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ABSTRACT

We approach the problem of creating haptic simulators tfiat-e
tively impart skill without requiring high-fidelity deviceby identi-
fying perceptually salient events that signal transitionthe inter-
action. By augmenting these events, we seek to overcomeetefic
cies in the fidelity of the rendering hardware.

We present an extension of event-based haptic renderingnto n
collision events, and we describe a user-study of the trgiaffec-
tiveness of passive force-field haptic simulation vs. &ctvent-
augmented simulation in a tool-manipulation task. Theltesn-
dicate that active augmentation improves skill transfehatit re-
quiring an increase in the quality of the rendering device.

1

We address the question of whether haptic skills can bet&iée
learned from renderings on low fidelity haptic devices. Ehieas
been considerable research on rendering specific haptiaésaor
events (which we review below) but relatively little is knowebout
rendering complex tasks that require skilled performamekteain-
ing. Ideally we would like skilled performance of a real wbtask
to improve after training on a virtual task with a haptic devi

One way to achieve effective skill transfer is to focus, not o
the raw sensory data, but rather, on the sequences of peatept
events that occur during task performance. There is sondeeve
that the raw sensory information is not experienced diydumilt is
quickly integrated into perceptual features that sepaatall “ac-
tion phases”[[4]. Even in the simple skill of lifting an objethe
task involves approach, making contact, preloading griges, and
lift off. Transitions between phases in the sequence arerhased
on the sensory signals. In this case, the primary role of@sgns
signals is event detection, that is, marking the start thx aetion
phase and the corresponding changes in neural control.

A more complex skill on which we focus in this paper is insgire
by a surgical procedure: bone-pin placement. In this sargioo-
cedure, the surgeon stabilizes a fractured long bone bysmea
sharpened metal pin through the bone. This involves drivireg
pin through the hard outer cortex of the bone, then throughutth
the spongy cancellous bone, then through the far cortigadrla
Throughout these material transitions, the surgeon musgttaia
a controlled movement of the pin along its trajectory so eavtmd
damage to the bone or soft tissue.

We hypothesize that over the course of such a procedures ther
are specific events that are most perceptually significargnwh
learning how to successfully perform the procedure. Iféh@gents
can be identified, then the simulation can be designed tcsfoou
rendering these events with high fidelity, without necebsae-
quiring that the entire simulation provide that level of file Such
a focus could allow a simulation to be an effective trainethaiit
requiring high-cost hardware.

INTRODUCTION
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Related Work

There has been considerable work on the perception andriegde
of haptic features. We broadly classify these featurestimtocat-
egories: object features and interaction features. Object features
include shape [14], texture (which we take to include boittifin
and roughnes$ [10] 8]) and elasticity [16]. Interactiortdess in-
clude making and breaking contact, and relative motion etctin-
tact surface (including sliding, rolling, and sticking)veh though
much of the existing literature on haptic perception (E.d,[1])
does not make a clear distinction between the two categadhiese
is evidence that these are used in very different ways iteskiiu-
man performancé [4].

Event-based haptic rendering is one approach that focuses o
the simulation fidelity of particular events. Salcudean afhaar
found that a braking force pulse increases the perceivéfdests
of a virtual surface upon penetratidn [15]. Constantinestal.
extended this braking force approach to create impulsixeefin
response to multi-body collision evenid [2]. A primary alui¢
to haptic rendering focusing on discrete events is thatitiogsel
closed-loop controllers often do not operate at the highueacies
(up to 1 kHz) that mediate human perception of discrete svéy
using brief open-loop high-frequency playback, triggebgdcon-
tact events, Hwang et al. were able to reduce stopping distand
increase the effective stiffness of virtual surfadés [3].

The majority of research into event-based haptic feedbaek f
cuses on increasing the fidelity of stiff surface tappinge Effec-
tiveness of event-based feedback has been gauged both bynmaea
ment of quantifiable properties (effective stiffness, ladedness,
stopping distance) [3], and by single-blind studies of uagéngs of
realism [7[12].

Finally, haptic interaction involves contact, which preds cor-
related sounds and visual deformation in addition to farddal-
tisensory rendering of these contact events is therefopeiitant;
see[[13] for a review.

One approach to the problem of skill transfer in manual tasks
that goes beyond the straight-forward maximization of fiyles
the focus on differentiation of perceptual invariarits [9h this
model, the emphasis is on developing the trainee’s seibgity
changes in relationships between variables in the envieomnin
particular, those relationships that are invariant thhmug success-
ful execution of the task. Our approach is similar, in thatave
exploiting the fact that skill transfer can be improved bytrolled
deviation from task similarity [18], and that we are seekingden-
tify features of a task that are most perceptually signifiéanskill
transfer. The focus on perceptually pertinent events s@snple-
mentary to a focus on perceptual invariants; where therlaéeks
to sensitize the trainee to perceptual phenomena that oecring
each phase of a task, the former seeks to increase segdiivte
events that signal transitions between phases.

