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Abstract
A flexible robot in lambda configuration has been modeled and built in hardware. This flexible robot includes some passive
joints and flexible bodies and is an underactuated system. In order to control a very flexible underactuated system, using all
states of the modeled nonlinear system is advantageous. Since there is no direct measurement of the end-effector positions
and all modeled system states available, a nonlinear observer to estimate the states, the rigid motion of the passive joints
and the elastic deformation of the flexible bodies, is designed based on the high gain observer method and experimentally
tested on the lambda robot. Using the observed results from the nonlinear observer, the model of the robot used for control is
improved so that the end-effector tracking error is drastically decreased. Based on the improved model, an updated nonlinear
observer is redesigned and implemented on the lambda robot. The experimental results show that the end-effector positions
and the states can be estimated with high accuracy in real-time even for the highly flexible parallel robot.

Keywords Flexible parallel robot · Nonlinear observer · Multibody dynamics · State estimation

1 Introduction

Manipulator designs often intend to providemaximized stiff-
ness to avoid undesired deformations and vibrations. This
results in high accuracy in the end-effector trajectory track-
ing, while it usually includes a drastic mass increase, a poor
weight-to-payload ratio, and high energy consumption. In
contrast, light weight manipulators attract a lot of research
interest because of their complementing advantages. The
advantages of light weight robots include low energy usage,
less mass, and often high working speeds. However, due
to the light weight design, the bodies have a significant
flexibility which yields undesired deformations and vibra-
tions. Therefore, the manipulators are modeled as flexible
multibody systems and the flexibilities must be taken into
account in the control design. Flexible manipulators are typ-
ical examples of underactuatedmultibody systems since they
generally have fewer control inputs than degrees of freedom
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for rigid body motion and deformations. In order to obtain
a good performance in the end-effector trajectory tracking
of a flexible manipulator, an accurate and efficient nonlin-
ear control is necessary. Therefore, to control the flexible
multibody system with high performance, using accurate
models is required. Hence, the flexibility of the links shall be
considered in the model. The difficulty of designing a non-
linear controller with high performance for high flexibility is
increased when the controller does not have access to direct
measurement of the end-effector and all the system states. To
overcome this problem, the design of a nonlinear observer to
estimate the position of end-effector and the system states is
necessary.

Much research has been done on the modeling and
dynamic analysis of flexible multibody systems. The model-
ing of flexible multibody robots is separated into single-link
and multi-link flexible manipulators. The single-link flexible
manipulator modeling approaches can be categorized, e.g.,
into assumed mode method, finite element method, lumped
parameter models, and other studies based on [1]. Also, the
modeling of multi-link flexible manipulators is investigated
in many contributions, especially for the modeling of two
flexible link manipulators [2], or for more than two flexible
links [3–6]. Furthermore, the modeling of rigid-flexible link
manipulators has been investigated [7].
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Observers are widely used in order to estimate the full
state of a modeled system, see e.g. for the linear systems [8],
for velocity estimation of the rigid joints [9], for state esti-
mation of non-minimum and minimum phase systems [10],
and for state estimation under high frequency measurement
noise [11,12].

State estimation of a single flexible link manipulator and
flexible multibody systems are investigated, e.g. the design
of a linear observer for a flexible multibody system without
passive joint [3] for observing the measurement noises, sim-
ulation of the observer design for a flexible beam [13,14].
So far, experimental research is focused on the observation
of a flexible beam to estimate the vibration using a laser dis-
placement sensor [15]. Also, for the flexible lambda robot,
a nonlinear state estimation using Unscented Kalman Filter
was designed [16] to control the end-effector position based
on the rigid model.

Main problems of the flexible-link manipulator control
can be categorized into end-effector position control, rest
to rest end-effector motion control in fixed time, trajec-
tory tracking in the joint space, and tracking of desired
end-effector trajectory in [17]. Model-based control meth-
ods often use feedforward controllers and non model-based
approaches often use feedback controllers [18]. Controller
design and implementation on a single flexible link manip-
ulator in simulation [19] and experiment [20], and control
a two-link flexible serial manipulator in simulation [21] are
discussed.

In this research, we used the model-based controllers to
reach high accuracy and high performance for controlling the
end-effector positions and the joints control of a multi-link
flexiblemanipulator. Here, themodel-based control is used to
solve the inverse dynamics using a two points boundary value
problem and finding the desired trajectory. In the feedback
controller part, the static controller is used to track the desired
trajectories for actuated joints.

