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Abstract - This paper investigates the performance demands of a
haptic interface and shows how this information can be used to
design a suitable mechanism. A design procedure, previously
developed by the authors, that consists of a global isotropy index
and a discrete optimization algorithm, allows one to compare a
range of geometric variables, actuator scale factors and even
different robot devices for optimum performance. The approach is
used to compare the performance of three 6-DOF robots
including two well-known parallel platform robots and a novel
hybrid robot called the Twin-Pantograph in terms of their semi-
dextrous workspaces and static force capabilities. Since the Twin-
Pantograph yields the best results, its design is refined to address
practical constraints and it is implemented as a haptic pen. The
performance of the resulting design was measured and is also
presented.

I. INTRODUCTION

Haptic interfaces present a difficult mechanical design problem.
It is just as important for a haptic device to be light and
backdriveable as it is for it to be stiff and unyielding. Since
maximum stiffness and compliance are compromised with almost
every design variable, the primary challenge is to broaden the
range of achievable impedances [5]. Robot configurations,
geometric parameters, transmission ratios, external dampers and
actuator redundancy have all been proposed as a means of
widening this range.

Lawrence and Chapel [15] suggest that there is a limit to the
useful impedance range of a haptic device. It is upper bounded by
the stiffness required to counteract a reasonable maximum hand
force and lower bounded by the largest impedance that is too
small for a human to detect. Any impedances outside of this
range are beyond the scope of human perception and are not
relevant to the performance of a haptic device.

There have been many proposals on how to widen the impedance
range of a haptic interface. Lawrence and Chapel [15] propose
lowering effective mass while Hayward et al. [9], Massie and
Salisbury [20] and Ma and Angeles [19] make an argument for
reducing variations in mass. Kurtz and Hayward [14] and
Zanganeh and Angeles [30] argue the merits of an isotropic
Jacobian while Colgate and Schenkel [5] suggest increasing
stability through physical damping.

These, and other design philosophies have led to a wide variety
of physical devices. Iwata [10] built a 9-DOF Compact Master
which combines a 6-DOF parallel positioning device in series
with three 1-DOF finger actuators. Iwata [11] also used a pair of

commercial 3-DOF hybrid manipulators to actuate each end of a
6-DOF haptic pen. In [4], the 6-DOF hybrid SMARTee interface
uses a parallel combination of three 2-DOF serial linkages. In
[18] a 6-DOF joystick is described which contains three
pantograph linkages and Yokoi et al. [29] present a 6-DOF serial
hand controller with three prismatic actuators for translation and
three rotary actuators for orientation. A 5-DOF (3 translation, 2
rotation) haptic stylus is described in [16] which uses 5 linear
actuators in parallel. A 4-DOF (3 translation, 1 rotation) hybrid
device using rotary actuators is presented in [13] while a 4-DOF
Manipulandum that combines a 3-DOF planar parallel robot in
series with a linear vertical motion stage is described in [21]. In
[20], the hybrid PHANTo0M has three active translational degrees
of freedom and three passive rotational degrees of freedom. A 2-
DOF planar pantograph is optimized in [9] and the 2-DOF linear
actuated Magic Mouse is presented in [12]. Finally, Vertut [27]
presents a historical survey of earlier hand controllers, articulated
arms and exoskeletons.

In this paper, a further attempt is made to identify the mechanical
properties that lead to a wider impedance range and to design a
device that bears them. In Section II, static force capabilities are
reasoned to be the most appropriate kinematic design criteria.
Section III describes two biomechanics studies that are conducted
to obtain force and velocity values to guide the kinematic design
and sensor selection processes. In Section IV, a design procedure
is summarized which was previously developed by the authors in
[24] and [25]. It selects the geometric parameters and actuator
scale factors that best satisfy a performance criterion inside a pre-
defined operational workspace. In Section V, the proposed
specifications and design procedure are used to compare three
six-degree-of-freedom robots including the Stewart platform [8],
the Inoue platform [6] and a novel hybrid robot called the Twin-
Pantograph for workspace size and static force capabilities. Since
the Twin-Pantograph turns in the best results, it is implemented
as a haptic pen. Section VI describes the details of its physical
design, the control algorithm used to simulate two virtual
environments and reports performance measurements. Section
VII summarizes the results and presents conclusions.

II. PRELIMINARY DESIGN CONSIDERATIONS

Many design specifications are relevant to the performance of a
haptic interface such as 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 [23].



Most of these values are derived from the inherent capabilities of
the human hand since this is the environment of a haptic
interface.

A haptic interface displays tactile information by presenting an
impedance to the human hand. 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 dual of an impedance device. It is not
backdriveable in its passive state and typically uses highly geared
actuators to adjusts its effective impedance by inducing motion
based on applied force. The high inertia and friction that is
inherent 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 [5], it is difficult to
actively compensate for the physical dynamics of a mechanical
system without compromising stability. Therefore, the minimum
effective impedance of a haptic device is improved by a
reduction in mechanical impedance. Salcudean and Vlaar [22]
also show that even when high static forces are not available,
high stiffnesses can be simulated by inducing high acceleration.
Therefore, reducing mechanical impedance increases the range of
virtual impedance that can be simulated. This can be done in a
number of ways that do not necessarily involve kinematic design
and the mass matrix. With a parallel device constructed from
light weight materials and low friction joints, mass may be small
enough that the kinematic design is better focussed on other
criteria such as available force.

