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Abstract: The potential of microrobots to bring about revolutionary changes over micro-operation
demands is increasing day to day. This paper presents a controller to provide 5 degrees of freedom
for an underactuated bio-inspired helical swimming microrobot. The considered system is a helical
swimming microrobot with three flagella in a low Reynolds performance environment. Control
of the considered system is performed to reach any desired location, roll angle and pitch angle.
The proposed controlling error definition extracted from the system geometry is general for similar
actuation configurations. An error detection method for multi-propulsion-unit systems is utilized
for 5-DOF micromanipulation of an underactuated bio-inspired helical swimming microrobot by
fuzzy-PI controller. A fuzzy-PI controller is proposed to use modified experimental data of PI
controller debugging to maintain a suitable efficient control. The comparison of two other possible
controllers and the proposed fuzzy-PI controller is discussed, and the performance of trajectory
tracking is evaluated by simulations.

Keywords: fuzzy-PI control; helical swimming microrobots; 5-DOF micromanipulation; system
error detection

1. Introduction

Microrobots have various applications in industries. The most potent and also feasible field is
biomedical application. Biomedical microrobots can be used for drug delivery [1], brachytherapy [2],
stem cells implantation [3], artery ablation, biopsy, and so on [4]. The limitation of the microrobots
maneuverability is always the most restrictive aspect of design and application of these instruments [4].
As far as the previous researchers show, the Reynolds number of the microdimensional vessels like
venule, capillary, and small arteriole are low. Therefore a lot of studies in vascular applications used
this fact for designing microrobots [4].

A large number of the microswimmers are designed inspired by bacterial flagella locomotion [4].
However, application of the moto-driven system in micro sizes is challenging and requires high-tech
instrumentation. The best currently feasible option for the system propulsion is to rotate helix/helixes
to make the bacterial flagella locomotion. The power transmission can be improved and the limited
degrees of freedom could be resolved (anyhow by using nonlocal approaches) to prevent unnecessary
costs such as size minimization of the locomotion system. Hence, fewer local instrumentations require
innovative actuation systems using the powerful controllers.
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The methods proposed for manipulation in micro scales are as follows: magnetic resonance
navigation (MRN) of spherical bead [5] and elliptical bead [6], magnetically driven elastic
flagellated propulsion [7], magnetically driven rigid flagellated propulsion [8], electrostatic
actuation [9], bubble-powered actuation [10], mechanical vibration actuation [11], photoactive polymer
actuation [12], etc. The most dominant factor affecting the selection of the manipulation method is the
application environment and the ultimate application environment of a great number of microrobots
is a human body. In the human body not only is there the need for detection of all the resistive
forces and uncertainties, optimal navigation in order to reduce resistive forces and uncertainties [5,13],
and robustness of control, but also the power needs to be transferred into the body. Therefore, the
most effective manipulation method has been magnetic actuation [4]. Even though magnetic actuation
shows good results in in vivo experimental validation with up to 5-DOF control, the under-operation
body has size limitation [6].

To increase DOF, the simplest way is to enhance local instrumentations like the number of flagella
and robot’s joints [14]. In that case, the number of control signals will increase which leads to use
of DC-motor [15], piezoelectric motor [16], ionic conducting polymer gel film (ICPF) actuation [17],
artificial biomolecular motor [18], and so on, as the actuation method.

Since microrobots normally deal with systematic disturbances and structured uncertainties,
so many robust methods of control have been proposed for their navigation such as predictive
controller [19], H∞ controller [20] and adaptive controller [21]. However, there are different tools for
controlling complex systems with uncertainties. Among these controllers, fuzzy logic controllers have
shown good performance and efficiency. Fuzzy logic controllers are embedded a crucial characteristic
called inference which acts similar to the human brain’s decision-making and is literarily obtained
from human judgments [22]. Fuzzy logic can be used in control systems which cannot be easily
or accurately modeled [23] to eliminate the uncertainties of the system [24] or to encompass the
nonlinearities of the system [25]. The most straightforward way to increase robustness of systems
with determined systematic feedback is to use a fuzzy logic supervisor for coefficients of a simple
proportional–integral–derivative (PID) controller [26]. In control systems, the Fuzzy-PI controller
uses fuzzy logic algorithms to effectively eliminate the steady state error by adaptively adjusting
proportional and integral coefficients of PI controller [27]. One of the significant approaches to
control the nonlinear systems in the presence of model uncertainties is combining the fuzzy logic with
gain scheduling and sliding mode technique. In [28], the model of the plant is modeled based
on Takagi-Sugeno-Kang fuzzy approach and a constructive procedure is suggested to design a
gain-scheduling controller. By partition of the state space into a finite number of fuzzy regions
and benefiting from the idea of the sliding mode control scheme, a fuzzy gain-scheduler is proposed
in [29]. Furthermore, the investigation of the stability and robustness of the gain scheduled closed loop
control system is accomplished in [29]. The key point of the design of controllers using fuzzy logic is
to detect and assimilate errors correctly and more efficiently.

