1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
|EEE Trans Haptics. Author manuscript; available in PMC 2015 September 14.

-, HHS Public Access
«

Published in final edited form as:
|EEE Trans Haptics. 2011 ; 4(3): 155-166. doi:10.1109/TOH.2011.30.

Perception and Action in Teleoperated Needle Insertion

llana Nisky,
Department of biomedical engineering, Ben-Gurion University of the Negev, Beer-Sheva, Israel
84105

Assaf Pressman,
Department of biomedical engineering, Ben-Gurion University of the Negev, Beer-Sheva, Israel
84105

Carla M. Pugh,
Feinberg School of Medicine, Northwestern University, 201 E Huron St, Chicago, IL, 60611

Ferdinando A. Mussa-Ivaldi [Member, IEEE], and
Sensory Motor Performance Program, Rehabilitation Institute of Chicago, 345E. Superior Street,
Chicago IL 60611

Amir Karniel [Senior Member IEEE]
Department of biomedical engineering, Ben-Gurion University of the Negev, Beer-Sheva, Israel
84105

llana Nisky: nisky@bgu.ac.il; Assaf Pressman: pressman@bgu.ac.il; Carla M. Pugh: cpugh@nmh.org; Ferdinando A.
Mussa-lvaldi: sandro@northwestern.edu; Amir Karniel: akarniel@bgu.ac.il

Abstract

We studied the effect of delay on perception and action in contact with a force field that emulates
elastic soft tissue with a rigid nonlinear boundary. Such field is similar to forces exerted on a
needle during teleoperated needle insertion. We found that delay causes motor underestimation of
the stiffness of this nonlinear soft tissue, without perceptual change. These experimental results
are supported by simulation of a simplified mechanical model of the arm and neural controller,
and a model for perception of stiffness, which is based on regression in the force-position space.
In addition, we show that changing the gain of the teleoperation channel cancels the motor effect
of delay without adding perceptual distortion. We conclude that it is possible to achieve perceptual
and motor transparency in virtual one-dimensional remote needle insertion task.

Index Terms
Medical Simulation; Perception and Psychophysics; Telemanipulation; Transparency

1 Introduction

Telesurgery can substantially improve patient care and surgical training by providing global
access to surgical specialists [1, 2]. In telesurgery, the surgeon determines the motion of a
remote slave robot by moving a master robot and senses the forces reflected from the slave
to the master (Fig. 1a). Telesurgery requires transmission of information from a distance,
and therefore, delay is unavoidable.
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In the last decade, we have extensively studied the influence of delay between position and
force on the perception of mechanical stiffness of spring-like force fields [3, 4, 5], and on
action during contact with such force fields [6]. We found that subjects tend to overestimate
stiffness when force lags position [3], and that shifting the boundary also modifies stiffness
perception [6]. The effect of delay on perception depends on the way in which the surface is
probed by repeated contacts [4]: when the hand of subjects remained in continuous contact
with the elastic force field they tended to underestimate the delayed stiffness. Moreover, we
found a proximal-distal gradient in the amount of underestimation of delayed stiffness in the
transition between probing with shoulder, elbow, and wrist joints [5]. Interestingly,
cognitive and motor representations of the world around us in general [7, 8, 9], and of
mechanical properties of objects in particular, are not always mutually consistent. We found
inconsistencies between declarative and motor-related perception of linear stiffness [6].
However, these inconsistencies were found in separate experiments, with different subjects.

In the current study, we developed a new protocol to probe the effect of delay on perception
and action in the same experiment. This is important in order to verify that the difference
between the effects is not because some uncontrolled difference between the experiments,
and that both effects take place at the same time. In section 2, we elaborate on the
importance of probing these two effects in the same experiment. We employed this new
protocol on simulated telesurgery, and focused on a simple teleoperation architecture, in
which the transmission channel is corrupted by pure delay and changes in gain (Fig. 1b). We
chose this specific channel in order to high-light the effects of delay without additional
control considerations [10, 11]. We used this protocol to test the effect of the addition of a
nonlinear boundary region to a linear spring-like force field, which together simulate needle
insertion into soft tissue [12, 13], and the effect of delay on perception and action in contact
with such a field. In addition, we showed that it is possible to compensate the effect of delay
on motor performance in the needle insertion task without adding perceptual distortion;
namely, we achieved perceptual and motor transparency [14] in this simulation of
teleoperated needle insertion. Preliminary results of this study were presented at a
conference [15]. In the current paper, we present a full study with additional subjects,
thereby reinforcing the results of the preliminary data, together with a new simulation study
that accounts for our experimental results.