A haptic interface and a human hand can both be considered a
combination of a force source and a mechanical impedance. If the
impedance of a human hand is much larger than the impedance of
a haptic interface, the impedance of the haptic interface will be of
little consequence when the two interact. The force capabilities of
the haptic interface will have a much greater impact on its overall
performance. 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 important
for the relative force capabilities to match those of the human
hand along different directions of motion and for those
capabilities to be consistent throughout the workspace. Then,
actuators are fully utilized regardless of direction. This allows
smaller actuators to be used which results in lower rotor inertia,
consistently stiff virtual environments, improved compactness
and lower cost. A similar argument can be made for measurement
accuracy. Sensor resolution can always be increased to meet
minimum standards but a device that is kinematically matched to

its environment will tolerate coarser sensor resolutions and
exhibit greater consistency with a smaller price tag and footprint.

For the impedance device designed here, the geometric and
actuator design parameters are selected so that the device’s force
capabilities match those of the human hand as consistently as
possible throughout the workspace. The velocity capabilities of
the human hand are considered afterward to select sensor
resolutions and the mechanical impedance is minimized by using
a device which has most of its actuators in the base and
components which have low mass and friction.

III. PERFORMANCE SPECIFICATIONS

For tangible static force requirements, the maximum force/torque
capabilities of the human hand are needed. While existing data on
maximum sustainable force is available in the human-factors and
haptic interfaces literature, it is not easily applied to haptic
interface design. For example, in [1], [2] and [28], maximum
forces and torques are measured using a hammer grip. This type
of grip enables larger forces but less precision than the pencil
grip preferred for a desktop haptic device. Other human
force/torque measurements can be found in [3] and [21] but they
do not distinguish between capabilities in different directions. To
obtain this information, a biomechanics experiment was
conducted.

The experiment involved 20 participants (12 males, 8 females)
ranging between 20-60 years and 45-90 Kg. Participants included
right and left handed people from a variety of disciplines
including students, professors, engineers, secretaries and athletes.
The test apparatus was an aluminum rod, the same diameter as a
standard wooden pencil (0.63 cm), fixed at each end to a 6-axis
force/torque sensor. The rod was oriented vertically, covered
with athletic tape to improve grip and mounted in front of an
armrest to minimize forces contributed by the arm and shoulder.
A photograph of the test apparatus is shown in Figure 1.

Force/Torque Sensors

Fig. 1.  Force/Torque Test Apparatus

Participants grasped the rod using a pencil grip and were
instructed to push, pull and twist the rod in all six directions using
a consistent amount of effort. They alternately applied static
(push and hold) force/torque in both the positive and negative
directions and dynamic (back and forth) force/torque along each
of the 6 axes. A typical data set obtained from the force/torque



sensors is shown in Figure 2 where F and M are forces and
moments about axes i, j and k.
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Fig. 2.

The task was performed twice by each participant, once with high
exertion and again with medium exertion where the amount of
effort for “high” and “medium” exertion was subjectively
determined by each participant. Forces and torques were
averaged by calculating the RMS values of a one second
sampling period. The highest and lowest 10% of the RMS values
were discarded to account for experimental error and the
remaining 80% were averaged. The mean (plotted point) and
standard deviation (error bar) for both the static and dynamic
trials are shown in Figure 3.
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Fig. 3. Force/Torque Test Values

Since the results of the static and dynamic tests differ by less than
10% and have reasonable standard deviations, the data is
assumed to be reliable. Although the deviations for torques about
the i and k axes appear larger than the others, bear in mind that
the physical units are non-uniform (N and Ncm). If each of the
error bars are normalized by their associated mean value, they are
reasonably uniform in size. The static and dynamic values were
averaged and normalized with respect to F; (force about the §
axis) to obtain the relative values shown in Table 1.

TABLE 1
RELATIVE FORCE/TORQUE CAPABILITIES OF THE HUMAN HAND

I axis J axis k axis
Force / F; 1.0 1.0 1.5
Torque / F; 3.6 cm 0.5cm 39cm

To obtain tangible position/velocity sensing requirements, the
maximum velocity capabilities of the human hand were also
identified. This involved a biomechanics experiment that

measured the maximum achievable frequencies of periodic linear
and angular motions of different amplitudes. Each experiment
involved 10 participants (5 males, 5 females) from a distribution
of ages, weights and professions similar to that in the
force/torque experiment. The test apparatus for the translational
experiment was a pencil and paper with six rectangles drawn on
it (see Figure 4). The rectangles were 6 cm high and ranged in
width from 0.15 cm to 76 cm. Participants were asked to shade in
the rectangles as fast as possible while their hand trajectory was
recorded by a position tracking device (Bird™ magnetic sensor).
The test apparatus for the rotational experiment was a low
friction potentiometer connected to a handle through a universal
joint (see Figure 4). Participants were asked to oscillate between
visual upper and lower bounds (displayed on a CRT) as quickly
as possible while the trajectory was recorded. Note that although
the rotational test apparatus has a flat handle, it is held with a grip
that is similar to a pencil grip.

