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Adaptive Force Tracking Control of a
Magnetically Navigated Microrobot in

Uncertain Environment
Xiaodong Zhang and Mir Behrad Khamesee, Member, IEEE

Abstract—Magnetic navigation microrobotics is a
promising technology in micromanipulation and medical
applications. A magnetically navigated microrobot (MNM)
usually has permanent magnets or ferromagnetic materi-
als attached to it to create interaction force for navigation
in the presence of an external magnetic field. During the
exploration of the MNM, it is necessary to simultaneously
control the position of the MNM and the contact force when
the microrobot is constrained by its environment. However,
owing to the small size of an MNM and noncontact prop-
erty of magnetic levitation, installing on-board force sen-
sors is very challenging. This paper presents a dual-axial
interaction force determination mechanism that uses mag-
netic flux measurement, with no need for a conventional
on-board force sensor. The interaction force is then used as
the feedback force of a position-based impedance controller
to actively track the reference force on the MNM in uncertain
environment. To reduce the force tracking error caused by
environmental uncertainty, an adaptive control algorithm is
implemented to generate a reference motion trajectory that
attempts to minimize the force error to an acceptable level.
The force tracking performance of the robot is experimen-
tally validated. A 2.01 µN root mean square force tracking
error is reported. The proposed technique can be applied
to biomedical microsurgery, such as for cutting tissue with
controlled force.

Index Terms—Adaptive force tracking, magnetic naviga-
tion, microrobotics, microsurgery, off-board force.

I. INTRODUCTION

FORCE control is important to robust and dexterous manip-
ulation when a manipulator works in a constrained envi-

ronment. Manipulators with force control capability have been
implemented for macro- and micromanipulation tasks, such as
surgical assistance [1], painting [2], peg-in-hole operations [3],
cell injection [4], and microsurgery [5]. With force control,the
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simultaneous protection of the manipulator and its environment
is achieved.

Many researchers have studied force control of manipulators
by implementing various controller algorithms. Generally, these
algorithms are categorized into hybrid position/force control [6],
[7] and impedance control [8]. Within the impedance control
framework, a desired second-order model is assigned to a ma-
nipulator. The desired model enforces a relation between the po-
sition error dynamic and the force tracking error. A steady-state
zero force error is obtainable if the reference position trajectory
of the impedance controller is well designed. Generally, the ref-
erence position trajectory can be designed based on known envi-
ronmental parameters, i.e., the nontouched state position and the
stiffness of the environment. However, in real applications, the
environment is not known or only partially known. Therefore,
a perfect reference position trajectory is not always obtainable,
leading to steady-state force tracking errors. Numerous attempts
to deal with environmental uncertainty in force tracking have
been reported in the literature [9]–[11], [28]. In [12], an adaptive
impedance controller was proposed to solve the force tracking
problem when a manipulator is in contact with an unknown en-
vironment. Zero manipulator stiffness was used to realize the
steady-state zero force tracking error, while the adaptive law
utilized the force tracking error to update the impedance pa-
rameter of the desired impedance model. Seraji and Colbaugh
[13] proposed direct and indirect adaptive impedance controllers
for force tracking in an uncertain environment. For the direct
controller, model reference adaptive control law was applied to
update the reference trajectory of the impedance controller. For
the indirect controller, the reference motion trajectory was cal-
culated after estimating the environment stiffness and position,
both updated based on force tracking error. Advanced control
methods, such as neural networks, were also applied to improve
the force tracking performance of manipulators in an uncer-
tain environment [14], but this type of controller requires a huge
amount of training data, which is not always easy to collect. The
research in the literature was conducted only on manipulators
that had a mechanical joint. The adaptive force tracking issue
has not been studied for magnetically navigated manipulators.

Magnetically navigated microrobotics is an emerging tech-
nique that uses magnetic energy to remotely guide a microrobot.
Thanks to its dust-free and contactless manipulation features, the
magnetically navigated microrobot (MNM) has a promising po-
tential in biomedical applications, such as invasive microsurgery
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and drug delivery. Several magnetic navigation prototypes have
been developed for future implementation in biomedical appli-
cations [15]–[19]. However, the published research concentrates
merely on the precise positioning of MNMs. The contact force
on the microrobot was not considered, which would result in
failure of levitation or damage the structures that the micro-
robot works with.