The rest of this paper is organized as follows: We briefly review our idea of perceptuo-
motor transparency for telesurgery in section 2, and describe the simulated needle insertion
task in section 3. Sections 4 and 5 describe our experimental and simulation studies in
sections 4 and 5, respectively. Section 6 concludes the paper with a brief discussion.

2 Perceptual and Motor Transparency

Transparency is a measure of teleoperation system fidelity. The ideal, identity channel, is by
definition completely transparent. In such a channel, the force and/or position information is
transmitted between both sides of teleoperation system accurately, without any distortion or
delay. Various definitions and conditions for transparency have been presented, e.g. network
functions, such as impedance or admittance [11, 16, 17], or correspondence of position and
force signals [18, 19]. The common feature between most of the studies of transparency is
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that they define the transparency over the teleoperation channel alone, and do not include the
human operator as part of the system. In such a framework, ideal transparency conditions
are unattainable [20], particularly in the presence of transmission delays [10, 17], and there
is a stability-transparency tradeoff [11]. The human operator was taken into account in
previous studies by considering force perception thresholds [21], just noticeable difference
(JND) for mechanical properties and time delay [20, 22], or relative change in impedance of
the environment [22]. However, none of these studies addressed the bias in perception of
mechanical properties that is caused by delay, nor did they take into account the gap
between perception and action in the motor system.

In the current study, we examined the effect of delay on perception and action in the same
experimental setup. In the following section, we will try to emphasize why this is important,
in particular for teleoperation and telesurgery. Several studies have reported inconsistency
between perception and action in various tasks [7, 8, 9, 23], such as grasping [8, 23] and
placing a card into a slot [7, 24]. Dissociation between perception and action was also
demonstrated in reproduction of remembered distances [25]. Recently, we have found that
declarative and motor-related estimations of stiffness are inconsistent [6]. Interestingly,
inconsistencies between perception and action are evident in many adaptation tasks. For
example, in adaptation to force fields [26], many of the subjects report that by the end of
training they no longer feel the field, and when the force field is suddenly removed, they
report that they felt a force field that was actually absent.

Taking these concepts to the realm of telesurgery, we consider a remote surgical procedure
that requires cutting a soft connective tissue while avoiding damage to stiffer vessels and
muscle tissue. In this scenario, there are two actions: probing and cutting, and two
perceptions: soft tissue and stiff tissue. The surgeon acts in a local virtual environment, but
the actual procedure is performed on a remote patient via a teleoperation system. Three
potential problems may arise: 1) the surgeon can misperceive soft connective tissue as stiff
muscle/vessel tissue; 2) the surgeon can virtually damage the local model of the tissue when
she wishes to probe the tissue; 3) the surgeon can actually damage the real remote tissue
when she intends to probe it. These three problems correspond to three aspects of
transparency:

1. Perceptual transparency: The human operator cannot distinguish between the
system and an identity channel.

2. Local maotor transparency: The movement of the operator does not change when
the teleoperation system is replaced by an identity channel.

3.  Remote motor transparency: The movement of the remote robot does not change
when the teleoperation system is replaced by the identity channel.

In our previous studies [14], we suggested that it is possible to obtain perceptually
transparent teleoperation and remote motor transparency without local motor transparency.
In practice, local motor transparency is relatively unimportant, since the motor goal of any
teleoperation task is defined in the remote environment, and the most realistic perception
must be rendered in the local environment. Perceptual and remote motor transparencies are
simultaneously attainable by either changing the local or the remote controllers or by
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training the human operator. We call the process of selecting optimal controllers and
training protocols transparentizing. In this paper, we show that it is possible to achieve
remote motor transparency in the needle insertion task by decreasing the gain of our
simplified teleoperation channel below unity without sacrificing the perceptual transparency.
This, of course, comes with the cost of imperfect local motor transparency, since the actual
movements of subjects are hypermetric due to the reduced gain.

