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ABSTRACT

Adaptive nonlinear controllers have been proposed to improve the
stability and transparency in haptic rendering. Through a separa-
tion of control and dynamic simulation, the proposed controllers
can couple impedance-type haptic devices with impedance and
admittance-type virtual environment simulators. The intervening
dynamics of the interface, subject to stability constraints, can be
replaced with an adjustable mass-damper tool within the proposed
framework. Nonlinear dynamics for haptic device and paramet-
ric uncertainty in user’s arm dynamics are considered in the design
of controllers which require position, velocity and force measure-
ments. The transparency and stability of the proposed haptic control
systems are investigated using a Lyapunov analysis. The controllers
are implemented on a two-axis impedance-type haptic device for
interacting with impedance and admittance-type virtual environ-
ments. In the impedance-type environment, interaction with a vir-
tual wall is modeled by a spring-damper coupler. This model along
with an alternative constraint-based rigid wall model are employed
in the admittance-type simulations. Although the two controllers
behave similarly in free motion, the controller for admittance-type
environments is capable of rendering markedly stiffer rigid con-
tacts.

Index Terms: Haptics, Haptic Interaction, Adaptive Control,
Transparency, Rigid Contact, Virtual Environment.

1 INTRODUCTION

Rendering of perceptual reality through machine made force feed-
back, haptics, is finding growing applications in teleoperation, vir-
tual reality training simulators, computer-aided virtual prototyping,
and gaming. Haptic rendering algorithms are employed either to
provide direct interaction with virtual environments or to produce
virtual fixtures in robot manipulating tasks. The ultimate goal of
haptics is to break the boundaries between reality and virtuality and
to achieve maximum transparency, i.e. solid constraints should feel
sufficiently rigid in contact and no hindering effects must be felt in
free motion.

Due to the increasing sophistication of virtual environment sim-
ulators, haptic systems have evolved from using integrated algo-
rithms for dynamic simulation and control to separating them into
two independent processes. Within such a framework, the role of
control routine is to provide an interconnection between the dy-
namic simulation and the haptic interface [7]. For instance in the
case of an impedance-type device and an admittance-type virtual
environment, the controller is usually a spring-damper virtual cou-
pler [23]. In this case, although the environment constraint can
be infinitely stiff, the maximum impedance presented to the user
in rigid contact is limited by the stability constraints arising from
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the discrete-time implementation of the controller. Inherent delay
and data loss due to sample-and-hold, limited control update rate,
sensor quantization and encoder resolution, actuator dynamics and
inherent dynamics of haptic device are the main factors affecting
the stability and fidelity of haptic interaction. They ultimately limit
the range of the impedance (Z-width) [5] that can be displayed to
the user. The reader is referred to [1, 8] for a review of these effects.

Control of haptic interfaces has been an active field of research
in recent years. In [6] a passivity-based approach was employed
to derive relationships between intrinsic damping of haptic device
and the maximum gains in virtual coupler controller to guarantee
closed-loop stability. In [2] the two-port network theory was used
to analyze the stability of haptic control systems. The concept of
passivity observer (PO) and passivity controller (PC) was intro-
duced in [14] for guaranteeing the stability of haptic interaction.
It was shown in [9] that inherent resistor-inductor of the motor can
be utilized in a voltage drive analog circuit to achieve higher stiff-
ness than traditional approaches. A time-domain passivity control
scheme was utilized in [13] by applying tunable hardware dissi-
pation. There is an inherent asymmetry in human manipulation
and force perception [16]. While one may be incapable of mov-
ing his/her fingertip at frequencies higher than 10Hz, human fin-
gertips can perceive stimulus in a frequency range of dc to 1kHz,
with the highest sensitivity around 250Hz [3]. This motivated the
works of [11, 19] in which combinations of closed-loop and tran-
sient open-loop force generation have been proposed to provide
more realistic rendering of rigid contacts.

