
torque τm and the external human torque τh.

The pantograph is a planar mechanism, the total energies
is only the summation of the kinetic energies Ti of each link,
i = 1 . . .4.

T =
4

∑
i=1

Ti (9)

As shown in Fig. 3 (c), the links 1 and 4 have rotational mo-
tion only whereas the links 2 and 3 undergoes translational
and rotational motion. Therefore, the kinetic energies can be
described as follows:

T1 = 0.5(I1 + Imotor)θ̇
2
1 ,

T2 = 0.5I2θ̇
2
2 +

m2

2
(l2

1 θ̇
2
1 + c2

2θ̇
2
2 + l1c2θ̇1θ̇2r21),

T3 = 0.5I3θ̇
2
3 +

m3

2
(l2

4 θ̇
2
4 + c2

3θ̇
2
3 + l4c3θ̇4θ̇3r54),

T4 = 0.5(I4 + Imotor)θ̇
2
4 ,

(10)

r21 = cos(θ2−θ1) and r54 = cos(θ4−θ3).
where mi and Ii are respectively the mass and the moment

of inertia of a link i. In addition, ci is the distance between
the center of mass of a link i and its rotation joint.

Imotor is the moment of inertia of each of the pantograph
motors. The parameters mi, Ii and ci of each link are obtained
using Solidworks software.

Based on Eq. (8), the dynamic equation of the pantograph
in the joint space is given by:

In(q)q̈+Bn(q, q̇)q̇ = τm− τh, (11)

where In(q)∈R4×4 and Bn(q, q̇)∈R4×4 are the inertia matrix
and Coriolis damping matrix of the system in the joint
space, respectively. Let us recall that τm =

[
τ1 τ4

]T and
τh ∈ R2×1 are the pantograph motor input torque and the
external human torque, respectively. In(q) is given by:

In(q) =


I11 I12 0 0
I21 I2 +m2c2

2 0 0
0 0 I3 +m3c2

3 I34
0 0 I43 I44

 , (12)

where:

I11 = I1 + Imotor +m2l2
1 , I12 = I21 = 0.5(m2l1c2r21),

I44 = I4 + Imotor +m3l2
4 , I34 = I43 = 0.5(m3l5c3r54) ,

Bn(q, q̇) is given by:

Bn(q, q̇) =


2U1θ̇2 −U1θ̇2 0 0
U1θ̇1 −2U1θ̇1 0 0

0 0 2U2θ̇4 −U2θ̇4
0 0 U2θ̇3 −2U2θ̇3

 , (13)

where:

U1 = 0.5(m2l1c2 sin(θ2−θ1)),U2 = 0.5(m3l4c3 sin(θ4−θ3)).

Therefore, we project the equation of motion onto the task-
space to obtain:
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Fig. 4: Block diagram of control scheme with the disturbance
observer.

Mn(q)ẍ+Cn(q, q̇)ẋ = Fm−Fh, (14)

where x =
[
XE YE

]T . In addition, Mn(q) ∈ R2×2 and
Cn(q, q̇)∈R2×2 are the inertia and Coriolis damping matrices
of the system expressed in the task-space.

These matrices can be expressed as follows [26]:

Mn(q) = J−T In(q)J−1,
Cn(q, q̇) = J−T Bn(q)J−1−Mn(q)J̇J−1,

(15)

Where J−1 ∈ R4×2 is the pseudo inverse of the Jacobian
matrix J ∈ R2×4 defined as:

J=

[
∂XE
∂θ1

0 0 ∂XE
∂θ4

∂YE
∂θ1

0 0 ∂YE
∂θ4

]
. (16)

In the pantograph, the force Cn(q, q̇)ẋ is negligible com-
pared to Mn(q)ẍ. Therefore, the equation (14) is simplified
as follows:

Mn(q)ẍ = Fm−Fh, (17)

In the sequel, an observer based on the scheme of Fig. 1
will be designed to estimate the disturbance Fh. The matrix
Mn(q) will be used as an internal model for the observer
design.

V. DISTURBANCE OBSERVER DESIGN FOR THE
PANTOGRAPH

From equation (17), the force Fh applied by the human on
the point E of the pantograph (Fig.3 (c)) is:

Fh = Fm−Finertia,

Finertia = Mn(q)ẍ,
(18)

Let us consider Fre f a desired reference force that the human
has to feel at the point E. The aim is that the human feels
the force Fre f without the effect of the pantograph inertia,
i.e. Fh = Fre f = Fm−Finertia. From Eq. (18), in static mode,
ẍ= 0, the human senses only the force Fm. In dynamic mode,
the influence of the inertia force Finertia = Mn(q)ẍ appears in
the human force feeling.

