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Abstract
A haptic device (HD) is an interface used for simulating a virtual environment (VE) for its operator. While simulating a VE,
the HD should be stable; otherwise, it can damage itself or its operator. Usually, HDs are multi-degree-of-freedom serial
manipulators with sensor quantization and friction in their joints. Hence, the HD dynamics is complex and its analytical
stability analysis is complicated. During simulating of the VE for the operator, stylus movements are small. In the previous
studies, the multi-DOF nonlinear dynamics of the HD was replaced with simple dynamics in which mass and viscous values
are constant. However, there were neither analytical methods to determine the values of the mentioned parameters in the
simplified model nor studying the accuracy of this simplification is studied. In this paper, a novel and general approach is
employed for simplifying a multi-degree-of-freedom haptic device dynamics during arbitrary motion around the operating
point, and its accuracy in the prediction of the stable simulation of the VE is discussed. Meanwhile, sensor quantization
and Coulomb friction are considered in the model. This method is evaluated through simulation for stability analysis of the
PHANToM 1.5 and KUKA Light Weight Robot IV (LWR IV) as haptic interfaces in various situations.

Keywords Haptic device · Stability · Multi-DOF dynamic · Simplification

1 Introduction

Nowadays, HDs are employed on various tasks, including
human-robot interaction [1], surgical applications [2, 3], and
specially teleoperation applications [4–8]. A good review of
haptic bilateral teleoperation systems can be found in [9].

A general sketch of the haptic system is shown in Fig. 1.
As shown in this figure, an operator moves the end-effector
(stylus) of a HD, while its position is read by HD’s sensors
(xH ). Based on it, a virtual object is simulated for the operator
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(mostly with 3D pictures) and based on the VE’s impedance
parameters, a desired force is calculated ( fd) and applied to
the operator’s hand ( fV E ). In the case of a complete trans-
parency, these two forces are the same. Transparency and
stability in applying the desired force to the operator are crit-
ical issues for these devices.

A HD can simulate touching an entity in the VE for the
user. To this end, the respective forces/torques raised from
touching the virtual entity are applied by the HD to the user’s
hand.

The left loop shows a human who moves the HD stylus.
Human behaviour is one of the factors for studyingHDstabil-
ity. Instabilities in these devices occur at frequencies higher
than 100 Hz. On the other hand, it has been proven that the
energy actively added by the operator to the haptic interface is
at frequencies lower than 10Hz [10]. Consequently, the oper-
ator is considered as a passive element, and the human finger,
wrist, and hand are usually modelled by passive elements of
mass-spring-damper [11–13],whichmakes the haptic system
more stable [14, 15].

Compliant behaviour of a haptic device is required in its
interaction with the VE to ensure safe interaction [16]. The
HD stability is studied byMinsky et al. in [17]. This stability
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Fig. 1 A haptic system scheme

analysis of a HD is performed through linear modelling for
the robot and a continuous model for the VE. Other works
such as [14, 18, 19] studied the stability of HDs by con-
sidering the human operator. The acquired results show an
improvement in the stability in the presence of the operator’s
hand.

It is shown that dissipated energy due to Coulomb fric-
tion is more than generated energy due to quantization in
most commercial public haptic devices [19, 20]. So in all the
previous stability analyses, these two nonlinear effects are
omitted by each other. As a result, there is no explicit formula
for finding a stable domain for aHDconsidering quantization
and both viscous and Coulomb friction. Moreover, HD pas-
sivity is studied in [20–22]. There are some passivity criteria,
which relate the mentioned parameters together, such as [19,
20], but the passive operation range is conservative [18, 23].
Virtual damping and time delay have a considerable effect
on HD stability. Unstable behaviour in large time delays has
been reported in [24, 25]. Recently stability boundary of a
1-DOF HD with the LuGre friction model is studied in [26],
using the new determined describing function of the LuGre
friction model.

While the aforementioned papers considered approxi-
mated 1-DOF haptic device with constant dynamic param-
eters for studying HD stability, neither there is a method
to show how the nonlinear and multi-degree-of-freedom
dynamic of the HD can be simplified to a constant mass,
viscous and Coulomb friction, nor the accuracy of this
assumption is studied. Most of the previous works employed
the intrinsic dynamics of the only active joint involved in the
movement of the stylus while simulating the VE. For exam-
ple, in [22, 27], a 1-DOF HD for validating the theory via
experiment is employed. Moreover, in [14, 23, 28], just one
joint of a multi-DOFHDwas active, and all other joints were
locked during simulating a VE.