3 Needle Insertion Task

3.1 Nonlinear Force Field

In our previous studies, we have explored the effect of delay on perception of linear stiffhess
[3, 4, 5], and on action in contact with linear spring-like force fields [6]. However,
biological tissues do not have the mechanical behavior of simple linear elastic spring; rather,
they show viscoelastic, inhomogeneous, nonlinear, and anisotropic properties [12, 27, 28,
29, 30, 31, 32, 33, 34, 35]. Therefore, in order to develop successful telesurgery systems, it
is important to extend the understanding of the effect of delay on perception and action to a
more realistic environment.

There are various surgical procedures in which accurate haptic information may be
beneficial, such as suturing, cutting, needle insertion, and diagnostic palpation. We chose the
needle insertion task for evaluation of action due to the relative simplicity of this task: the
movement is one-dimensional; the accuracy of the insertion is determined by a single point
in space — the reversal, or maximal penetration point; and the contact with the tissue is a
one-point contact at the tip of the needle. Although this movement is simple, it is important
from the clinical perspective, since many modern clinical procedures involve percutaneous
needle insertion, such as biopsies, anesthesia, neurosurgery, radiotherapy and brachitherapy
[12, 36, 37].

Mechanical interaction with soft tissue during percutaneous needle insertion typically
requires transition through a rigid nonlinear boundary, followed by a movement inside
underlying softer viscoelastic material (Fig. 2). Such force position relation is of special
interest, as it involves precise control around the boundary region. However, as a first
attempt to evaluate the effect of delay on a nonlinear force field, we chose a simplified
model. In this model, the reaction forces were simulated to depend only on the position and
direction of movement. Therefore, the force Fn(t), which was exerted on the hand of the
human operator, was a nonlinear function of the hand displacement xy(t), similar to the
position dependent component in [13]:

zo(t)=zp(t—Aty) - G,

0 T, (t)<1:p
ki(ze(t)—z0) To<Te(t)<xp; . (t)<0

Fu(t)=F.(t—Aty) - G,

where G,,Gs are position and force gains, respectively; xg = 3mmiis the position of the
boundary of the field; x, = 20mm is the position of the interface between rigid nonlinear
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boundary and the underlying linear tissue; e (1), e (t) and F¢(t) are position, velocity, and
force at the environment side; and Aty, Aty are the delays. In Fig. 2 the force-position
trajectories of such force field with and without delay are depicted.

3.2 Slicing Movement

In our studies of the effect of delay on action, we searched for an objective measure of the
expected stiffness, based on the hand movement at catch trials, where delays were
unexpectedly removed [6]. To achieve this, we asked subjects to perform an accurate forth
and back “slicing” movement with the peak penetration at a predefined goal, as they probe a
virtual force field. In the current study, we used the same paradigm to probe the effect of
delay on action, and we combined it with forced choice questions about perception.
Therefore, our indicative task for skillful needle insertion is a successful forth and back
slicing movement towards a predefined goal inside the linear part of the force field. In order
to succeed in this task, the participants had to penetrate the tissue, and move beyond the
rigid boundary. This movement is used in the clinical setting for fine needle aspiration of
palpable and non-palpable lesions [38]. As such, it is beneficial in our experimental
paradigm due to the following assumptions:

1. Subjects can rapidly learn to perform a slicing movement towards a target with
knowledge of results feedback only.

2. Subjects plan their slicing movements based on the expected stiffness, estimated
according to the preceding movements.

3. The control of a rapid slicing movement is a feed-forward control. The effect of
feedback during the movement is neglected, and sensory information is used only
to estimate the stiffness and to modify the motor command of the next movement.

The slicing movement can be modeled by combining two fifth order polynomials
representing two reaching movements: to and from the target, as derived by minimizing the
jerk [39]. Experimental studies showed that this is a reasonable approximation for natural
movements in free space [40, 41].

4 Experimental Study
4.1 Methods

Experiment 1: Motormetric and psychometric effect of delay—Twenty-one
subjects participated in the experiments after signing the informed consent form as
stipulated by the Soroka Helsinki Committee and by the Institutional Review Board at
Northwestern University. Seven of the subjects performed the experiment at the
Rehabilitation Institute of Chicago, and fourteen subjects performed the same experiment at
Ben-Gurion University of the Negev. The results of the experiment performed in Chicago
were reported in [15]. The same researchers (IN, AP) performed the experiments in similar
setups, and we found no differences in the results. We therefore analyzed the data of all 21
subjects together.