Fig. 4.

Velocity Test Apparatus

Since it is difficult to constrain the direction of motion of the
hand without impacting the resulting velocity capabilities, each
participant was free to orient the test apparatus as desired and did
not have their arm constrained in any way. Therefore,
translational data is assumed to apply to all translational axes and
rotational data is assumed to apply to all rotational axes. A
typical data set obtained from one trial of the rotation experiment
is shown in Figure 5. Translational data looks similar and is not
shown.
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Fig.5.  Typical Trajectories From Angular Velocity Test

The trials were performed three times by each participant. The

trajectories were analyzed to obtain the dominant frequency

component and the results of all trials were averaged. Maximum



velocity was computed by assuming a sinusoidal trajectory as
shown in equations (1) through (3) and is plotted in Figure 6.
These plots provide the maximum speed that the human hand can
achieve inside a workspace of up to /6 cm in translation and /80°
in rotation.
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Fig. 6.  Velocity Test Results

IV. DESIGN PROCEDURE

The goal of the design procedure is to solve the optimization
problem in (4) by finding the robot design parameter p* that
maximizes the condition index F(p) where p is a design
parameter belonging to a set of candidates P. The condition index
F(p) should take into account the intended use of the robot and
variations in performance at different workspace positions.

pH = argmax (F(p)) 4)
pUP

For the haptic pen designed here, the Global Isotropy Index,
proposed in [24], is used as the condition index F(p). The matrix
normalizing technique described in [25] is applied to the GII to
obtain the workspace-inclusive, unitless, task-dependent
performance measure shown in equation (5) where 0 and G are
the minimum and maximum singular values of the Jacobian
J(p,x) that is computed for a design parameter p at a position x in
the workspace W. J(p,x) is scaled by diagonal matrices S, (6) and
St (7) which contain the maximum torque capabilities T;...T,, of
each actuator (for a robot with n actuators) and the maximum
required end-effector forces F and moments M about axes i, j

and k . The design parameter p may include geometry values and
relative actuator force/torque capabilities.

a(S,7(p, xy)S7)

Gll(p) =  min - (5)
X Xy W o(S,0(p, x))S 1)

SJ = Diag%l/l'l[rl T, ... TVJE (6)

Sy = Diagg/Fi[F, F; Fy, M, M; M,J3 (7)

S; and Sy are normalized by scalars (1/1; and 1/F;) because scalar
multiples do not affect ratios of singular values. Therefore, this
eliminates one parameter from each matrix without affecting the
GII. Although joint 1 was arbitrarily used in (6) and (7), any axis
could have been used for this normalization. Note that Sy and J
both have non-uniform physical units (see Table I) but the
physical units of the matrix product JS; are uniform [25]. This
technique for normalizing the physical units of a design matrix
such as J is similar to division by a Characteristic Length [26].
By fixing the elements of S to match the requirements of the
application, the GII is customized to reflect how well a particular
design satisfies those requirements. By choosing the elements of
S as free design parameters, the optimum robot geometry and
actuator sizes are identified simultaneously. This has been shown
in [25] to significantly improve robot performance.

To solve the minimax problem that results from combining
equations (4) and (5), the culling algorithm [24] is used. The
culling algorithm is a discrete optimization algorithm that is
specifically designed to handle GII and minimax problems. It
guarantees the same result as a global search, can be used with
any performance function, is insensitive to initial conditions and
places no theoretical limit on the number of free variables. Search
ranges and resolutions are limited only by memory and time
constraints. It has been shown in [24] to be extremely efficient at
solving robot design problems.

The culling algorithm starts by computing the GII of an initial
parameter by brute force. It then computes singular values for all
of the remaining parameters at the two positions that accounted
for the minimum and maximum singular values of the initial
parameter. All parameters that have computed singular values
with a ratio smaller than the GII of the initial parameter are
discarded. The GII of the parameter with the largest ratio is then
computed by brute force and the process is repeated until all but
one parameter have been discarded. The remaining parameter is
the global optimum.

To implement the culling algorithm, the desired workspace must
be bounded and discretized. This is straightforward for a
Cartesian workspace but the boundary of an angular workspace is
affected by the way angles are represented. Figure 7 shows a
discrete angular workspace represented using Euler angles and
roll-pitch-yaw R=(6,,0,,0,) where roll 8, and pitch 6; are
bounded and yaw 6; is left unconstrained (0 < 6, <2).
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Angular Workspaces Using Euler Angles and Roll-Pitch-Yaw

Although the boundary of the roll-pitch-yaw representation is
preferred over the Euler angle representation, samples are not
uniformly spaced if 6y, 8; and 6, are discretized uniformly (see
Figure 7b). For uniform sample spacing, 0; is discretized
uniformly (i.e. constant AB;) but a unique 6, sample spacing
(AB,) is computed for each of the N different 8; values from
equation (8). An example discretized angular workspace using
the non-uniform roll-pitch-yaw sampling method with a 45°
bound on 6; is shown in Figure 8.