In this paper, we propose using a position-based impedance
control mechanism to actively track the reference force when
an MNM is in contact with its environment. Since the active
force regulation requires force feedback from a force sensor, a
dual-axial off-board force determination method is introduced
to overcome the common limitation of installing a force sen-
sor on a tiny levitated microrobot [20]. In addition, the force
tracking problem is solved by adopting an adaptive law that
ensures asymptotic stability. The reference position trajectory
is calculated from the estimated stiffness and the position of
the contact surface. The experimental results are presented to
show the adaptive force tracking performance of the levitated
microrobot. The technique proposed has great potential for ap-
plication in biomedical microsurgery. The main contribution of
this paper involves design and implementation of an adaptive
force tracking controller to regulate the contact force between
an MNM and its uncertain environment, which has never been
considered in existing literature.

This paper is organized as follows. Section II briefly
introduces the magnetic navigation system and the microrobot
dynamics. The position-based impedance control and adaptive
environmental parameters estimation algorithms are presented
in Section III. Section IV explains the dual-axial off-board force
prediction mechanism that uses magnetic flux measurement.
The experimental validation of the proposed force tracking
technique is shown in Section V. Conclusions are given in
Section VI.

II. MAGNETIC NAVIGATION

A. System Description

A magnetic navigation system was previously developed in
the Maglev lab at the University of Waterloo. The system, as
shown in Fig. 1, consists of a magnetic drive unit with six pairs
of electromagnets, an iron yoke that forms the magnetic circuit
and enhances the magnetic field strength in the workspace, a
microrobot with a permanent magnet core, and three sets of laser
beam sensors installed to detect the three-dimensional position
of the navigated microrobot.

B. Principle of Levitation

Magnetic levitation results from the interaction between a
magnetic field and a magnetized object. While the system is
levitating the object, the system produces a uniform magnetic
field in the workspace. The magnetic field has only one mini-
mum magnetic potential energy point which is defined as Bmax
[15]. In free levitation, the location of Bmax is the location of
the object. The translation of the object is realized by changing
the location of the Bmax point. In order to levitate a magnetized
object, the levitation force should be enough to compensate for

Fig. 1. Magnetic navigation system developed at the University of
Waterloo.

the gravity force of the object. When a unit volume permanent
magnet with internal magnetization M is placed in an external
magnetic field with magnetic flux density B, the interaction force
can be calculated as F = ∇ (M·B). ∇ indicates the gradient of a
vector. If a permanent magnet with volume V is uniformly mag-
netized in one direction M = [0, 0, Mz ], the force is simplified
as F = MzV (∇ Bz ). The force model is used for analyzing the
translational dynamics of the permanent magnet. While there is
misalignment between the magnetization direction of the per-
manent and the external magnetic field, the rotational motion
also occurs. In that case, the magnetic torque on the perma-
nent magnet is which aligns the magnetization direction to the
external magnetic field direction.

C. Dynamics of the Magnetically Navigated Microrobot

Based on our previous study on the same magnetic levitation
system, the dynamic models of a levitated permanent in three
translational directions are expressed as [20]

mẍ = 3x(ax + ay )I0 + bx (i1 − i3 − i4 + i6)
︸ ︷︷ ︸

ux

+Fe,x (1)

mÿ = 3y(ax + ay )I0 + by (i1 + 2i2 + i3 − i4 − 2i5 − i6)
︸ ︷︷ ︸

uy

+ Fe,y (2)

mz̈ = az I0z + (az z0 + bz ) (i1 + i2 + i3 + i4 + i5 + i6)
︸ ︷︷ ︸

uz

+ Fe,z (3)

where m is the mass of the microrobot, and x, y, and z are real
three-dimensional positions of the microrobot in the workspace.
I0 is the current in all electromagnets while the microrobot is lev-
itated at the center of the workspace. The parameters ax , ay , az ,
bx , by , bz are evaluated from experimental measurements, while
ij (j = 1, . . . , 6) are the perturbed current of the jth electro-
magnet shown in Fig. 1. Fex , Fey , Fez are the three-dimensional
contact force exerted by environment. Since designing a
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Fig. 2. PID plus feed-forward motion tracking controller for the magnetic
navigation system.

controller that has six outputs is much more complex than a con-
troller with only three outputs, three virtual inputs ux , uy , uz are
assigned for three-dimensional translational motion control of
a feed-forward plus proportional-integral-derivative (PID) con-
troller. The feed-forward controller provides the fundamental
levitation current, while the PID controller regulates the pertur-
bation caused by disturbance. The transformation from three vir-
tual inputs to six current inputs using pseudo-inverse guarantees
the least energy consumption. The position controller schematic
is shown in Fig. 2. The motion controller provides 10 µm posi-
tioning accuracy in a 30 × 30 × 30 mm3 working space [21].

