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Abstract— This paper presents the CoaxHaptics-3RRR, a
novel concept for haptic interaction devices that is based on
a 3-RRR spherical parallel mechanism (SPM). The novelty lies
in its mechanical overdetermination through a central hollow
shaft, which brings two advantages. First, the device can be
built with high rigidity with regard to translational degrees of
freedom (DoF). Second, it enables a lighter design with less
rotational inertia, as the moving links do not need to withstand
translational or gravitational forces. In order to fully exploit
these advantages, an optimization process has been conducted
that simultaneously optimized for workspace, manipulability,
inertia, and structural stiffness. The resulting functional demon-
strator provides an unlimited workspace around the shaft axis
and +/- 55 degrees in the other two rotational DoF, thus covering
a large portion of the human wrist’s rotational range. Tests
confirm the validity and superiority of the concept over existing
devices, making it a promising solution for the category of
mechanically overdetermined haptic devices.

I. INTRODUCTION

Ever since Raymond Goertz in Argonne National Lab
invented a pure mechanically driven haptic interface for
nuclear waste handling [1], numerous kinesthetic haptic
devices have been developed to provide force feedback in
various applications, such as minimally invasive surgery,
space, and gaming. The PHANToM [2], the first commercial
haptic device, boosted haptics research in many aspects. It
has a serial kinematics with 6 degrees of freedom (DoF),
of which the 3 translational ones were active, while the
rotational movements were formed by a passive gimbal.
Later, several parallel haptic devices were developed, such
as the Omega.3 [3] and the Novint Falcon [4] with 3-DoF
each, and the DeltHaptics [5] and the Octo [6] with active
6-DoF respectively.

Although several types and structures of haptic devices
have been designed and commercialized, most of them can
render translational force only, while rotational DoF are re-
alized with passive mechanisms. Only a few devices provide
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Fig. 1: CAD model and photograph of the newly introduced
CoaxHaptics-3RRR.

active rotational DoF, such as the PHANToM Premium 1.5/6-
DoF [7] and the Sigma.7 [8]. Those devices incorporate serial
mechanisms at the end of the translational mechanism to
achieve the rotational DoF. However, such actuated rotational
serial mechanisms significantly increase moving inertia and
mechanical compliance, compromising both translational and
rotational feedback capabilities.

A natural progression in research involves developing a
haptic device utilizing parallel-type rotational DoF. While
serial mechanisms, like the PHANToM, often provide larger
workspaces, parallel mechanisms such as the Omega.3, typ-
ically offer higher structural stiffness and lower dynamic
inertia. Hybrid mechanisms aim to combine the advantages
of both serial and parallel mechanisms [9], [10]. However,
only limited research has explored parallel and hybrid mech-
anisms for rotational DoF due to the high design complexity.
Examples for such devices are the Sigma.7 [8], the mecha-
nism of Millman and Colgate [9], and the device from Qin
et al. [11].

On the other hand, so-called spherical parallel mechanisms
(SPM) represent a technical possibility to take advantage
of parallel mechanisms for rotational DoF, particularly for
higher stiffness and lower dynamic inertia robotic end-
effectors representing orientation [12]. Asada and Granito
presented a robotic wrist joint with a coaxial input link based
on an SPM [13]. Gosselin et al. introduced a new parallel
solution for an SPM intended to serve as a camera orientation
device for high-speed imaging [14].

Birglen et al. [15] first found the possibility of using SPM
as a rotational haptic device and introduced SHaDe, the
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Fig. 2: A kinematic chain of a single leg of an SPM showing
the kinematic relations.

first rotational haptic device based on an SPM. They argued
that SPMs have well-suited properties for haptic devices,
specifically low inertia with an extremely low coupling
among DoF, a large workspace, and a high acceleration
capability. They have optimized their device in terms of
workspace and dexterity.

The present work introduces a new concept for an SPM
which allows for significant higher mechanical rigidity and
lower inertia. This is realized by a mechanically overde-
termined design through a central hollow shaft that sup-
ports translational and gravitational forces. As a result,
high mechanical stiffness can be achieved with regards to
translational DoF. At the same time the moving links can
be designed to be lighter as they are not responsible for
translational stiffness.