On the other hand, stability analysis of a multi-DOF
multilateral HD through a new numerical straightforward
approach is employed in references such as [29–31]. Also,

in [32] stability of a linearized multi-DOF haptic device
model was studied using Linear Matrix Inequality (LMI).
Nonlinear inertia of the HD is reduced in [33], by employ-
ing force-torque sensing. Influence of the vibration modes of
a 2-DOF HD is also studied in [34], which shows internal
vibration modes can reduce stability boundary of a HD.

In all mentioned references that work with multi-DOF
HD, numerical methods are used to predict or improve the
stability boundaries of nonlinear models. In fact, there is
no straightforward method which simply reduces the non-
linear and multi-DOF dynamics of a HD into a 1-DOF
model. This method can also simplify the HD dynamics
to accurate model with constant parameters in operation
point, which can enable analytical stability/passivity anal-
ysis. Redundancy resolution is also possible through this
method [35].

The current work proposes a general framework to study
the stability of a HDwithmultiple active DOFs, by analyzing
equivalent 1-DOF dynamics instead of nonlinear multi-DOF
dynamics. The main contributions of the current study are
summarized as follows,

• Considering quantization effect along with viscous and
Coulomb friction in robot joints in stability analysis;

• Proposing a method for computing an equivalent sensor
resolution;

• Employing projection method to obtain an accurate 1-
DOF model in operation direction;

• Simplifying the nonlinear multi-DOF dynamic of a hap-
tic device to a 1-DOF dynamic consisting of an effective
mass, viscous friction, Coulomb friction, and sensor
quantization;

• Studying multi-DOF HD stability and comparing it with
the case of simplified 1-DOF.

Without simplifying the nonlinear multi-DOF dynamic of
a haptic device, it will be so hard to present analytical stability
or passivity analysis. Finally, the new approach is utilized for
the stability analysis of the 3-DOF PHANToM and 7-DOF
KUKA as haptic interfaces. Employing advanced industrial
robots like KUKA, as HD is recently a new trend [36]. These
manipulators have a complicatedmechanism,more dexterity,
and a wide range of accurate force feedback.

2 Modeling Haptic Interface

2.1 Virtual Environment

During physical interaction with most of the objects around
us, elastic and damp behaviour arises. Hence, VE entities are
commonly considered aswallswith virtual stiffness (Kw) and
virtual damping (Bw). An interface stylus is usually assumed
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in contact with this virtual wall. Thus theVE can bemodelled
as:

H(z) = Kw + Bw

z − 1

Tsz
, (1)

where Ts is the constant value of sampling time.

2.2 Time Delay

Time delay may exist in the control loop of the HD due to
computation, communication, sensor delay, actuator delay
and so on. Since the sampling rate for the haptic interface
is usually more than 1000Hz, some millisecond time delay
may alter the system functionality. As shown in [25], a haptic
interface with lower time delay may simulate virtual walls
with higher stiffness. According to [37], usually, haptic inter-
face time delay Td is integrated.

2.3 Haptic Device

The dynamic model of an m-DOF haptic device with series
configuration has the following dynamic equation:

τ = M(q) q̈ + n(q, q̇) + g(q), (2)

where τ ∈ IRm×1 and M ∈ IRm×m are joint actuator
torques vector and mass matrix, respectively. n ∈ IRm×1

include Centrifugal, Coriolis, and friction forces vector. q =
[q1, q2, ..., qm]T is the vector of joint variables, and g is the
gravity vector. The terms on the right-hand side contain mass
matrix, gravity vector, and n contain trigonometric terms.
Frequently, the gravity vector is compensated by the internal
controller of the HD.

Friction exists in the haptic device’s joints, which is
mainly modelled by viscous and Coulomb terms. Rewriting
n in detail as

n = c+ f v + f c = c+

⎡
⎢⎢⎢⎣

b1q̇1
b2q̇2

...

bn q̇m

⎤
⎥⎥⎥⎦ +

⎡
⎢⎢⎢⎣

μ1sign(q̇1)
μ2sign(q̇2)

...

μnsign(q̇m)

⎤
⎥⎥⎥⎦ , (3)

where c includes Centrifugal and Coriolis forces besides f v

and f c are vector of viscous and Coulomb friction, respec-
tively. Moreover, bi and μi (1 ≤ i ≤ m) are viscous
and Coulomb friction coefficients of each joint. Therefore,
stability analysis of (2) in contact with a VE is complicated
because of multiple nonlinear equations.

