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A new compact paired-parallel architecture for
haptic transparency

Margot Vulliez and Oussama Khatib

Abstract This paper presents a highly compact paired-parallel mechanical architec-
ture that aims for haptic transparency: accurate motion in free space and high force
capability in contact. Low inertia and high stiffness of parallel manipulators are key
properties to ensure force-motion fidelity in haptic applications. The proposed 7-
DOF architecture combines two Delta-like translators in-parallel to a helical handle,
to generate its translational and rotational motions with low coupling. The modeling
of the architecture is simply written from the models of the Delta robots and the
handle linkage. It shows that performances of such paired-parallel architecture derive
from its components. A haptic device is designed based on this compact architecture.
A prototype validates its mobility and the feasibility of the assembly.

1 Mechanical architectures for haptic transparency

Remote haptic interactions secure the human expert on an ergonomic workstation
while taking advantage of the robot physical capabilities on site. The design of a
high-fidelity haptic device is critical in teleoperation, since it forms the physical link
between the operator and the remote environment. It captures the human gesture to
be replicated by the remote robot. It provides sufficient sensory information to the
user to remotely perform the task.

Fidelity of remote physical interactions can be assessed by haptic transparency:
free space feels free; constraints feel rigid; solid objects persist [19]. A perfectly-
transparent haptic system would reproduce the exact same impedance to the user
than the one of the remote environment [16]. Several functional requirements must
be met by the haptic device to be transparent. It must provide an unconstrained
workspace, have low inertia, minimal joint clearance and low friction, to enable free
and precise human motions. It must generate accurate and isotropic force feedback,
within a large stiffness bandwidth, to the user to perceive the environment.

A dense state of the art proposes different kinematics of grounded general-purpose
6-DOF (Degrees Of Freedom) haptic devices. Although serial devices [18, 9, 6])
have simple kinematics with large workspace, the inherent flexibility and important
inertia of their serial chain have a detrimental effect on transparency. Fully parallel
structures [13, 15, 11] reflect low inertia and high stiffness to the user but suffer from
complex modeling and a limited workspace, particularly in rotation.
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Fig. 1: New 7-DOF paired parallel kinematics

Devices which combine parallel and/or serial mechanisms together to generate
6-DOF motion make a good trade-off between their respective properties. Hybrid
devices serially combine a serial wrist with a simple parallel architecture, such as a
Delta-like [5, 1] or a Tripteron translator [10]. Paired-parallel architectures couple
two simple mechanisms in-parallel to the end-effector. They can be composed of
PHANToM-like five-bar linkages to provide a large workspace [7, 17, 22, 12]. But
their serial chains do not provide comparable stiffness and accuracy than coupling
parallel structures. Few paired-parallel devices combine two parallel mechanisms,
such as two pantograph mechanisms [2] or two Delta robots [14, 20, 8].

The motivations of this work came from observations made on the Delthaptic [20]
that we designed in the past. This paired-parallel 6-DOF haptic device is based on
two Delta robots linked to a helical end-effector. It shows promising performances
within a large workspace. It has a reasonable inertia and a fair stiffness thanks to its
parallel mechanisms. It keeps a simple modeling. However, it suffers from a large and
bulky structure, reducing its force capability, stiffness, and portability. This limitation
supports a design revision to be highly compact, even at the expense of a reduced
workspace. A compact architecture should have better dynamic performances and
positioning accuracy. Efforts will also be done to ensure an easy and ergonomic use
of device while the original design had a confined and difficult access to its handle.

This paper presents a highly compact paired-parallel architecture. It aims for hap-
tic transparency (accurate motion, high and isotropic force capability, large stiffness
bandwidth) thanks to a low-inertia and high-stiffness architecture.

