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Abstract—We describe the redesign and the performance could be used as a scientific instrument. Our intention is
evaluation of a high-performance haptic device system called to make the system available in open-source, hardware and

the Pantograph. The device is based on a two degree-of-freedom
parallel mechanism which was designed for optimized dynamic
performance, but which also is well kinematically conditioned.

discussed.
Index Terms— Haptic Devices. Parallel Mechanimsms. Mech-
anism Conditioning. Performance Measures.

I. INTRODUCTION

The scientific study of touch, the design of computational
methods to synthesize tactile signals, studies in the control of
haptic interfaces, the development of force reflecting virtual
environments, and other activities, all require the availability
of devices that can produce reliable haptic interaction signals.
In some cases, it is needed to produce well controlled stimuli.
In other cases, it is important to have the knowledge of
the structural dynamics of a device, but in all cases, these
activities entail having devices which are well characterized.

Following SensAble’s Phantogn and Immersion’s Im-
pulse Engin®, several new commercially-available general-
purpose haptic devices have been recently introduced:
MPB's Freedom-6®, Force Dimension’s Ome@a Hap-
tion’s Virtuose®, Immersion Canada’s PenCat/Rro plus
other application-specific devices. In addition, interesting,
low-complexity, high-performance devices have also become

. . . . . C
available, either from research institutions or from commer-

cial sources [9], [10], [15], [21]. We felt, nonetheless, that a
general-purpose laboratory system having high performance
features, would be a valuable tool.

With this in mind, we set out to redesign the ‘Pantograph’
haptic device, first demonstrated at the 19@41 SIGCHI con-
ference in BostonyiA [22]. Our first goal was the creation of
an open architecture system which could be easily replicated
from blueprints and from a list of off-the-shelf components.
The second goal was to obtain a system which would have

software.

An important aspect of the Pantograph, a planar parallel
The results show that the system is capable of producing Mechanism (Fig. 1d), is the nature of its interface: a non-
accurate tactile signals in theDC-400 Hz range and can resolve  slip plate on which the fingerpad rests (Fig. 1e). Judiciously
displacements of the order of 10um. Future improvements are  programmed tangential interaction forcgs at the interface
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(Fig. 1e) have the effect of causing fingertip deformations and
tactile sensations that resemble exploring real surfaces.
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superior and known performance characteristics so that itig. 1. Pantograph Mk Il electromechanical hardwa)eSide view showing
the main electromechanical componenist-ront view.c) Photographd) Top
*This research was supported in part by the Institute for Robotics anyiew of the five-bar mechanism and plate constrained mOB- €) The

Intelligent Systems, and in part by the Natural Sciences and Engineerinfiteraction force has two componenty is measured by the load cell and
Research Council of Canada. fr results from coupling the finger tip to the actuators via linkages.



Proc. IROS 2005, IEEE/RSJ Int. Conf. Intelligent Robots and Systems, pp. 723-728.

Il. COMPONENTS resolution over the workspace if their signal was unprocessed.
These were replaced by optical rotary incremental encoders.
g’wo models were evaluated that had the required resolution
and form factor. Models from Gurley Precision Instruments

a) Mechanical Structure:The mechanical design was
not changed from the original device. The dimensions, a

well as the shape of the links, were determined fidynamic i
performanceconsiderations [13], rather than from kinetostaticlnc' (model 119501024951 168188P04MN; 65,536 CPR)

considerations [24]. Staticallly, the structure must resist bendzigg OI\(A)'OUOE Sytsr;[ems Inc. émoda;?lSTZhCB-éO-lRlQlOHA;
ing when loaded vertically. The proximal links (Fig. 2a) have ,000cPR) both gave good results. The Gurley sensors are

a pocketed box design which gives them the structure of tljless expensive and easier to commission while the MicroE

wishbone horizontally where they are dynamically loaded and®"nsors reqwre_ allgnmgnt and protective cuszom housm-g.
otherwise of a hollow beam for torsional static strength. The  f) Electronics: An integrated 4-channel “hardware-in-
distal links (Fig. 2b) have an axial dynamic load and behavéhe-loop” PCi card from Quanser Inc. (modeb4) with

like cantilevers under the vertical static load, therefore they?4-Pit encoder counters, unbuffered, low delay analog-to-
have a tapered shape to reduce weight. digital/digital-to-analog channels proved to be a convenient

and cost effective solution (read encoders, read acceleration
and force signal, write actuator currents) that could support
two devices. The current amplifier design is crucial given
the observed variation of the motor winding resistance due
to commutation. Low gain current amplifiers built around
the NS power chipm12cL proved to be only partially
effective. Better performance should be provided in the future
by Quanser's.cam amplifiers.