III. POSITION-BASED IMPEDANCE CONTROL AND PROBLEM

FORMULATION

In the majority of the literature, research has been con-
ducted on force-based impedance control of manipulators
by introducing an outer torque feedback loop at the joint
space. This methodology is appropriate for manipulators with
torque-controlled electrical actuators at joints. However, most
commercialized robots emphasize the accuracy of position tra-
jectory following, and do not provide a force control mode.
Therefore, force-based impedance control was impossible on
these manipulators. Alternatively, position-based impedance
control is proposed to achieve compliant interaction of position-
controlled manipulators [22], [23]. It is a position controller with
set points regulated by a force feedback loop. The position-based
impedance control is simple in that no robot dynamics are re-
quired. It only requires the controlled manipulator to have an
accurate position tracking capability.

The magnetically levitated microrobot studied in this paper
is position controlled by a PID plus feed-forward controller as
presented in the above-mentioned section. It is assumed that
the microrobot closely tracks the desired position trajectory.
To track a force trajectory, the desired position command to
the manipulator’s position controller should be obtained from a
target impedance controller that relates position error to force
tracking error. The generalized target impedance controller is
[24], [25]

Md(Ẏr − Ÿd) + Bd(Ẏr − Ẏd) + Kd(Yr − Yd) = Kf (F − Fr )
(4)

where Md,Bd,Kd,Kf are positive definite inertial, damping,
stiffness, and force parameters of the target impedance model;
Yr and Yd indicate the reference and actual trajectory of the
micromanipulator end-effecter; Fr is the reference contact force
that the microrobot tracks; and F represents the actual contact
force applied to the environment by the microrobot.

Within the target impedance model, the desired position tra-
jectory can be calculated as

Yd = Yr + K−1
d

{Md(Ÿr − Ÿd) + Bd(Ẏr − Ẏd)

− Kf (F − Fr )} (5)

which is a function of reference position, reference force, and
actual force. In a free levitation situation, the reference and real
contact force are chosen as zero. Then, the impedance model
is a pure position controller. Otherwise, the reference position
should be carefully chosen in order to track the reference force.

In real applications, the actual force can be obtained from the
parameters of environment

F = Ke(Y − Ye) (6)

where Ke and Ye are, respectively, the stiffness and original lo-
cation of environment, Y is the actual position of the microrobot,
and Y = Yd if the microrobot has accurate position tracking ca-
pability. Let Ef = Fr – F denotes the force tracking error. The
actual microrobot position can be expressed as

Y = Ye + K−1
e F = Ye + K−1

e (Fr − Ef ). (7)

Substituting (7) into (4), the following steady-state force
tracking error expression is obtained

Ef = (KdKe
−1 + Kf )−1{KdKe

−1Fr + Kd(Ye − Yr )}.
(8)

From (8), in order to closely track the reference force trajec-
tory, the reference position trajectory should be selected as

Yr = Ye + K−1
e Fr . (9)

However, in reality, the values Ke and Ye of environment
are not always known precisely. Therefore, an adaptive law is
presented in the following section to compensate for parameter
uncertainty.

IV. ADAPTIVE FORCE TRACKING IN UNCERTAIN

ENVIRONMENT

Let xr , xd, xe , ke , k, fr , f be the elements of
Yr , Yd, Ye ,Ke, Fr , F . Here, only one-dimensional situa-
tion is considered. Multidimension force tracking can be
achieved in the same way.

Let k̂e and x̂e be the estimation of ke and xe , respectively.
Replacing with the estimated value in (7) and (9), one gets

x = x̂e +
f

k̂e

= x̂e +
1

k̂e

(fr − ef ) (10)

xr = x̂e +
fr

k̂e

. (11)

Then, the error between reference input and actual position is

xr − x =
ef

k̂e

. (12)

Substituting the error expression into the impedance dy-
namic model (4), the force tracking error dynamic model is
obtained as

mdëf + bd ėf + (kd + k̂ekf )ef = 0 (13)



ZHANG AND KHAMESEE: ADAPTIVE FORCE TRACKING CONTROL OF A MAGNETICALLY NAVIGATED MICROROBOT IN UNCERTAIN ENVIRONMENT 1647

Fig. 3. Force tracking control system schematic with adaptive environmental parameters estimation and impedance control.

where md, bd , kd , kf are elements of Md,Bd,Kd,Kf . It shows
that (13) is asymptotically stable if all its parameters are positive
definite. The force tracking error convergences to zero as time
goes to infinite.

