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This paper proposes a two-dimensional handheld mi-
cromanipulator oriented toward bio cell handling.
The micromanipulator consists of two flexible links,
each of which is constructed with a parallel beam
structure. Electric coils and permanent magnets are
used to produce an actuator to form double drivers.
An explicit model predictive control combined with
a PID controller called a robust hybrid control is
proposed not only to achieve robust tracking perfor-
mance, but also to dampen the vibration of the mech-
anism. The experimental results are compared to re-
sults from a standard PID controller to investigate the
effectiveness of the micromanipulator.

Keywords: handheld micromanipulator, parallel beam
structure, explicit MPC, PID controller

1. Introduction

A micromanipulator is a tool that enables the operator
to physically interact with a sample, such as a bio cell,
at or beyond the threshold of human dexterity. Typical
applications of micromanipulators can be classified into
three platforms. The first micromanipulation system is
called a master-slave robot [1, 2], mainly used for micro-
surgeries. The second system is referred to as a stead-
hand robotic system [3, 4], used in both microsurgeries
and cell manipulations. The last micromanipulator, an ac-
tive handheld micromanipulator, is the subject of this pa-
per. The first handheld instrument was introduced in [5]
to reduce cost and to increase the flexibility and comfort
of usage. With microtechnologies, active handheld micro-
manipulators [6–9] have been developed for microsurgery
and cell manipulation. Such manipulators are composed
of piezoelectric actuators which require high voltage. In
addition, the piezoelectric actuators inherently have hys-
teresis and nonlinearity characteristics. The design be-
comes complicated as a control system design because
such characteristics result in complexity in terms of math-
ematical description. Although a dynamic behavior can

be approximated as a linear time-invariant system, the re-
sulting mathematical model is of a high order with delays
which limit the achievable performances [10]. An alter-
native micro-actuator with simple dynamic behavior will
be considered.

A manipulator with multiple flexible links, each of
which consists of parallel beams, was studied in [11]. In
that work, a flexible link was designed to minimize the
effects of a rigid load in order to obtain decoupling links.
The work presented several advantages of the parallel
beam structure. In other interesting works [12] and [13],
the parallel beam structure was used as a gyroscope sen-
sor in which the effects of interference caused by imper-
fect fabrication or different mass between two links were
discussed and softened with both passive and active strate-
gies. The paper indicated that a control mechanism was
required to handle such interference.

Recently, an advanced control method called Model
Predictive Control (MPC) [14–19] has established itself
in the community of industrial applications such as build-
ing controls [20, 21], power electric systems [22, 23] and
automotive control systems [24]. Additionally, the model
predictive control has been utilized to soften a vibration
in a flexible mechanism [25–28]. In the MPC framework,
a control problem was formulated as a finite-horizon
open-loop optimal control problem. The optimal solu-
tion turned out to be the optimal control signal of the sys-
tem at each sampling instant. Basically, the optimal pol-
icy for operating the system could come from two main
paradigms. The first was called on-line optimizing con-
trol. In it, the sequence of an optimal input is obtained
by solving the optimization problem with new measure-
ments at each sampling. The first entry of the optimal
sequence is applied to the system while the others are all
discarded. In the next sampling, all computational pro-
cesses are repeated. The second is referred to as off-line
optimizing control. In it, the optimal control law is explic-
itly computed at the outset. This approach is also called
explicit model predictive control [29], or EMPC. In ad-
dition, both paradigms rely on a state feedback control
scheme. Therefore, the well-known Kalman filter is fre-
quently used to estimate such state variables.
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Fig. 1. The concept of a handheld micromanipulator.

In this paper, a two-dimensional handheld micromanip-
ulator along x- and y- axes is proposed to operate on a
micro scale. The operation of the handheld micromanipu-
lator is conceptually shown in Fig. 1. The micromanipula-
tor position is controlled by the user’s hand, whereas the
needle is automatically steered to accomplish microma-
nipulations with the help of the additional sensors, such as
a microscope. The handheld micromanipulator in Fig. 1
actually requires the z-axis. However, this paper focuses
initially on the tracking performance along the x- and y-
axes, whereas the z-axis and disturbance, which is the
fluctuation caused by the user’s hand, are both considered
to be future work.