2 A compact paired parallel architecture

2.1 Architectural concept

We propose a new compact paired-parallel architecture [21] to improve force-motion
fidelity of haptic devices. This architecture is depicted in Figure 1. The lower Delta
manipulator [4] (generalized coordinates gs, g, g7) is composed of three RRIIR legs
for which the parallelograms constrain the mobile platform to translate. The upper
redundant Delta4 manipulator [1] (g1, g2, g3, g4) is composed of two R(IT)RIIR legs
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on which two rotary actuators (g3, g4) are added to control each leg second revolute
joint through a parallelogram. Each parallelogram structure is made up of revolute
joints, rather than the classical Delta spherical joints. This choice adds assembly
constraints which: suppress the vertical rotational-DOF released by removing one
of the three legs on the Delta4, or gained in the parallel singular configuration
(all parallelograms coplanar to the platform plane); avoid constraint singularities in
which the assembly constraint conferred by the parallelograms is lost (uncontrollable
rotation of the classical Delta when two parallelograms are coplanar); and lead to an
hyperstatic mechanical system that should be globally stiffer.

The two Delta-like robots are linked in-parallel to the two extremities of a helical
handle to generate its translational (the two robots translate together) and rotational
DOFs (the two robots have relative motions). To limit and better balance the inertial
effects, the handle is attached to the upper robot at the center of a 3-DOF gyroscopic
mechanism. A compact Universal joint, modified with a small axle-spacing to avoid
interference, transmits the lower Delta motions to the handle bottom point.

High fidelity: The architecture preserves the benefits of parallel manipulators
while providing 6-DOF mobility of the handle with low translational/rotational
coupling: all actuators are grounded (low inertia), it combines parallel structures to
generate large force, and it has simple models (easy to simulate and control).

Compact structure: Compactness is crucial to increase stiffness (accuracy) and
to reduce effective inertia (force capability). The lower Delta robot has been turned
upside down and the (g3, g4) transmission parallelograms have been placed inside
the upper Delta envelope to reduce the device footprint and make it easily portable.

Accessibility: The upper Delta4, with only two legs, opens an access to the handle
that can be secured with a crankcase, or made comfortable with a wrist holder.

2.2 Modeling

A major advantage of paired-parallel architectures is to preserve the properties of
the manipulators it is composed of. The dynamic model of a parallel assembly is the
sum of its components’ dynamics [3]. Similarly we can express the kinematic model
of the paired-parallel architecture as a combination of its components’ kinematics.

Kinematic modeling

Given q = [q,, q;]7 € R7*! the vector of generalized coordinates formed by the
upper Delta4 (index u) active joints q,, = [¢1, g2, g3, g4]” and the lower Delta (index
1) active joints q; = [gs, g6, q7]”, the Cartesian velocities X,, = [y, Vu» 2u]T € R3]
and X; = [X7,v1,21]7 € R**! of the two mobile platforms can be expressed in the
device task space Ry(xo, Y0, z0) through the kinematic models:

AuXu = Buqu and Ale = qul (1)
Jo' Xy = 4, and J;7'X; = q
al 0 b1 0
_ |Buti Buiz| _ |0 a2 0 by .
Bu - [BMZI 02><2:| - Cl O 0 0 and Bl - dlag(BlhBZlvB??l)

0cy 00
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Fig. 2: Parameterization of the architecture

with A, € R>* and A; € R® the parallel kinematic Jacobian matrices and
B, € R and B; € R**3 the serial kinematic Jacobian matrices. Parallel singular
configurations are reflected by det(A;) = 0 and det(Ay’ Ay) = 0 and the forward
kinematic models have 2 solutions (assembly modes), resp. the external position
(det(A) < 0) or the internal position (det(A) > 0) of the platform. Serial singular
configurations are reflected by det(B;) = 0 and det(By) = 0. The Delta Inverse
Kinematic Model (IKM) has 8 solutions (working modes), internal (B;; > 0) or
external (B;; < 0) configurations of each leg j = [1,2,3]. The Delta4 IKM has 4
solutions, internal (c; > 0) or external (c; < 0) configurations of eachleg j = [1,2].

If we, then, consider the two kinematic linkages between the Delta platforms
and the helical handle, with respect to the parameterization given in Figure 2, the
translational velocity decomposition from the points P, to P; gives:

Lth X Wpjo = Xl - Xu - a'dy; + Lth =V 2)

wy, o denotes the rotational velocity of link 4 with respect to the world frame Ry.

Indices u, [, h, s, ¢ resp. designate the upper Delta, the lower Delta, the handle body,

the screw of the helical joint, the cardan shaft of the U-joint.
Equation (2) can be solved as the sum of a particular solution w’

10 and the velocity
term colinear to z,, given by the helical joint equation:

V x Lth 2 .

