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Abstract

A haptic interface controlled in impedance mode should present
its user with a uniform force capability matching the human hand.
This paper reviews a mechanism design methodology that
maximizes a workspace-inclusive isotropy index. Force
maximization in coreless or voice-coil motorsisalso considered in
order to maximize haptic interface acceleration. Example designs
of a planar 3-DOF haptic mouse, a 5-DOF haptic pen and a
MagLev joystick are presented.

1 | ntroduction

Research in haptic interfaces has led to a number of novel
devices that have been used in demonstrations,
teleoperation and training. Design criteria have included
low effective mass [11], low variations in mass [5], [13],
[14], kinematic isotropy [10], [24], stability robustness [2]
and a large workspace [8]. Iwata [6] built a 9-DOF

Compact Master which combines a 6-DOF parallel
positioning device in series with three 1-DOF finger
actuators. lwata [7] also used a pair of commercial 3-DOF
hybrid manipulators to actuate each end of a 6-DOF haptic
pen. In [1], the 6-DOF hybrid SMARTee interface uses a
parallel combination of three 2-DOF serial linkages. In [3],
a 6-DOF joystick is described which contains three
pantograph linkages and Yokoi et. al. [23] presents a 6-
DOF seria hand controller with three prismatic actuators
for trandation and three rotary actuators for orientation. A
5-DOF (3 translation, 2 rotation) haptic stylus is described
in [12] which uses 5 linear actuators in parallel. A 4-DOF
(3 translation, 1 rotation) hybrid device using rotary
actuatorsis presented in [9] while a 4-DOF Manipulandum
that combines a 3-DOF planar parallel robot in serieswith a
linear vertical motion stage is described in [15]. The hybrid
PHANTOM of [14] has three active trandational degrees of
freedom and three passive rotational degrees of freedom. A
2-DOF planar pantograph is optimized in [5] and the 2-
DOF linear voice coil actuated Magic Mouseis presented in
[8]. Finally, Vertut [22] presents a historical survey of
earlier hand controllers, articulated arms and exoskel etons.

Most of the interfaces described above have been developed
as part of demonstration systems to evaluate potential
applications of haptic interfaces, control algorithms and
human factors, with relatively little attention paid to the
optimization of electromechanical characteristics. In this

paper we make the argument that force isotropy over a
workspace is a useful and computationally tractable
performance criterion for haptic interface design. Following
a discussion of design criteria, we outline a previously
developed design methodology to achieve force isotropy
and present four design examples, a 2-DOF planar
pantograph, a planar 3-DOF dual pantograph with
unlimited rotation range, a 5-DOF haptic pen and a 6-DOF
magnetically levitated interface. We then illustrate how
voice-coil or coreless motors can be optimized for
maximum force (given power) or acceleration in haptic
interfaces. Acceleration has been argued to be extremely
important in anumber of studies[5], [17]. Thisis primarily
a survey paper, with the only previously unreported work
being the 3-DOF twin pantograph design.

2 Design Criteria

Many design specifications are relevant to the performance
of ahaptic interface. They include workspace size, position
bandwidth, force magnitude, force bandwidth, velocity,
acceleration, effective mass, accuracy, and so on. A survey
of proposed values for many of these design specifications
can be found in [19]. Most of these values are derived from
the inherent capabilities of a human hand since this the
environment of a haptic interface.

A haptic interface presents an impedance which is varied in
an intelligent fashion to simulate different environments.
Two types of devices can be used to implement an
intelligent variable impedance, an impedance device and an
admittance device. An impedance device is easily
backdriveable in its passive state and typically uses direct
drive or moderately geared actuators to adjust its effective
impedance by applying a force based on position and
velocity. An admittance device is the dua of an impedance
device. It is not backdriveable in its passive state and
typically uses highly geared actuatorsto adjustsits effective
impedance by inducing motion based on applied force.

The high inertia and friction that exists in a highly geared
admittance device inhibits high frequency transitions (i.e.
switching between free motion and hard contact) and is
difficult to actively compensate resulting in low
transparency and sluggish free motion that can be tiring
during prolonged use. Therefore, we are more interested
here in design issues related to impedance devices.



As discussed by Colgate and Schenkel [2], it is difficult to
actively compensate for the physical dynamics of a
mechanical system without compromising stability.
Therefore, a haptic device’s minimum impedance is
decreased by a reduction in mechanical impedance.
Salcudean and Vlaar [17] aso show that even when high
static forces are not available, high stiffnesses can be
simulated by inducing high acceleration. Therefore, it
follows that both high and low impedance emulation are
improved and the impedance range is widened when
mechanical impedance is reduced. Reducing mechanical
impedance can be done in a number of ways that do not
necessarily involve kinematic design and the mass matrix.
It may, in fact, be sufficient to use a parallel device, light
weight materials, low friction joints and counterbalances so
that kinematic design can be focussed on other criteria such
asforce.