Therefore, the main idea is to consider Fh as a disturbance
to be estimated and to use the estimated signal F̂h in order to
cancel Finertia so that the human feels only Fre f , i.e. Fh =Fre f .
Fig. 4 shows the control block diagram of the pantograph to
improve the human feeling. The force Fm is translated into
torques through the Jacobian matrix. The current IC needed

Fig. 5: Experimental setup for force measurement.

to ensure the torque control is obtained through the torque
constant of the motors KI . Initially IC was a digital current
that has been converted into an analog current using a Digital
to Analog Converter (DAC) and a Linear Power Amplifier
(LCA). The disturbance Fh can be estimated through the
observer whose inputs are Fm and ẋ.

The observer equation is described as follows:

F̂h = (Q(s)(Fm +g×Mn(q)ẋ))−g×Mn(q)ẋ (19)

where Q(s) = g
s+g is a low pass filer with a cut of fre-

quency ωc = g = 540 rad/s that is selected large enough to
cover the dynamic frequency range of pantograph movement.
Proof of the observer:

F̂h = [Q(s)(Fm +gMn(q)ẋ)]−gMn(q)ẋ

= Q(s)Fm +Q(s)gMn(q)ẋ−gMn(q)ẋ

= Q(s)Fm +(Q(s)−1)gMn(q)ẋ

= (
g

s+g
)× (Fm−Mn(q)sẋ)

= (
g

s+g
)× (Fm−Mn(q)ẍ)

= (
g

s+g
)× (Fm−Finertia)

= (
g

s+g
)×Fh

(20)

Therefore, F̂h is a filtered estimation of Fh.
With such a scheme, one can obtain (Fig. 4):

Fm = Fre f + F̂inertia

= Fre f +Fm−Fh
(21)

Hence: Fre f = Fh.

VI. EXPERIMENTAL VALIDATION

The control scheme of Fig. 4 is designed using Mat-
lab/Simulink and is implemented through a dSPACE con-
troller board.

A. Force Generation

The aim here is to demonstrate that the reference force
Fre f signal defined at the input of the control scheme of Fig.
4 is faithfully applied on the point E of the pantograph (Fig.
3 (c)). A Nano17 (SI-120.12) force sensor is used to measure
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the force Fmy in y direction generated by the pantograph at
the point E as shown in Fig. 3 (c). The experimental setup
for the validation procedure is shown in Fig. 5. The block
diagram of Fig. 4 is used to control the pantograph.

The results are represented in Fig. 6. Based on these
results, the pantograph can generate desired reference forces
at the point E with an error less than 7 mN and a response
time ≈ 0.1s. This validation is of importance because it first
shows the effectiveness of the pantograph model that is used
in Fig. 4 and it demonstrates that the force felt by the human
at the point E will be the force Fre f when the inertia force
is cancelled.

B. Observer Validation

The aim here is to evaluate the effectiveness of the
observer for the estimation of the human force Fh. For that
purpose, the force feedback F̂inertia is not considered, i.e.
Fm = Fre f

The idea here is to consider that when the point E of the
pantograph is free, i.e. no interaction with a human, for a
constant reference force Fre f , the output of the observer F̂h
must tends towards 0 when the time t→ ∞.

Different values of Fre f are applied to the pantograph,
namely 0.01 N, 0.05 N and 0.1 N without the presence of the
human operator on the pantograph interface. Three signals
are considered: Fre f generated by the user, F̂h obtained at the
output of the observer and Finertia deduced from Eq. (18) that
allows to consider Finertia =Fre f − F̂h since Fm =Fre f in these
experiments. Experimental results are shown in Fig. 7. The
estimated human force F̂h always tends towards 0 in steady
state which validate the expectations and therefore validate
the observer experimentally. For the best knowledge of the
authors, this is the first time that the human force estimation
is validated experimentally for pantograph type structures.

Note that Finertia is always the inverse of F̂h with an offset
due to Fre f .

C. Human Force Feeling

The aim here is to analyze experimentally how the human
force feeling is improved with the control scheme of Fig. 4
using the observer and the force feedback F̂inertia. Without
loss of generality, the experiments are performed considering
x axis. The same results can be observed when considering
y axis.
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Fig. 6: Experimental measurements of the generated force
by the pantograph Fmy at the point E.
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Fig. 7: Measurements of Fre f , F̂h and Finertia for the validation
of the observer.