0
Wp/0 = wh/o +/11p = 3 + —Lth (3)
L P

From Eq.(3), the task space velocity X = [x, ¥, 2, wy, wy, w7 € R*1 of the
paired-parallel architecture can be computed from the two Delta robots’ kinematics
and their linkages to the handle described by the coupling Jacobian matrix J.. € R®*6:

 — Xu _ Ju O3x3 PR
X= [qu Jcl] [Xl] =Je [03><4 J; :|q —Jq 4)
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This full forward kinematic model shows that kinematic properties and singularities
of the paired parallel architecture are given by a simple kinematic analysis of the
Delta robots and the handle kinematic chain.

Dynamic modeling

Given the joint torque vector T = [1,, 7;]7 € R7X!, formed by the upper Delta4
joint torques T, = [11, T2, 73, 74] T and the lower Delta joint torques 7; = [15, 76, T7]
the task forces F,, and F; € R3*! generated by each platform can be computed by
the two dynamic models of the Delta robots in operational space:

k)

AuXu + My Py = Fu = J;T‘ru (5)
AXi+m+p =F=J"7

with A; = ZA,’j+Aip;[1i = Zl-lij"'ﬂip;pi = Zpij +Pip
J J J

where A, and A; € R¥3, p,(X,,X,) and (X1, X;) € R, and p,(X,) and
pi(X;) € R¥™! are respectively the inertia matrices, the Coriolis and centrifugal
force vectors, and the gravity terms in operational space. We see from Eq. (5) that
the dynamic model of each Delta robot i can be computed as the sum of the platform
inertia A;,, Coriolis and centrifugal y;;, and gravity p;; terms and the legs j inertia
Aij = Ji‘jTAile.‘jl, Coriolis and centrifugal u;; = Jl.‘jlbij — A;;Ji;4;;, and gravity
pij = Ji‘jlg,-j terms in operational space. Here J;;, A;;, b;;, and g;; are the leg j
kinematic Jacobian matrix, the inertia matrix, the Coriolis and centrifugal effect,
and the gravity torque vector in the leg joint space.

We can, then, apply the augmented-object theory to the paired parallel architec-
ture, as it combines the two Delta robots in-parallel to the end-effector, to compute
the generalized operational force vector Fg = [F,T']7 € RO¥! .

AeX+po+pe =Fs =JT1 (6)
. 7| A 033 - —7 |Pu
thAg =J-T | " T A pe =327 +Pns
W1 <) JL |:03><4 Al Jc hs Pe J(, p: Phr

Au 03><3 —1\ 1 [Xu
O3xa Ay ]J“ Me X,

The dynamic model (6) of the paired parallel architecture simply expresses the
operational-space inertia matrix Ag € R%*®, Coriolis and centrifugal effects pq €
R®*! and gravity force vector pe € R®! based on the dynamical components of
the two Delta robots (5), the coupling Jacobian matrix J. (4), and the inertia matrix
Ay, the Coriolis and centrifugal vector puy,, and the gravity force py, from the handle
h. It gives a simple and analytical equation to study the effective dynamics of a
device with such a paired parallel architecture, and it makes it easy to compute the
command joint torques T* required to generate a desired haptic feedback.

T Hn

po =J:T [’;l] — T
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Fig. 3: Prototype of the haptic device: (1) lower Delta robot, (2) upper Delta4 robot,
(3) helical handle, (4) modified U-joint, (5) 3-DOF gyroscopic mechanism.

3 Design of the compact haptic device

The compact 7-DOF paired-parallel architecture forms the kinematic basis of a new
haptic device. It helps to gain stiffness, to reduce effective inertia, and therefore to
increase the device force-motion fidelity. We briefly outline the design methodology
we used to develop the haptic device and describe the developed prototype.

Design optimization: A constrained multi-objective optimization process is run
to select optimal structural and actuation parameters with respect to desired per-
formances. It provides a set of solutions defined by their design parameters. They
verify all design constraints and aims at both maximizing kinematic capability (cost
that maximizes the operational-space velocity) and dynamic capability (cost that
maximizes the task force and minimizes inertia, Coriolis and gravity terms).