If an impedance device's mechanical impedance is
sufficiently small, its performance is dictated by its force
capabilities. Since actuators can always be scaled to meet
any force magnitude requirements, it does not make much
sense to maximize force through kinematic design. It is
more practical to focus instead on isotropy. Since a device
is only as good as its worst-case performance inside its
workspace, improving isotropy strengthens its weaknesses
and allows smaller actuators to be used. This resultsin
lower rotor inertia, consistently stiff virtual environments,
improved compactness and lower cost. Force isotropy is
achieved by making the Jacobian transpose J™(p,x) (for a
parallel manipulator) isotropic.

3  Design Approach

For the robot designs presented here, static force isotropy is
optimized through kinematic design. First a condition index
is formulated which evaluates a device's performance as a
function of its design parameters. Then, an optimization
algorithm is used to select the design parameters that
produce the best result. The Global Isotropy Index
proposed in [20] is used to evaluate the isotropy of a
performance matrix. Physical units are normalized and the
Gll is adjusted to evaluate performance with respect to a
direction dependent specification as afunction of geometric
and actuator scale parameters by the technique described in
[21]. The design parameters which maximize the Gl are
found using the culling algorithm which is described in
[20]. The culling algorithm is a discrete optimization
algorithm that is specifically designed to handle GIlI and
minimax problems. It can be used with any performance
function, places no limitation on the number of free
variables, is insensitive to initial conditions and guarantees
the same result as a global search but finds it orders of
magnitude faster.

The 6x6 Jacobian force/torque transformation shown in (1)
is normalized to remove physical units and scaled to

account for task-space requirements and actuator
capabilitiesin (2) using the scaling matrices Sy and Sy in (3)
and (4) where 14 through 14 are maximum actuator torques
and F and M are maximum force and moment requirements
along axesi, j and k. The GlI is computed in (5) from the
minimum g(J(p, Xy)) and maximum &(J(p, X;))

singular values of the normalized Jacobian J(p, X)
evaluated for a design parameter p at all positions Xg, X1
inside the workspace W. The culling algorithm is used to
solve the optimization problem in (6) for the parameter p*
that maximizes the global isotropy index GlI(p) wherepis
adesign parameter belonging to the set of candidates P.
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4  Design Examples

The Gll and culling algorithm are used to select the design
variables for two variations of the Twin-Pantograph haptic
interface. Thefirst is a 3-DOF planar haptic mouse and the
second is a 5-DOF spatia haptic pen.

41 HapticMouse

The 3-DOF Twin-Pantograph haptic mouse is shown in
Figure 1. It uses two 2-DOF 5-bar linkages to trand ate the
journals of a crank-shaft end-effector in the plane, thereby
providing two degrees of translation and one degree of
rotation. The unique quality of this design is that the
rotation range is unlimited. Note that one actuator is
redundant and only serves to improve kinematic
conditioning (i.e. it removes a singularity) and allows the
control of the two pantographs to be decoupled into two 2-
DOF positioning devices.

The device is designed to operate within a 100cm?
(10cm(x) x 10cm(y)) motion range with infinite rotation.
The crankshaft length I is first determined as a function of
end-effector diameter |5, in order to respect the relative
force/torque capabilities of the human hand determined in
[21]. For a comfortably sized knob (15=1.25cm), Ig is
computed from (7) where f,5 and T,z are the maximum
force and torque capabilities of the human hand for planar



Figure 1: 3-DOF Twin-Pantograph Haptic Mouse

motions and d is the diameter of the rod that was used in the
biomechani cs experiment.
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Next, the geometries of the pantographs are taken from the
results presented in [20]. In [20], the static force isotropy of
a single pantograph was repeatedly optimized for a 10cm
square workspace whose centre was positioned from 30cm
below to 30cm above the base link (I, in Figure 1). The
optimum geometries and static force Gll are plotted against
workspace placement in Figure 2.
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Figure 2: Optimum 5-Bar Linkage Geometries

The values in Figure 2 are scaled to correspond to a larger
workspace (original workspace augmented on all four sides
by the radius of the crankshaft |) and are used to select the
link lengths of the haptic mouse.