In this paper, a flagellated bead with tree flagella was considered. The resistive forces against the
propulsion of the microrobot in low Reynolds number were considered, feasible modeling assumptions
were established, and the system’s governing equations were elicited. A controlling error was driven
from the system’s geometry without further simplification or any further assumptions. Possible
controllers were discussed, and a simple P-controller and a robust fuzzy-PI controller were considered.
The simulations over the system’s control were performed, and the purposed controller was evaluated.
The proposed method can be implemented for other control systems such as underactuated robotic
manipulators [30] and vibration control systems [31].

The rest of this paper is organized as follows: In Section 2, dynamic modeling of a 5-DOF
microrobot is presented. Section 3 provides the control system and the proposed Fuzzy PI controller.
Simulation results are presented in Section 4, and some concluding remarks are given in Section 5.
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2. Dynamic Modelling

To provide 5-DOF performance in micro scales and low Reynolds number fluid flows, a helical
swimming microrobot with three propulsion flagella is considered. Because of the performance
condition according to resistive-force, the inertial forces can be eliminated from governing equations.
The flagella are located with the angular distance of 120◦, distributed in and normal to YZ-plane as
shown Figure 1. The robot body is a sphere of radius ρ.
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Figure 1. (a) The robot’s schematic; (b) helixes position and orientation relative to the robot’s body;
(c) representation of forces and torques from Y–Z plane.

The hydrodynamic of robot’s body can be declared by a drag force and a drag torque due to its
translation and rotation. The helixes produce viscous torque caused by their pure rotation about their
axis and they are affected by the torque due to the body rotation.

There will be four static equilibriums governing the system as follows:

FD +
3

∑
i=1

Fi = 0 (1)

MX,D + 3Ms + MX = 0 (2)

MY,D + F1a− (F2 + F3)a/2 = 0 (3)

MZ,D + (F2 − F3)a
√

3/2 = 0 (4)
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where FD is the drag force affecting the body, MX,D, MY,D, and MZ,D are the drag torques affecting
the body, F1, F2, and F3 are the propulsion forces belonging to each flagella, Ms denotes as viscous
torque of the flagella due to the body rotation, and MX denotes the torque produced by the viscous
interaction affecting the flagella. Considering Stokes flow for performance environment the drag force
and the drag torques will be obtained as

FD = 6πµρ
.
n (5)

Mi,D = 8πµρ3
.

Ωi i = X, Y, Z (6)

Moreover, the viscous torque applied to each flagella is obtained as [32]

Ms = Nπλµd2
.

ΩXcosβ (7)

where µ is the fluid dynamical viscosity, d is the filaments radial thickness,
.

Ω is angular velocity about
each axis, λ is the helix wavelength, and Nλ is the total length of the helix. β denotes the pitch angle
of the helix and can be determined by

tanβ = 2πr/λ (8)

where r is the circular helix radius. The viscous forces of the flagellum have to be obtained to bring
the governing equations to an application. On the element of length along the helix, the normal and
tangential components of the viscous force element can be calculated as follows:

dFn = −CnVnds (9)

dFs = −CsVsds (10)

where Vn and Vs are the normal and tangential velocity of the length element, ds, Cn and Cs are resistive
coefficients computed from µ, λ, and d [32]. The velocities are obtained by

Vn = −
.

X sinβ + r(ω−
.

ΩX)cosβ (11)

Vs =
.

X cosβ + r(ω−
.

ΩX)sinβ (12)

where ω is the angular velocity of each helix about X-axis. Also, the elements of the hydrodynamic
torque and force along X-axis for each flagellum are

dFX = dFscosβ− dFnsinβ (13)

dMX = r(dFncosβ + dFssinβ) (14)

Total length of the flagellum along the helix is equal to Nλcosβ, so by substitution of Equations
(9)–(12) into Equations (13) and (14) and integration, we have

Fi = rN λ(Cn − Cs)(ωi −
.

ΩX)sinβ− Nλ(Cnsin2β sec β + Cscosβ)
.