In the actual primary test, it was found that fluctuation
in the manipulator’s end position was mostly less than
100 μm during the first three seconds. Therefore, we set
the working range as ±50 μm under the condition of short
operation time as the primary goal of this system. The
main objectives and features of the proposed manipulator
are as follows.

1) 100 μm2 working range in the xy-plane with 1 μm
resolution on each axis.

2) Simple structure and fabrication to achieve a low or-
der mathematical model and decoupling behavior.

3) Simple driving mechanism in order to obtain a linear
behavior and to avoid hysteresis.

4) Optimal robust reference tracking performance in
large working range of a holding angle.

5) Incorporation of system constraints and imperfect
fabrications in the controller synthesis in order to
eliminate external feedforward paths that are sensi-
tive to parameter variations.

With respect to the existing literature, the main contri-
bution of this paper is the presentation of a design for
new handheld micromanipulator, one simple in structure
and fabrication in order to achieve robust tracking perfor-
mance by means of the robust hybrid control.

2. Manipulator Design

2.1. Mechanical Structure
The micromanipulator consists of two cascaded, flexi-

ble links. They are connected in such a way that the first

Fig. 2. Schematic of a flexible link.

and second links are arranged to move along the y-axis
and x-axis, respectively. The schematic structure of the
flexible link is shown in Fig. 2, which shows how the par-
allel beams, or leaf springs, are utilized as the movement
mechanism. For actuators, the combination of permanent
magnets hung on the moving part and electric coils fixed
on the stationary frame is utilized because such a mech-
anism offers a simple and linear relation of an electrical
force and a voltage in a specified working range. Since
the proposed micromanipulator itself has a flexible struc-
ture, the driving mechanism requires little force, i.e., low
voltage and current. In addition, dynamic behavior is sim-
ple in a working range. The proposed micromanipulator
structure has the following significant features.

1) The tip and base of each link move in parallel.
2) The links do not interfere with each other.
3) Because of the flexible structure, little force is re-

quired.

The decoupling feature is crucial in a control design of
the handheld micromanipulator. This is because the prob-
lem turns out to be the design procedure of a single-input
single-output, linear time-invariant system that is simple
in terms of modelling, controller design, and implementa-
tion.

2.2. Mathematical Modelling
Because of the decoupling feature of the proposed mi-

cromanipulator, the dynamic behavior of both flexible
links can be separately modelled using the same approach.
The assumptions and definitions of the micromanipula-
tor’s displacements are depicted in Fig. 2. The displace-
ment of a flexible link in Fig. 2(a) is assumed to take place
in just one direction, such as the displacement along the
x-axis denoted by x, while the displacement along the z-
axis, denoted by z, is ignored because of the small work-
ing range, ±50 μm.

Another important variable is the holding angle de-
noted by θ in Fig. 2(b). The angle is measured in a down-
ward direction, called a nominal position. The operations
of a handheld micromanipulator require the holding angle
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to vary |θ | ≤ 90◦. Such a large variation imposes the com-
plexity of a mathematical model description and hence the
design of a controller. For instance, the PWA model is ex-
tensively employed in the large parameter variation sys-
tem.

In this paper, a linear time-invariant model established
at the nominal position, θ = 0◦, is utilized for a controller
design in order to handle the operations of the handheld
micromanipulator robustly against large variations in the
holding angle. Because each link is constructed from a
flexible structure, the dynamic behavior shows strong os-
cillation and takes a long time to settle whenever the struc-
ture is subjected to the external force. Since the working
range of each axis is very tiny, a dynamic behavior can
be equivalently represented by the standard mass spring
damper model (the modeling details are omitted). The
linear time-invariant discrete-time state space models for
both the x-axis and y-axis are written as

x(t +1) = Axx(t)+Bxux(t)

zx(t) = Cxx(t)+Dxux(t)

}
. . . . . . (1)

y(t +1) = Ayy(t)+Byuy(t)

zy(t) = Cyy(t)+Dyuy(t)

}
. . . . . . (2)

where t is a discrete-time index. For the x-axis link, x∈R
2

is a state vector, ux is an input voltage to corresponding
coils, and zx is an output variable that is the displacement
along the x-axis. For the y-axis link, y ∈ R

2 is a state
vector, uy is an input voltage to corresponding coils, and
zy is an output variable that is the displacement along the
y-axis.