Letting f̂ = k̂e(x − x̂e) be the estimated contact force using
estimated parameters allows the estimated parameters k̂e and
ŷe to be updated such that the estimated force converges to real
contact force f . The level of convergence is denoted using the
error expression between estimated force and real force

f̂ − f = k̂e(x − x̂e) − ke(x − xe) = (k̂e − ke)x + (kexe

− k̂e x̂e). (14)

Defining k̃e = k̂e − ke as the estimation error of environment
stiffness, the convergence of estimated values to real values is
guaranteed if the parameters estimation error converges to zero
as time elapses.

Consider the following Lyapunov function candidate:

V = k̃T
e w1 k̃e + (kexe − k̂e x̂e)T w2(kexe − k̂e x̂e) (15)

where w1 and w2 are constant positive numbers that make V
nonnegative. As presented in [13], if the estimations of k̂e and
x̂e are updated using the following algorithm, the estimation
values will finally converge to the real value of environmental
parameters:

˙̂
ke = − 1

w1
x

(

f̂ − f
)

(16)

˙̂xe =
f̂ − f

k̂e

(

1
w1

xx̂e +
1
w2

)

. (17)

Then, the time derivative of V is expressed as

V̇ = 2k̃T
e w1

˙̂
ke − 2(k̂e x̂e − kexe)T w2(

˙̂
kex̂e + k̂e

˙̂xe). (18)

The constant property of ke, xe is used when deriving the
derivative of the Lyapunov function. Substituting (16) and (17)
into (18), and simplifying by some algebraic operation, we can
reduce (18) to

V̇ = −2(f̂ − f)2 (19)

which is negative semidefinite. Equations (15) and (19) indicate
that, if update laws (16) and (17) are applied, the estimation
parameters converge to their real values as evolution continues.
This implies that the reference force is tracked, since (9)

and (11) indicate an optimal trajectory is generated using the
estimated values. The resultant adaptive controller schematic is
presented in Fig. 3.

V. DUAL-AXIAL OFF-BOARD FORCE DETERMINATION

The adaptive control law presented above requires the
real-time force feedback, which is conventionally obtained by
installing a force sensor at the end-effecter of a manipulator.
However, the magnetically navigated micromanipulator is re-
motely manipulated without any mechanical connection be-
tween the end-effecter and the manipulator base. Therefore,
it is not practical to install an on-board force sensor. In addition,
attaching a force sensor on the end-effecter can significantly
increase MNM’s total mass and energy consumption of the sys-
tem. In order to solve these limitations, we propose using the
off-board force determine mechanism to predict the real-time
contact force on the navigated micromanipulator. The technique
was first successfully reported on one-dimensional force deter-
mination [26]. As part of the novel contributions of this paper,
the two-dimensional force determination mechanism which can
be implemented in unknown environment is presented.

In the steady-state of a free levitation, the MNM stays at
the minimum magnetic potential energy point in a horizontal
plane. See Fig. 4(a). This minimum magnetic potential energy
point is the location of the maximum magnetic flux density
(Bmax ) point where zero horizontal magnetic field gradient is
guaranteed [15]. However, when the microrobot is in contact
with environment, the magnetic field applies force to pull the
microrobot toward a reference position. In this situation, the
steady-state horizontal position of the microrobot is different
from the Bmax point, since a nonzero gradient is required at
the stabilized position in order to produce sufficient force. The
concept is presented in Fig. 4(b). The magnetic force is related
to the distance between the Bmax location/point and the real
position of the microrobot. For two-dimensional condition, the
horizontal forces are expressed as

Fx = Cx1dx + Cx2xmaxymaxdy (20)

Fy = Cy1xmaxymaxdx + (Cy2 + 4x)dy (21)

where (x, y) is the real position of the microrobot relative to
the work coordinate system shown in Fig. 1. The real posi-
tion is measured using laser beam sensors.dx and dy are the
distance between Bmax point and real position of the micro-
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Fig. 4. Principle of magnetic navigation and off-board force determi-
nation using the concept of Bm ax point. (a) Free levitation. (b) Contact
with environment.

robot. Cx1 , Cx2 , Cy1 , Cy2 are constant coefficients that can be
obtained from experiment, and (xmax , ymax) is the position of
the Bmax point. In our previous work [27], a technique for
determining the dual-axial position of the Bmax point in a hor-
izontal plane was proposed. The idea is that the Bmax point is
determined by measuring the magnetic field pattern inside the
working space. Four Hall-effect sensors are attached to the bot-
tom of the iron pole-piece to measure the magnetic flux pass
through the working space. Hall-effect sensors outputs are then
used to map the magnetic field pattern in the working space.
The installation of Hall-effect sensors is shown in Fig. 5. The
install location of Hall-effect sensors requires obtaining a linear
mapping between sensors output and microrobot position.