The novelty of this work is, that a nonlinear high gain
observer for high-speed trajectory tracking of a very flexible
parallel robot is designedwhich only uses the position and the
velocity measurement of the prismatic joints and the defor-
mation of the long flexible link to estimate the finite number
of elastic, passive states, and end-effector position. The main
novelty of this paper is not the theoretical part instead, it is in
the experimental part where the high gain observer method
is applied for a very complicated flexible system. This sys-
tem includes a lot of mechanical hardware challenges such
as passive joints and very flexible links that are contained in
the flexible multibody system of the lambda robot.

This nonlinear observer is simulated and implemented
on the lambda robot. Experimental results of the designed
observer show that the lambda robot does not behave pre-
cisely as the model. Therefore, the model is updated by
observing the system behavior and comparing it with the

Fig. 1 Mechanical setup of the lambda manipulator

experiment. Using the updated model, the feedforward con-
troller calculates the desired sets for the feedback controller.
Measurement results show that the tracking error and oscil-
lation amplitude are drastically decreased for the linear and
nonlinear trajectories with high-speedmotion. Also, the non-
linear observer based on the improved model estimates the
system states and the end-effector position with higher accu-
racy. Some experimental results verify the precision of the
observer to estimate the end-effector positions and the elastic
deformations.

The paper is organized as follows: Sect. 2 is about the robot
hardware and Sect. 3 includes the modeling of the flexible
parallel manipulator. In Sect. 4, the formulation and design
of the nonlinear observer are explained. Section 5 includes
control schemes, i.e. the feedforward and feedback control.
In Sect. 6, the proposed observer is executed on the hardware
and the results are discussed.

2 Flexible parallel lambda robot

A flexible robot in lambda configuration which has been
built [22] at the Institute of Engineering and Computational
Mechanics of theUniversity of Stuttgart can be seen in Fig. 1.

This robot has highly flexible links. The links of the robot
are very flexible and they have high oscillation amplitude
compared to the length of the links. The end of the short link
is connected in the middle of the long link using rigid bodies.
The robot has two prismatic actuators connecting the links to
the ground. The links are connected using passive revolute
joints to the linear actuators. Another revolute joint is used
to connect the short link and the middle of the long link. An
additional rigid body is attached to the free end of the long
link as an end-effector. The drive positions and velocities are
measured with optical encoders. Two full Wheatstone bridge
strain gauges are attached to measure the deformation of the
flexible long link. These strain gauges are installed at two
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first joint
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Fig. 2 Flexible long link

sides of the passive joints on the long link can be seen in
Fig. 1. This passive joint is used to connect the end of the
short link and the middle of the long link.

The online control is done with a Speedgoat performance
real-time target machine running Mathworks xPCtarget
kernel, which is called Simulink Real-Time since Matlab
R2014a. In order to do the control and have access to the
input, output, safety logic, and controller of the lambda robot
and their communication, a graphical user interface is avail-
able [23].

3 Flexible multibodymodeling

The modeling process can be separated into three major
steps. First, the flexible components of the system are mod-
eled with the linear finite element method in the commercial
finite element code ANSYS. Next, for online control, the
degrees of freedom of the flexible bodies shall be decreased.
Therefore, model order reduction is utilized [22] usingMat-
Morembs [24]. Then, all the rigid and flexible parts are
modeled as a multibody system with a kinematic loop using
the academic multibody code Neweul-M2 [25].

The flexible beams, i.e. the thin parts of the long link, are
shown in Fig. 2 and aremodeled usingTimoshenko beamele-
ments. For each beam, one hundred beam elements, that are
constrained to the horizontal plane, are used. Additionally,
the rigid bodies, e.g. the passive joints and the end-effector,
are attached to the flexible segments. So, the defined elastic
bodies include two hundred beam elements and some rigid
bodies yielding in total to about six hundred degrees of free-
dom [22]. Also, the movement constraint of the link shall be
taken into account. Therefore, two translations for the nodal
frame at the first joint and one translation for the second joint
are locked. Next, the modal analysis is utilized to determine
the natural frequencies and mode shapes of the long link
in ANSYS. The overall rigid body motion of the long link
is described by a nonlinear approach while the small elastic
deformation around this guiding motion are modeled as a
linear system with some mode shapes.