3. Robust Hybrid Control for Active Handheld
Micromanipulator

The uncertainty caused by large variations in the hold-
ing angles results in the robust control framework. The ro-
bust hybrid control [30] is extensively studied in the area
of MPC in which the dynamic behavior of a system is
described by a PWA model, and the MPC controller is de-
signed for such a model. In this paper, a combination of
the standard PID controller and the explicit model predic-
tive control is proposed instead. A block diagram of the
proposed control scheme for an active handheld microma-
nipulator, the robust hybrid control, is shown as Fig. 3.

The aim of the proposed control scheme is to handle the
uncertainty caused by large variations in the holding angle
and to achieve a constrained optimal performance. Since
the formulation of both the x-axis and y-axis flexible links
has the exact same procedure, just the x-axis link will be
described.

3.1. PID Controller Design
To investigate the effectiveness of the proposed

method, the robust hybrid control scheme is compared to
the PID control scheme shown in Fig. 4. The variable t
in Fig. 4 represents a continuous time variable. Note that

Fig. 3. Hybrid control scheme for a handheld micromanipulator.

Fig. 4. PID control scheme for handheld micromanipulator.

the robust hybrid control scheme has the PID controller as
an ingredient as well. In addition, the same procedure for
the computation of PID parameters is employed in both
control schemes.

The two degrees of freedom PID controller is utilized;
a control law for it is expressed as

Ux(s) =
(

Kc
τI s+1

τIs

)⎛
⎜⎝zre f

x − τDs+1(τD

N

)
s+1

Zx(s)

⎞
⎟⎠ (3)

where Kc,τI ,τD and N are controller parameters which
are designed using the tuning rule presented in [31]. The
closed-loop time response is specified by tuning value τc.
Since such tuning rule is based on the standard second-
order transfer function with two real poles, the discrete
time-state equation in Eq. (1) must be converted to a con-
tinuous transfer function and approximated to contain two
real poles. Note that the approximation will degrade the
performance because the oscillation term is ignored.

3.2. Explicit Model Predictive Control Formulation
The EMPC is utilized as an ingredient of the robust

hybrid control in order to optimally compute the input
voltage for steering the handheld micromanipulator. To
achieve zero steady state error, the problem of offset free
tracking is handled by the internal model principle pre-
sented in [32] because a linear equality constraint has also
been integrated. Although the principle of such an ap-
proach guarantees an achievement of zero steady error
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when a constant reference is being tracked, the experi-
mental results show that the micromanipulation tasks are
satisfied effectively. The standard Kalman filter, addition-
ally, is used to estimate system state variables and dis-
turbances by means of the measurement of the x and y
positions.

The ingredients of the EMPC for linear-constrained
discrete-time systems consist of:

1) Linear discrete-time model: the linear discrete-time
model Eq. (1) that is augmented with the disturbance
state xd at the output is utilized to predict the evolu-
tion of the flexible link.[

x(t +1)
xd(t +1)

]
=

[
Ax 0
0 1

][
x(t)
xd(t)

]
+

[
Bx
0

]
ux(t) (4)

zx(t) =
[
Cx 1

][
x(t)
xd(t)

]
+Dxux(t)

The augmented disturbance state xd enables the
EMPC to achieve the offset free tracking.

2) State and disturbance estimator: for offset-free track-
ing, state variables are estimated using[

x(t +1)
xd(t +1)

]
=

[
Ax 0
0 1

][
x(t)
xd(t)

][
Bx
0

]
ux(t)

+
[

Gx 0
0 Gdx

][
wx(t)
wd(t)

]
. . . (5)

zx(t) =
[
Cx 1

][
x(t)
xd(t)

]
+Dxux(t)+ vx(t)

where
[
wx(t) wd(t)

]T and vx(t) are assumed to be
white Gaussian noise signals. A Kalman filter plays
two important roles in the proposed robust hybrid
control, which depends on switching policy. If a
PID controller is selected, the Kalman filter esti-
mates the current states in order to start the EMPC.
If the EMPC is selected, the Kalman filter estimates
all states for feedback. The Kalman filter design is
accomplished using a MATLAB control system tool-
box.