The experiments are performed as follows. A constant
reference force Fre f = 0.1 N is defined as the input of the
control scheme of Fig. 4. The human operator moves the
points E of the pantograph in two ways. The first one is
referred as slow motion when the human motion does not
produce significant inertia forces Finertia from the interface.
The second one is referred as fast motion when the human
motion produces significant inertia forces Finertia from the
interface.

Theses two ways of motion are of importance because the
effectiveness of the control scheme of Fig. 4 and therefore
the effectiveness of the fine human force feeling must be val-
idated regardless of the way the human uses the pantograph.
For each ways of motion the experiments are performed with
F̂inertia force feedback (i.e. Fm = Fre f + F̂inertia) and without
F̂inertia force feedback (i.e. Fm = Fre f ).

For slow motion experiments, the results are shown in Fig.

Fig. 8: Slow motion experiments. Comparison between the
human force F̂h and the reference force Fre f (a) without
F̂inertia force feedback (i.e. Fm = Fre f ) and (b) with F̂inertia
force feedback (i.e. Fm = Fre f + F̂inertia).
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Fig. 9: Fast motion experiments. Comparison between the
human force F̂h and the reference force Fre f (a) without
F̂inertia force feedback (i.e. Fm = Fre f ) and (b) with F̂inertia
force feedback (i.e. Fm = Fre f + F̂inertia).

Fig. 10: Slow motion experiments. Comparison between the
human force F̂h and the reference force Fre f (a) without
F̂inertia force feedback and (b) with F̂inertia force feedback.

8. The inertia force F̂inertia is close to zeros. But even in this
case, it affects the human feeling F̂m when no force feedback
is applied on the control scheme (Fig. 8 (a)). When the force
feedback is applied, the human feels a force F̂m that has the
same amplitude as the reference force Fre f (Fig. 8 (b)). For
fast motion experiments, the results are shown in Fig. 9.
The inertia force F̂inertia is much higher than previously. It
greatly affects the human feeling F̂m when no force feedback
is applied on the control scheme (Fig. 9 (a)). When the force
feedback is applied, the human feels a force F̂m that has the
same amplitude as the reference force Fre f (Fig. 9 (b)).

Fig. 11: Fast motion experiments. Comparison between the
human force F̂h and the reference force Fre f (a) without
F̂inertia force feedback and (b) with F̂inertia force feedback.

These results validate the transparency of the pantograph
interface with the observer design.

VII. POSITIONING WITH RESPECT TO FORCE FEELING

The perception of the human at the tip of his finger is
limited to 10 mN [27]. This value varies from one operator
to another and is affected by various parameters such as
temperature, humidity, age, etc. In this section, we analyze
the possibility of using the pantograph with the observer for
force feeling at the limit of human perception.

The experiments of section VI-C have shown that the
perception of force as small as 0.1 N = 100 mN is affected by
the pantograph inertia force Finertia without force rejection,
but the feeling is much better when applying inertia force
rejection. Here, we analyze if the inertia force rejection with
the observer is good enough to feel the limit of perception,
i.e. Fre f = 10 mN.

Therefore, the reference force Fre f is here generated as
shown in Fig. 10 and Fig. 11 for slow motion and fast motion
modes. These results clearly indicate that even with a fast
motion mode, a force as small as 10 mN can be transmitted
at the point E free from other perturbation forces even when
the inertia force amplitude reaches 20 times the value of Fre f
as shown in Fig. 11 (b).

VIII. CONCLUSIONS

This paper investigated the design and implementation of
a disturbance observer for pantograph-type parallel haptic
interfaces. The aim has been to improve the human force
feeling for micro-robotic collaborative tasks. A dynamic
model of the pantograph has been proposed. This model
was used for the observer design. The idea was to consider
the human force as a disturbance to be estimated and to
use the estimated signal to cancel the inertial forces of the
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pantograph so that the human feels only a desired reference
force. The effectiveness of the observer in estimating applied
human forces has been experimentally validated. The control
structure with inertial force rejection has experimentally
demonstrated the ability to detect forces as small as 10 mN
even when the magnitude of the inertial force reaches 20
times the value of the reference force. The proposed observer
design with the pantograph interface is the first step toward
collaborative robotics applications at the small scales where
the force feeling in dynamic motion modes is of primary
importance. The main perspective of this work is to use the
pantograph with the observer for collaborative micro-robotic
tasks where the reference forces are provided by micro-force
sensors.
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