Design constraints: Different design constraints have been defined in terms of
workspace, singular configurations, and expected dynamic capabilities to convey
functional requirements. We set kinematic constraints: a maximum joint range of
motion -7 < g, < /2 to avoid link interference; a +25mm X +20° prescribed
workspace must be reachable; no singular configuration in the workspace (det(A,,) #
0, det(B,) # 0, det(A;) # 0, det(B;) # 0, det(J.) # 0); the external assembly
modes (det(Ay) < 0and det(A,) < 0) and the external working modes (Bj; < 0 and
¢ < 0) for the Delta robots; the device volume must stay under a maximum footprint
for compactness ryqx = max(Lyy, L1;) < 100m and Ay = Ly + Loy + Ly + Loy <
400m. We add dynamic constraints to ensure minimum device performances: a
static haptic force Fy;,qx = 20N and torque I',,4x > 0.5Nm in all direction (isotropic
capability) given the nominal torque 7T},5,,, = 0.134Nm of the selected motors and
Tmax.i = Inom/Ri with R; the joint i transmission ratio; a permissible motor-to-joint
inertia ratio loq /20 < Lo = 181gcm2 with Ioq; = RI.ZA@,ii the effective inertia
projected on the axis of the actuator i. The joint space inertia matrix is Ag = J7 AgJ.

Design parameters: The design parameters (see Fig.2) are the geometric struc-
tural parameters (legs’ length, platforms’ radius, handle linkage distances), the height
H of the workspace center with respect to the world frame, and transmission pa-
rameters (actuated joint transmission ratio and screw pitch of the helical handle):
D = (L1y, Loy, ru,dzu, L1y, Loy, 11, dzl, Dy, H, d, Ry, Ry, Ry, p).
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a) New device maximum task-space error for dg=+1° b) New device maximum force in X=[0,0,H,0,0,0] for tmax=10Nm
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Fig. 4: Position accuracy and force capability for the new device and the Delthaptic

Prototype: The optimization process gives the design parameters in mm D =
(71,92,-25,9.5,72,101,5,81,-12,110, 16, 1/10,1/10, 1/10, 120). After a full def-
inition of each part topology, each joint bearing assembly, the cable-based capstan
transmission system, the helical handle, and the integration of the motors, a proto-
type of the haptic device was manufactured, as depicted in Fig. 3. It validates the
chosen assembly and demonstrate expected mobility of the device. We are currently
evaluating the prototype performances to validate or refine the design choices.

Performances: Simulated performances of the new device and the Delthaptic are
compared in Fig. 4. As expected, the compactness of the new device highly increases
its force capability and positioning accuracy. Plots a) and c) give the maximum
position error in operational space dX,,,, that results from joints’ clearance dq =
+1°. This error stays below 2.1mm and 9° along the new device workspace while it
reaches 8mm and 44° for the Delthaptic. The operational-space force capability is
given in b) and d) at the center of the workspace. It is computed from the static model
such as —[Tax] = J"'pe < J'Fg < [Tmax] — J' pe. For comparison purpose, we
consider the same maximum joint torques of 7,4, = 10Nm for both devices. The
new device can produce a force about 200N in all direction of the task space while
the Delthaptic can only generate about SON in the (x, y) axes and 100N in the z axis.
Similarly, the torque capability of the new device is about SNm versus 1Nm for the
Delthaptic in the z axis and about 200Nm versus 2Nm in the (x, y) axes. Therefore,
the new architecture presents a high force capability which is quasi-isotropic, expect
the torque around the handle’s axis (z in the plotted configuration) for which the
ball-screw system reduces the force transmission ratio.

4 Conclusion

We have presented a highly compact paired-parallel architecture that combines an
upper redundant Delta4 robot and a lower Delta robot in-parallel to a helical handle. It
generates the 6-DOF motion of the end-effector while maintaining the high stiffness
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and low inertia properties of parallel manipulators. This very compact mechanical
architecture increases haptic transparency, through a high-fidelity quasi-isotropic dy-
namic behavior in force/motion. A haptic device with this architecture was designed,
optimized, and prototyped to validate the proposed concept.

Compactness of the device is crucial to increase haptic transparency, but it requires

to reduce its operational workspace. Workspace mapping strategies, that will be
presented in future works, have been developed to counteract this small workspace.
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