Seated subjects held the handle of a PHANTOM® Premium 1.5/6DOF haptic device, and
looked at a horizontal screen placed above their hand. The screen displayed start and target
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positions (Fig. 3), and the haptic device exerted forces on the hand of the subject and
acquired its trajectory at 1KHz. Lateral position of the hand was displayed by a line, and
provided subjects with partial position information, without revealing the penetration into a
haptic virtual object.

Subjects were instructed to quickly reach the target and then return to the starting point.
Such a slicing movement completed a single trial. Performance feedback was provided as
written text messages (“long”, “short” or “exact”) that were presented to the subject after
returning back to start position. The target was located 67 mm beyond the boundary of the
field, xo; the start point was located 33mm away from the boundary (Fig. 3B). The
experiment consisted of two phases: training and test.

The purpose of the training phase was to allow the participants to become acquainted
gradually with the task, the robotic device, its dynamics and the interaction with it, and the
different force fields that they encountered during the test phase. Training consisted of 100
movements, and included four stages:

1. Null training — 20 movements in free space.

2. Linear field training — 20 movements into a linear elastic force field that starts at
x=Xg With ki=kp1=0.06 N/mm and kip=0 (similar to the linear part of the force-
position trajectory in Fig. 2A).

3. Nonlinear field training — 40 movements with 10 randomly ordered blocks of
nonlinear force fields (Fig. 2A) with kp;=0.02N/mm, kpp=0.02N/mm? and k;
stiffness levels chosen from ki = 0.025, 0.035, 0.045, 0.055, 0.065, 0.075, 0.085,
0.095, 0.105, 0.115 N/mm. Each block included four trials. This training allowed
subjects to become acquainted with the various tissue stiffness levels that where
later presented during catch trials of the experiment.

4. Delayed field training — 20 movements with nonlinear delayed force field where
kp1=0.02 N/mm, k,p=0.02 N/mm?, k; = 0.06 N/mm, and At; = At, =25ms (Fig. 2B).

After completing the training phase, the subjects performed 1205 movements in the test
phase. The purpose of the test phase was to extract the effect of delay on perception and
action. We used a combination of two protocols from our previous studies [3, 4, 5, 6]. In
general, we explored the cognitive representation of rigidity by asking subjects which of two
force fields was stiffer, and evaluated the motor representation by investigating adaptation to
the same force fields. We have introduced the term “motormetric” — as a contrast to
“psychometric” — analysis to designate procedures that are based on observable motor
actions for assessing the evolution of perceptual models [6]. We assumed that subjects who
were trained to perform slicing movements to a certain point inside the force field would
miss the target (overshoot/undershoot) whenever the surface properties were unexpectedly
changed. Therefore, the subject performed a series of movements in either a delayed or a
non-delayed nonlinear force field. Each series consisted of a 5 to 7 repetitions of identical
trials with kp;=0.02 N/mm, ky=0.02 N/mm?, k; = 0.06 N/mm, and At; = At, of either 25ms
or Oms, respectively. Following this series, we introduced a catch trial, in order to probe the
changes in motormetric estimation [6]. In this trial, the stiffness of the linear elastic tissue
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after the boundary (ki) was unexpectedly changed to one of the values specified in stage 3 of
the training phase and the delay was always 0. The catch trial was either followed by a
question (“Which force field was stiffer — the current or previous?”) or by another trial
similar to the training block and then the question. This provided us with a psychometric
evaluation of stiffness perception. Performance feedback was not provided for trials in
which the subject’s response was required and for one randomly selected trial in each
training block. We called such a series with catch trial and question a single block (Fig. 4).
The whole test phase consisted of 20 different blocks: 10 different catch field stiffness levels
and 2 different trained fields (with and without delay). The total number of trials was
determined such that each of the different 20 blocks repeated exactly 8 times. The order of
the presentation of the blocks and the number of repetitions within each series was randomly
predetermined and similar for all participants.

The values of stiffness and the number of trials were chosen according to our previous
studies [4, 5, 6], and in accordance with the penetration of needle during puncture of the
liver [13]. The value of the nonlinear component of the boundary region was chosen to be
higher than the respective values of living tissue. As a result, the boundary region was rigid,
and the maximal forces were larger than the maximal forces of the internal tissue in case of
penetration exactly to the target (see Fig. 2).