Moreover, for the first time in the optimization of an SPM,
inertia and structural stiffness are considered in addition to
workspace and dexterity. Figure 1 shows the CAD model
and the functional demonstrator of the proposed coaxial
SPM-based rotational haptic device, namely CoaxHaptics-
3RRR. Preliminary findings were initially presented in a late-
breaking results poster by the authors [16].

The main contributions of this work are (i) a proposal of a
new concept for a mechanically overdetermined SPM-based
rotational haptic device, (ii) a functional demonstrator of the
device with optimized workspace, manipulability, inertia, and
structural stiffness, and (iii) an experimental validation of the
proposed features.

The rest of the paper is composed as follows: Section II an-
alyzes the proposed mechanism’s kinematics, dynamics, and
stiffness; Section III describes a multiobjective optimization
of the proposed mechanism design; Section IV presents the
functional demonstrator of the designed CoaxHaptics-3RRR;
Section V experimentally validates the proposed design;
Section VI concludes the paper with discussions on future
works.

II. ANALYSIS OF THE PROPOSED MECHANISM

The newly introduced CoaxHaptics-3RRR is shown in
Fig. 1. Compared to existing SPMs, it incorporates a cen-

Fig. 3: Approximated center of mass locations of SPM.
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Fig. 4: Compliant kinematics model of the SPM and its
virtual joint model where ajik is active joint, pjik is passive
joint, vjik is virtual joint (with i ∈ {1, 2, 3} and k ∈ {1, 2}),
MP is mobile platform, B is base, l1 and l2 are the lengths
of proximal and distal links (adapted from [19]).

tral hollow shaft connected to the moving platform via a
spherical bearing. This design contributes to high struc-
tural rigidity without increasing moving mass. On the other
hand, the hollow shaft makes the mechanism mechanically
overdetermined. However, this over-determination does not
cause issues such as high tension in the mechanical parts
or increased friction. Furthermore, tension during assembly
is minimized by fixing the hollow shaft and the spherical
bearing only in the final stage of assembly.

This section describes the modeling phase of the SPM,
which includes kinematics, dynamics, and stiffness analysis.
Note that the central hollow shaft of the CoaxHaptics-
3RRR does not impact the analysis presented in this section.
Therefore, existing methodologies for kinematics, dynamics,
and stiffness, particularly those from [17], [18], [19], can
be employed and adapted. This paper provides a condensed
version of the methodology, emphasizing aspects that are of
particular importance for haptic interaction applications, such
as the minimization of inertia and maximization of rotational
stiffness.

A. Kinematic Model

This subsection summarizes the kinematic model analysis
of SPMs that is presented in detail in [17]. The inverse
and forward kinematics are given, and the Jacobian matrix



is obtained. It is well-known that for parallel kinematic
structures, the solution of forward kinematics is generally not
straightforward while the inverse kinematics becomes trivial.

The manipulator consists of proximal and distal limbs
and an end-effector, which in SPMs is commonly referred
to as mobile platform. The kinematic model of a single
kinematic chain (i.e. a leg) of our SPM is shown in Fig. 2.
The base frame and the mobile platform frame locations
are symbolized as Ob and Om, respectively. Om is also the
location of the rotation center of the manipulator. All active
and passive (non-actuated) joint axes are intersecting in that
point.

The angles of the actuated joints are q11, q21, and q31.
The parameters α1, α2 and r are the same for the three legs
(see Fig. 2), where the angles α1 and α2 define proximal
and distal links, respectively, and the radius r stands for the
distance between each joint to the center of rotation Om. The
unit vector

~pi1 =
[
0 0 −1

]T
(1)

points from Om towards the active joint qi1 with i ∈
{1, 2, 3}. Similarly, the vectors ~pi2 and ~pi3 point towards
the end of the proximal and distal links respectively.