Off-board force determination in y-direction using similar
mechanism was reported in [26]. The accuracy of force deter-
mination reported in the previous work was 1.27 µN. In the
current paper, the force determination mechanism is validated
in the x-direction, which is the main work direction of this re-
search. Fig. 6 shows the force measurement using a cantilever
beam and magnetic flux measurement in x-direction. It shows

Fig. 5. Installation of four Hall-effect sensors at the bottom of the iron
pole-piece.

Fig. 6. Validation of force measurement accuracy using Hall-effect sen-
sors in x-direction.

that the force determination using magnetic flux measurement
provides 0.54 µN root mean square error.

VI. EXPERIMENTAL VALIDATION

In this section, the force tracking performance of the MNM
using the proposed algorithm is validated experimentally.
For the purpose of showing the concept, only one-dimensional
force tracking is studied in this paper. Specifically, we study the
force tracking in x-direction relative to the coordinate system
shown in Fig. 1.

In order to implement the proposed impedance algorithm and
adaptive parameter estimation law on to a digital controller, (5),
(16), and (17) are discretized. In this study, the sampling rate
was set as 1 ms.

To demonstrate the performance of the proposed controller,
experiments were conducted using the magnetic levitation mi-
crorobotics system. The control mechanism was compiled to
run on a dSPACE DS1006 controller board. The controller pro-
cesses the input signal from laser-beam sensors and Hall-effect
sensors, and outputs a driving current signal to command the
output current of an amplifier. A host computer functions as the
human–machine interface to facilitate monitoring the real-time
situation of the magnetically navigated robot.

The first experiment was conducted to validate the force track-
ing ability of the robot. The microrobot is a cylinder permanent
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Fig. 7. Experimental setup for force tracking validation, the two ends
of the bended aluminum beam are not fixed.

magnet with 10 mm in diameter, 10 mm in height, and 10.86 g
in weight. The permanent magnet has 1.29 T remnant magnetic
flux density. In this experiment, the microrobot was commanded
to push a beam constrained at its two ends (see Fig. 7). The beam
was a bended thin 6061 aluminum alloy sheet with 50 mm in
length, 0.051 mm in thickness, and 3 mm in width. The exact
location and stiffness of the beam are unknown. The experiment
was conducted while the microrobot was levitated at 79 mm be-
low the iron pole-piece. The force tracking performance was
validated in the x-direction on the horizontal plane. While in
the y-direction, position tracking accuracy is guaranteed. The
parameters of the x-direction impedance controller were chosen
as md = 1, bd = 10, kd = 1.2, kf = 1. The impedance pa-
rameters were chosen to satisfy an over-damped levitation that
improved the robustness of navigation. The parameters for the
adaptive control law were w1 = w2 = 1. The initial values of
parameter estimation were ke = 0.2 N/m, xe = −0.001 m.

The experimental result is shown Fig. 8. The experiment was
divided into four phases. In the first phase, a very small refer-
ence contact force Fr = 0.01 mN was assigned to the impedance
controller. The purpose of the small reference force was to main-
tain an initial contact between the navigated microrobot and the
unknown surface. In the second phase, a ramp-type reference
force trajectory was assigned for the microrobot to track. In
the third phase, the robot was command to move in y-direction,
while the maximum commanded contact force was maintained
in x-direction. Meanwhile, the controller adjusted the desired x
position. In the fourth phase, another ramp-type reference force
trajectory was assigned for the microrobot to track until the ini-
tial 0.01 mN contact force was obtained again. This experiment
demonstrates that the proposed algorithm exhibits good force
tracking in the presence of environmental uncertainty. In Fig.
8(a), the accuracy of force tracking is 2.01 µN root mean square
error. However, it should be noted that there was vibration while
the reference force was 0.01 mN. This was because the force was
too light to stabilize the beam. In Fig. 8(b), the estimated ref-
erence x position is obtained from adaptive estimator expressed
in (10) and (11). The calculated desired x position is obtained
from the position-based impedance controller expressed in (5).
The update of estimated environment stiffness k̂e is presented in
Fig. 8(d). In order to clearly show the described procedure, real
pictures while the microrobot was working are shown in Fig. 9.