X i = 1, 2, 3 (15)

MX = rN λ(Cn − Cs)
.

Xsinβ− r2Nλ(Cssin2β sec β + Cncosβ)(
3

∑
i=1

ωi − 3
.

ΩX) (16)

Substituting Equations (5)–(7), (15) and (16) into Equations (1)–(4) yields

− 6πµρ
.

X +
3

∑
i=1

rN λ(Cn − Cs)(ωi −
.

ΩX)sinβ− Nλ(Cnsin2β sec β + Cscosβ)
.

X = 0 (17)
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8πµρ3
.

ΩX + 3Nπλµd2
.

ΩXcosβ + rN λ(Cn − Cs)
.

Xsinβ− r2Nλ(Cssin2β sec β + Cncosβ)

(
3
∑

i=1
ωi − 3

.
ΩX) = 0

(18)

8πµρ3
.

ΩY + (rN λ(Cn − Cs)(ω1 −
.

ΩX)sinβ− Nλ(Cnsin2β sec β + Cscosβ)
.

X)a−

(
3
∑

i=2
rN λ(Cn − Cs)(ωi −

.
ΩX)sinβ− Nλ(Cnsin2β sec β + Cscosβ)

.
X)a/2 = 0

(19)

8πµρ3
.

ΩZ + (rNλ(Cn − Cs)(ω2 −ω3)sinβ− F3)a
√

3/2 = 0 (20)

From Equations (17)–(20), one can obtain the relations for
.

X,
.

ΩX ,
.

ΩY,
.

ΩZ respectively. This result
would be in the form of state space equations, and can be described as [14]

.
X = C1(

3

∑
i=1

ωi) (21)

.
ΩX = C2(

3

∑
i=1

ωi) (22)

.
ΩY = C3(2ω1 −ω2 −ω3) (23)

.
ΩZ = C4(ω3 −ω2) (24)

where the parameters C1 through C4 can be determined by the robot and fluid characteristic parameters.
A more detailed derivation of these equations are mentioned in [14].

It should be noted that the microrobot kinematics has non-holonomic constraint [33].
The non-holonomic constraint and the underactuated property should be considered in designing
the controller. Therefore, all of the 5-DoFs cannot be tracked simultaneously, and the position and
orientation are controlled in turn. The system control is as follows.

3. System Control

To reach 5-DOF tracking control according to the four governing equations, it is pinpointed to
control the roll and pitch angle without locational displacement. The input of the controlling system
is angular velocity of the helixes. Orientation can be defined by vector of the robot relative to the
reference frame that is

→
X = [cosΩycosΩz cosΩysinΩz −sinΩy ]T (25)

The first derivative of Equation (25) is the nonholonomic constraint of underwater vehicles as
mentioned above [33], and can be better understood by referring to Figure 1. Any desired approach

vector,
→
Xd, is reachable by computation of suitable Ωy and Ωz through Equation (23), Equation (24) and

initial conditions. Hence, there will remain two independent control inputs to achieve the desirable
roll and pitch angles. In order to provide the no displacement condition, the third input has to satisfy
the following condition:

3

∑
i=1

ωi = 0 (26)

Therefore, in order to reach any desired location, firstly the robot vector needs to be aligned with
the desired displacement vector by pure rotation of the robot and then propel to the desired location
by equal maximum rotation of all of the flagella which provides translation in minimum time with
constant approach vector concerning Equations (21)–(25). After the robot reaches the desired location,
to reach the desired approach vector, the robot will purely rotate as before.



Designs 2018, 2, 18 6 of 12

3.1. Error Definition

To determine the error of angular velocity of each flagellum for the orientation control, the

normalized directed distance of helix axes from the effective rotation axis,
→
Xd ×

→
X, are used as follows:

Ei =

→
pi·
((→

Xd ×
→
X
)
×
→
X
)

a
i = 1, 2, 3 (27)

and

[
→
p1 |

→
p2 |

→
p3] =

[ sinΩxsinΩz + cosΩxcosΩzsinΩy

cosΩxsinΩzsinΩy − cosΩzsinΩx

cosΩxsinΩy
√

3cosΩxsinΩz
2 −

√
3cosΩzsinΩxsinΩy

2 − sinΩxsinΩz
2 − cosΩxcosΩzsinΩy

2
cosΩzsinΩx

2 −
√

3cosΩxcosΩz
2 −

√
3sinΩxsinΩzsinΩy

2 − cosΩxsinΩzsinΩy
2

− cosΩxcosΩy
2 −

√
3sinΩxcosΩy

2

−
√

3cosΩxsinΩz
2 +

√
3cosΩzsinΩxsinΩy

2 − sinΩxsinΩz
2 − cosΩxcosΩzsinΩy

2
cosΩzsinΩx

2 +
√

3cosΩxcosΩz
2 +

√
3sinΩxsinΩzsinΩy

2 − cosΩxsinΩzsinΩy
2

− cosΩxcosΩy
2 +

√
3sinΩxcosΩy

2

]
(28)

Therefore, the defined errors are established by the geometry of the system.