3) Explicit control law synthesis: the main purpose of
the handheld micromanipulator is to track the refer-
ence signal without steady state error. As a common
tracking problem, the quadratic cost function is em-
ployed in this paper. The explicit control law [29] is
obtained by solving the following optimization prob-
lem:

min
ux0,...,uxN−1

N−1

∑
k=0

‖xk − x̄t‖2
Qx

+‖uxk − ūt‖2
Rx

subject to Exxk +Lxuxk ≤ Mx, k = 0, . . . ,N
xk+1 = Axxk +Bxuxk, k = 0, . . . ,N
xdk+1 = xdk, k = 0, . . . ,N . . (6)
x0 = x̂(t)
xd0 = x̂d(t),

in which x̄t and ūt are given by

[
Ax − I Bx

Cx 0

][
x̄t
ūt

]
=

[
0

zre f
x − x̂d(t)

]
. . . (7)

where ‖x‖2
Q ≡ xT Qx,Qx ≥ 0 and Rx > 0. The vari-

ables x̄t and ūt are the target state and target in-
put, respectively. The constraints, ux(t) ≤ umax

x and
zx(t) ≤ zmax

x can be rewritten as the inequality con-
straint Exxk + Lxuk ≤ Mx, which is presented in the
detail in [33]. Note that the current input ux(t) is
distinguished from the optimization variables uxk.
Analogously, the state x(t) and xd(t) denote the sys-
tem state and disturbance state at time t, while the
corresponding variable xk and xdk denote the pre-
dicted state at time t + k, obtained by x0 = x̂(t) and
xd0 = x̂d(t).

The optimal control law u∗x(t) is defined over a poly-
hedral partition of the state space

u∗x(t) = Ki
x

[
x̂(t)
x̂d(t)

]
+ ki

x,

[
x̂(t)
x̂d(t)

]
∈ Ri . (8)

The optimal control law Eq. (8) is continuous and
piecewise affine in

[
x̂(t) x̂d(t)

]T . The polyhedral
partition is denoted by Ri. The Ki

x and ki
x are the

controller gain corresponding to partition i, or re-
gion i. In implementation, the procedure for com-
puting the optimal control law u∗x(t) consists in de-
termining the active region i which the state vari-
ables

[
x̂(t) x̂d(t)

]T belongs. Note that the esti-
mated state and disturbance are utilized in the con-
trol law. The explicit solutions can be obtained via
the multi-parametric toolbox [a] and the searching of
the active region can be accomplished by the binary
search tree.

3.3. Switching Policy
The proposed robust hybrid control, comprised of the

EMPC and PID controller, handles the operations of a
handheld micromanipulator constructed from the parallel
leaf springs. Such flexible structures inherently produce
the blending caused by a gravity force whenever the hold-
ing angles are away from the nominal position θ = 0◦.
The main aim of the PID controller is to bring the flexible
link back to center before the EMPC follows the user’s
commands optimally, such as in circle cutting.

if(reference == 0)
PID controller;

else
EMPC;

end

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

. . . . . . . . . (9)

According to Eq. (9), the reference signal, therefore, is
the only factor in the switching policy between the EMPC
and PID controller.
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Fig. 5. The experimental setup for micromanipulator prototype.

Fig. 6. The experimental setup for holding angle test.

In addition, the current states play a crucial role dur-
ing the switching period from PID to EMPC control. To
smoothly switch, the Kalman filter has to keep estimating
all system states, including the disturbance state, even if
the handheld micromanipulator is controlled by the PID
controller at that time. These estimated states allow for
proper and smooth control when the EMPC is switched
to. Without information on the current states, the closed-
loop system performance becomes poor or even unstable.