Our Contributions

In the work presented here, we investigate event-baseddekd
corresponding to non-collision events, and we gauge theetafe-
ness of the event-based approach by its impact on learnegéas
formance.

We conducted a user-study to investigate the effectivenéss
event-based augmentation for simulator training. We aped a
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Figure 1: Experimental task setup (0.5 scale). A slab ofgighgne
is laminated with card stock and separated from a secondbglab
air gap. The pin’s direction of movement is guided by a drdle
through the covering plywood layer.

task that mimics the characteristics of the real-world matgask
of bone-pin placement. We compared the training effecégsrof
passive closed-loop and event-augmented haptic simosagitthis
surrogate task. Our results showed that perceptual augtimmof
a low fidelity haptic rendering produced measurable impmoeets
in skill transfer.

The remainder of this paper is organized as follow$. In Sadi
we describe the methodology of our user-study. The restitiseo
study are presented[in Sectidn 3[In Sectibn 4 we draw cadoalsis
about the effectiveness of event-based simulator augi@mtiz
training for surgical tasks.

2 METHODS AND MATERIALS

This section describes the methodology of our user-study.
Section 2.1l describes the task the subjects were requirperto
form, [Section 2.2 describes the design and implementafidheo
simulators used by the subjects to train for the task
describes our experimental procedure.

[ antd&e?. 3

2.1 Task

The task we developed for this experiment is a surrogatehier t
more complex task of bone-pin placement. Our experimeati t
focuses on the requirement that the pin must be insertedsuith
ficient control to prevent excessive motion of the pin wheari
sistance changes as a result of a transition from one miateria
another. The user’s task was to drive a bone-pin (3 mm in diame
ter with a sharpened tip) through a slab of polystyrene (eogate

for cortical bone) until the pin’s tip emerged into an air dayhose
lower resistance parallels the low density and low strengttan-
cellous bone) on the far side of the slab (see Figjire 1).

The polystyrene slab was 24 mm thick, and its far side was lam-
inated with card stock to increase the force required to fpuwac
through to the air gap behind the slab. The air gap was 13 mm
thick; beyond it lay another slab of of polystyrene. Bothbsla
were mounted behind a layer of plywood; a guide hole wasedtill
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(a) Start (b) Carving (c) Complete
Figure 2: Task Procedur.[a) The task starts with the tip@fin
resting on the surface of the polystyrepe] (b) The subjest iive

the sharpened pin through the first polystyrene §lab. (c)stbgect
must stop before the pin touches the second slab.

through the plywood to govern the pin’s insertion locatiowl ali-
rection of motion. The entire assembly was arranged at‘@d§le
0.9 m above the ground.

Since our haptic rendering hardware did not support thergene
tion of torque about the axis of insertion, we removed thewirg
component of the pin insertion - the pin was pushed through th
polystyrene without a screwing motion (this is possiblesse the
polystyrene slab is weaker than cancellous bone).

To successfully complete the task, the subject was requared
push the bone pin through the first polystyrene slab, buttstdgare
the tip of the pin reached the second slab [See Figure 2). (ihe s
ject was also required to complete this insertion within Gosels
(starting with the pin inserted through the guide hole withtip
resting on the surface of the first slab). The subject heldbtre

pin in a T-handled pin vise (s€ Figurg 3a).

2.2 Simulator Design

To create a virtual model of the task apparatus, the realktasi-
chanics were measured by performing the task with an ingmntea
version of the bone-pin holder. The instrumented holded ws®e
ATI Nanol7 6-axis force/torque sensor and a VICON motiookfa
ing system to simultaneously record the position of thegdip' and
the forces exerted on the pin ($ee Figure 3b). These regsrdiare
used to guide the design of a haptic simulation whose foraeach
teristics paralleled those of the real materials.

Analysis of the force/position profile showed that the foree
quired to penetrate the polystyrene rose approximatelyrgtia
cally with penetration depth, and that non-penetrating enaent
(i.e. movement that did not alter the structure of the maltewas
resisted by a force that was approximately linear with peatien
depth.