A8,
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Fig. 8.  Non-Uniform Discretizatin Using Roll-Pitch-Yaw

To have comparable sample resolutions between Cartesian and
angular workspace components, the geometric mean of the total
number of translational (k;) and rotational (k,) samples are made
equal by computing k, from (9) where k;, k; and k; are the number
of samples along each translational axis and d, and d, are the
number of axes in the translational and rotational workspaces.

d./d,
k, = (kikk) ©)

Then the number of 8; samples N is chosen so that K, from (10)
is as close as possible to &, from (9) where 0 is the maximum
tip angle defining the angular workspace boundary and the floor
function truncates the decimal portion of the expression since
only integer numbers of samples are possible. For example, it can
be found from (10) that for él = 45°, K, can be any one of
{6,8,34,58,...} for N={1,2,3,4,...}.

N —_
K,o=1+y floor&singq—el% (10)

0o,

2

n=1

V. MANIPULATOR COMPARISON

The design procedure is applied to the design of an impedance
type haptic interface. Only robots with low effective mass (i.e.
most of their actuators in the base) are considered and design
parameters are chosen to optimize static force capabilities. Three

robots are considered which include the Stewart Platform, the
Inoue Platform (see Figure 9) and a novel hybrid robot called the
Twin-Pantograph (see Figure 10). The proposed haptic interfaces
are grasped at point o » and have a pen axis parallel to the j axis
of the base frames shown.

Fig.9.  Stewart & Inoue Platform Manipulators

Fig. 10.

Twin-Pantograph Robot

The Twin-Pantograph uses two 3-DOF 5-bar linkages that are
actuated about their folding or waist joints (q;, q4) to provide five
degrees of freedom (3 translation, 2 rotation) to a cylindrical end-



effector. The sixth degree of freedom (roll) is provided by a
series actuator (g7) mounted to one of the 5-bar linkages. While
many permutations of this device exist (e.g. the pantographs
could be replaced by prismatic actuators, g, could be replaced by
a lead-screw mechanism as in [11], only the version shown in
Figure 10 is considered here. Although the Twin-Pantograph uses
a series actuator to roll its end-effector, the torque requirements
of this actuator are small (see Table I) so its inertial contribution
is not expected to exceed that of the two additional base to
platform links of the parallel platforms.

The Twin-Pantograph is a 6-DOF robot with seven actuators.
One waist actuator is redundant but eliminates a singularity that
would occur when the platform axis lies in the plane of the five-
bar linkage with a passive waist!. It can be shown that the only
remaining singular configurations occur when (i) a pantograph is
in a singular configuration (Figure 11a-c), (ii) the tip of a
pantograph intersects its own waist axis (Figure 11c-d), (iii) a
pantograph is at its workspace limit or (iv) the tips of both
pantographs align with a forearm of a pantograph (i.e. a spherical
wrist singularity). The pantograph singularities are, however, not
particularly problematic since, by design, the singularity in
Figure 15a is physically impossible if [; > [,, as are the
singularities in Figures 15b-dif I3 > (I; + I,).

Fig. 11.

Pantograph Singular Positions

First, the semi-dextrous workspaces of the three devices are
compared. A point belongs to such a semi-dextrous workspace if
the platform origin ¢, can be placed there and rolled, pitched
and yawed *30°. For this comparison, the devices are given
similar footprints and favourable geometries (i.e. similar forearm
and upper arm lengths, singularity avoidance as described above
and platforms half as large as the bases as suggested in [15]). The
lengths ¢ of the prismatic actuators are allowed to range between
9<g<18 and the 5-bar linkage geometries are chosen to
provide a similar reach. The resulting semi-dextrous workspaces
are shown in Figure 12a-c for the Stewart Platform, Inoue
Platform and Twin-Pantograph respectively.
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Fig. 12.  Semi-Dextrous Workspace Comparison of 6-DOF Manipulators

The workspaces are all similar in size except that the Stewart
Platform’s has a large void in its centre due to the retraction

I Note that the same redundant actuation and sensing

approach can be used with the Inoue platform.

limits of its prismatic actuators so its volume is much less than
the others. If the U-joints between the 5-bar linkages and
platforms of the Inoue Platform and Twin-Pantograph are
constrained to +85° to avoid a spherical wrist singularity, their
workspaces are reduced to those shown in Figure 13a-b
respectively. The Twin-Pantograph’s workspace is clearly larger.
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Fig. 13.  Workspace Comparison with U-Joint Bend Angle Constraint

Next, static force capabilities are compared by kinematically
optimizing JT(x) for each device. For this comparison, the Twin-
Pantograph’s redundant (g,) actuator is replaced by a passive
joint to eliminate any unfair advantage that may result from
redundant actuation (i.e. all manipulators have a 6x6 Jacobian
matrix).