In the next step, the ANSYS output is used for model order
reduction in MatMorembs. The modal model order reduc-
tion method is used to reduce the order of flexible multibody
model. The reduced flexible link model is exported to the
SID-file format [26].

Finally, the flexible long link, the short link, two linear
drivers and three revolute joints are assembled as a flexible
multibody system in Neweul-M2. The equation of motion
with a kinematic loop constraint, using the generalized coor-
dinates q ∈ R

n is

M(q)q̈ + k(q, q̇) = g(q, q̇) + Bu + CT(q)λ, (1a)

c(q) = 0. (1b)

The symmetric, positive definite mass matrix M ∈ R
n×n

depends on the joint angles and the elastic coordinates. The
vector k ∈ R

n contains the generalized centrifugal, Coriolis
and Euler forces, and g ∈ R

n includes the vector of applied
forces and inner forces due to the body elasticity. The input
matrix B ∈ R

n×p maps the input vector u ∈ R
p to the

system. The constraint equations are defined by c ∈ R
m .

The Jacobian matrix of the constraint C = ∂ (c(q))/∂q ∈
R
m×n maps the reaction force λ ∈ R

m due to the kinematic
loop. Using QR decomposition of the Jacobian matrix of the
constraints, the term CTλ can be removed [5]. The equation
of motion can be formulated as

M(q)q̈ + k(q̇, q) = g(q̇, q) + B(q)u. (2)

The lambda robot model is a strongly nonlinear system.
It includes e.g. the coupling of the flexible and rigid bodies
which requires a nonlinear description of motion. Nonlinear
functions such as sine or cosine of occurring angles, and
quadratic functions of the generalized coordinates show up
in the formulation. A linearized of the systembehaviorwould
only be feasible if only small motions are performed which
is certainly not the case here.

Figure 3 shows the flexible parallel lambda robot in
Neweul-M2. The lambda robot ismodeledwith ten degrees of
freedom q ∈ R

10. Thegeneralized coordinates q = [qe, qr ]T
include the elastic coordinates of the long link qe ∈ R

6 and
the rigid degrees of freedom qr ∈ R

4. The vector of rigid
body coordinates includes two active prismatic joint posi-
tions (s1, s2) and two passive revolute joint angles (α1, α2)

which are shown in Fig. 3.
The nonlinear dynamic equation of motion of the lambda

robot can be written in state space form as

ẋ = Ax + d(x) + H(x)u, (3a)

y = Wx. (3b)
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Fig. 3 Flexible parallel lambda robot

Here x = [x1, x2]T ∈ R
20 are the system states, x1 = q and

x2 = q̇, which are the generalized coordinates and deriva-
tives of the generalized coordinates. The constant matrix
A ∈ R

20×20 is the linear part of the system dynamics,
d ∈ R

20 is the nonlinear part of the system dynamics, and
H ∈ R

20×2 is a nonlinear function depending on the system
states which maps the inputs u ∈ R

2 to the lambda robot.
The inputs of the lambda robot are the current of actuators.
The flexible robot outputs and the output constant matrix are
defined with y ∈ R

5 and W ∈ R
20×5, respectively. The out-

puts of the lambda robot are the position and the velocity of
the prismatic joints and the deformation of the flexible long
link.

4 Nonlinear observer

Now, a nonlinear high gain observer for the lambda robot is
introduced to estimate the states and the end-effector posi-
tion. To this end, the dynamics description of the lambda
robot in state space form, Eq. (3), can be written as

ẋ = Ax + f (x), (4a)

y = Wx, (4b)

where f (x) ∈ R
20 is a nonlinear function

f (x) = d(x) + H(x)u. (5)

State estimation for the system inEq. (4) is used to design a
nonlinear high gain observer based on themethods in [27,28].
The dynamics of the proposed observer is formulated as

˙̂x = Ax̂ + f (x̂) + L( ŷ − y), (6a)

ŷ = Wx̂, (6b)

where x̂ and ŷ are the estimated states and outputs of
the observed system, respectively. Therefore, the observer
gain L ∈ R

20×5 shall be designed somehow such that the
estimated states converge to the real system states. The obser-
vation error is different between the estimated and real system
states and is calculated by e = x̂ − x. The dynamics of the
estimation error is obtained

ė = (A + LW)e + ( f (x̂) − f (x)). (7)

If the nonlinear dynamic error in Eq. (7) converges asymp-
totically to zero, it can be concluded that the estimated states
converge to the real system states. For this purpose, the Lya-
punov function and the Lipschitz condition are used. The
Lyapunov candidate function is defined as a positive definite
function with a unique positive definite matrix P ∈ R

20×20

V (e) = eT Pe. (8)

The derivative of the Lyapunov function is calculated as

V̇ (e) = eT ((A + LW)T P + P(A + LW))e

+ ( f (x̂) − f (x))T Pe + eT P( f (x̂) − f (x)).