The vector ~pi2 is found by rotating ~pi1 with

~pi2 = Rz(qi1)Rx(α1)~pi1 , (2)

where Rx and Rz are rotation matrices for rotation around x
and z axes, respectively. To find the forward kinematics, the
geometric relations

~pi2~pi3 = cos α2 (3)

~pi3~pj3 = cos α3, i, j = 1, 2, 3 i 6= j (4)∥∥~pi3
∥∥ = 1 (5)

are solved together numerically in Matlab, where ‖.‖
stands for the Euclidean norm of a vector and α3 =
2 sin−1 (sin β cos π

6 ) for the angle between the vectors of ~pi3
that are directed from center of rotation (Om) to the end of
distal links (see Fig. 2). To obtain a symmetric design of
the mobile platform, α3 is the same between each pair of
the three vectors ~pi3. The solution of the forward kinematics
results by determining all the vectors ~pi3.

Inverse kinematics is the solution of joint variables for
giving end-effector pose. As it was pointed out before,
inverse kinematics is rather straightforward. Substitution of
the vectors ~pi2 and ~pi3 into (3) yields the quadratic equation

aix2
i + 2bixi + ci = 0. (6)

As stated in [17]

ai = −~pi3y − ~pi3z cos α1 − cos α2

bi = −~pi3x sin α1

ci = −~pi3y sin α1 −−~pi3z cos α1 − cos α2

(7)

with
xi = tan

(
qi1

2

)
. (8)

After a series of mathematical manipulations, active joint
angles qi1 become

qi1 = 2 tan−1

[
−bi ±

√
∆i

2ai

]
, (9)

where ∆i =
√

b2
i − 4aici. To obtain the Jacobian matrix, the

time derivative of (3) is taken, yielding

~̇pi2~pi3 + ~pi2~̇pi3 = 0. (10)

The relation between angular and linear velocities is defined
by the Jacobian matrix

J~̇q1 = (Γ−1Λ)~̇q1 = ~ω, (11)

where ~q1 = (q11, q21, q31)
T is the vector of the actuated joint

angles, ~ω is the end-effector angular velocity vector, Γ and
Λ are 3× 3 matrices, which are given by

Γ =

(~p31 × ~p21)
T

(~p32 × ~p22)
T

(~p33 × ~p23)
T

 (12)

Λ =

(~p11 × ~p21)
T~p31 0 0

0 (~p12 × ~p22)
T~p32 0

0 0 (~p13 × ~p23)
T~p33

 .

(13)

B. Inertia Minimization in the Sense of Energies

In this paper, dynamic analysis of the manipulator is
accomplished based only on the kinetic energy of the manip-
ulator following Lagrange method, since the kinetic energy
provides information about the inertia of the system. In
Fig. 3, the center of mass of the proximal and distal links
are described. The kinetic energy becomes

E =
1
2

m1~̇pT
gi1~̇pgi1 +

1
2

q̇T
i1I1q̇i1 +

1
2

m2~̇pT
gi2~̇pgi2 +

1
2
~ωTI2~ω,

(14)
where m1 and m2 are the masses, ~pg1i and ~pg2i are center
of mass velocities, I1 and I2 are the moment of inertia of
the proximal and distal links, respectively.

C. Stiffness Model

This subsection follows the procedure for the stiffness
matrix calculation described in [19] and adapts it to our
system. There are various methods to obtain the stiffness
model of a manipulator, which are structural matrix, finite
element, and virtual joint methods [20]. The virtual joint
method is preferred in this study due to its computational
efficiency and ease of describing the model. The virtual joint
variables are the variables that define the spatial deflection
or displacement of the links. Stiffness analysis provides
information on the deflection of the mechanism under the
effect of force or torque. For haptic devices, high structural
stiffness is necessary to achieve proper haptic sensation.
Figure 4 shows the kinematic topology of the mechanism.

The transformation matrix for a single link is

HKi = HKi1HKi2HKi3, (15)
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Fig. 5: Pareto-front solutions for the four objective functions (in (a) and (b)) and the cross-section (in (c)).

where HKi is the homogeneous transformation matrix that
consists of active, passive, and virtual joint variables. The
homogeneous transformation matrices from base to the end
of proximal link, from the end of proximal link to the end of
distal link, and from the end of distal link to end of mobile
platform is represented by Hki1, Hki2, and Hki3, respectively.