Fig. 2. Internal structure of the bean®. Proximal link.b) Distal Link.

b) Normal Force SensingTo render arbitrary virtual
surface interaction forces, the normal component of the force ll. KINEMATICS
must be known. A sensor could have been put in the plate, ) . ) . .
however, locating the sensor (loadcell Omega Engineering The kinematic structure is a five-bar planar linkage rep-
modelLcKD-5; conditioner Newport Electronics modelrs- ~ 'esented in Fig 3. The end-plate is located at pdtgtand
0010Dc-7) under the entire device is also possible, sincgMoves in a plane with two degree-of-freedom with respect to
the normal force is entirely due to the user and hence halbe ground link, where the actuators and sensors are located
low bandwidth. This way, the force sensor does not ‘see’ anj?t P1 andPs. The configuration of the device is determined
inertial forces (a tip mounted force sensor could be sensitiv®y the position of the two angle andd; and the force at
to acceleration and give erroneous readings). The static lodfl€ tool tipPs is due to torques applied at joints 1 and 5.
due to the weight of the device was eliminated by locating The nominal values of the link lengths are in mm:
the hinge under the center of mass (Fig. 1a).

c) AccelerometerTo measure the device transfer func- (nom = [63 75 75 63 25]" .
tion, to provide detailed information about the high-frequency
movements of the plate for use in other experiments (forA. Direct Kinematics
example involving acceleration feedback to render textures . . . . o
or shock sensations, or to investigate the coupled dynamics The direct kinematics problem consists of finding the
of the finger pad), a dual-axigems accelerometer (Analog POsition of pointP; from the two sensed joint anglés and

Device; modelapxL 250) was embedded in an interchange-s- The base frame is set so thatitaxis passes through .
able plate (Fig. 1a). It was in the past solved using various approaches, the latest

d) Motors: Two conventional corelessoc motors provided in [6]. These approaches all share the observation
(Maxon RE-25 graphite brushes) are used as torquers. allhat Ps is at the intersection of two circles, the centers and

though this solution is clearly suboptimal, it was used forthe radii of which are known. The circles of radi anda;
simplicity and will be further discussed in the Section V. &€ centered at:
We experimented with both graphite and metal brushes. The
friction due to metal brushes is lower, but the electrical Py(z2,92) = [aicos(0r), arsin(61)]', and (1)
coupling they provide at low speeds with the windings is Py(z4,y4) = [ascos(f5) —as, agsin(@s)]".  (2)
not as good as with graphite brushes. It was observed that
the electrical resistance varied so greatly and so rapidiand intersect at two points corresponding to two configura-
from one commutator blade to the next that current feedbackons. The device, however, always operates in the configu-
was ineffective to compensate for this variation, resulting inration that has the largest We used a geometric approach
noticeable transient drops in the torque. to find them. LetP5 = (z3,y3) and Py, = (zx,ys) be the

e) Position SensorsThe servo quality potentiometers intersection between the segmdPtP, and the height of
used in the original Pantograph could only provide 10 bits oftriangle PoP5Py.
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We find
(a3 — a3 + [Py — Ps|?)

P2 —Pp| = : (3)
(2]|P4 — P2))
[P — Pyl
P, = Py 227 -tlip _p 4
h 2+ ||P2—P4||( 4 2), (4)

IPs—Pull = \Ja3— P>~ Py, (5)

The end effector positio®;(x3,y3) is then given by
Fig. 4. Dividing the pentagon into three triangles.