We implemented our haptic simulation using a dynamic proxy
whose behaviour is similar to that described by Mitra et[&l][
The tip of the bone-pin is represented by a proxy, whose ipasit
Xp, was coupled to a user-controlled maskgy, The proxy’s motion
is constrained to one dimension (representing the moveaofehe
bone-pin’s tip along the axis of insertion).

We model the slab of polystyrene as an intenahblfop to
dabygtom along this single dimension; for convenience, and
w.l.0.g., we setslabiop = 0, slabpottom = —S @bthickness: AS the
user inserts the bone-pin into the polystyrene, the straaitithe
environment is changed - a channel has been carved down to the
point of maximum penetration. To model this dynamic aspéct o
the environment, we define a variab&abiop > X > Sl abyottom,
representing the maximum depth to which the proxy has carved

The position of the master can be described by one of threscas

Non-Contact: whenxm > slabyop, the master (and the proxy)
is not in contact with the slab.
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Figure 3:[(@) The bone pin is held in a T-handled pin v[se] () T
measure the force characteristics of the task, a pin holdsrbwilt
that incorporated a force sensor and motion-tracking marke

Contact: whenslabiop > Xm > Xc, the master (along with the
proxy) is inside the slab, but not penetrating beyond the-max
imum depth carved so far.

Penetration: whenxm < Xc, the master is penetrating the vir-
tual surface. Note that wheq = s abygtom (i.€. the pin has
carved all the way through the slab) the proxy is no longer in
the Penetration case - it is handled by th@ontact case.

We will describe the dynamics of our simulation separately f
each of these cases. Note that we structure our dynamicatsthiéh
behaviour of our system is continuous across the case boesda

In the Non-Contact case, the proxy moves with the master, and
no forces are generated:

Xp Xm 1)
Fm 0 (2
In the Contact case, to mimic the measured linear increase in

resistance with pin depth, we damp the motion of the proxy &it
factor that increases linearly with depth:

My = (1= ) (xm—Xp) 3
s abtop —Xp

Omax—————— 4

fmex SIabthickness

whereamay is the maximum amount of damping (between 0 and
1) that occurs wherp < slabyattom (to match our measured forces,
we used the valuemax = 0.9 for our update rate of 1 kHz). The
force generated at the master is based on a spring coupling&e
the proxy and the master:

Fm = K(Xp —Xm) (5)
In the Penetration case, we build on the traditional dynamics

for stiff surfaces, where the proxy stays on the virtual scefand
exerts a force on the master:

a

_ —kXm, Xm<O
= { B sl ©)
0, xm<O
* = {Xm Xm>0 @

TCorrections to the originally published paper are noteckih
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In this paradigm, the proxy can also be considered to be aqupdy
force Fp = —Fny, on the virtual surface. In our model, the position
of the virtual surface is dynamic, so we compute the forcdiegp
to the virtual surface as:

8)

Unlike the traditional stiff surface, our surface must gligb allow

the proxy to be moved deeper and deeper into the slab. However
there is some minimum force that the surface is able to resiist

out its structure changing. Furthermore, our measurenstioised

that this minimum force should increase quadratically wiépth.

We define a quantity that specifies what force can be exertégeon
surface without carving for a given value xf

Fp = k(Xc —Xm)

9)

(fitting to our measured forces yieldag=0.9 N,a; = —9.6 N/m,

ap = 1849 N/m? for our material). If this threshold is exceeded
(Fp > Fresig), then the proxy has carved the surface, gnhust be
adjusted. The carving should not move past the master posind
the amount of carving should be proportional to the forcdiagp
We compute the new value gf to satisfy these conditions:

Fress = 80 + a1Xc + a2

(10
()

B(Xm—Xc)
min(1, y(Fp — Fresigt))

Axe
B

wherey is a tuneable parameter to control the rate of carving (all of
our simulations usegt= 10 N-1).

Since the value ok has been adjusted, the proxy is no longer
fixed at its old position. We move the proxy to the new positdn
the surface, and use the new position to compute the master. fo

Xp
Fm

12)
(13)

Xc
k(Xp —Xm)

The simulation was implemented using a dual 2.0 GHz Xeon
workstation with 1 GB of RAM, and a SensAble Technologies
PHANTOM haptic device with 6 degrees of freedom in position i
put and 3 degrees of freedom in force output. The same T-bdndl
pin vise used in the real task was attached to the PHANTOMstyl
so that it could be grasped in the same way as when perforinéng t
real task. The position of the PHANTOM stylus tip was the reast
for the simulation dynamics.

Using the above simulation model, three different versifribe
simulator were created: full stiffness, degraded stiffpasd event-
augmented degraded stiffness.