It was suggested in [23] that a reasonable workspace size for a
haptic device is 16 cm (i axis) x 10 cm (j,k axes) x +45°. Since
the parallel robots would have difficulty reaching a +45°
rotational workspace, it is reduced to £30° for this comparison.
The workspace centre is placed a fixed distance of 25 cm
(measured along the k axis) from the base origin ¢, (see Figures
13 and 14). This avoids a trivial result since the GII, being a
kinematic isotropy index, always improves when the workspace
is moved further from the base resulting in infinitely large robots.
The 6-DOF workspaces are discretized as shown in Table II.
Since the parallel platforms are symmetric about the jk plane, half
of the cartesian workspace is redundant and does not affect the
outcome. To eliminate unnecessary computations, the minimum
position on the i axis is set to 0 so the total number of discrete
samples is 2,653,020. The Twin-Pantograph, on the other hand, is
not symmetric because its wrist actuator operates relative to a
pantograph forearm so its entire workspace is considered.

Although there are more geometric parameters than are shown in
Figure 9 and Figure 10, some symmetries are introduced to keep
the number of parameters manageable. Furthermore, all devices
are allotted two actuator scale factors, Q; and Q,. For the parallel
platforms, Q; is applied to g3 and g4 and Q, is applied to g, and
g5 since the devices are symmetric about the jk plane but not
about the ik plane. For the Twin-Pantograph, Q; is applied to g,
and Q, is applied to g, since the waist (g;), wrist (g,) and
shoulder (g5, g3, g5, g¢) joints have the most dissimilar torque
demands. The resulting joint-space scaling matrices (S;) are



TABLE II

DISCRETE WORKSPACE
Position

Axis Min Max Step Total
i -8 cm 8 cm 1.0 cm 17
j -5cm 5cm 1.0 cm 11
k -5cm 5cm 1.0 cm 11

Orientation

Axis Min Max Step Total
ik -30° 30° variable 168
j -30° -30° 5° 13

Total discrete samples 4,492,488

shown in (11) for the Twin-Pantograph and in (12) for the
parallel platforms.

S, = Diag([Q, 1 1 1 1 Q,]) (11)
Sy = Diag([1 1 Q0 Q, Q, Q]) (12)

Since a haptic interface must counteract human hand forces, the
maximum force/torque capabilities reported in Table I are used to
assign the Sy matrix (13). Since these forces are relative to the
participant’s hand, the Jacobian is expressed in the end-effector
coordinate frame prior to scaling.

Sy = Diag([1 1 15 3.6 0.5 3.9]) (13)

Due to practical limits (processing speed of a SGI 0? running
IRIX) the design parameter space is limited to 50 million
elements. It is possible to search a broader range or use finer
sample spacing when there are fewer design parameters. Since
the Twin-Pantograph has 7 free design parameters (I; - Iy, lg, O},
0,), the Stewart Platform has 9 (I}, 1, - I,,n;, Ny, Q;, Q5) and the
Inoue Platform has 11 (/; - {7, N, N2, O}, Q5), search ranges and
sample spacings are assigned accordingly. Although this results
in course resolution for some of the design parameters, it was
found through experimentation that resulting GIIs did not change
much when search resolutions were increased and did not merit
the associated increase in computation time.

The optimization problem in equation (4) is formulated using the
parameter space P shown in (14), where the objective function
F(p) is the GII described in equation (5) using the workspace W
shown in (15), the Jacobian shown in (16), the §; matrix shown in
(11) and (12) that contains parameters Q; and Q, from P and the
S matrix shown in (13) that contains the human hand
performance values from Table I. The culling algorithm is used
to solve the optimization problem for each of the three
manipulators. The discrete parameter spaces and optimal
solutions are shown in Table III through Table V.

P = {11---17-ﬂ1,ﬂ2. Q1-Q2} (14)
W = {£8cm(i), t5cm(j, k), £30°(i, j, k)} (15)
=t (16)
TABLE III
TWIN-PANTOGRAPH PARAMETER SPACE
Param Min Max Step Total Optimum
1, 0.5 5 0.5 10 3.0
1, 10.0 25.0 1.0 16 16.0
15 15.0 30.0 1.0 16 22.0
Iy 1.0 10.0 1.0 10 2.0
lg 0.5 6.0 0.5 12 3.0
Q 0.6 2.0 0.1 15 1.9
Q, 0.005 0.05 0.005 10 0.03
Total discrete samples 46,080,000
GII of optimum solution 0.327
TABLE IV
STEWART PLATFORM PARAMETER SPACE
Param Min Max Step Total Optimum
L 4.0 16.0 2.0 7 10.0
Iy 2.0 14.0 2.0 7 6.0
15 2.0 14.0 2.0 7 6.0
lg 1.0 7.0 1.0 7 3.0
15 1.0 7.0 1.0 7 4.0
n, 110° 140° 5° 7 120°
n, 140° 175° 5° 8 170°
Q 0.3 1.5 0.2 7 0.5
Q, 0.3 1.5 0.2 7 0.9
Total discrete samples 46,118,408
GII of optimum solution 0.096

Computing the results in Table III, Table IV and Table V
involved 2.69x107, 1.79x107 and 1.45x107 Jacobian singular
value computations and took 27, 7 and 31 hours respectively.
This is an average improvement of 2x10%:1 over a global search.
It was shown by example in [24] that the efficiency of the culling
algorithm improves with larger search spaces so it would be
practically feasible to consider a finer parameter space resolution
or a wider range of parameter values when obtaining a final
design specification.