Mass is minimized by using aluminum clevises, carbon
fibre links and low inertia, rare earth magnet Maxon
motors. Friction and backlash are minimized by using
direct drive motors and roller bearingsin al of the passive
joints. The position of each active joint is sensed by a 1000
window (4000cpt) optical encoder. A photograph of the
deviceisshownin Figure 3.

Figure 3: The Twin-Pantograph Haptic Mouse

Measured performance values for the Twin-Pantograph
haptic mouse are reported in Table 1. All values correspond
to the robot at its home position. The stiffness and damping
coefficients are obtained by tuned PD control at a control
rate of 500Hz with the end-point velocity computed from
low-pass filtered finite difference position readings. The
minimum force is the force required to overcome static
friction and the dynamic range is the ratio between the
minimum and peak force/torque capabilities.

Table 1: Haptic M ouse Per for mance Specifications

Trandlation Axis |Rotation
N 2 (y-axis)
Workspace (cm) 15 15 00
Spatial Res (um) 224 224 0.26°
Min F/T (N,Ncm) 0.024 | 0.024 0.12
Cont F/T (N,Ncm) 24 2.26 12
Peak F/T (N,Ncm) 23 22 115
Dyn Range 950:1 | 910:1 | 950:1
Eff Mass (g,gcm?) 395 370 4781
Peak Accel (Gs?) 6 6 2405
Max Stiff (N/cm,Ncm) 25 25 200
Max Damp (Ns/cm,Nscm) 0.7 0.7 5

By comparison, the 3-DOF SensAble PHANTOM haptic
interface is cited in [14] to have a spatial resolution of
64um, a continuous force of 1.5N, a dynamic range of
100:1, atip inertia of 100g and a maximum stiffness of
35N/cm. However, since there is no standard method for
making these measurements, the cited values may not be
entirely comparable.

See [18] for a discussion on the approach taken to control
the Twin-Pantograph haptic mouse and [4] for a discussion
on the haptic rendering of the virtual slave that was tele-
operated by the Twin-Pantograph haptic mouse.



4.2 Haptic Pen

The 5-DOF Twin-Pantograph haptic pen is shown in Figure
4. It uses two 3-DOF 5-bar linkages that are actuated about
their folding or waist joints (qy, g4) to provide three degrees
of translation and two degrees of rotation to a pen shaped
end-effector. As in the case of the haptic mouse, one
actuator is redundant but serves to remove a singularity and
decouple the controller. The sixth degree of freedom (roll
about the pen axis) is passive. This device lends itself well
to applications which do not rely on reaction torques from
axia rotations.
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Figure 4: 5-DOF Twin-Pantograph Haptic Pen

The device is designed to operate within a 1600cm?
(16cm(x) x 10cm(y) x 10cm(z)) motion range with a +45°
rotation range. Since isotropy is improved by moving the
workspace further from the base, the optimization problem
is solved for a range of reasonable workspace positions
(15cm - 40cm). Increasing the base length (14) also
improves isotropy since it distances the workspace from the
actuators so |4 is made egual to lg. The resulting device has
5 free design parameters which are shown with the optimal
solutions in Table 2 where Q, is the relative waist:shoulder
actuator torque ratio. Note that |, is assigned a minimum
value of 2.4cm to account for the width of the shoulder
actuators and lg is assigned a minimum length of 7.0cm so
that the end-effector can be held comfortably by a human
hand.

Table 2: Effect of Workspace Position on Gl |
Dist Iy I I3 lg Q. | Gl
15cm 24 13.0 16.0 7.0 16 0.089
20cm 24 145 20.0 7.0 17 0.182
25cm 24 17.0 23.0 7.0 16 0.234
30cm 36 19.5 27.0 7.0 16 0.262
35cm 3.6 225 30.5 7.0 16 0.280
40cm 4.0 255 345 7.0 16 0.292

Since isotropy significantly degrades below 20cm and
improvements become marginal above 25cm, the prototype
Twin-Pantograph haptic pen is built with its workspace
20cm from the base. It uses motors, clevises, bearings,
linkage material and position sensors that are similar to

those used in the previous design. Gravitational effects are
minimized by steel counterbalances mounted behind the
shoulder motors and larger actuators are used at the waist
joints to satisfy the additional torque requirements. A
photograph of the device is shown in Figure 5.

Figure 5: The Twin-Pantograph Haptic Pen

Measured performance values for the Twin-Pantograph
haptic pen are reported in Table 3. All values correspond to
the robot at its home position except for unbalanced weight
which is a workspace inclusive range. The stiffness and
damping coefficients are obtained by tuned PD control at a
control rate of 1kHz. Other values are measured the same as
for the haptic mouse.