[P3 — Py
=z + 1 (yg — 6
T3 = Th P> — Py (ya — y2), (6)
P;-P C. Differential Kinematics
M(u — 12). (7)

Ys = Yn F . . . . .
P2 — Pyl The Jacobian matrix can be found by direct differentiation

The useful solution has a positive sign in Eq. (6) and negativ@f the direct kinematic map with respect to the actuated joints

sign in Eq. (7). Since in the workspagg < », the solution 1 andés:

with a negative sign yields larger. J—

8563/891 8.%‘3/(995 :| |: 81$3 85113

0y3/060, 0Oys/005 O1yz  Osy3

whereg;- denotes the partial derivative with respectfolLet

d=|Py—Py|, b=|P2— Pyl andh = |P3 — Py||.
Applying the chain rule to Egs. (6) and (7):

] (13)

missing
negative O1x2 = arsin(6y),|01y2 = ajcos(61), (14)
signs O5x4 = assin(fs),|05ys = ascos(0s), (15)
here 81y4 = 81334 = 85y2 = 65.%‘2 = O7 Blh = —batb/h (16)
9d — (T4 — 22)(0iw4—0iw2) + (ya — Y2)(0iya — Oiy2) 17)
R d
B 0;d(a3 — a2 + d?)
Fig. 3. Model of the kinematics used to compute the direct problem. 0ib = Oid — 2d2 (18)
Oiyn = Oy
0;bd — 9;db b
B. Inverse Kinematics + a2 (Y4 —y2) + &(8”/4 —diy2) (19)

Parallel manipulators frequently have an inverse kinematics?i®h = 02
n 0;bd — 0;db

problem that is simpler than the direct kinematics problem. 7
The Pantograph is no exception. The problem is to find thea.ys — D
anglesf; andés given the position of poinPs. A pentagon ! ! L

can be divided into three triangles, see Fig. 4 which makes —E(&-m — Oje) —
the solution straightforward:

(xg —x2) + g(aim — 0;z2) (20)

Oihd — 0;dh

a2 (x4 —x2) (21)

ail‘g = &mh
h Oihd — 0;dh
Oy =7 —a1— P, 05 =as+ G, (8) +3(5’7:y4—3iy2)+T(y4—y2) (22)
where D. Kinematic Conditioning
2 _ 2 4L IP..P All entries of the Jacobian have the dimension of lengths
ay — a3 + ||P1, Pl . . S o
Q1 = arccos 5 PP ) (9)  mapping angular velocities = [#; 65]" to linear velocities
a1V/|[P1, Ps| v = [£3 y3]': v = Jw. Thus, the 2-norm of the Jacobian
pi = atan2(ys, —x3), (10)  matrix (which also is a length) has the physical meaning of
a3 — a3 + ||Ps, P3| scaling the sensor nominal resolution to the nominal resolu-
Bs = arccos 2a1+/|[P3. Ps| J (11)  tion of the device. The Jacobian matrix is well conditioned on
B all the workspace and the device becomes isotropic at (Fig. 5):
as = atan2(ys,x3 + as). (12)

25 252
This solves the inverse kinematics for a generic Pantograph f1iso =arccos| —iox + — o= | 510 = T — f1150 (23)

with arm lengthsz;, as long as the device is in a configuration
such thate; > 0 and 85 > 0, which puts it in the permitted corresponding to the poi;,, ~ (—12.5, 101.2) in Fig. 5.
workspace. At this point the two distal links intersect orthogonally at
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the tip and the end effector is equidistant from the actuatedcquired on the bottom edge all have the sanmordinate,
joints. Here, the Jacobian matrix maps disks in the angulaso on this edgePgl = (2%,y') wherey! is the known
velocity joint space to disks in the tip velocity space. Therecommon value of the coordinate, and similarly for the other
are just two such points. The other point which has a negativedges:y' for the top edgez— for the left edge, and— for

y is not used. The isotropic region is near the edge of thehe right.

worskspace but this is an acceptable compromise given that Call the 9 and 6%, the measurements acquired. The com-
the main objective is dynamic performance. The device, aponents of the direct kinematic function ang and ys:
dimensioned, has a large region of dynamic near-isotropPs = [x3(01,05) y3(01,05)]". The device can be calibrated
spreading over most of the workspace [13]. by minimizing the error function