The optimum GIIs of the Twin-Pantograph, Stewart Platform,
and Inoue Platform are 0.327, 0.096 and 0.215 respectively. The
static force GII of the Twin-Pantograph is 3.4 and /.5 times
larger than the GIIs of the parallel platforms. Therefore, the
Twin-Pantograph is better suited to the demands of a haptic
interface since it can make more efficient use of its actuators than
the parallel platforms.



TABLE V
INOUE PLATFORM PARAMETER SPACE
Param Min Max Step Total Optimum
L 1.0 5.0 1.0 5 2.0
1, 12.0 22.0 2.0 6 16.0
I3 20.0 30.0 2.0 6 24.0
Iy 2.0 8.0 2.0 4 2.0
Is 2.0 8.0 2.0 4 2.0
lg 1.0 5.0 1.0 5 2.0
1; 1.0 5.0 1.0 5 4.0
n, 100° 140° 10° 5 120°
n, 130° 170° 10° 5 170°
Q 0.5 1.5 0.25 5 0.75
Q, 0.5 1.5 0.25 5 0.75
Total discrete samples 45,000,000
GII of optimum solution 0.215

VI. DESIGN OF A HAPTIC PEN

With its large semi-dextrous workspace and favourable static
forces capabilities, the Twin-Pantograph is the most viable
candidate for the design of a haptic pen. As predicted, the serial
wrist actuator should be very small (i.e. 1/63 the torque of the
waist actuator) according to Table III. A light-weight actuator is
under development for this purpose but in the meantime, this
joint is made passive. This simplified device (5 active DOF, 1
passive DOF) lends itself well to applications that do not rely on
reaction torques from axial rotations.

To fully exploit the motion range of the device, the rotational
workspace is extended to +45° and to further enhance its static
force capabilities, the redundant waist actuator (g,) is
reintroduced. With only 5 active degrees-of-freedom and a
redundant actuator, the Twin-Pantograph is symmetric about
both the jk plane and the ik plane so only one quarter of its
translational workspace needs to be considered to rigorously
evaluate its performance. This allows the workspace to be
discretized more finely as shown in Table VI.

TABLE VI
5-DOF DISCRETE WORKSPACE
Position
Axis Min. Max. Step Total
i 0cm 8 cm 0.5 cm 17
j 0cm 5cm 0.5 cm 11
k -5cm 5cm 0.5cm 21
Orientation
Axis Min. Max. Step Total
ik -45° 45° n/a 617
Total discrete samples 2,422,959

Since a singularity is eliminated by introducing the redundant
actuator, the GII improves when the base length (/) is increased
since this increases the distance between the workspace and the
actuators. Therefore, I, is fixed at 8.0 cm to keep the height of the
device reasonable while providing adequate clearance for the
shoulder actuators. The resulting device has 5 free design
parameters which are shown with the optimal solution in Table
VII. Note that /; is assigned a minimum value of 2.4 cm to
account for the width of the shoulder actuators and /4 is assigned
a minimum length of 7.0 cm so that the end-effector can be held
comfortably by a human hand.

TABLE VII
5-DOF TWIN-PANTOGRAPH PARAMETER SPACE

Dim. Min. Max. Step Total Optimum
1 24 7.0 0.2 24 24
I, 10.0 30.0 0.5 41 17.0
15 15.0 35.0 0.5 41 23.0
lg 7.0 11.0 0.2 21 7.0
Q 0.5 3.0 0.1 26 1.6
Total discrete samples 22,027,824
GII of optimum solution 0.234

The workspace position (i.e. 25 cm away from the base) was
chosen somewhat arbitrarily. Increasing this distance is known to
improve the GII but also increases the mass and footprint of the
device. To see how performance is affected by workspace
positioning, the device is re-optimized for workspace distances
ranging from /5 cm to 40 cm. The results are shown in Table
VIIL.

TABLE VIII
EFFECT OF WORKSPACE DISTANCE ON GII
Distance 1 1, 15 lg Q GII
15 cm 24 13.0 | 16.0 7.0 1.6 0.089
20 cm 24 145 | 20.0 7.0 1.7 0.182
25cm 24 17.0 | 23.0 7.0 1.6 0.234
30 cm 3.6 195 | 27.0 7.0 1.6 0.262
35cm 3.6 225 | 305 7.0 1.6 0.280
40 cm 4.0 255 | 345 7.0 1.6 0.292

The position/velocity sensing capabilities are considered next by
selecting optimum sensor resolutions for each of the designs in
Table VIII. This is accomplished by re-formulating the
optimization problem using the Jacobian in (17) and the
parameter space P in (18) which contains no geometric quantities
({; through [4 are taken from Table VIII) but only the design
parameter O; which is the ratio between waist and should joint



sensor resolution (R,/R;). In accordance with the force/torque
optimization, the workspace W in (19) is used.