A psychometric curve quantifies the subject’s performance in a discrimination task. The
psychometric function relates the subject’s responses to an independent variable, usually
some physical measure of the stimulus [42, 43]. We used a procedure that is described in
detail in [4, 5, 6] to fit psychometric functions to the probability of answering that the
training block field was stiffer as a function of the difference in k; between the catch field
and the trained field [42, 43], and extract the point of subjective equality (PSE). The PSE is
the difference (in units of N/mm) between the two underlying elastic tissue stiffness levels
for which the subject did not perceive any difference, as evidenced by a probability of 0.5 to
answer that the trained field had higher level of stiffness (see example of psychometric
curve and PSE in Fig. 5A, right panel). The “motormetric curve” is a curve that relates
subject’s motor, and not verbal, responses to the stimulus. We used a procedure that is
described in [6] to fit motor-metric functions. These were fitted to the probability to
overshoot at catch trial relative to the median of penetration in the last three trials in the
training block as a function of the difference in k; between the catch force field and the
trained force field, and extracted the point of motor response equality (PMRE). The PMRE
is the difference (in units of N/mm) between underlying elastic tissue stiffness level when
the subject showed identical motor behavior, as evident by probability of 0.5 to overshoot at
catch trial (see example of motormetric curve and PMRE in Fig. 5A, left panel). Positive
values of these PSE or PMRE indicate underestimation of the stiffness of the trained field,
and negative values indicate overestimation. Altogether, we extracted two PSE values, and
two PMRE values from each experiment, for the delayed and non-delayed trained force
fields. There was no actual difference between trained and catch trial in the non-delayed
condition besides the difference in k; and therefore, we do not expect to see a shift of the
psychometric curve. Accordingly, the values of PSE and PMRE of the non-delayed
condition are expected to be zero, and provide a control experiment for each subject. If delay
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has an effect on the perceptual- or motor-related representation of the stiffness of the
nonlinear elastic force field, the psychometric and motormetric curves of the delayed
condition are expected to shift, and yield a nonzero value of PSE and PMRE, respectively.

We used the control psychometric and motormetric curves to build a criterion for exclusion
of subjects from the study. For each subject, we calculated the proportion of correct
responses in non-delayed condition. Ideally, in the baseline trials, the subject should answer
(or overshoot) according to the actual difference between the stiffness levels of k:. In this
case, the correct responses are expected to occur with 100% relative frequency. In the worst
case, when subjects answer (or move) regardless to what they have experienced, the correct
responses are expected to occur with only 50% relative frequency. We defined failure in the
psychometric or motormetric task when the frequency of correct responses in the non-
delayed condition was below 65%. Six subjects failed in the psychometric component of the
task, and two subjects failed in the motormetric component of the task. In previous
psychometric studies, we used a 70% frequency threshold [4]. As the current psychometric
task was far more difficult, since there was only one constrained probing per force field, we
chose to lower the percentile for inclusion. Nevertheless, our results are statistically
significant even with a stricter exclusion threshold.

Experiment 2: Transparentizing—Seven of the twenty-one participants returned to the
lab during the week following the first experiment. We wished to test whether it is possible
to cancel the motormetric effect of delay by correctly choosing the gains of teleoperation
channel, as suggested in [14]. The second experiment was similar to the first, but position
and force gains were changed. The position gain was calculated individually for each subject
such that the motormetric effect of delay would be cancelled. We regressed the amount of
overshoot in catch trials as a function of the difference between the levels of linear
components of stiffness (k;) between trained and catch force fields. This allowed us to
extract the extent of undershoot Ap in catch trials where the linear stiffness was identical to
that in trained trials. We then calculated the position and force gains according to:

Go=(zt—20)/(zt—20+AP); Gy=1/Gs, (2)

where X; is the target position and xq is as defined in (1). All other details were identical to
experiment 1, including the training phase, test phase, and data analysis.