Fig. 8. Ramp force trajectory tracking performance of the magnetically
navigated microrobot. (a) Force tracking Performance. (b) Position track-
ing in the x-direction. (c) Position tracking in the y-direction. (d) Estimated
ke in the process. (e) Magnetic levitation.

The performance of the controller is related to the parame-
ters of adaptive control law and impedance controller. A desired
performance can be achieved by carefully tuning these parame-
ters. Fig. 10 shows the effect of the desired impedance damping
coefficient on the response speed and overshoot in step force
trajectory tracking. Fig. 10(a) shows the step response with
relative small damping bd = 5 N · s/m. By comparing with the
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Fig. 9. Navigated microrobot pushing an Aluminum beam with con-
trolled contact force in x-direction. (a) The microrobot started pushing
with 0.01 mN force. (b) The contact force was set as 0.4 mN. (c) The
microrobot moved to y = 1 mm while contact force in x-direction was
kept as 0.4 mN. (d) The microrobot moved to y = –1 mm while contact
force in x-direction was kept as 0.4 mN. For comparison, the reference
curvature is shown in dotted line.

Fig. 10. Step response of force tracking with different impedance con-
trol damping: (a) bd = 5 N · s/m; and (b) bd = 20 N · s/m.

step response with larger damping bd = 20 N · s/m in Fig. 10(b),
it shows that small damping results in more overshoot, longer
stability time, and more oscillation. The presented technique
can be applied to biomedical microsurgery using an MNM. One
of the applications is using the microrobot with a very thin blade
attached on it to cut delicate tissues. This is a process that does
not require a large force compared to 0.5 mN.

To show the adaptive force tracking performance of the MNM
in multi-axis, a second experiment which considered the step
response of force tracking in the y-direction was conducted. In
this experiment, the MNM was navigated to push the same alu-

Fig. 11. Step response of adaptive force tracking in y-direction:
(a) force tracking performance; and (b) position trajectories of the MNM in
the y-direction. In (b), the calculated desired y position from the position-
based impedance controller has relative large overshoot. This is because
a small kd was chosen in (5) for force tracking.

minum beam in the first experiment. To start, a small reference
force 0.01 mN guaranteed the initial contact between the MNM
and the beam. Then, the MNM was commanded to track the step
force trajectory. The parameters of the impedance controller in
this experiment were set as md = 1 N · s2/m, bd = 20 N · s/m,
kd = 1.2 N/m, kf = 40. The experiments results are presented
in Fig. 11. Fig. 11(a) shows the force tracking performance.
It shows that the adaptive controller provides 1.63 µN force
tracking error in steady state. Fig. 11(b) shows the motion tra-
jectory of the MNM in the y-direction. The estimated reference
y position is obtained from the position estimator in (11). The
calculated desired y position is obtained from the position-based
impedance controller. The real y position is obtained from laser-
beam sensor.

VII. CONCLUSION

A novel adaptive force tracking algorithm was presented in
this paper that actively controls the contact force between an
MNM and its environment. The stiffness and location of its envi-
ronment are not necessarily known. In order to realize real-time
force feedback, an off-board force determination mechanism
was proposed in lieu of using an on-board force sensor. A ramp
force trajectory tracking experiment was conducted to show the
performance of the control system. Experimental results proved
that the controller can achieve very good force tracking when the
environment is uncertain. The required response of the control
system is related to the parameters of its adaptive update law
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and the impedance controller. The impact of the damping factor
of the impedance controller was examined experimentally. It is
observed that increase in damping results in slow response but
less vibration.

The proposed technique is important in that it has a promising
potential for application in biomedical microsurgery. Specifi-
cally, it can be applied in cutting delicate tissues with controlled
force, thereby preventing tissue damage and improving manip-
ulation stability.

The off-board force determination mechanism presented in
this paper relies on magnetic field measurement using Hall-
effect sensors. The force model in the paper is developed in a
workspace that has a linear relation between the position of the
minimum magnetic potential energy point and the Hall-effect
sensors’ output. For a workspace that has a nonlinear relation,
a more complex force model is necessary. The experiment was
conducted at room temperature because high-temperature envi-
ronment affects the linear output of Hall-effect sensors.

The adaptive force tracking algorithm used in this paper is
simple and robust enough to control contact with linear and non-
linear stiffness environment. However, when velocity is a key
factor to be considered, the algorithm produces force tracking
error. Another adaptive law is necessary for this situation.
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