3 Simplified Dynamic of the Haptic Device

HD should simulate various environments, from soft to hard.
The ideal case of zero penetration depth corresponds to infi-
nite stiffness. However, this penetration depth is not available
since HD becomes unstable. Therefore, the higher limit of
the virtual wall stiffness specifies the robot stability region.

On the other hand, the robot dynamic parameters are non-
linear functions of joint position and velocity. While the
stylus can move in a broad workspace, virtual objects typi-
cally are stiff and smaller than the HDworkspace and restrict
the stylus motion. So, studying the system’s behaviour
around the operating configuration is reasonable.

The effective dynamic parameters compose the equivalent
robot model according to the robot stylus direction in the
operating point. Then, the stability analysis can be accom-
plished through this simplified model to find the maximum
value for the virtual wall stiffness.

3.1 Computing Dynamic Parameters

In this work, projecting robot dynamic parameters to the task
space and computing the effective parameters is followed.
The purpose is to find an equivalent system for the non-
linear multi-DOF HD, with a 1-DOF HD with an effective
mass, moving with effective viscous and Coulomb friction,
while its position is sensed through a virtual sensor with an
effective resolution. The main issue is having an accurate
stability boundary in various cases. The effective parameters
change in each operating point. A general formula is neces-
sary to obtain 1-DOF dynamic model in each practical point
according to the HD configuration and direction of the stylus
movement. To this end, (2) is rewritten as

q̈ = M−1(JT� − n(q, q̇) − g(q)), (4)

where � is actuator torque projection in task space direc-
tions, and parameters dependencies are omitted for brevity.
Therefore, one may obtain

ẍ − J̇ q̇ + JM−1(n(q, q̇) + g(q)) = JM−1 JT�. (5)

Stylusmotion direction, shownby es ∈ IR3×1, is supposed
as the robot task space.Considering the robot stylus in contact
with the virtual wall along es , which is usually perpendicular
to the virtual wall, effective dynamic parameters are

�s(q) =(J s(q)M−1(q)JT
s (q))−1,

γ s(q) =�s(J s(q)M−1(q)n(q, q̇) − J̇ s(q)q̇),

hi (q) =�s(q)J s(q)M−1(q)g(q),

(6)
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where Js(q) = eTs J (q) and J (q) ∈ IRm×m is the robot
Jacobian. �s and hi are equivalent mass matrix and gravity
vector while γ s is the projection of n(q, q̇) in the operation
space. Since Js is 1×m, all the effective dynamic parameters
computed in (6) are scalar quantities.

Since quantization is a critical parameter in HD stability,
an effective resolution should also be considered. According
to the robot differential kinematic (ẋ = J q̇) and calculus of
variations, one may write

δq = J−1(q)δx. (7)

where δx is the unit vector for the arbitrary task spacemotion
and δq is the corresponding joint motion. Assuming similar
resolution for all joints (�q0) and

nδq = δq/||δq||, (8)

as the normal joint space motion vector, one can compute the
joint space resolution multiplier as

λ = �q0/max(nδq). (9)

Hence,�q = λnδq shows the marginally joint space motion,
which leads to reaching a joint resolution. Consequently,
effective task space resolution is suggested as

�e f f = J s(q)�q. (10)

3.2 Linearizing Dynamic Model

To this step, all the formulas are general andwithout any sim-
plification.According to the aforementioneddiscussions,HD
stability during interaction with the VE is critical. In reality,
the stylus of the HD has a slow and slight penetration inside
the stiff virtual objects. So, the equivalent 1-DOF robot can
be obtained with constant dynamic parameters in the operat-
ing point (q p). Consequently, effective inertia is realized as

�e f f = (J s(q p)M
−1(q p)J

T
s (q p))

−1, (11)

and effective viscous, Coulomb coefficients and sensor res-
olution are

bef f =�s(J s(q p)M
−1(q p)b)J

−1,

μe f f =�s(J s(q p)M
−1(q p) f c)/sign(J−1ṡ),

�e f f =J s(qp)�q,

(12)

where ṡ = esv and v = J q̇. The realized constant values of
�e f f , bef f and μe f f are valid around operating point.