= J(x)x an
P = {Ql} (13)
W = {£8cm(i), £5cm(j, k), £45°(i, j, k)} (19)

It is assumed that to maintain a given velocity signal quality, the
required position sensor resolution is inversely proportional to
the maximum joint velocity. Therefore, the §; matrix in (20) is
used to find the optimal position sensor resolution ratio between
the shoulder and waist joints (R,/R ) and the S, matrix is
assigned to the maximum velocity capabilities of the human hand
as in (21). From Figure 6, a human hand can produce a maximum
linear velocity of 500 cm/s inside a /6 cm workspace and
maximum angular velocity of 30 rad/s inside a +45° workspace.
Since the participants in the velocity experiments chose the
direction that maximized their performance, these values are
applied to all directions equally.

S, = Diag(1/R[R, R, R, R, R, R,])
20
= Diag([1 0, 0, 1 Q; O] e
Sp = Diag(1/v,[v, Vi Vi w; w.]) 21

Diag([1 1 1 0.06 0.06])

The optimization is carried out for each of the workspace
positions in Table VIII to obtain the optimal encoder resolutions
and velocity GlIs in Table IX. The GII from the force/torque
optimization is plotted using a solid line and the GII from the
position sensor optimization is plotted using a dashed line in
Figure 14.

TABLE IX
OPTIMAL POSITION SENSOR RESOLUTION RATIOS

20cm | 25cm | 30cm | 35cm | 40 cm
R, /R, n/a 1.63 1.67 1.63 1.64 1.62 1.59
GII 0.0 0.105 | 0.186 | 0.232 | 0.269 | 0.285 | 0.303

10cm | 15cm
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Fig. 14.  Plot of GII vs. Workspace Position

Figure 14 shows nearly identical GIIs for both force/torque and
position sensing at each workspace position. This is a fortunate
result that simplifies the task of choosing a workspace position
since there is no trade-off to make between force/torque and

position sensing performance. They both improve as the
workspace is moved further from the base, with rapid
deterioration below 20 cm and marginal improvement above 25
cm. Therefore, a workspace position between 20-25 cm provides
the best trade-off between performance and compactness. Note
that regardless of workspace position, the waist actuators should
have approximately /.6 time the torque and /.6 times the sensor
resolution of the shoulder actuators.

A prototype Twin-Pantograph haptic pen was built that has its
workspace 20 cm from the base (see Figure 15). Mass was
minimized by using hollow, magnesium clevises, carbon fibre
links and low inertia, rare-earth magnet Maxon motors. Steel
weights were mounted behind the shoulder motors to achieve
static balance at a location just outside the workspace boundary
that is nearest to the motors. Remaining gravitational effects are
small and can be compensated by active control. Backlash and
friction were minimized by using direct-drive motors and roller
bearings in all of the passive joints except for the universal joints
which are made from Delrin. Since all motors are direct drive,
larger actuators were chosen for the waist joints to satisfy the
additional torque requirements. The position of each active joint
is sensed using a 4000 cpt optical encoder. Although the sensor
resolution could be higher at the waist joints, this was too costly
to implement on the prototype.

Fig. 15.

The Twin-Pantograph Haptic Pen

A mass matrix D (22) is computed numerically for the Twin-
Pantograph haptic pen at its home position (i.e. x,y=0, z=20 cm,
zero rotation) using Pro/MECHANICA™. Its value is shown in
(23).



{ AN) } _ p| iem/s?) 22)
{(Nem) (i)(rad/sz)

190 0.197 -0.179 0333 152

0197 226 0035 -346 -0.515
D = (0179 —0.035 156 —-0.642 —0.335| x 10~ (23)

0333 —346 —0.642 10300 12

152 0515 -0.335 12 12600

The robot specifications listed in Table X are either measured
directly or are derived from the mass and Jacobian matrices and
the actuator and sensor specifications. All values correspond to
the robot at its home position except for weight which is the
gravitational force felt by the hand while holding the end-effector
in an upright position and is presented as a workspace inclusive
range. The stiffness and damping coefficients are obtained using
a tuned PD controller at a control rate of / KHz 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 X
HAPTIC PEN PERFORMANCE SPECIFICATIONS
Translation Axis Rotation Axis
X y z X z
Workspace | +6cm +3.75em | #3.75cm +45° #45°
Spatial Res | 142pm 314um 175um 0.122° 0.099°
Min F/T | 0.022N 0.045N 0.023N | 0.19Ncm | 0.18Ncm
Cont F/T 5.0N 33N 41N 34Ncm 41Nem
Peak F/T 48N 2IN 40N 324Nem | 396Ncm
Dyn Range | 2200:1 470:1 1700:1 1700:1 2200:1
Eff Mass 190g 226g 156g 10300gem? | 12600gcm?
Peak Accel |  25.8G 9.5G 26.1G 314752 314352
Max Stiff | 16N/cm 12N/cm 13N/em | 874Nem | 1076Nem
Max Damp | 0.44Ns/em | 0.5Ns/em | 0.36Ns/em | 24Nsem | 30Nscm
Weight 70g - 130g

The Twin-Pantograph’s rotational workspace is extremely large
for a robot which has all of its motors in the base. It has low
unbalanced weight (e.g. by comparison a standard ball-point pen
weighs about 75 g) so little active gravity compensation is
required. Its effective mass is also low, making the device
comfortable to use and providing high acceleration capabilities
for good stiff surface emulation. It has high static force
capabilities and adequate position resolution for reasonable
control stiffness and damping gains using inexpensive sensors.
By comparison, the 3-DOF SensAble PHANToM haptic
interface is cited in [20] to have a spatial resolution of 64 pm, a
continuous force of 1.5 N, a dynamic range of 100:1, a tip inertia
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of 100 g and a maximum stiffness of 35 N/cm. However, since
there is no accepted standard for making these measurements and
since the devices have different degrees-of-freedom, these values
may not be entirely comparable.