There are two major classes of controllers for force feedback
in virtual environments, i.e. impedance-type control [15] and
admittance-type control [10]. Impedance-type controllers use the
displacement of haptic end-effector, and sometimes the operator’s
applied force to control the force applied to the haptic device.
Admittance-type controllers, on other hand, use the operator’s ap-
plied force, and sometimes the additional input of the end effector
displacement to control the position of haptic device. Some re-
ports on the classification and analysis of haptic control schemes
are given in [4, 12, 21] but no discussion of closed-loop stability
is provided in these papers. Similarly, there are impedance and ad-
mittance classes of robotic manipulators. Impedance-type robots,
including most of the existing haptic devices, are characterized by
their low inertia and high backdrivability and are usually controlled
by impedance-type controllers. They are more suited for the ren-
dering of free motion and soft contact interactions. The admittance-
type robots, however, are mostly characterized by their high inertia,
low backdrivability and are usually controlled with admittance-type
controllers. In the context of haptics, these devices have good per-
formance in rendering rigid contacts but are at disadvantage in free
motion and soft contacts [10].

In many applications, specially those with high force output re-
quirements, the actual dynamics of an impedance-type device may
be significant enough to interfere with the user’s perception of the
virtual environment in free motion and contact. In addition, simple
virtual coupler controllers are often incapable of properly render-
ing rigid contacts. To address these issues, novel adaptive nonlinear
controllers are proposed here that can improve the stability and per-
formance of haptic interaction with impedance haptic devices. In-
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teraction with both impedance and admittance-type virtual environ-
ment simulations are considered. The proposed controllers, which
require hand force measurement in addition to postion/velocity, are
compatible with the nonlinear dynamics of the haptic device and
can adapt to variations in the user and device dynamics. They can
replace the actual dynamics of the haptic interface with that of a
mass-damper tool with adjustable parameters. Using a Lyapunov
analysis, the stability and performance of the proposed controllers
for interacting with admittance and impedance-type environments
are analyzed.

The rest of this paper is organized as follows. In Section 2 math-
ematical models of the haptic control system are provided. In Sec-
tion 3, the proposed haptic rendering controllers are introduced.
Closed-loop stability of the haptic interaction under the proposed
control laws is investigated in Section 4. Experimental results are
given in Section 5. Finally, the paper is concluded in Section 6.

2 HAPTIC DEVICE DYNAMICS

The dynamics of a haptic device in workspace coordinates can be
written as

MRobot(x)ẍ + CRobot(x, ẋ)ẋ + FdRobotẋ + GRobot(x)

= fHuman + fu (1)

where x, ẋ, ẍ ∈ <n represent the device workspace position, ve-
locity and acceleration vectors, MRobot(x) ∈ <n×n is the de-
vice inertia matrix, CRobot(x, ẋ) ∈ <n×n represents centripetal
and Coriolis effects, FdRobot > 0 contains damping coefficients,
GRobot(x) ∈ <n is a vector of gravitational force, fu ∈ <n de-
notes the control input force, and fHuman ∈ <n is the user hand
force. The hand force may be modeled using a linear passive mass-
spring-damper impedance and an exogenous force input, i.e. [18]

fHuman = f∗Human −MHandẍ− FdHandẋ

−KHandx (2)

where MHand ∈ <n×n, FdHand ∈ <n×n, KHand ∈ <n×n, are
constant inertia, damping, and stiffness matrices, respectively. The
term f∗Human ∈ <n is the human exogenous force input which
passes through the hand dynamics (2) to produce sensor measure-
ment hand force fHuman. The dynamics of the haptic device in (1)
and the user in (2) can be combined as follows

M(x)ẍ + C(x, ẋ)ẋ + Fdẋ + G(x) = f∗Human + fu (3)

M(x) = MRobot(x) + MHand

C(x, ẋ) = CRobot(x, ẋ)