To obtain an extended Jacobian matrix, which consist of
active, passive, and virtual joint variables, angular and linear
velocity coefficients should be acquired. The derivative of the
above transformation matrix with respect to joint variables
yields,

∂HKi
∂~qik

=

[
∂RKi
∂~qik

∂~rKi
∂~qik

[0]T1x3 1

]
, (16)

where ~qik includes active, passive, and virtual joint vari-
ables [20], RKi and ~rKi denote the orientation matrix and
position vector of the mobile platform, respectively. Hence,
angular and linear velocity coefficients become

λik =
∂RKi
∂~qik

RT
Ki (17)

and
~Υik =

∂~rki
∂~qik

. (18)

Here, λik is a skew-symmetric matrix that consists of angular
velocity coefficient terms. To convert skew-symmetric matrix
to a vector, we utilize so called ’vec’ operator as

~λik = vec (λik) . (19)

Thus, the extended Jacobian matrix becomes

JKi =

[
~λik
~Υik

]
6×1

. (20)

Herein, JKi composes of active, passive, and virtual joint
properties, which can be represented as JAi, JPi, and Jθi,
respectively. The whole deflection which occurred at the
mobile platform is

∆~X = JAi∆~qi1 + JPi[∆~qi2 ∆~qi3]
T + Jθi ∆~θi, (21)

where ∆~qi1, ∆~qi, and ∆~θi are the displacements that occurred
in active, passive, and virtual joints, respectively [19]. The

corresponding torque value, which is formed due to the
external wrench ~Wext = [~FT ~MT ]T , is

~τi = JT
Ki
~Wext. (22)

The deviation ∆~θi is defined by the joint space stiffness
matrix Kθi with

~τi = Kθi ∆~θi. (23)

As passive joints do not generate reaction torque about their
rotation axis,

JT
Pi~Wext = 0. (24)

The kinetostatic model of the mechanism is procured by
combinations of (21), (22), and (24) as[

Jθi K
-1
θi

JT
θi

JPi
JT

Pi [0]2x2

] [
~Wext
∆~qi

]
=

[
∆~X

[0]2x1

]
. (25)

Finally, the construction of the Cartesian stiffness matrix is
completed by inverting the left-hand side of the equation[

Jθi K
-1
θi

JT
θi

JPi
JT

Pi [0]2x2

]−1

=

[
KCi ∼
∼ ∼

]
, (26)

where KCi is the Cartesian stiffness matrix that belongs to
ith leg. To find the total Cartesian matrix of the mechanism,
the Cartesian stiffness matrices of each leg are accumulated,

Kc =
3

∑
i=1

Kci. (27)

III. MULTI-OBJECTIVE OPTIMIZATION

Haptic device optimization is usually composed of dif-
ferent objective functions [21]. To get precise results from
the optimization task, the problem should be stated as
a multi-objective optimization problem. There are several
commonly used algorithms that are used in the development
of haptic devices [22]. The non-linear behavior of the parallel
mechanisms and non-convex features of the performance
indices make the optimization task arduous. Therefore, to
overcome this difficulty, several evolutionary algorithms
were developed. In this paper, we use a genetic algorithm
as used by [23], [24] because of its good performance



Fig. 6: Sectional view of the coaxial transmission mecha-
nism (CTM).

(a) CAD (b) photo

Fig. 7: Design of the mobile platform with its components.
i.e. hollow shaft, spherical bearing, clamping set.

and convenience for implementation. In comparison to [23],
[24], besides kinematics and dynamics, we also include the
structural stiffness of the device as an objective function,
because this is an important property for haptic devices that
need to be capable of rendering large impedance ranges [25].
This section describes the multi-objective optimization that
was carried out by using a genetic algorithm.

TABLE I: Design variables and bounds.

Design Variables α◦1 α◦2 β◦ d2(m) r(m)

Upper Bound 135◦ 135◦ 135◦ 0.030 0.3
Lower Bound 25◦ 25◦ 25◦ 0.005 0.1

A. Definition of Objective Functions

In this part, the objective functions related to the kine-
matics (manipulability and condition number), dynamics,
stiffness are described. The design variables and bounds are
given in Table I. The optimization is divided into two consec-
utive optimization steps. The design variables related to the
dynamics and stiffness do not affect the manipulability and
condition number. Hence, first, an optimization procedure is
accomplished by considering manipulability and condition
number [26], [27]. Thereafter, an optimization considering
dynamics and stiffness is conducted. In the following, four
objective functions are determined.