The haptic pen has been used to simulate two dissimilar virtual
environments. One is a virtual pencil that can write on the surface
of a stiff bounding box. It contains a compliant button which can
be pressed from the top until a positive click is felt which erases
all pencil marks from the bounding box. The other is a virtual
excavator that can dig into its surrounding landscape. The motion
range of the Twin-Pantograph is constrained to respect the joint
limits of the virtual excavator and displays the ground interaction
forces described in [7] during digging. The graphical
environments for these two simulations are shown in Figure 16.

Fig. 16.

Graphical Environments

The haptic pen is controlled using a PD+B controller where B is a
braking pulse [22] that is applied upon contact with a stiff
environment and is proportional to end-point velocity. The
desired force and torque at the centre of the haptic pen is
converted into a desired force for each pantograph (i.e. each end
of the haptic pen) before computing joint torques. This control
strategy is shown in Figure 17 where JT'T is the Jacobian matrix
for the top pantograph and JB'T is the Jacobian matrix for the
bottom pantograph.
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Fig. 17. Decoupled Force Control of Pantographs

Although many optimization strategies exist for allocating
torques among redundant actuators, controlling the device as two
3-DOF force sources has a number of advantages. Internal forces
are avoided and it is much simpler to compute two 3X3 inverse
Jacobians (i.e. one for each pantograph) than it is to optimize one
6x5 pseudo-inverse Jacobian for the purposes of control. The
computational savings allow for a higher sampling rate which



increases the stability margin. This approach also improves the
realism of simulations with vector-like slaves such as the virtual
pencil since the forces acting on the two vector end-points are
decoupled in the controller. For example, the eraser end of the
pencil feels completely free while the tip is being pressed firmly
against an obstacle and vice-versa.

Stability and robustness were examined by recording motor
currents and penetration depths while one end of the haptic pencil
was pressed against each surface and intersection of the stiff
virtual box. The stiff box was implemented using proportional
gains of 3 N/cm (horizontal) and 2.7 N/cm (vertical), differential
gains of 0.05 Ns/cm (horizontal) and 0.02 Ns/cm (vertical), and
braking gains of 6 Ns/cm (horizontal) and 3 Ns/cm (vertical) at
the contacting end of the haptic pencil. The top three traces in
Figure 18 are the control signals applied to the three lower
actuators g; through g3 and the bottom three traces are the
penetration depths of the pencil tip into the virtual walls and
floor. The pencil is lying flat on the floor without any human
contact between f, and ¢/, is held in free space between ¢; and 7,,
is pressed into the walls, floor and adjoining corners between ¢,
and ¢3, is pressed into the corner adjoining all three surfaces
between 73 and 7, and is returned to free space between 74 and #s.
Note the correspondence between penetration depths and motor
currents and the absence of any extraneous oscillations. In Figure
19, the trajectory of the pencil tip with respect to the boundary of
the stiff box is shown on the left and the corresponding reaction
forces are shown on the right. The trajectory is free from
oscillations during surface penetrations and reaction forces never
exceeded 1.0 N.
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Fig. 18. Motor Currents & Wall Penetration Depths

VII. CONCLUSIONS

To mimic any passive environment that a human hand can
distinguish, a haptic interface must simulate a broad range of
impedances. It was reasoned here that the impedance range of a
device is widened by minimizing physical impedance and by
matching static force and position sensing capabilities to those of
the human hand.
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It was proposed here that these attributes could be obtained by
using a robot with most of its actuators in the base, by using
components with low mass and friction, and by optimizing static
force capabilities through kinematic design. A design procedure
that was previously proposed by the authors was used for
kinematic optimization. It was used to find the geometry and
actuators that would best satisfy the static force criteria obtained
in a biomechanics experiment that investigated achievable human
hand force/torque. The process was repeated for three 6-DOF
devices including the Stewart platform, the Inoue platform and a
novel hybrid device called the Twin-Pantograph. Since the Twin-
Pantograph produced the most suitable static forces and had the
largest semi-dextrous workspace, it was selected as the basis for
the experimental haptic pen. Optimal sensor resolutions were
chosen for the Twin-Pantograph by using data from a second
biomechanics experiment that investigated achievable human
hand velocity.

An over-actuated version of the Twin-Pantograph with passive
roll was designed, built and controlled to simulate two virtual
environments including a virtual pencil and a virtual excavator.
Some performance characteristics were measured and the
qualitative performance of the device was examined in a number
of applications with excellent results. A device such as this could
be used in applications ranging from a surgical training or tele-
operation system to a force-feedback excavator control stick.
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