Fd = FdRobot + FdHand

G(x) = GRobot(x) + KHandx

The following properties of (3) are later used in this paper [17].
Property I : The inertia matrix M(x) is symmetric and uniformly
poitive-definite ∀x ∈ <n, satisfying the following inequalities

m1‖ζ‖2 ≤ ζT M(x)ζ ≤ m2‖ζ‖2 ∀ζ ∈ <n (4)

where ‖.‖ is standard Euclidean norm and m1 and m2 are known
positive constants.
Property II : For a particular choice of C(x, ẋ) the following
skew-symmetry property holds

ζT (
1

2
Ṁ(x)− C(x, ẋ))ζ = 0 ∀ζ ∈ <n (5)

Property III : The dynamic model described in (3) can be linearly
parameterized in terms of a vector of unknown parameters θ ∈ <p

as follows

M(x)ẍr + C(x, ẋ)ẋr + Fdẋr + G(x)− f∗Human

= Υr(x, ẋ, ẋr, ẍr)θ (6)

where Υr(x, ẋ, ẋr, ẍr) ∈ <n×p is a dynamic regression matrix,
ẋr and ẍr are the reference signals that will be introduced later in
the paper.
Property IV : The norm of C(x, ẋ) is upper bounded as follows

‖C(x, ẋ))‖ ≤ η‖ẋ‖ (7)

where η is a positive constant.

3 ADAPTIVE CONTROL OF HAPTIC INTERFACES

The adaptive controllers proposed here are based on the Slo-
tine’s passivity-based position controller [20] and the adaptive mo-
tion/force controller in [22]. In the first step, the goal is to derive
the control input and parameter estimation laws so that the device
velocity ẋ(t) tracks a reference signal ẋr(t) to be defined later. To
this end, the control signal in (3) is chosen as

fu = Υr(x, ẋ, ẋr, ẍr)θ̂ −Kds (8)

where
s = ẋ− ẋr (9)

and θ̂ is an estimate of the unknown parameters, Kd > 0 is con-
stant, and Υr has been defined in (6).

By substituting the control input from (8) into the system dy-
namics in (3) one may obtain

M(x)ṡ + C(x, ẋ)s + (Fd + Kd)s = Υr(x, ẋ, ẋr, ẍr)θ̃ (10)

where θ̃ = θ̂ − θ.
It should be noted that the user exogenous input force f∗Human

has been treated as an unknown system parameter and has been in-
cluded in the parameter vector θ. As it will be seen shortly, the pa-
rameter adaptation law is derived based on the assumption that the
unknown parameters are constant which is obviously invalid in the
case of f∗Human. However, if the adaptation is much faster than the
rate of change in f∗Human, such approximation may still be used.
Alternatively, given a priori known bound on f∗Human, a switching
term such as −ksgn(s) can be employed to suppress this distur-
bance [18]. However, such an approach would generate excessive
chattering in the control system and may even cause instability by
exciting unmodeled dynamics.

3.1 Admittance-type Virtual Environments
The structure of the haptic control system for interacting with
admittance-type virtual environments in shown in Fig. 1. In this
case, the environment force fe is the input to the dynamic simula-
tion, and the environment acceleration ẍe, velocity ẋe and position
xe are calculated based on this input force. A virtual intervening
mass-damper tool must be integrated into the dynamic simulation
to avoid an ill-conditioned solution in free motion. To facilitate the
subsequent stability analysis, it is assumed here that the resulting
acceleration ẍe of the tool/environmnet is bounded. This can be
simply achieved by limiting this quantity at the simulation output
to an arbitrarily large value without affecting the system response.
The reference signal ẋr in (8) is defined as

ẋr = ẋe − Λ(x− xe) (11)

where Λ = ΛT > 0. It can be concluded from (9) that

s = ẋ− ẋe + Λ(x− xe) (12)
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Figure 1: Adaptive control for interacting with admittance-type VE.

Figure 2: Adaptive control for interacting with impedance-type VE.