(9)

The derivative of the Lyapunov function must be negative
to ensure that the estimation error converges asymptoti-
cally to zero. Towards this goal, an additional constraint is
required. The nonlinear function of the lambda robot f (x)

must satisfy the Lipschitz condition, too. Based on the Lip-
schitz condition, there exists a constant G such that

‖ f (x̂i ) − f (xi )‖ � G‖x̂i − xi‖, ∀i = 1, . . . , 20 (10)

for all x and x̂. Also, there exists a positive definite matrix
Q ∈ R

20×20 that is defined from

(A + LW)T P + P(A + LW) = − 2Q. (11)

Therefore, for Eq. (9), the following inequality is valid

V̇ (e) � − 2eT Qe + 2G‖Pe‖‖e‖
� (− 2σmin(Q) + 2Gσmax(P))‖e‖2. (12)

Here, σmin(Q) is the minimum singular value of the matrix
Q and σmax(P) is the maximum singular value of the matrix
P . In order to have a negative derivative of the candidate
Lyapunov function V , the inequality for the matrices Q and
P must be hold
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feedforward feedback lambda
robot
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Ee

x̂

controller controller
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real-time process

offline part online part

nonlinear observer

Fig. 4 Control block diagram

σmin(Q)

σmax(P)
� G. (13)

The estimated states converge to the real systemmeasure-
ments if all the conditions on the defined matrices L, Q, and
P are satisfied. Figure 4 shows how the observer is included
in the real-time process. The values x̂ and Ee are outputs
of the nonlinear observer, i.e. the estimated states and end-
effector positions, respectively.

5 Control schemes

The lambda robot control strategy is separated into feedfor-
ward and feedback control parts. In the feedforward control
part, the desired trajectories for system states are calculated
using a two-point boundary value problemas offlinewhile the
flexible multibody system is a non-minimum phase system
with internal dynamics. The results of the feedforward part
are the desired values for the feedback control part. The feed-
back controller is executed to minimize the actuator tracking
error in real-time.

5.1 Feedforward control part

The feedforward controller is obtained by solving a two-point
boundary value problem for the exact model inversion of the
complete dynamicalmodel of themultibody system. To force
the end-effector to track a trajectory, an additional constraint
equation, so-called servo constraint [29], is augmented to the
equation of motion (1). The equation of motion with the new
servo constraint can be written as

Mq̈ + k(q̇, q) = g(q̇, q) + Bu + CTλ, (14a)

c(q) = 0, (14b)

s(t, q) = 0. (14c)

These differential-algebraic equations describe the inverse
model of the multibody system with some constraints. The
lambda robot has an internal dynamics since it includes pas-
sive joints and flexible states as underactuated generalized
coordinates. That means that, a part of the dynamics, which
includes the passive and flexible states, is not observable.
Since the internal dynamics is not solvable for the inverse

motor
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Fig. 5 Feedback control block diagram

dynamics, the servo constraint is defined to obtain the desired
sets of the generalized coordinates for a certain path. In the
end-effector trajectory tracking, the internal dynamics of the
flexible multibody system is unstable because the inputs do
not have control over them. Therefore, the equation ofmotion
with constraints is required to solve the two-point boundary
value problem, which results in bounded interval values for
the system inputs and for theminimized coordinates and their
time derivatives.

The solution of the boundary value problem is computed
in Matlab using the solver bvp5c. The boundary conditions
are calculated in such a way that the solution starts on the
unstable manifold and ends on the stable manifold of the
internal dynamics. This can be seen from the experimental
results of the end-effector vibration in the first milliseconds
of trajectories. The set values of the dependent coordi-
nates, the independent coordinates, the inputs of the system,
and the Lagrange multipliers are obtained from the con-
straint equations on the position, velocity, and acceleration
level.