2.2.1 Full Stiffness Simulator

The baseline simulator used the PHANTOM device’s maximum
rated stiffness (600 N/m) and force output ceiling (8.5 Njleter-
mine the virtual spring forc& (between the master and the proxy)
that was rendered to the user. The force/motion profile fexacu-
tion of the task on the full stiffness simulator is showfi igikie 44.
With this simulator, the force output is sufficient to allowetuser’s
force to build up td=egg before the movement of the virtual floor
drops the resistance. Repetitions of this stick-slip tyjdgetaviour
yields high frequency variation in the applied force as tanoc-
curs; this variation mimics the characteristics of the maaterial
as the internal structure of the polystyrene breaks in efscsteps.
This simulator also produces a noticeable discontinuittheve-
locity of the master at the point of penetration.

2.2.2 Degraded Stiffness Simulator

The degraded simulator artificially imposed lower stiffnes
(300 N/m) and force output ceilings (0.425 N) on the rendered
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(c) Augmented Low Stiffness

Figure 4: Force/motion profiles for the different simulatf@) The
full stiffness simulator reproduces both the high-frequyeforce
discontinuities encountered during carving, and the suduma-
tive acceleration of the master upon emergence from therialate
The degraded stiffness simulator saturates below ttoe flev-
els at which high-frequency discontinuities occur andsféil gen-
erate significant master acceleration at the point of ennesyf(c)
The open-loop force pulse applied in the augmented lownss$
simulator restores some of the master acceleration at e af
emergence from the material.
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force. The force was degraded only along the direction oéfran
tion (the device’s full capabilities were used to constithi@ user’s
motion to the penetration channel). The force/motion pedbt an
execution of the task on the degraded stiffness simulatsinasvn
in [Figure 4b. The cap on this simulator's force output resiit
saturation that eliminates the high-frequency force diticoities
during carving, and the degraded stiffness severely redilngeve-
locity discontinuity of the master as it emerges from theuer slab.

2.2.3 Augmented Low Stiffness Simulator

The augmented simulator used the same artificially loweoeckf
parameters as the degraded simulator, but overlayed anlopen
event-based force pulse to exaggerate the emergence ofabe p
tip from the material. Event-based haptic rendering hasaily
focused on creating high-frequency accelerations on impdh a
stiff virtual surface; in this context, researchers haveduband-
tuned decaying sinusoids and fixed-magnitude or fixed-wurat
pulses|[2[B["15], as well as analytical acceleration mag:iian-
sients based on measurements of real collisions [6]. That ¢vat
we are attempting to augment, however, is more like the -sfligk
transition than stiff contact. This event is characteriless by the
high-frequency ringing transients that result from rigillision,
and more by a sudden drop in resistive force and a correspgpndi
increase in acceleration.

Since we have degraded the stiffness and maximum force of the
passive component of the simulation, the drop in force uponere
gence from the virtual material is less severe (and lessepéarally
noticeable). However, we can exaggerate the force changg-by
plying a negative pulse (pulling the proxy further into thegap);
such a pulse has the effect of increasing the master’s aatielg
requiring user compensation similar to that required by cnéui-
stiffness transition.

Rather than using a fixed-magnitude pulse, we use a decaying
pulse, because while we want a sudden onset (correspomaling t
the sudden emergence of the pin tip from the material), tfsebf
should be smooth (as the user adjusts the force applied todkse
ter to lower its velocity). Similarly, we chose not to use aagng
sinusoid because the interaction does not call for highueacy
vibration upon emergence.

The pulse is initiated as soon as the proxy point moves beiew t
deepest level of the material, and decays exponentialiynie.t

Fouse = (—0.425 N)(0.99)100% (14)
The rendered force is cappedta®.425 Nafter summing the event-
based pulse with the closed-loop spring force. The forcgémo
profile for an execution of the task on the augmented simuiato
shown in[Figure 4c. Although this simulator’s force ceilisgjl
eliminates the stick-slip behaviour during carving, therayed
negative force pulse restores some of the velocity discoityi at
the transition into the air gap.

2.3 Experimental Procedure

18 subjects, recruited from faculty, staff, students, aisitors in
the Rutgers Computer Science and Psychology departmeats, w
included in the experiment. All subjects gave written consnd
were compensated for their time (with money or course credit
There were two left-handed subjects (who performed the dask
training with their left hands). The subjects were infornasdo the
purpose of the study (to gauge the effectiveness of diffesienu-
lators on task performance), but were naive as to the deththe
simulation used. Each subject was randomly assigned to bne o
three groups corresponding to the three different simtgato

Prior to beginning the experiment, the subjects were toldtwh
the evaluation task was (including the material dimensartthe
criteria for successful completion), but they were not ableece the
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Figure 5:[(@) The user cannot see the material inside thedrak, Full Degraded Augmented
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lated using a PHANTOM device.