Table 3: Haptic Pen Perfor mance Specifications

Trandlation Axis Rotation Axis

X y z X z
Workspace (cm) 6 | 375 | +3.75 | 45 | 45
Spatial Res (um) | 247 314 247 | 0173 | 0173
Min F/T (N,Ncm) | 0.022 | 0.045 | 0.023 | 0.19 0.18
Cont F/T (N,Ncm) | 25 33 20 17 21
Peak F/T (N,Necm) | 24 21 20 162 198
Dyn Range 1100:1 | 480:1 | 860:1 | 860:1 | 1100:1
Eff Mass (g,gcm?) | 190 226 156 | 10300 | 12600
Peak Accel (Gs?)| 13 10 13 1574 | 1573

Max Stiff 16 12 13 874 1076
(N/cm,Ncm)
Max Damp 0.44 05 0.36 24 30
(Ns/cm,scm)

Weight (g) 70- 130

5 PowerMouse Electro-Mechanical Design

A desk-top magnetically levitated haptic interface called
PowerMouse has been developed and is described in [16].



The device has six degrees of freedom, high acceleration,
but limited motion range. Its electromechanical design is
summarized in this section. As seen in Figure 6, the device
has a handle attached to a cubic “flotor” structure with the
flat coils of six Lorentz actuators embedded in its faces.
Twenty-four magnets on a stator structure generate the six
magnetic fields that cross the coils. The wide magnetic gaps
of the Lorentz actuators allow six-degree-of-freedom (6-
DOF) motion of the flotor, with a motion range of +3mm
and +5° from anominal center.

PLANES

Figure 6: PowerMouse Mechanical Design

An optical 6-DOF sensor detects the flotor motion with
three LED-generated infrared light planes projected in
sequence on three linear position sensing diodes (PSDs),
mounted as an equilateral triangle on the PowerMouse
printed circuit (PC) board. Each light plane crosses two
PSDs. Thus six light-plane intersections with PSDs are
obtained, allowing for the solution of the handle location
using a direct kinematics computation.

The actuators have been optimized to maximize the force to
power consumption ratio. It has been experimentally
verified that, as a result of the optimized actuators, the
device operates far below its limits suggesting that a larger
workspace could be obtained by increasing the magnetic
gaps.

The mapping from voice-coil actuator currents to the force-
torque vector acting on the flotor of the device is isotropic
by design, featuring two sets of equal singular values, one
corresponding to force, the other to torque. The relative
strength of forces and torques can be determined from
biomechanics studies (see, e.g. [21]) and by size
requirements. Since the device workspace is small and the
generated forces and torques do not vary much with flotor
location, there was no need to compute and minimize the
device GlI. Performance values for the PowerMouse are
reported in Table 4.

Table 4: Power M ouse Perfor mance Specifications

Workspace +3mm, £5°
Spatial Resolution 10pm, 0.05°
Continuous Force 16N

Peak Force 34N

Effective Mass 2609
Peak Acceleration >10G

6  Actuator Force Optimization

Commercially available electric motors are not optimized
for haptic interfaces. Coreless motors such as those
produced by Maxon, Micromo or Bertsch have small
inertias and torque ripples but seem to be optimized for
efficiency rather than force and work best at high
speeds/high transmission ratios. Such motors have been
used in a number of reported haptic interfaces (SensAble
PHANTOM [14], Hayward et. al. Pantograph [5]). We
present here an approach to optimize actuator force per unit
power. Without loss of generality, we consider the flat voice
coil actuator shown in Figure 7, but it should be noted that
the optimization approach can be applied just as well to
conventional coreless DC motors.

Figure 7: Basic Flat Coil Actuator

Let d.. bethe coil width, d the gap between the magnets, and
d,=d-d, the coil “rattle space” that allows motion in all
degrees of freedom, not only in the direction of actuation.
Let lyire be the coil wire length, and np,c be the coil
“packing efficiency”, i.e., Npack=Seft/Swire: the ratio of
conducting to total wire cross-sectional area. Note that
Npack depends on the wire cross-sectional shape (best
packing achieved by flat wire), and the ratio of insulating
material to conducting material. Let p be the coil conductor
resistivity and R be the coil resistance. Let P be the
power dissipated in the coil, and let | be the coil current.