5.2 Feedback control part

The desired and measurement values of the position and
velocity of the prismatic joints are compared as the input
for the online controller. The controller computes the input
of the robot in the real-time procedure. Figure 5 shows the
online controller procedure of the lambda robot.

The feedback controller part, i.e. the static controller, is
included in the P I controller. The constant gains of the feed-
back controller are selected using Bode plot stability analysis
of the prismatic actuators and experimental tuning of these
gains.

The motor controller sets the current of the servo drives
and the prismatic joint controller that is used to control the
position and the velocity of the prismatic actuators of the
robot. The matrices Pp, Pv , Ip, and Iv are the constant gain
matrices of the feedback controller for the position and veloc-
ity control of the prismatic joints. Here, the desired values
for the position, the velocity, and the feedforward current of
the actuators are referred with sd , ṡd , and u f f , respectively.
Themeasurement values s, ṡ, and u are the position, velocity,
and current of the drivers.
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Fig. 6 Offline image processing result for the recorded movie of end-
effector trajectory tracking

6 Experimental results

6.1 Experiment setup

The controller is tested in real-time on the machine with
250µs sampling time. Therefore, the camera is not applica-
ble for online tracking of the end-effector position and it can
be used only for offline validation. To validate the measure-
ment and estimation results for the end-effector position, a
camera that is installed above of the lambda robot is used.
Two light points are attached on the end-effector and they are
tracked using the offline image processing for the recorded
movie during the robot motion. Figure 6 shows an offline
image processing result of the recorded movie for tracking a
line trajectory.

Furthermore, a strain gauge is used to measure the defor-
mation of the flexible long link to estimate the elastic states
of the lambda robot. To show the accuracy of the estimation
results, the deformation of a strain gauge and the observed
deformation for the long link are compared.

6.2 Model improvement

Now, the proposed nonlinear observer based on the model
in [23] is utilized to estimate the states of the system. Hence,
the computed observation results are compared in Fig. 7 with
the measured image processing results of the end-effector
position. Although in Fig. 7b the estimated elastic coordi-
nates results are closer to the strain gauge measurements, the
estimated end-effector position in Fig. 7a is not really close
to the measured validation results.

As a result, the model of the robot that transfers the gen-
erated coordinates to the end-effector is not yet sufficiently
accurate. Also, the experimental investigation of the lambda
robot shows oscillation frequencies of the model and the real
system are different. Therefore, to solve this problem, the
model and the real systembehavior are carefully investigated.
For this, the model is updated by observing the computed
system behavior and comparing it with the experiment. Con-
sequently, the height and the stiffness of the flexible beams
are decreased. Additionally, the flexibility of the short link
is taken into account for modeling of the lambda robot. The
natural frequencies of the improved model and the model
without improvement for the links are compared in Table 1.
The model without improvement is called model-1 and the
improved model is called model-2.

Table 1 that shows that the eigen frequencies of model-2
are smaller than of model-1. That means that the flexibility
of the long link in model-2 is higher than that of model-

Fig. 7 Measurement and
estimation results of the lambda
robot for a nonlinear trajectory
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Table 1 Frequency comparison
of the links of the two models

Model Link f1 f2 f3 f4 f5 f6

Model-1 Long link 2.49 20.42 37.48 71.18 110.7 145.8

Short link – – – – – –

Model-2 Long link 2.46 20.30 37.23 70.81 110.4 145.5

Short link 13.99 – – – – –

Fig. 8 Feedforward control part
results for the two actuators
based on the two models
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Fig. 9 Comparing the
experimental results of the two
models for tracking a line
trajectory (maximum velocity of
end-effector is equal to
1.2374m/s)
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Fig. 10 Comparing the
experimental results of the two
models for tracking a nonlinear
trajectory (maximum velocity of
end-effector is equal to
1.0245m/s)
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Fig. 11 Comparing the strain
estimation of the long link by
the observers for linear and
nonlinear trajectories
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1. Also, the first eigen frequency of the short link is about
14Hz that is not neglectable and so the short linkmust also be
modeled elastic. Therefore, this flexibility is also taken into
account in model-2. Thus, there are two improvements of
model-2 compared to model-1: improved system parameters
and considered the flexibility of the short link.