Therefore, the nonlinear multi-DOF dynamic of the HD
is approximated by a simple 1-DOF system constructed by
effective mass, viscous and Coulomb coefficients. Stability
analysis by this model around the operating point is more
effortless.

4 Simulations

As seen in the literature review, stability and passivity anal-
ysis of the HDs are performed through simplified 1-DOF
haptic systems. Obtaining stability domain through simula-
tion is a common approach (e.g. [14, 23, 28]). Herein, the
stability of the multi-DOF HD is compared with the 1-DOF
equivalent system via simulations, while Coulomb and vis-
cous friction are considered, as well as sensor quantization.

Two different robots are used as HD in the simulations:
PHANToM 1.5 and KUKA LWR IV. The former has six
DOFs, while its three first joints are active and the other
three joints only have a position sensor and are not active,
so the 3-DOF dynamics of this HD is extracted from [38]
and used in the simulations. The latter has seven DOFs, and
its dynamic model is validated in [39]. KUKA is recently
employed as HD in multiple studies (see [24, 36]). Since
this robot has 7-DOF, one of the joints is programmed to be
inactive for the sake of avoiding null-space stability issues.

For each device, the method performance is studied
through two different sets of simulations: A) Effect of time
delay, and B) Effect of sampling time. In each set of sim-
ulations, stability boundary determined from the nonlinear
multi-DOF dynamics is determined and compared with the
stability boundary of the simplified 1-DOF system, in two
different configurations for each robot.

In the case of time delay, the value of delay time in the
control loop (Td) changed, and its effect on the accuracy of
the simplified dynamics is studied. In the other set of simula-
tions, the method performance is evaluated by changing the
value of sampling time (Ts). Moreover, another set of sim-
ulations is carried out in subsection C for the KUKA LWR
to study the effect of dynamic parameters ratio. In this set
of simulations, mass, viscous coefficient, Coulomb coeffi-
cient, and sensor resolution are changed and their effect on
the stability domain is discussed.

In all simulations, the PHANToM 1.5 tries to simulate a
virtual object, perpendicular to its global X direction, while
the KUKA LWR IV simulates a virtual environment in the
Z direction of the last joint.

4.1 Effect of Time Delay

In this section, the method performance for finding stabil-
ity domain by different time delays is studied. Simulation
cases are defined in distinct operating points. So, the HD
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Table 1 Effective parameters of the PHANToM 1.5 in qcase 1

mef f (Kg) bef f (Ns/m) cef f (N ) �e f f (μm)

0.200 0.033 0.003 19.433

configuration (q) and stylus penetration direction (es),
which are critical in computing effective parameters of (11)
and (12), are different.

4.1.1 PHANToM 1.5 Haptic Device

The first simulation case is carried out in qcase 1 =
[π/4, π/6, − pi/6]. In this configuration, effective param-
eters of mass, viscous friction, Coulomb friction, and quan-
tization are determined, as reported in Table 1.

These parameters are used in simulations for predict-
ing the stability boundary of 1-DOF equivalent system
(Table 1). Figure 2 shows the stability boundary for
Td = 0ms and Td = 1ms. In this figure, the maximum vir-
tual stiffness correspond to each virtual damping for stable
operation is specified. The red and green lines are realized by
simulating the main robot model, while blue and cyan lines
correspond to the equivalent 1-DOF model, respectively. In
this figure, accuracy for even a large virtual stiffness value is
acceptable.

The same result can be seen for the second case in
Table 2 and Fig. 3. This simulation set is done in qcase 2 =
[π/3, π/5, − π/6].

By increasing time delay, the maximum allowable virtual
stiffness decreases in case one (see Fig. 4). Meanwhile, the
simplifiedmodel tracks themainmodel behaviour acceptably
and is conservative for large virtual damping.

Time delays of Td = 2ms and Td = 3ms are also
studied for the second case. Figure 5 shows the proposed sim-
plifying method also preserves its performance in different
time delays in this configuration. Usually, the HD is utilized
in the case of small virtual damping values and time delay
[18, 25, 28]. From these figures, it is clear that simplifying a
3-DOF nonlinear haptic device dynamics model to a 1-DOF
model by the presented equations has good accuracy in the
usual HD operation domain.

It is noteworthy that a time delay of more than 3ms is
not common. The acquired results for both cases are precise,
especially in the linear part of the diagrams, which has the
most practical usage.