The condition number of the SPM is given by

κ(J) = ‖J‖‖J-1‖ = min(eig(J))
max(eig(J))

, (28)

where eig is the eigenvalues of the matrix. While the physical
meaning of manipulability describes an operator’s ease of

TABLE II: Parameters for genetic algorithm.

Population Reproduction Mutation Crossover Selection

200 0.8 constraint dependent 1 2

moving the mechanism at a position, the condition number
describes the proximity of the manipulator’s pose to a
singularity. The Euclidean norm is used to calculate κ in
(28). The global conditioning index (GCI) [28] can now be
identified over the workspace as

f1 : GCI =
1
n

n

∑
k=1

1
κ(J)

(29)

where n is the number of workspace points that are chosen
by the stochastic approach. The manipulability η is an index
that helps to represent the optimum pose of the manipulator,

f2 : η =
√

det(JJT). (30)

The objective functions related with the dynamics is

f3 : E, (31)

for given joint velocities as in (14). The main idea here
is to reduce the energy E of the SPM, which leads to a
minimization of the link masses. In this work, for simplicity
only the rotation around the axis of the central shaft in zero
configuration (q11 = q21 = q31 = 0◦) was considered for
(31). Hence, for the optimization it was assumed that all
three active joints qi1 rotated with the same velocity, i.e.

q̇11 = q̇21 = q̇31. (32)

The objective function associated with structural stiffness is

f4 :
1

det(Kc)
. (33)

Minimizing the objective function f4 leads to an increase in
structural stiffness, Kc.

Based on the four defined objective functions, the multi-
objective optimization problem is formulated as

minimize f1, f2, f3, f4

over x = [α1, α2, β, d2, r]
constraints det(J) 6= 0

(34)

B. Pareto-Front Solutions

The multi-objective optimization task was carried out by
using a genetic algorithm based on NSGA-II [29], of which
parameters represented in Table II. The condition number
and manipulability solutions are selected considering the
point at which the condition number is close to 1 and
the manipulability is highest, as shown by the red circle
in Fig. 5a. The selection of the optimal solution (Fig. 5b)
for dynamics and stiffness of the mechanism is done by
considering the solution that has highest natural frequency,
i.e. highest stiffness and lowest inertia. Note that the values
for the stiffness and dynamic indices are normalized to values
between 0 and 1 for comparison purposes. The selected



TABLE III: Obtained design parameters.

Design Variables α◦1 α◦1 β◦ d2(m) r(m)

Obtained Parameters 47.25◦ 80◦ 75◦ 0.01 0.120

TABLE IV: System specifications of CoaxHaptics-3RRR

Properties System Specifications

DoF 3 active (rotational DoF)
Number of Joints 3 active, 6 passive joints

Mass approx. 1500 g
Size 100 × 100 × 210 mm (length × width × height)

Workspace unlimited × ±55◦ × ±55◦ (roll × pitch × yaw)
Motors 3 × Maxon EC flat brushless DC motor with encoder

Controller 3 × Elmo Motion Control Gold Whistle

solutions are illustrated in Fig. 5a and Fig. 5b. The obtained
design parameters are presented in Table III.

The studies [23], [24] also found similar results to ours
except for the angles α1 and β, which were obtained smaller
than found in mentioned studies. We observed in our work,
which considers the structural stiffness of the SPM as an
objective function in addition to the kinematic and dynamic
objective functions, that smaller α1 and β angles result in
higher structural stiffness of the SPM.

The cross-sections of the links are optimized by evaluating
the stiffness and mass performance indices for a single link,
assuming the links are tubular cylinders (refer to [19] for the
stiffness calculation of tubular links). The optimum cross-
section ratio is determined by finding the point on the curve
in Fig. 5c closest to the origin. For our 3D-printed parts made
of polylactic acid (PLA), the optimum ratio between outer d2
and inner diameter d1 of the link is found as 1.59 assuming
equal weighting of link stiffness and mass (see Fig. 5c). In
above optimization of stiffness and dynamic indices, only
d2 is optimized, and the corresponding d1 results from this
ratio.