4. Experiments

4.1. Experiment Setup
The setup of a micromanipulator experiment is shown

in Fig. 5. The prototype manipulator consists of two links,
the x-axis and y-axis, each of which has the same parallel
leaf spring structures 80 μm thick. In addition, the posi-
tions of each link are measured by the full bride circuits of
strain gauges which have 1928 Ohm gauge resistance, 178
gauge factor, and maximum allowable strain. Each link is
steered by double drivings which consist of the combi-
nation of coils and permanent magnets, the gaps of which
are adjustable. As the primary goal of this system, the gap
is set at 100 μm. The setup of the experiment to study the
effects of the holding angle is shown in Fig. 6. In the ex-
periment, the manipulator is rotated by a rotational stage
within |θ | ≤ 90◦. The control loop is depicted by the sim-
plified block diagram Fig. 7. In the control loop, the ro-
bust hybrid control is implemented on a desktop PC with

Fig. 7. Simplified block diagram of an experiment setup.

a 3 GHz Intel Core 2 Duo CPU and 4 GB RAM running
the Window 7 operating system. The conversion process
utilizes the A-to-D and D-to-A PCI-6259 card from Na-
tional Instrument. The output voltages of the full bridge
are amplified by the Kyowa DA-710A module; the signal
from it is amplified 200 times.

4.2. Results
The purpose of the experiments is to investigate the ref-

erence tracking performance and the effects of holding an-
gle changes under the robust hybrid control. In addition,
the results obtained when the robust hybrid control was
used are compared to those when the PID control is used.

With a sampling time Ts = 0.001 second, the dynamic
behavior of the x-axis and y-axis flexible links can be
roughly identified and described by the discrete-time state
spaces in Eqs. (1) and (2) with

Ax =
[

0.9434 0.3143
−0.3163 0.9490

]
, Bx =

[
0.0004
0.0149

]
Cx =

[
498.1674 57.1028

]
, Dx = 0 . . . (10)

Ay =
[

0.9769 0.1649
−0.1653 0.9845

]
, By =

[
0.0007
0.0106

]
Cy =

[
543.0023 36.6877

]
, Dy = 0. . . . (11)

where the identifications are accomplished by the system
identification toolbox by means of estimating model pa-
rameters using the iterative prediction-error minimization
method, or PEM. The identifying performance is mea-
sured by

Fit = 100
(

1− ‖s−m‖2

‖m− m̄‖2

)
. . . . . . . . (12)

where m and m̄ are the measured output and its mean,
respectively, whereas s is the results when the model is
simulated with the corresponding input. As a result, the
identifying performances of the x- and y-axis Eqs. (10)
and (11) achieves the 97.53% and 93.44% Fits, respec-
tively.

In order to design the PID parameters according to the
tuning rule presented in [31], the models in Eqs. (10) and
(11) have to be converted and approximated again by a
continuous transfer function with two real poles. As a
result, the PID parameters for both the x- and y-axis are
shown in Table 1. For the EMPC design, the prediction
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Table 1. PID parameter values for X-axis and Y -axis links.

Link Kc τI τD N
X 6.928∗10−4 0.0016 0.0016 100
Y 6.651∗10−4 0.023 0.023 100

and control horizon chosen are 10 and 2, respectively. The
multiparametric toolbox [a] is used to solve the problem
in Eq. (6) and synthesize the associated controller, which
results in 55 regions for the x-axis link and 43 regions
for the y-axis link. The difference comes from different
dynamics.

For the Kalman filter design, the augmented model in
Eq. (5) is directly used with the given matrices in Eqs. (10)
and (11). The matrices Gx =

[
0.0012 0.0014

]T and
Gdx = 10 are utilized for the x-axis link whereas the matri-
ces Gy =

[
0.0014 0.005

]T and Gdy = 10 are utilized for
the y-axis link. In the experiments, we found that the ma-
trices Gdx and Gdy had a profound effect on the estimating
time of the states xd(t) and yd(t). Therefore, the matri-
ces Gdx and Gdy could be considered as the performance
tuning parameter. In addition, based on trial and error,
the variances selected are E[wxwT

x ] = E[wywT
y ] = 0.001,

E[vxvT
x ] = E[vyvT

y ] = 0.01 and E[wdwT
d ] = 0.01 for both

links.
There are two types of reference signals used in the ex-

periments, i.e., step and sinusoidal signals. The amplitude
of the step signal is 50 μm and tracking is excited at 1 sec-
ond.