E= Y0 [yt —ys(03 + 09,05 + 09)12 +

Zi\: [x723(0 + 609,087 4+ 09)]2 +
[ +
[

40

S Iy - a6y + 09,08 + 69))?
SV [T — (01 + 69,007 +609))2,  (25)

over the zero positiong) and6?: mingo o E. This is accom-

plished using the Levenberg- Marquardt algorithm [8]. The
results are satisfying since the two offset angles are found
with an uncertainty of 6-7 counts which can be attributed
to backlash in the joints 2 and 4 as further discussed in

Fig. 5.  Condition number of the Jacobian of the Pantograph over theSectlon IV-B.
workspace. The device is isotropic at the pdifit,.
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IV. RESULTS
If ||- || denotes the largest singular value of a matrix, then The importance of the static and dynamic behavior of

expression: haptic devices, accounting for the mechanical structure, trans-
T mission and drive electronics has been well recognized by

IAX] < [l ]]2 |[[A0: Abs]" | (24 Gevice designers [1], [2], [7], [14], [20], [23].
where AX = [Ax Ay]" is the resolution of the device and ~ Guidelines for measuring the performance characteristics

Af; the resolution of an encoder. This allows us to plot theof force feedback haptic devices were documented in [12].
ideal resolution of the device in Fig. 6 for the case whereAmong these guidelines two are particularly important, in

encoders with 65KCPR are used.

“ o/

X (mm_)

Fig. 6. Resolution of the Pantograph in the workspace, measurement uni
is the um. The device is equipped with two encoders wiftf counts per

revolution, the resolution i AX || = ||J||2v/2 2.

addition to the usual requirement of minimizing interference
with the process being measured. The first specifies that
the characteristics must be measured where the device is
in contact with the skin. The second recognizes the fact
that a haptic device has a response that depends on the
load. Therefore, load reflecting the conditions of actual use
must be applied during the measurements. From this view
point, measurement of the system response from the actuator
side and without a load, as it is sometimes done (e.g. [4]),
fails to provide the sought information. A useful actuator-
side technique that quantifies the structural properties of a
device in terms of a “structural deformation rati®RD) was
Qevertheless suggested [19]. It was not used here since the
complete system response provides richer information.

A. Experimental System Response
The frequency response (from amplifier current command

E. Calibration to acceleration at the tip) was measured with a system
Since the angles are measured by incremental encoders, thralyzer psp Technology Inc., SigLab model 20-22) using
origin needs to be calibrated at system startup. The workspaahirp excitation. This technique was used because it is more
of the device is mechanically limited to a rectangular aregorecise and more robust to nonlinearities (and more time

which can be used for this purpose. In a first maneuver, pointonsuming) than anrRMAX procedure.

P3 is brought by the user to the bottom left corner of the Measurements were performed under three conditions. The
workspace to roughly calibrate the encoders. The user thefirst corresponded to the unloaded condition. In order to
proceeds to acquire many calibration points by sliding the engrevent the device from drifting away during identification, it
effector along the four edges (bottom, right, top, left). Pointswas held in place by a loosely taught rubber band. The second
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condition was created by lightly touching the interface plate
while the response was measured. In the third condition, the
device was loaded by pressing firmly on it.

An ideal device should have a uniform gain across all
frequencies (and would have to sDRr index of 1.0 [19]). _
Fig. 7 shows all three responses on the same graph but offsetS
by 10 dB for clarity. The response was indeed flat over a wide < 20|
bandwidth (40 to 300 Hz). But irregularities occured in the [ Finger (press lightly)
low and the high frequency regions. " MR Pt

In the low frequency region, the rise in gain for the I
“unloaded response” was most probably due to presence of |
the rubber band and can be ignored. However contact with ,
a finger creates a low Q resonance (Q factor 2 to 3) which 40 100 400 1000
shifted up in frequency when the finger pressed harder. This Frequency (Hz)
could be explained by the nonlinear nature of tissues. TheslgaI . e

. . . . . g. 7. Frequency Response of the device when an identical signal is sent
observations conspire to indicate that indeed, it would bgqhoth the amplifiers to create an horizontal movement. The intensity of the
difficult to reduce the finger to that of a linear time invariant movement is measured with an accelerometer approximately parallel to the