Experiment 3: Control for learning effects—In order to control for any learning
effects that could be responsible for cancelling the effect of delay in experiment 2, we
carried out a control experiment. The control subjects performed first experiment 2 and only
then experiment 1. Eight subjects performed the experiment with a position gain G, =0.9 -
the median of the position gains of all subjects from experiment 2. Then, six of them
returned to the lab in the following day, and performed the experiment with unity gain, as in
experiment 1. Two of the subjects did not return to the lab due to poor performance in the
non-delayed condition of the experiment. All other details of both experimental sessions
were identical to experiment 1, including the training phase, test phase, and data analysis. In
the control experiment, we did not exclude any of the results. Nevertheless, we have verified
that the same results are obtained with the exclusion threshold.
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Experiment 1: Motormetric and psychometric effect of delay—Delay caused
motormetric underestimation, which was consistent across all nineteen subjects who
succeeded in the motormetric task (paired t-test t15=8.68, p=7x1078). However, in contrast
with our previous results [3, 4, 5], there was no change in the psychometric perception of
thirteen out of fifteen subjects who succeeded in the mo-tormetric task, and no statistically
significant effect across subjects (paired t-test t;4=0.56, p=0.5) as depicted in Fig. 5.

In Fig. 6, trajectories of a typical subject are depicted. The trajectory in Fig. 6A, from a trial
within stage 2 of the training phase (linear elastic force fields), supports our assumption that
subjects indeed perform typical “slicing” movements [40, 41]. The trajectory in Fig. 6B
shows that the general slicing movement is maintained during interaction with the force
field; however, the sudden drop of force at the end of the rigid boundary caused transient
oscillation in the velocity profile that was suppressed, typically within 100ms.

The motormetric underestimation due to delay is consistent with our previous findings of
interaction with linear elastic force fields [6]. The lack of psychometric effect is not in
contradiction with our previous experimental results [3, 4, 5], since the absence of the effect
can be explained by the same computational model for the perception of stiffness that we
suggested in [4]. According to our model, the answers of subjects who are requested to
judge the relative stiffness of linear and nonlinear force position relationships could be
explained as an outcome of an approximation to a linear force-position function. The result
of such approximation strongly depends on the choice of dependent and independent
variables. Namely, a linear regression can be performed by assuming that the position
information is measured correctly, and minimizing the noise in force — regression of force
over position. However, it can be also performed by minimizing the noise in position,
assuming that the force is measured exactly — regression of position over force. Perception
of stiffness is derived from information about force and position [44]; however, the causality
of force and position information in contact with an elastic force field is not defined a-priori,
and it can be determined according to the variable that is controlled by the motor system
during contact. In [4, 5], we presented a thorough discussion on the implication of our model
on a combination of force and position control. The important aspect for our analysis here is
that the estimated slope of the linear function is a convex combination of the slope of
regression of force over position (Kgp) with the inverse of the slope of regression of position
over force (Kpg) according to the boundary-crossing ratio. When subjects frequently cross
the boundary of the elastic field the weight of Kpg is close to one. Using this model, in our
previous study, we successfully explained psychometric overestimation and underestimation
of stiffhess according to different boundary crossing frequencies. In the current study,
subjects start each slicing movement outside the force field, and therefore, the appropriate
approximation according to our model is F (t ) = Kpgx (t), as depicted in Fig. 6C-D.
Interestingly, this model predicts identical estimations of delayed and non-delayed nonlinear
elastic force fields, in agreement with our experimental findings.

Experiment 2: Transparentizing—Six out of seven subjects who participated in the
second experiment succeeded in both motormetric and psychometric tasks. By choosing the
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appropriate position gain for each subject, we have successfully eliminated the motormetric
effect of delay without changing the psychometric perception of the stiffness of the
nonlinear force field. This is depicted in Fig. 7A, where we show only the delayed condition
PMRE (black squares) and PSE (gray circles) for unity gain (experiment 1 — left side of Fig.
7A) and for smaller than unity gain (experiment 2 — right side of Fig. 7A).