Equation (12) represents a stable first-order dynamic system in
terms of x̃ = x− xe with the term s as its input. The haptic device
control problem can now be formulated as the regulation of the vari-
able s to zero in which case the haptic device position and velocity
would converge to those of the tool/environment. Therefore, the
user would feel the virtual environment through the adjustable tool
dynamics that replace the inherent dynamics of the haptic device. It
should be noted that the implementation of this controller requires
the measurement of x, ẋ, and fh. Although the position and the
force can be directly measured by sensors, the device velocity may
be approximated by numerical differentiation and filtering of the
position signal.

3.2 Impedance-type Virtual Environments
The structure of the haptic control system for interacting with
impedance-type virtual environments is displayed in Fig. 2. In this
case, the haptic device position x and velocity ẋ are passed to the
virtual environment simulation as xe and ẋe. In response, the sim-
ulation returns the reaction force fe generated based on the envi-
ronment model which can be a simple spring-damper. It should
be noted that impedance-type environments would require acceler-
ation of the haptic device for rendering inertial forces and as such
are more suitable for simulation of spring-damper forms of contact.

In this case the reference signal ẋr in (8) is defined as

ẋr = A(f̄h − f̄e) + (1− β) ˙̄x (13)

where A, β > 0 are constants, f̄h, f̄e, ˙̄x are filtered versions of fh,
fe, ẋ, respectively. These filters are given by (also see Fig.3)

˙̄fh = C(fh − f̄h) (14)
¨̄x = C(ẋ− ˙̄x) (15)

Substituting ẋr from (13) into (9) yields

f̄h − f̄e = (AC)−1 ¨̄x + A−1β ˙̄x−A−1s (16)

which implies that, provided s → 0 and the bandwidth of the first-
order filters C is sufficiently high, the user would interact with
the virtual environment through a mass-damper tool with a mass
of (AC)−1kg and a damping of (A−1β)N.s

m
which are adjustable

through the parameters A, C, and β. In other words, the haptic
device inherent dynamics are replaced by this synthesized tool. It
should be noted that the control signal in (8) requires ẍr . It is easy
to see that the special form of ẋr in (13) eliminates the need for the
measurement of ẍ, ḟh and ḟe in the control implementation.

Figure 3: First-order filters are used in the definition of the reference
signal in case of impedance-type VE.

4 STABILITY ANALYSIS

In this section It will be shown that:

Stability: Employing the control action (8) in (3) results in a stable
closed-loop system, i.e. x, ẋ and θ̂ are bounded.

Performance: The tracking error term s ∈ L2 ∩ L∞ and also
converges to zero.

To this end, the following nonnegative function is defined as a
candidate Lyapunov function

V =
1

2
sT M(x)s +

1

2
θ̃T Γ−1θ̃ ≥ 0 (17)

where Γ = ΓT > 0 is constant. By taking the derivative of (17)
along the closed-loop state trajectory in (10)1

V̇ = sT (Υr θ̃−C(x, ẋ)s−Fds−Kds)+
1

2
sT Ṁ(x)s+ θ̃T Γ−1 ˙̃

θ

(18)
The following element-wise adaptation law for the vector of un-
known parameters is proposed

˙̂
θk =





0, θ̂k ≤ (θ̂min)k and (ΥT
r s)k ≥ 0

0, θ̂k ≥ (θ̂max)k and (ΥT
r s)k ≤ 0

−(ΓΥT
r s)k, otherwise.

(19)
where k represents the kth vector element. The vectors θ̂min and
θ̂max contain the minimum and maximum allowable values for the
parameters respectively. By employing (5) and (19) in (18), one can
write

V̇ ≤ −sT (Fd + Kd)s ≤ 0 (20)

The inequality in (20) is a direct consequence of Fd and Kd being
positive definite. One can conclude from (20) and (17) that s and
θ̃, and hence θ̂ are all bounded. Also, from (20) it is evident that
s ∈ L2 and therefore, s ∈ L2 ∩ L∞.