Table 2 Effective parameters of the PHANToM 1.5 in qcase 2

mef f (Kg) bef f (Ns/m) cef f (N ) �e f f (μm)

0.201 0.041 0.004 13.817
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Fig. 2 Boundary of stability with td = 0 & 1 ms in case I

4.1.2 KUKA Light Weight Robot IV

Herein, two different configurations are considered for
KUKA LWR IV as HD to evaluate the performance of the
method in a more complex manipulator. Since this robot has
sevendegrees of freedom, the third joint of this robot assumed
to be locked with the angle of zero in all configurations; thus
other six joints are changed to put the robot in different con-
figurations.

In the third set of simulations, the configuration of the
KUKA LWR IV is qcase 3 = [π/3,−π/2, 0, π/2, 3π/5,
π/3, π/9] and effective parameters are determined from (11)
and (12) and listed in Table 3.
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Fig. 3 Boundary of stability with Td = 0 & 1 ms in case II
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Fig. 4 Boundary of stability with Td = 2 & 3 ms in case I
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Fig. 5 Boundary of stability with Td = 2 & 3 ms in case II

Table 3 Effective parameters of the KUKA LWR IV in qcase 3

mef f (Kg) bef f (Ns/m) cef f (N ) �e f f (μm)

32.90 15.39 4.57 45.48
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Fig. 6 Boundary of stability with Td = 0 & 1 ms in case III

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
 Virtual Damping (Bw)

0

2

4

6

8

10

12

14

16

 V
irt

ua
l S

tif
fn

es
s 

(K
w

)

105

Td=2 ms (6 DOF) Td=2 ms (1 DOF) Td=3 ms (6 DOF) Td=3 ms (1 DOF)

Fig. 7 Boundary of stability with Td = 2 & 3 ms in case III

Table 4 Effective parameters of the KUKA LWR IV in qcase 4

mef f (Kg) bef f (Ns/m) cef f (N ) �e f f (μm)

157.59 85.85 10.76 18.95
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Fig. 8 Boundary of stability with Td = 0 & 1 ms in case IV

Figures 6 and 7 show the accurate behaviour of the sim-
plified model for time delay from zero to 3 ms in this
configuration.

Another set of simulation is done in qcase 4 = [π/2,
−π/4, 0, 7π/8, 3π/5, π/4, π/3], and effective parameters
are listed in Table 4.

The stability boundaries in this configuration for various
time delays are reported in Figs. 8 and 9. Figure 8 confirms
the precise prediction of the robot stability region by the 1-
DOF model for Td = 0 and 1 ms, while the same result is
shown in Fig. 9 for Td = 2 and 3 ms.

Hence, the proposedmodel properly specifies the stability
region for both 3-DOF and 6-DOF HD, when various time
delays exist.
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Fig. 9 Boundary of stability with Td = 2 & 3 ms in case IV
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Fig. 10 Boundary of stability with Ts = 0.1ms, 0.2ms, 1ms,
and 2ms in case I

4.2 Effect of Sampling Time

The other critical parameter discussed in this work is sam-
pling time. Simulations are carried out with different sam-
pling times in various configurations. For all the simulations,
Td is 0ms.

4.2.1 PHANToM 1.5 Haptic Device

In Fig. 10, maximum virtual stiffness corresponds to vir-
tual damping for stable HD in qcase 1 for different sampling
rates are reported. As shown in Fig. 10, by decreasing

0 5 10 15 20 25 30
 Virtual Damping (Bw)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 V
irt

ua
l S

tif
fn

es
s 

(K
w

)

105

Ts=0.1 ms (3 DOF)

Ts=0.1 ms (1 DOF)

Ts=0.2 ms (3 DOF)

Ts=0.2 ms (1 DOF)

Ts=1 ms (3 DOF)

Ts=1 ms (1 DOF)

Ts=2 ms (3 DOF)

Ts=2 ms (1 DOF)

Fig. 11 Boundary of stability with Ts = 0.1ms, 0.2ms, 1ms,
and 2ms in case II
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Fig. 12 Boundary of stabilitywith Td = 0 and Ts = 0.1, 0.2, 1&2ms
in case III

sampling time, HD has a larger stable domain and can sim-
ulate stiffer VE. Another set of simulations is reported in
Fig. 11. The obtained results for case II, similar to the case I,
shows acceptable accuracy of the simplification algorithm for
stability analysis of the multi-DOF HD in different sampling
rate.