- iclei - - - movement. The response curves relative to the finger are shifted of +10 dB
?éthJ:rlns;\QIZ%Ut[ 1I‘CI)S]E<I[r198]TO oversimplify the dynamics of the (light pressure) andp+20 dB (hard pressure). ’

In the high frequency region, there were two notable

40|

30+

Finger (press hard)

Loose rubber band

events in the response. The “unloaded response” first shows b 0'006_
what is the typical fingerprint of a sharp, low-loss structural 0.004 62
resonance (pole-zero pair) in the 400-500 Hz band. This could '
be attributed to flexibilityinside the motor as these often 0.002 1
emit acoustic noise at this frequency upon torque transients 0‘000:
(this is also the case of all haptic interfaces using the same ]
“bell coreless” motors). As the finger presses harder on the -0.002 1
interface, this resonance is progressively masked by the load 1 01
but probably continues to occur, but is unseen at the tip. Now, -0.004
what is more difficult to explain are the additional events in 0006 ]

the 900 Hz region, which instead of being attenuated by a

larger load as one would expect, are actually enhanced teg. 8. a) Setup used to verify resolutiob) Encoder reading during a linear
reach up to 30 dB of gain, a rather large magnitude indeecdnovement of 50um. The plot shows that there are 5 or 6 ticks, matching
If these were due to structural resonance of the linkaged® @nalysis made with the Jacobian.

then one would observe a shift in frequency due to nonlinear

buckling. But it is not the case. This problem will be further

discussed in Section V. In the meantime we established thatS performance was evaluatec_i and fouqd to meet the initial
the device can reliably be used in tiE—400 Hz range expectations of uniform and wide bandwidth response. How-

provided that proper roll-off filters are used [3] ever, while the device operates very well, several points still
need attention. The manner in which they can be addressed
B. Resolution is now discussed by order of increasing implementation

We estimated the actual device resolution using the setufffficulty.
shown in Fig. 8a. A micropositioner was connected to joint 1) The backlash in the joints in certain conditions, partic-

3 so it could back-drive the device along theaxis in the ularly when the plate is not statically loaded, can reach
vicinity of point P;y,. Backlash and other joint imperfections several encoders ticks. The cause was simple to find
were likely to deteriorate the resolution of the device but and so will be the solution to eliminate it. The present

should not be considered first. To minimize their influence, a bearings were specified of ordinary quality. In fact, their
constant torque was applied by the motor to preload the joints. backlash specifications match the observations. They
Fig 8b shows the encoders values when the tip is moved should be replaced by higher quality bearings since
by 50 um. This verifies the resolution determined from the clearly this is a limiting factor.
analysis of the Jacobian matrix. 2) The device is machined out of aluminum. It is possible
that the metallic structure participates in the observed
unwanted high frequency resonance. Composite mate-
This paper has described the redesign of the Pantograph  rials could be used to manufactured haptic devices with
haptic device with a view to increase its performance so it structural properties designed to optimize their response
would be capable of providing high quality haptic rendering. (e.g. adjust for critical damping) [17].

V. CONCLUSION AND DISCUSSION
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3) The device should incorporate a source of calibrated[7] R. E. Ellis, O. M. Ismaeil, and M. Lipsett. Design and evaluation of

viscous damping [5], something which is the subject of
on-going work.

“Bell coreless” motors work well but are less than
ideal for haptic device applications due to (1) their
sharp internal resonance characterized in this pape

(8]

e

and (2) use of un-needed brushes in a limited anglg1i0]

application [24]. Motors having an absence of torque
ripple, absence of cyclical reluctant torque (cogging),

optimized structural properties, and absence of friction11]

(in addition to high torque, of course) should be de-

signed specifically for this application. Recent proposals

for electronic compensation of the injurious properties

[12]

of motors designed for other purposes fall short of our

requirements in this respect [16].

Finally, we hope to be able to release the system publicly13]
in a near future, even if not all the points discussed above are
fully addressed. At the present time however, the system is
in use to carry out studied in high fidelity friction and texture [14]
synthesis techniques [3], [11].
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