Figure 6: Task improvement by group. The mean change in sacce
rate (and standard deviation) is shown for each simulatmurmr

arrangement of the materials (which were concealed behmtbp

layer of plywood).

2.3.1 Baseline Phase ~1 < improvements 1 (18)

Before training, the subject performed multiple repetiiof the

task (in most cases, 10). The pin was pre-positioned in tiagegu

hole with the tip resting on the surface of the polystyrerad.sThe

subject was instructed to grasp the handle, push the pinghrthe — .

polystyrene slab, and then release the handle without veithidg provement of -O.é)lc( - 0.1(]2),handd thedgrgup thlat trak:n%d on our

the pin (se¢ Figure ba). After each repetition, the investigin- gvent-augment]fe version o the degraded simulator hadexagey

formed the subject whether the pin was successfully indéftdly Imprrovgntwent Ot OtﬁGOt - O.ZO?t. f d W |

penetrating the first slab without touching the second slab) 0 Interpreét these resulls, we periormed a two-sample
Kolmogorov-Smirnov test on each pair of groups to test thié nu

2.3.2 Training Phase hypothesis in each case that the samples were drawn frorartie s
underlying continuous distribution (i.e. that the type mhslator
used did not differentiate the subjects with respect to teskor-
mance). The asymptotip-values were 0.012 for the full stiffness
group vs. the degraded stiffness group, 0.077 for the autpden
group vs. the degraded stiffness group, and 0.81 for thesfifilt
ness group vs. the augmented gthup

The results presented|[in Figure 6 support our hypothesisttaa
event-augmented version of the degraded simulator is nftee-e
tive at instilling reproducible skill than the degraded slator’s
passive force-field alone.

These results also support the underlying assumptionhbdi-t
delity of a haptic simulation contributes to its effectiess at im-
parting transferrable motor-skills (in that the group ttratned on
the un-augmented lower fidelity simulation showed littlenorim-
provement).

The average improvements for each group of subjects arershow
in [Figure §. The group that trained on the full stiffness damu
tor had an average improvement of 0.36% 0.23), the group that
trained on the artificially degraded simulator had an awerag

After performing the real task, the subjects were instdicte the
use of the PHANTOM device and operation of the simulator (see
[Figure 5b). Each subject was allowed to train on the simufaio

a total of 10 minutes (in two 5 minute sessions interruptec ly
minute break). During training, the subject could re-alitie the
simulator as many times as desired and experiment with the-si
lation’s dynamics in any fashion.

To provide high-level feedback to the user about successful
completion of the task, the system emitted audible cuesgioasi
whether the task was completed successfully or if the task wa
failed due to penetrating too far (past the air gap) or duéme-t
limit expiry.

The subjects were supervised during training, and the exper
menter controlled the emergency shut-off switch for the RHA
TOM.

4 CONCLUSIONS AND FUTURE WORK

We have described a user study that showed that augmenédtion
events that signal perceptual transitions in a task canavepthe
training effectiveness of a simulator without requiringianprove-
ment in the rendering capabilities (or increase in costhefdimu-

3 RESULTS AND DISCUSSION lator hardware.

F h subiect d telv the rate of siuddask In our future work, we intend to investigate the trainingeefive-
oreach subject, we measured separately the rate of sidas ness of event-based augmentation in other tool-manipulaisks.
execution before and after simulator training.

Currently, we have only incorporated augmentation thavipes
feedback directly to the motor system; in line with our hyyastis

2.3.3 Evaluation Phase

After completing the training phase, each subject was atuated
on the real-world task. The task conditions and instructimere
the same as in the baseline phase of the experiment.

successful executions

success rate: - (15) that events can carry high-level information about thedition be-
total executions tween phases of a task, we will investigate the effect of miy o
0 < success rate 1 (16) open-loop haptic augmentation, but also of multimodal geteal
cues (such as the use of audio signals to amplify the usercepe
We compared the success rate before and after simulatoingad tion of significant haptic events).

determine the subject’s absolute improvement.

1For a discussion of the accuracy of the K-S test's asympistialues
improvement= success ratgier — SUCCESS raRfore 17) for small sample sizes, see Klotz, 1967 [5]
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We also plan to explore a method for automatically identidyi
the perceptually salient events in the performance of g ssthat
the choice of events to augment (and how to augment thenthis si
plified when designing a simulator for the task.
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