3.2. Fuzzy-PI Controller

The robustness and compatibility of controlling processes can be granted by fuzzy logic approach.
However, any designed controller needs to be as simple as possible to avoid any unnecessary
computation leading to inevitable errors. As far as control error of the system is of high precision,
the easiest way to use fuzzy logic algorithms in a controlling process for providing robustness and
compatibility is to combine it with traditional controllers.

The maximum magnitude of the angular velocity of the flagella is considered between 25 Hz to
50 Hz for gains specification, and C1 through C4 are considered as 0.0213, 0.0227, 0.0184, and 0.0160
respectively [14].

P-controller can be used with the same gain for the three errors because
→
p1 +

→
p2 +

→
p3 = 0.

Therefore, E1 + E2 + E3 = 0. Even though a simple P-controller has an acceptable rise time, the steady
state error is inevitable. Because of the systems dynamical orientation, the PI controller is chosen
as a suitable, adequate controller and to prevent unnecessary computational load when the angular
distance between the desired and current approach vector is more than 6◦ the P-controller will be
on board. To adjust the proportional and integral coefficients of the PI controller performing within
0◦ to 6◦ angular distance, the fuzzy logic algorithm is used.

Concerning the method of error detection, in order to establish suitable fuzzy rule base at the time
that the fuzzy controller is on board, it was decided to use |E| and d|E|/dt as the fuzzy logic algorithm
inputs. So, the fuzzy rule base is formed according to |E| and d|E|/dt as shown in Tables 1 and 2.

In Tables 1 and 2, fuzzy rules should be written based on the membership functions defined for
each variable. For example, for tuning the gain Kp, depending on member functions for d|E|/dt and
|E|, the ith rule is represented. It is well-known that fuzzy controller is based on the IF-THEN rule as
R1: if d|E|/dt is NB, and |E| is PS, then Kp is B; R2: if d|E|/dt is NS, and |E| is PM, then Kp is S; R3: if
d|E|/dt is ZO, and |E| is PB, then Kp is SS; R4: if d|E|/dt is PS, and |E| is PS, then Kp is S; R5: if d|E|/dt
is PB, and |E| is ZO, then Kp is BB . . .
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Table 1. Fuzzy rules of Kp.

|E|
ZO PS PM PB

d|E|/dt

NB BB B B M
NM BB B M M
NS B M S SS
ZO M S SS SS
PS S S SS SS
PM BB SS SS SSS
PB BB SS SS SSS

Table 2. Fuzzy rules of Ki.

|E|
ZO PS PM PB

d|E|/dt

NB NM NM ZO ZO
NM NM NS ZO ZO
NS NS ZO PS PS
ZO ZO PS PS PM
PS PS PS PM PM
PM PS PM PB PB
PB PM PB PB PB

The above rules are inspired from references [34], adjusted based on the nature of the error,
and tuned based on the response of simulation. The intervals of KP and Ki are selected mainly by trial
and error as [0,25], and [−1, 1] respectively.

For inputs and outputs of the fuzzy logic algorithm, triangular membership function uniformly
distributed along each interval are used. Moreover, Mamdani’s inference method is selected for the
fuzzy implementation. To be precise, the implementation is modeled by Mamdani’s product operator,
t-norm operator is Min, rule aggregation operator is Max, and because of the necessity of continuity,
Centroid is chosen as the defuzzifier. The main schematic of the proposed fuzzy-PI controller is shown
in Figure 2.
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Figure 2. Control diagram of the fuzzy-PI controller. Figure 2. Control diagram of the fuzzy-PI controller.

As feasibility is the crucial aspect of any design, it has to be clarified. The matter for 3-DOF control
of the robot is almost fully discussed in Ref. [14] with respect to the contemporary manufacturing
technologies. The only critical aspect of 5-DOF manipulation of the underactuated microrobot is
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localization. As the localization of the robot has to have no conflict with the actuation system, among
all of the sensory equipment which could provide the data of location and orientation, charge-coupled
device array cameras in conjunction with microscopic lenses can be a promising solution [35]. All aside,
the necessity of this study can be justified due to the novelty of microrobotic control area and due to
the deficiency of proposed and controlled high-DOF micromanipulators as microrobots.