IV. FUNCTIONAL DEMONSTRATOR

After obtaining the optimum design parameters in terms
of kinematics, dynamics and stiffness, the functional demon-
strator was constructed. Ball bearings are used in the design
of coaxial transmission mechanism (CTM). Figure 6 shows
the sectional view of the CTM architecture.

A hollow shaft was integrated in the center of the ma-
nipulator to support lateral and vertical forces acting on
the mobile platform [30]. In addition, the hollow shaft can
carry cables to allow additional user interfaces, such as push
buttons on the rotary knob, to be connected. The timing
pulleys are shown in yellow, red, and black color and are
connected to the corresponding proximal links, respectively.
For this purpose, the timing pulleys top side is provided
with a ribbed structure. These timing pulleys are driven by
motors via timing belts as shown in Fig. 1a. The entire
manipulator is assembled on a carrier plate together with the
motor housings. Upward and downward shaft collars serve to
hold the CTL in place under gravity and other forces acting
in the direction of the hollow shaft.

TABLE V: Results for mechanical stiffness experiments.

Direction
Applied Corresponding Measured Calculated
Force Torque Deflection Stiffness
(N) (Nmm) (rad) (Nmm/rad)

lateral 3 90 0.04 2250
6 180 0.09 1805

vertical
5 150 0.0798 1888

10 300 0.1194 2512
15 450 0.1974 2280

At the top of the hollow shaft, the mobile platform is
assembled with a spherical bearing and a clamping set. The
design of the mobile platform is presented in Fig. 7. The
main idea behind the design of the knob is that the mobile
platform should be grasped as close as possible to the center
of rotation of the haptic device. This allows the user to turn
the manipulator with the greatest ease because user interacts
with the manipulator closer to its center of rotation point.

Several parts including the links, timing pulleys, and the
knob are manufactured with additive manufacturing technol-
ogy using Fused Deposition Modelling (FDM) technique.
The system specifications of CoaxHaptics-3RRR are pre-
sented in Table IV.

V. TEST AND EVALUATION

Several tests have been conducted to show the performance
of the proposed mechanism. First, the rotational structural
stiffness was determined around two axes. Second, the user
could freely move the mobile platform and thus explore
the workspace. Third, the impedance range of the proposed
mechanism has been experimentally revealed. Lastly, the
inertia matrices were calculated for different configurations
and thus the coupling between different DoF was determined.

For the first test, the timing belt pulleys of the proposed
manipulator were mechanically locked to measure the cor-
responding structural stiffness values while the manipulator
is in the configuration shown in Fig. 1b. To fix the structure
two clamps were used. A spring balance was used to apply
different forces to the mobile platform in two directions
(vertical and lateral).

Firstly, lateral forces were applied to the haptic device.
The force values were measured by the spring balance
and the corresponding deflection of the end-effector was
determined with the help of a laser pointer. Secondly, the
same experiment was conducted in the vertical direction.

The results are presented in Table V. The structural stiff-
ness in the two directions turned out to be similar at around
2000 Nmm/rad. The structural stiffness of the mechanism
in the translational directions is mainly determined by the
central hollow shaft. It can be easily calculated from the
material properties and dimensions.

In the first phase, it was found that the mechanism’s
workspace covers a wide portion of the hands workspace,
which are 100

◦
for the roll and pitch. In particular, when

the human arm was positioned so that its axis was aligned
with the axis of the central hollow shaft, the limit of the
working range was rarely reached. Therefore, our device



Fig. 8: Workspace of the CoaxHaptics-3RRR.

covers a larger workspace compared to the SHaDe [15],
which has a workspace of ±90◦ × ±45◦ × ±45◦ (roll
× pitch × yaw). Furthermore, our device can perform
rotational motions while maintaining a constant orientation
of its mobile platform, providing significant benefits for
various applications.

This was mainly due to the unlimited rotatability around
the axis of the hollow shaft, as humans have the largest
rotation range in this DoF [31]. The workspace of the
CoaxHaptics-3RRR is represented in Fig. 8. The workspace
of CoaxHaptics-3RRR is a conic shape that is found by
using forward kinematics. It has further been found that
the mechanical over-determination does not lead to any
perceivable tension or increased friction over the workspace.