For a circle, the following reference signals are utilized

zre f
x = mx cos(2π f t)

zre f
y = my sin(2π f t)

}
. . . . . . . . (13)

The frequency f = 2 Hz, which is reasonable in practice,
and magnitudes mx = my = 50 μm are used for tracking
a circle. Generally, the amplitude can be any value in the
working range. Both step and sine tracking tasks are con-
ducted at the angles θ = 0◦,30◦,60◦,90◦ and −90◦.

4.3. Robust Tracking Performance
In Fig. 8, the closed-loop responses of the handheld

micromanipulator controlled by the robust hybrid control
can be seen. While varying the holding angle for the x-
axis, we try to maintain θ = 0 for the y-axis. The hold-
ing angle has a strong effect on the initial positions zx(0)
and zy(0). For instance, the initial positions become zeros
when θ = 0◦ because there is no bending caused by the
force of gravity. Thus, two links are in the center. For
θ = 90◦, the initial positions of the x-axis and y-axis are
zx(0) = 105 μm and zy(0) = 5 μm. Each link is away
from the center, especially the x-axis. Due to the paral-
lel leaf spring structure in cascade, the difference in the
initial positions is affected by the bending and blocking
state of each flexible link. In this case, the x-axis link

Fig. 8. Step responses under the holding angle changes.

is in the bending state whereas the other is in the block-
ing state. We see that the responses of the x- and y-axes
are brought back to the center in 0.5 second for all hold-
ing angle changes, which is reasonable in practice: the
user has to wait only 0.5 second before starting the track-
ing process. During this time, the reference signal must
obviously be zero, which means the micromanipulator is
controlled by the PID controller. The experiments show
that the holding angle changes in the interval |θ | ≤ 90◦
are handled successfully.

The reference signals zre f
x = 50 μm and zre f

y = 50 μm
are initiated at 1 second. Because of reference signals
are non-zero, the robust hybrid control switches to the
EMPC to optimally track the reference signal. Both x-
axis and y-axis responses achieve good, robust tracking
performance, as shown in Fig. 8. Only 0.05 second is re-
quired for all variations of the holding angle in the spec-
ified interval to reach the target. Additionally, the steady
state responses contain very little fluctuation in a tracking
phase. Although the fluctuation takes place on the y-axis
during the transient response, such fluctuation is less than
4 μm. Thus, the results of the experiment have confirmed
robust step tracking performance.

Figure 9 presents the results of the experiment to
track the circle reference signal. The holding angle was
changed in the interval |θ | ≤ 90◦. The plots show only the
tracking phase; in other words, the interval time utilized
to bring both flexible links back to the center has been
removed. The experiments show that the circle tracking
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Fig. 9. Circle tracking at holding angles of θ =
0◦,30◦,60◦,90◦ and −90◦.

task was completed satisfactorily with fluctuations under
2 μm.

In conclusion, the experimental results indicate that the
proposed handheld micromanipulator with the proposed
robust hybrid control achieves not only fast transient re-
sponse with little fluctuation but also robustness against
holding angle changes.

4.4. Comparison to PID Controller
The PID controller is utilized to control the handheld

micromanipulator in order to show the effectiveness of
the proposed robust hybrid control and demonstrate that
the PID controller with a standard tuning rule is unable to
achieve an acceptable level of tracking performance. The
comparisons of tracking step and sinusoidal reference sig-
nals are shown only at the holding angle θ = 60◦ because
we obtained the same results at the other angles.

In Fig. 10, the differences in when the handheld micro-
manipulator is controlled by the robust hybrid control and
by the PID controller are shown. The step signals with
the amplitude 50 μm initiated at 1 second are used as the
reference signal. We see that both controllers are able to
bring the micromanipulator back to the center because the
PID controller in the robust hybrid control becomes active
in this period, giving exactly the same results. The refer-
ence changes to 50 μm from 1 second. For the robust hy-
brid control, the EMPC becomes active and follows the
reference perfectly. There is a big difference from the
tracking phase; the time response of the PID controller is
ten times slower than it is in the proposed method. Both
controllers are able to have no steady state error and the
very little fluctuation, less than 1 μm at a steady state. The
corresponding control signals are shown in Fig. 11. Note
that the robust hybrid control results in similar responses
for the x- and y-axis, and such similarity is preferable. The
PID controller produces the same similarity as well.