In the case of interaction with an impedance-type virtual envi-
ronment, (16) can be used to derive

f̄∗h =
(
MHand + Me + (AC)−1) ¨̄x+

(
FdHand + Be + A−1β

)
˙̄x + (KHand + Ke)x̄−A−1s (21)

where linear mass-spring-damper models have been used for the
user and the virtual environment. Me, Be, and Ke, are the environ-
ment constant inertia, damping, and stiffness matrices, respectively.

1For brevity Υr(x, ẋ, ẋr, ẍr) is replaced with Υr
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Given that f̄∗h can be assumed bounded, ¨̄x, ˙̄x, and x̄ are bounded
and thus ẋ and x are both bounded. Note that if the stiffness values
of the hand KHand and the environment Ke are both zero, only the
boundedness of ẋ can be concluded. Now from the boundedness of
ẋ and (10), it can be shown that ṡ is bounded and hence using the
Barbalat’s Lemma [20], it can be concluded that s → 0.

For haptic interaction with admittance-type virtual environ-
ments, using s ∈ L2 ∩ L∞, the Lemma 1 in [22], and (12) one
may show that

˙̃x, x̃ ∈ L2 ∩ L∞ (22)

Using (22), linear mass-spring-damper models for the user and en-
vironment, and the following from Fig.1

fh = (Me + mTool)ẍe + Beẋe + Kexe (23)

it can be easily shown that

x, ẋ ∈ L∞ (24)

Now using the assumption on boundedness of the environment ac-
celeration output ẍe, it can be demonstrated that

ẋr, ẍr ∈ L∞ (25)

and thus the application of the Barbalat’s lemma would result in s
converging to zero.

By taking the integral of both sides in (20) and knowing that the
Lyapunov function V is non-increasing, it can be shown that

∫ ∞

0

‖s(τ)‖2dτ ≤ 1

σmin(Fd + Kd)
(V (0)− V (∞)) ⇒

‖s‖22 ≤ 1

2σmin(Fd + Kd)

(
m2‖s(0)‖2 + σmax(Γ

−1)‖θ̃(0)‖2
)

(26)

where σmin(.) and σmax(.) denote the minimum and maximum sin-
gular values for the corresponding matrices respectively. The upper
bound on the L2 norm of the transient error s in (26) is a func-
tion of initial errors s(0) and θ̃(0) as well as the control and adap-
tation gains. Increasing the adaptation gain Γ and the feedback
gain Kd would improve the performance of the system by reduc-
ing the upper bound on ‖s‖22. However in practice, these gains
are limited by the presence of measurement noise that can excite
high frequency unmodeled dynamics and potentially cause insta-
bility. Finally, it must be pointed out that the proposed continuous-
time control framework allows for synthesizing an arbitrary inter-
vening virtual tool mass in interaction with both impedance and
admittance-type environments. Nevertheless, the minimum achiev-
able tool mass is limited in a discrete-time implementation of the
controllers due to stability constraints arising from computation de-
lay and zero-order-hold effect. The impact of a discrete-time imple-
mentation on the stability of the proposed controllers will be studied
in future.

5 EXPERIMENTAL RESULTS

The Quanser pantograph device shown in Fig. 4 is employed to
evaluate the proposed controllers. This device has two active axes
of motion in the horizontal x-y plane and is actuated by the direct-
drive DC motors attached to its proximal links. The motor shaft
angles are measured by optical encoders with 20,000 counts per
revolution. A Mini40 force/torque sensor from the ATI Indus-
trial Automation has been mounted on haptic device end-effector
to measure the hand force fHuman. The control code runs under
Matlab RTW/Tornado VxWorks real-time operating system with a
sampling frequency of 2048 Hz.

Figure 4: Experimental setup.