The actuator force is given by Lorentz’'s law. In obtaining
the design formula (8) below, it is assumed that (i) the flux
crossing the coil isaconstant B, and, (ii) fringing fields are



negligible, i.e., the flux outside the magnet projection
through the coil is negligible. For the actuator in Figure 7,
given assumption (ii), the length of wire that produces a
force is given by lg¢=21 zWd/Syire- Then, with
Ngeom=2I mWmdc/ (Swirel wire) being an efficiency factor
determined by the coil geometry, we obtain the following
expression for the actuator force where |, W, and t,, are
the length, width and thickness of the magnet:

P .2l wd
F(B,d| w_t)=Bll, =B, |-l_mme
g mmem g’ eff W R Syire

5 8
_ [ — il
- Bg n pack ngeom CpOI /2Wm|m(d —dr)
For the coil shown in Figure 7,

N geom™ 2l Wi/ (2! Wi+ w2, and is approximately 0.6.
Packing efficiencies for conventional (round copper wire)
coils are about 75%, with flat copper coils reaching values
close to 95%. Assuming that the actuator flux in Figure 7 is
steered perfectly by the soft iron back-plates, thefield in the
center of the gap aligned with the center of the magnet can
be calculated by replacing the actuator magnets with
equivalent solenoids and using the Biot-Savart Law:

_ 2B, {tan_l Wl m

d

[2 2. 2
d +1_+
m Wm (9)
-1 Wmlm }

(4t,,+d), (4t + d)2+ 12 + R,

Bg(d,|m, Wm,tm) = ?
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where B, isthe magnetic material residual flux. Substituting
(9) in (8), one can relate the actuator dimensions to the
resulting force. The thickness of theiron return platestg can
have an additional lower bound of the form tow,, to avoid
saturation. With appropriate inequality constraints to
account for the desired geometrical dimensions, e.g.,
2ts+ 2t d<0ipase try Wi | @nd d that maximize actuator
force can be obtained by solving a nonlinear program. The
geometrical efficiency Ngeom increases with the ratio |/wy,
while | i+ 2w,,, will be bounded by flotor size. Furthermore,
note that the above formulation does not involve the coil
resistance, only the power dissipated init, itsresistivity and
geometrical properties. Thus the coil resistance can be
selected for maximum power transfer from the power
amplifier after finding its dimensions.

This design procedure was applied to the PowerMouse
design. To simplify the optimization, the values for I, Wy,
were selected separately as a function of the desired motion
and force range and desired force linearity. Then the
magnet thickness t,,, and the magnetic gap were selected by
plotting the actuator force as a function of the magnetic gap
d for a number of readily available magnet dimensions, as
shown in Figure 8 and choosing the maximizing d, i.e., the
best coil-width for a given rattle space. By extending the

magnetic field formula (9), the field along the magnet
center line can be predicted. The predicted curve for the
optimal gap (11mm) obtained in the maximum force plot in
Figure 8 is displayed in the magnetic flux plot in Figure 8.
Note that the field increases near the magnets, giving a non-
uniform force. Thisis averaged, to a certain extent, by the
thick coil.
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Figure 8: Actuator Force vs Gap with d,=6mm at
Pegii=8W (I,=20mm, w,,;=8mm and t,;=4mm), Giving
Actuator Gain at a Current of 1A and Predicted Gap Field
at Optimum Gap (11mm)

Relative to prior designs employed by the authors and
others, the force for given magnet volume and dissipated
power is almost four times larger than in previously
reported work on magnetically levitated haptic interfaces.
Thisislargely dueto the fact that the coil width to gap ratio
is substantially larger than had been used in the past.
Predicted force and field values have been compared to
experimental ones with small errors (less than 5%) in
several voice coil actuator designs of various sizes.

Coreless motor torque could be optimized in a similar
manner, combining Lorentz's Law with Biot-Savard’'s Law
to generate a total motor torque as a function of the motor
physical parameters. We expect that the rotor thickness
would be substantially higher than in present motor
designs.

7  Conclusion

To ensure comfort during prolonged use, a haptic interface
must be able to emulate very low mechanical impedances
corresponding to free motion. For emulation of stiff
environments, high accelerations are required. Since, in
most cases, mass can be optimized by selecting suitable
materials and damping can be controlled at the actuator
level, the force performance of haptic interfaces is of
primary importance in their design.

We have presented an approach to optimize the force
isotropy of mechanisms. The force isotropy optimization
involves the maximization of a workspace inclusive
isotropy measure defined as a function of the haptic
interface mechanical parameters. Several design examples
have been presented. The force optimization of voice coil
actuators or coreless electric motors suitable for parallel or



direct drive devices has also been considered. A simple
formulation of force magnitude as a function of motor
physical parameters has been proposed and leads to a
nonlinear optimization problem that is easily solved. A
design example for avoice coil actuator has been presented.
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