4.2.2 KUKA Light Weight Robot IV

The stability region of KUKA as HD is studied for different
sampling rates in cases III and IV. The acquired results are
shown for these two cases in Figs. 12 and 13, respectively.
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Fig. 13 Boundary of stabilitywith Td = 0 and Ts = 0.1, 0.2, 1&2ms
in case IV
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Fig. 14 Effect of mass matrix variation on the stability boundary

The 1-DOFmodel specified the stability region accurately for
Ts = 0.1, 0.2, 1& 2 ms in both configurations. Therefore,
simplified model performance seems to be independent of
sampling time and it accurately specifies the stable domain.

4.3 Effect of Dynamic Parameter Ratio

In order to have a more general study, effect of variation of
M , bi , μi , �q0, which are four dynamic parameters of the
system, on the stability boundaries are studied. For the sake of
brevity, results are reported just for oneKUKAconfiguration.
To this end, these four parameters are increased/decreased
25%, and the realized stable VE domain is reported. As
shown in Fig. 14, by varying mass matrix parameter, the
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Fig. 15 Effect of sensor resolution variation on the stability boundary

123

4 Page 8 of 11



Journal of Intelligent & Robotic Systems (2023) 108:4 

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
 Virtual Damping (Bw)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 V
irt

ua
l S

tif
fn

es
s 

(K
w

)
107

Nominal (6 DOF)

Nominal (1 DOF)

1.25 bi (6 DOF)

1.25 bi  (1 DOF)

0.75 bi  (6 DOF)

0.75 bi (1 DOF)

Fig. 16 Effect of viscous friction coefficient variation on the stability
boundary

accuracy of the equivalent system is similar to the nominal
system.

Moreover, sensor resolution, joint damping and Coulomb
coefficients are changed 25% with respect to the nominal
system. The obtained stability domains are shown in Figs. 15,
16, and 17 respectively. The equivalent system in all cases
behaves almost similar to the main multi-DOF system which
admits the proposed method performance.

4.4 Discussion

The reported results in this brief confirmed that the sug-
gested approach can be employed as an equivalent model
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Fig. 17 Effect of Coulomb friction variation on the stability boundary

instead of multi-DOF HD. The method accurately computes
the stability boundary in various configurations for different
robots. Even by increasing sampling time and time delay, the
method performance is acceptable. Moreover, variation of
other dynamic parameters of the system does not affect the
method performance. Consequently, there is no considerable
limitation in employing the method, and its compatible with
HD usage.

5 Conclusion

Considering multi-DOF serial manipulator is a critical issue
for broadly employing haptic systems. In this work, a new
method is presented for simplifying the nonlinear multi-
DOF haptic device dynamic model. By employing the
presented method, an equivalent 1-DOF model is obtained,
consisting constant parameters of an effective mass, effec-
tive viscous damping coefficient, and effective Coulomb
friction, which its motion is sensed with an effective reso-
lution which accurately specifies the stability region of the
main system. Sensor quantization, viscous, and Coulomb
friction are considered in stability analysis. The method
performance is evaluated for different configurations, as
well as different haptic devices. The realized results prop-
erly coincide with the nonlinear muti-DOF model for a
wide range of time delay and sampling time. Furthermore,
the method performance for different dynamic parameters
are studied. Consequently, complex dexterous manipula-
tors can be utilized as haptic devices, and stability regions
can be studied fast and with a low computation burden
in any arbitrary situations, which is critical for HD broad
usage.

Author Contributions Ahmad Mashayekhi: Substantial contributions
to the design of the work and revising it critically for important intellec-
tual content. Abbas Karami: Substantial contributions to the conception
of the work and drafting the work. Bruno Siciliano: Final approval of
the version to be published.

Funding No funding was received for conducting this study.

Code availability The codes employed for the findings of this study are
available on request from the corresponding author.

Declarations

Ethics approval and consent to participate The submitted work is orig-
inal and is not published elsewhere in any form or language.

Consent for publication Informed consent was obtained from all indi-
vidual participants included in the study.

Conflict of interest Wecertify that there is no actual or potential conflict
of interest in relation to this article.

123

Page 9 of 11 4



Journal of Intelligent & Robotic Systems (2023) 108:4 

References

1. Mayetin, U., Kucuk, S.: Design and experimental evaluation of
a low cost, portable, 3-dof wrist rehabilitation robot with high
physical human-robot interaction. J. Intell. Robot. Syst. 106(3),
65 (2022)
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