Table 1: Design and Simulation Parameters

Parameter Value
mTool 0.35kg

Kd 10
Λ 100
C 400 rad

s
β 0
A 0.01

kwall For case 1, impedance-type wall 4000 N
m

kwall For case 1, admittance-type wall 10000 N
m

kwall For Impedance-type VE 1000 N
m

bwall For case 1, impedance-type wall 40 N.s
m

bwall For case 1, admittance-type wall 300 N.s
m

bwall For Impedance-type VE 20 N.s
m

Γ11 200
Γ22 1400
Γ33 4000
M1 0.5 kg
M2 0.5 kg

k1 and k2 1000 N
m

b1 and b2 3 N.s
m

Sampling Rate 2048 Hz

Three admittance-type and one impedance-type haptic simula-
tions have been implemented and their results are reported here.
The dynamic simulation and control parameters are given in Ta-
ble 1.

5.1 Admittance-type Virtual Environment Simulation
In this case, the hand force fHuman is measured by the force sensor
along the x and y axes in the horizontal plane and is passed to the
dynamic simulation. A virtual tool in the form of a mass mTool =
0.35kg has also been implemented. The value of the mass has been
selected to maintain the closed-loop stability in the discrete-time
implementation of the controller. Matlab’s Euler integration routine
has been used to simulate the environment dynamics.

5.1.1 Free Motion

In free motion, the environment force is zero and the user would
only feel the dynamics of the virtual tool which replace those of the
device.
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Figure 5: Comparison between the conventional spring-damper coupling and the adaptive controller with admittance-type environment; wall is
at 0.02m; Left: adaptive controller with admittance-type rigid wall in Case 1; kwall = 10000 N

m
, bwall = 300Ns

m
; Right: conventional virtual

coupler; kwall = 4000 N
m

, bwall = 40Ns
m

.

5.1.2 Contact
Three different types of contact have been implemented.

Case 1: Spring-damper rigid wall
In this case, using a spring-damper model, the wall deflection is

calculated based on the measured hand force and the dynamics of
the intervening tool. The virtual tool which makes contact with the
spring-damper wall is coupled with the haptic device by means of
the proposed adaptive controller. In the experiments, the stiffness
of the wall could be increased to large values, e.g. 16, 000N/m, and
no instability was observed. Nonetheless, increasing the stiffness
beyond certain limits did not improve the perception of rigidness as
this is effectively determined by the strength of adaptive coupling
controller consisting of a feedforward and a feedback term. The
use of the feedforward term in the control significantly enhances
position tracking between the device and the virtual environment
without the need for a large feedback gain that could negatively
affect the stability due to discretization.

In the experiments, the performance of the proposed controller
for simulating rigid contacts in admittance-type environments is
compared with that of a conventional impedance-type spring-
damper model and the responses are illustrated in Fig. 5. The
proposed adaptive controller is clearly superior as it can stably
render contacts with very high stiffnesses. In contrast, the con-

ventional spring-damper coupler exhibits an unstable behavior for
much softer walls. There was also a significant difference in the
user’s perception of rigidness under the two methods.(see also
Fig. 6)

Case 2: Constraint-based rigid wall
The proposed controller for admittance-type environment also

lends itself to a new constraint-based implementation of rigid con-
tacts. In this approach, upon the initial contact of the tool with
the wall, the controller attempts to force the haptic device veloc-
ity along the normal direction of the contact surface to zero over
a limited number of sample times by stopping the virtual tool over
that period. At each sample time the acceleration needed to stop
the tool is calculated based on its current velocity and the number
of samples left in the stopping period. The tool position xe, veloc-
ity ẋe and acceleration ẍe are passed to the adaptive controller and
are used in the calculation of ẋr and ẍr in (11). These values are
used in the feedforward term of the control action in (8) resulting
in the impulsive forces applied to the user. After the velocity of the
tool reaches zero or the stopping period elapses, the velocity and
acceleration of the virtual tool are set to zero. For the rest of the
contact period xe = x0, and ẍe = ẋe = 0, where x0 is the tool
stopping position. It should be noted that the stoppage phase of
the proposed contact model is rather similar to the open-loop force
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Figure 6: Contact simulation with adaptive controller and admittance-
type rigid wall in Case 1; wall is at 0.02m; Tapping on the wall surface.

generation models proposed in [11, 19] among others. However,
by having access to the estimated value of the lumped user/device
mass, the method in this paper automatically scales the impulsive
forces. Furthermore after the initial contact, the proposed approach
uses a constraint-based model rather than spring-damper coupling
resulting in an enhanced perception of rigidity.