In Fig. 12, the disturbance states xd(t) and yd(t) es-
timated by the Kalman filter are shown. The estimated
states include the uncertainties caused by unmodelled
dynamic and model mismatch due to the holding angle

Fig. 10. Comparison at the holding angle θ = 60◦ of a step
response with amplitude 50 μm initiated at 1 second.

Fig. 11. Control signals due to a step signal reference with
an amplitude of 50 μm initiated at 1 second at θ = 60◦.
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Fig. 12. Disturbance states estimated by the Kalman filter
at the holding angle θ = 60◦.

Fig. 13. Comparison of a circle tracking with 50 μm radius
at the holding angle θ = 60◦.

changes. The initial positions at θ = 60◦ are zx(0) =
90 μm and zy(0) = −10 μm.

To compare frequency responses, the ability to make a
circle with a 50 μm radius was investigated by employ-
ing the reference signals in Eq. (13). The results obtained
are shown in Fig. 13. Obviously, the PID controller failed
to follow the reference because of the narrow bandwidth,
whereas the proposed method completed the circle ref-
erence with less than 2 μm of fluctuation. However, a
frequency lower than 0.2 Hz allowed the PID controller
to track the circle with an acceptable level of fluctuation,
6 μm.

The experimental comparisons have revealed that the
standard PID controller failed to reach the requirements of
the handheld micromanipulator. However, the strength of
the PID controller is its ability to bring the flexible links
back to center, which motivates authors to integrate the
PID controller into the proposed robust hybrid control.

5. Discussion

We have shown that a high-performance handheld mi-
cromanipulator can be created with a simple design in

Fig. 14. Comparison of frequency responses.

terms of the structure and mathematical model. Since
the PID controller fails to meet the requirements, we
have proposed a robust hybrid control. Experiments have
shown that the robust hybrid control produces satisfactory
results. The ability to track a circle with a 50 μm radius in
0.5 seconds in practice is sufficiently fast. In addition, the
micromanipulator requires 0.5 seconds to start at any op-
erating angle just to set center. This time may be reduced
by redesigning the PID controllers. The closed-loop time
constant τc selected for this paper is the smallest value
that results in the fastest stable system, based on the tun-
ing rule presented in [31]. Larger values cause the hand-
held micromanipulator to be unstable. The limitation in
employing the tuning rule comes from the fact that the
under damp second order system is approximated by two
real poles.

We have imitated the application of the handheld mi-
cromanipulator by changing the holding angle |θ | ≤ 90◦,
which covers the full range in practice. Several experi-
ments, in which both step and sinusoidal signal references
were studied, were conducted to confirm its robust perfor-
mance. The results shown in Figs. 8 and 9 guarantee the
effectiveness of the proposed approach. The handheld mi-
cromanipulator can track other shapes, such as ellipsoids,
for which the amplitude mx and my are different.

A comparison of frequency responses is shown in
Fig. 14. The frequency responses of the hybrid control
were obtained in experiments in which the system was
operated without any constraints. Obviously, the hybrid
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control achieves a wider bandwidth, 8.5 Hz, than does
the PID controller. The bandwidth achieved is capable
of handling fluctuations with a frequency of around 10–
13 Hz caused by the user’s hand [34]. Moreover, the
bandwidth can be reduced to 2.5 Hz to effectively han-
dle such fluctuations and be fast enough to accomplish
tracking tasks. However, in all experiments we presented
in this paper, the handheld micromanipulator was fixed on
the rotational stage in order to study the effects of hold-
ing angle changes only. Fluctuations caused by the user’s
hand should be studied as well. This is considered as the
future work with a view to making the active handheld
micromanipulator more suitable for practical application.

6. Conclusion

We have proposed a handheld micromanipulator con-
trolled by the robust hybrid control. In this control, the
EMPC and PID controller are combined and called robust
hybrid control. The switching mechanism is based on the
fact that the Kalman filter estimates the current states and
passes from the PID controller to the EMPC. The main
aim of the proposed robust hybrid control is to produce ro-
bustness against changes in the holding angle. The effec-
tiveness of the micromanipulator has been demonstrated
by comparing its experimental results to those of a PID
controller. The results have shown that robust tracking
performance was successfully achieved.
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