To reveal the stable range of impedances that the device
can render, experiments have been conducted. A virtual wall
was generated around the end effector of the device and a
couple of weights were hanged to the mobile platform to
interact with the virtual environment. The impedance range
of the device is illustrated in Fig. 9. While the maximum
renderable stiffness value without virtual damping is 4.75
Nm/rad, it can be increased up to 5.65 Nm/rad. Unfor-
tunately, studies on the development of kinesthetic haptic
devices typically do not investigate the stable impedance
range that can be stably rendered. Consequently, to the best
of our knowledge, there is no published impedance range for
an orientational haptic device that we can compare with our
device.

To investigate the inherent coupling of the device, the
dynamic analysis of the mechanism is performed and mass
matrix is obtained, by utilizing the source code provided
by [12], for different configurations of the device. For the
home configuration, when all joint variables are set to zero,
the mass matrix shows almost diagonal form and the values
of the diagonal terms are closed to each other, meaning
that inertia of the rotational DoF is uniformly distributed as
illustrated in the first image on the left of Fig. 10. When we
tilt the device from the home configuration by 20◦ and 30◦,
the coupling terms in the mass matrix increase, as shown in
Fig. 10 (second and third columns). However, the inertia
matrix remains uniform, with diagonal terms larger than
the off-diagonal terms. The coupling terms become more
significant at a 45◦ tilt (the last column), where the device
nearly reaches its workspace boundary.

Fig. 9: Stable impedance range of the CoaxHaptics-3RRR.

The uniform and diagonal structure of the inertia matrix
aids in controlling the device. It maintains these properties
across a large portion of its workspace, which benefits
optimal performance in haptics and telerobotic applications.

VI. CONCLUSION

This paper presents CoaxHaptics-3RRR, a novel coaxial
spherical haptic interaction device. In comparison to other
similar mechanisms, the device is equipped with a central
hollow shaft that makes it stiff with regard to the translational
directions and thus allows for lighter links. A multi-criteria
optimization method was used to find a set of design param-
eters that yield an optimal design in terms of kinematics,
dynamics, and stiffness.

Based on these design parameters, a functional demon-
strator was built and preliminary tests were carried out.
The functional demonstrator contains a new interconnectable
CTM to operate the links from the motors. Its knob allows
the user to grasp the device near the center of rotation, thus
avoiding the negative effects of offsets on effective inertia at
the user hand.

The conducted tests validate the approach of the mecha-
nism. The mechanism’s mechanical overdetermination does
not restrict the workspace, nor does it lead to tension
or increased friction. With these tests also the rotational
stiffness in lateral and vertical direction was determined.
It was further experienced that the designated manipulator
covers a large proportion of human wrist. In particular the
unlimited rotation around the axis of the hollow shaft appears
beneficial if aligned to the axis of the forearm, in which the
human has highest angular range. Furthermore, the stable
range of impedance demonstrates that CoaxHaptics-3RRR
can provide a wide range of rotational damping and stiffness.
This versatility enables the device to be used in a vast variety
of applications.

The performed dynamics analysis shows that the device
preserves diagonal shape of its inertia matrix within large
proportion of the workspace. As a future work, we will inves-
tigate the extension to a full 6-DoF mechanism for example
by attaching the device to a collaborative robot. Furthermore,
we aim to investigate the performance of the proposed device
in multi-DoF haptic and telerobotic applications, and conduct
comparisons with other torque feedback haptic devices.



 0.0764 −0.0030 −0.0036
−0.0030 0.0501 −0.0001
−0.0036 −0.0001 0.0584


0.0763 0.0214 0.0140

0.0214 0.1011 0.0173
0.0140 0.0173 0.0505


0.0767 0.0279 0.0256

0.0279 0.1507 0.0611
0.0256 0.0611 0.0728


0.0769 0.0959 0.0755

0.0959 0.8227 0.4884
0.0755 0.4884 0.3412


Fig. 10: Inertia matrix (10−3kg m2) for different configurations.
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