The control action and parameter adaptation are illustrated in
Fig. 7. The responses of the adaptive controller with the constraint-
based rigid wall are illustrated in Fig. 8. The controller demon-
strates an excellent response both in free motion and in rigid con-
tact. In fact, the feeling of rigid contact in this case is even superior
to that of the adaptive controller with spring-damper wall.

Case 3: Contact with double mass-spring-damper

In this case, the virtual environment is a double mass-spring-
damper shown in Fig. 9 to model contacts with high-order environ-
ment dynamics. A completely plastic contact occurs between the
virtual tool and the first mass M1. Upon the detection of initial
contact, the system enters a state in which the final velocity of the
tool and the mass M1 based on a plastic contact is calculated. Dur-
ing a predefined number of sample times, similar to the method in
Case 2, the desired tool acceleration is generated and used in the
adaptive controller. The results of the experiment are displayed in
Fig. 10.

Figure 7: Adaptive controller with admittance-type environment, tap-
ping on the wall, Case 2; Top: feedback and feedforward components
of control action; Bottom: estimated parameters, combined mass M ,
combined damping C, user exogenous force f∗h .

5.2 Impedance-type Virtual Environment Simulation
The adaptive control algorithm in Section 3.2 for interacting with
impedance-type environments has been implemented. The environ-
ment is modeled by an impedance-type spring-damper wall. The
system and control parameters are given in Table1. During the ex-
periments, it was discovered that this type of control architecture
suffers from similar stability problems as those observed in con-
ventional spring-damper coupling. This may not be surprising as
the two approaches use similar mechanisms to generate the envi-
ronment reaction force. Consequently, the only advantage of this
controller over the conventional virtual coupler is in its ability to
alter the perceived impedance of the haptic device. The experimen-
tal results are given in Fig. 11.

6 CONCLUSIONS AND FUTURE WORK

Adaptive nonlinear control schemes for the haptic interaction of an
impedance-type device with impedance and admittance-type vir-
tual environments were proposed. The controllers accommodate
an uncertain nonlinear model of the haptic interface and an un-
certain mass-spring-damper model of the user. Using measure-
ments of the user force and position/velocity, the controllers can
alter the inherent dynamics of the haptic device making them suit-
able for the use with high-force large-inertia interfaces. The perfor-
mance and stability of haptic simulation under the proposed meth-
ods were analyzed using a Lyapunov-based approach. Rigid con-
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Figure 8: Contact simulation with adaptive controller and admittance-type rigid wall in Case 2; wall is at 0.02m; Left: sliding on the wall surface;
Right: tapping on the wall surface.

tact in admittance-type environments was modeled both as a con-
ventional spring-damper, and as a rigid constraint on the position,
velocity and acceleration of the device.

Experiments were conducted to investigate the effectiveness of
the proposed controllers. The results demonstrated that the adap-
tive controller with an admittance-type virtual environment and the
constraint-based wall model has by far the best performance in
terms of rendering rigid contacts whereas the free motion perfor-
mance is fairly uniform among all the controllers. The performance
of the adaptive controller with impedance-type virtual environment
was comparable to that of a conventional virtual-coupler controller.
In summary, it can be concluded that the adaptive controller with
admittance-type virtual environment is capable of stable rendering
of low impedance in free motion and high impedance in rigid con-
tacts making it suitable for high performance haptics applications.

In future, an analytical lower bound for the synthesized
impedance of the haptic device in a discrete-time implementation
of the proposed controllers will be obtained.
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