Again the two-point boundary value problem is solved to
find the inverse dynamics solution for the actuators for the
model-2 in Sect. 5.1. The feedforward control part allows the

position and velocity of the prismatic joints for two models
to track a line trajectory as compared in Fig. 8. When a sys-
tem has higher flexibility and deformation, it needs smaller
movements of the actuators to reach the desired position at
the end-effector. This is shown in Fig. 8 that the feedforward
part results are smaller in model-2 than for model-1.

Next, the feedforward controllers based on the model-1
and the model-2 are implemented on the lambda robot. The
experimental results for the two models are shown in Figs. 9
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Fig. 12 Comparing the
end-effector estimated positions
by the two observers for linear
and nonlinear trajectories

-0.1 -0.05 0 0.05 0.1

-0.1

0

0.1

y [m]

x
[m

]

measure

estimation-1

estimation-2

(a) End-effector position estimation by the two observers for a nonlinear trajectory

0 0.05 0.1 0.15 0.2

-0.1

0

0.1

y [m]

x
[m

]

measure

estimation-1

estimation-2

(b) End-effector position estimation by the two observers for a linear trajectory

and 10 for a linear and a nonlinear trajectory. The strain
gauge measurement of two controllers for a linear trajectory
is shown in Fig. 9a.

The long link based on the improved model follows well
the desired deformation trajectory and this result shows the
influence of the model improvement. Also, the end-effector
position based on model-2 is closer to the desired trajectory
than for model-1. Furthermore, there are smaller oscillation
amplitudes and trajectory tracking errors at the end-effector
during trajectory tracking.

Comparing the experimental results of the two models
shows that the maximum tracking errors and oscillation
amplitudes are reduced about 55% and 66.7%, respectively,
for a line trajectory. The improved system parameters have
the highest effect of about 72% on the improved results and
the considered flexibility of the short link has about 28%
effect.

The experimental results of tracking a nonlinear trajec-
tory show the improvement clearly in Fig. 10b. For an eight
shape trajectory, the end-effector tracks the trajectory at the
corner closer to the desired trajectory using the feedforward
controller based on model-2. Comparing the results of the
two models for an eight shape trajectory also shows that the
maximum tracking error and the oscillation amplitude are
reduced about 36% and 39%, respectively.

It shall be mentioned that reaching an even smaller
error and smaller oscillation amplitude using a feedforward
controller is not possible. In order to reduce the track-
ing error, a feedback controller based the elastic and rigid

coordinates is required. For this, the design of a nonlinear
observer based on model-2 is needed. Since the estima-
tion using an observer depends on the accuracy of the
model, the further estimated states will be more accu-
rate.

6.3 States and end-effector estimation

The designed observer based on model-2 is implemented
on the lambda robot for a linear and a nonlinear trajectory
tracking. The results of the observer based on the model-1
and the observer based on themodel-2 are named estimation-
1 and estimation-2, respectively.

The experiment results of observers are shown in Figs. 11
and 12. The deformation of the long link for the twoobservers
and measurements of the strain gauge are compared in
Fig. 11. Comparing the estimated deformations shows that
the estimation for both observers is close to measurements
while comparing the end-effector estimatedposition in online
processing shows just the new observer results (estimation-
2) are closer to the camera measurements. These are shown
in Fig. 12 for a linear and a nonlinear trajectory.

Measurement results demonstrate the accuracy of the pro-
posed nonlinear observer based on the improved model.
The updated nonlinear high gain observer estimates the end-
effector positionwith just about 1millimeter error for a linear
and about 1.5 millimeter error for a nonlinear trajectory.
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Conclusions

In this contribution, a nonlinear high gain observer was
designed and experimentally applied to a very flexible multi-
body system. The nonlinear observer uses the position and
the velocity of the prismatic joints and only the deformation
of the long flexible link. The stability and the convergence of
the dynamics error of the estimated states based on the Lya-
punov candidate function was shown. The designed observer
was used to improve themodel of the very flexible multibody
system successfully.

Then, the experimental results showed that the measure-
ments are closer to the desired trajectory using the improved
model. Furthermore, the tracking error and the oscillation
amplitude were drastically decreased for tracking linear and
nonlinear trajectories. Also, the designed observer based on
the improved model estimated the states and end-effector
positions with high accuracy in real-time. This was verified
by using an offline validation of image processing and online
measurements of strain gauge. The designed observer will be
used to design a nonlinear feedback controller based on the
estimated states to increase the end-effector trajectory track-
ing accuracy.
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