4. Simulation Results

Two fuzzy-PI controllers adjust PI parameters with two control inputs, and the third input adapts
to satisfy the controlling condition of Equation (26).

As the main goal of the orientation controller is to maintain approach vector without locational
displacement, and simple debugging of angular distances of the desired and current method
vector of 0◦ and 180◦ were managed, three controllers including P-controller, fuzzy-PI controller
without P-controller computational enhancement, and the proposed controller were tested for various
desired orientations.

Now, let us discuss the effectivity of the defined error. Figure 3 shows an illustration of pure
rotation control performance of the P-controller from the initial orientation [1 0 0]T to the desired

orientation [−
√

3
3

√
3

3

√
3

3 ]
T

which obtains acceptable rise time but also has steady state error as it
is expected from a P-controller to have no deliberate effect on the steady state error. However,
the P-controller utilizing the defined error can get near the target orientation, but it is troubled to
handle the final dislocation.
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√

3
3

√
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3

√
3

3 ]
T

.

In scheming the design choices, a simple PI-controller seems to be sufficient to resolve the steady
state error but a self-tuning PI-controller would always be a better choice as it can relatively resolve
partial disturbances. Let us try the fuzzy-PI controller. Figure 4 depicts the pure rotation control
performance of the fuzzy-PI controller without the P-controller computation enhancement from [1 0 0]T

to [−1 0 0]T and its adaptive KP, and Ki as a function of time. The controller resolved the steady state
error; however, the system was partially disturbed.
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Figure 5 demonstrates pure rotation control of the proposed controller for two desired approach
vectors which have good rise time and no steady state error. Comparing Figures 4a and 5a, the
proposed controller is swifter as it resolved the steady state error for the partial disturbed system.
Figure 5b illustrates the controller performance passing through one of the system’s singularities.
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Figure 5. (a) Fuzzy-PI controller pure rotation trajectory from [1 0 0]T to [−
√

3
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T

; (b) Fuzzy-PI
controller pure rotation trajectory from [1 0 0]T to [−1 0 0]T .
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For achieving 5-DOF target position, three stages were proposed. First, the robot has to reach
close enough to locational displacement vector, then starts to proceed to the desired location by simply
increasing the flagella angular velocities equally, and finally, when the robot reaches the desired
location, the robot will purely rotate toward the desired orientation. Figure 6 exhibits the trajectory
tracking performance of the proposed controller.
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; and (c) overall helix angular velocities.

As Figure 6 shows, the controller performs the control performance correctly and thoroughly.
The computational load is directly affected by the smallness of the boundary in which the approach
vector and displacement vector are close enough to be considered “almost aligned” and the controller
authorizes the propulsion. In Figure 6b,c, almost after 50 s the location control is finished and pure
rotation control begins.

The proposed system is based on three helixes as actuators. The other forms of actuations require
specific dynamic modelling and controller design. The hydrodynamic drag is considered as the
main fluid force. However, there are other forces to be considered such as electrostatic and Van der
Waals forces.

5. Conclusions

An error detection method for multi-propulsion-unit systems is utilized for 5-DOF
micromanipulation of an underactuated bio-inspired helical swimming microrobot by fuzzy-PI
controller. The proposed controlling error definition extracted from the system geometry is general
for similar actuation configurations. Increasing microrobots degrees of freedom only by proposing a
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suitable controller is one of the achievements of the present work. The proposed controller provides
5-DOF for the helical swimming microrobot in low Reynolds environments. With respect to the
proposed controlling error, a simple p-controller was considered and tested but at last, for the sake of
elimination of the steady state error and increment of robustness of the system a Fuzzy-PI controller
was used to perform an effective trajectory regarding of systems governing equations.

Other than experimental validation of the proposed controller, future work for authors is to explore
the use of sophisticated artificial intelligence (Al) methods (such as genetic programming, automated
neural network search) for controlling movements of swimming microrobot. The advantages of Al
method are the ability to build the explicit models for product quality as a function of system input
process parameters based on only the data. This model can then be used offline or can be integrated in
system for real-time monitoring of process.

Author Contributions: M.J.P. was responsible for simulation and implementing the control system to the
dynamics. S.T. and R.V. participated in dynamic modelling and control respectively. M.M.A. helped with
the fuzzy rules section and writing.
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