Experiment 3: Control for learning effects—The PMRE of five out of six subjects
increased in the second session, in which the position gain was changed from 0.9 to 1; the
PMRE of the sixth subject decreased, but not statistically significantly. Overall, there was a
statistically significant increase in the mean value of PMRE between sessions 1 and 2
(paired t-test t5=5.92, p=0.002), but no statistically significant change in PSE (paired t-test
t5=0.09, p=0.93). Similar to the results of Experiment 1, delay caused motormetric
underestimation (paired t-test ts=10.5, p=10~%) in the second session, but no statistically
significant change in the psychometric perception (paired t-test ts=—1, p=0.36). Therefore,
we conclude that even if some learning took place between experiments 1 and 2, it was not
responsible for cancelling of the motormetric effect. This is evident because direction of
change in PMRE reversed when subjects performed reversed temporal order of conditions in
Experiment 3. There is a difference between the PMRE values of Experiment 2 and of
Experiment 3 session 1, and the channel is not completely transparent in the first session of
the control experiment. However, this is not surprising, since in Experiment 2 we calculated
individual gains for each subject, whereas in Experiment 3 we used the same gain for all
subjects.

5 Simulation

In the following section, we present a simulation of a simplified model for the hand and
neural controller. This simulation explains our experimental results, and elaborates on
additional implications of our psychometric results. Following the procedure described in
details in [6], we model the human arm as a planar two link manipulator. The model
assumes that the dynamics of the haptic device can be neglected in comparison to a human
arm’s inertia, and therefore, the simulation concerns only the arm. Accordingly, the dynamic
equation is written as:

H(q)4+C(q,9) 4=Q(q, 4, a4(t)) @)

where q=( ¢1 ¢ )T is a vector of elbow and shoulder joints angles, H(q) is the inertial
matrix, C(q,q) is the Coriolis and centripetal coefficients matrix, and Q(q,qdot;,qq(t)) are
the joints torques generated by the controller as a function of the joints angles and desired
joints” angles trajectories qq (t). The controller combines a feedforward (inverse model) and
feedback (proportional-derivative PD) component; these represent the central neural
command and the combined muscle and reflex impedance, respectively. Therefore:

Q(q,9,qa(t))=H(q)4a(t)+C(q, ) 9 ~Kp(q—aa(t))-Kp (4 —da(t)), @

where Kp and Kp are proportional and derivative gains of the PD feedback controller
respectively. We assume a perfect feedforward control model of inertial, Coriolis and
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centripetal forces. To simulate the interaction with the force field we added an external force
at the end-point of the arm, i.e., to the left side of (3):

H(q)§+C(q,9) 4 +J"Fr(a(q))=Q(q, 9, q4(t)), ()

where JT is the transposed Jacobian at the end-point, a(q) = X, is calculated according to
direct kinematics, and the force field Fy, is calculated according to (1). To simulate the
training process, we added a model of non-delayed force field into the forward model of the
controller. Namely, we corrected (4) to be:

Q(q,9,94(t))=H(q)da(t)+C(q,9) 4 +I"Fu(a(q))+(~Kp(a—qa(1) ~Kp (a4 ~da(t)) ©

The desired joint angles trajectory was calculated using the inverse kinematics of an
endpoint slicing movement. We modeled the slicing movement as a shifted concatenation of
two fifth-order polynomials that represent two reaching movements — to and from the target.
Each of these movements was derived by minimizing the jerk [39].

In order to explain our experimental results, we modeled the interaction with nonlinear
elastic force field with ky;=0.02N/mm, kpy=0.02N/mm?, and k:=0.06N/mm, and total delay
of either 0 or 50ms. For the forward model, similar parameters were used, but the delay was
always zero. The simulated trajectories are depicted in Fig. 8. These trajectories clearly
resemble the experimental trajectories (compare Fig. 6 and 8).

To address the motormetric effect of delay, in a simulation with a 50ms delay, we changed
the stiffness of k; in the forward model such that the slicing movement ended exactly at the
target. This was achieved at k=0.04. Thus, the simulation is consistent with the motormetric
underestimation of the stiffness of needle-insertion-like delayed force field.

To explore the psychometric effect, we performed an analysis that is similar to our analysis
of experimental trajectories: we fitted a regression-based linear model for the simulated
trajectories. In Fig. 8B and C, the linear approximation according to the Kpg model is
shown. In agreement with the experimental trajectories, the simulated trajectories predict the
absence of psychometric effect of delay.

A qualitative examination of the force-position trajectories in Fig. 6 and 8 suggests that the
high nonlinear force region masks the distorting effect of delay, without impairment of the
discrimination ability. To explore further the interaction between the strength of forces at the
nonlinear part and the delay, we repeated the simulation for different levels of ky, and
different delays. We calculated the difference between Kpg values that were fitted to the
simulated trajectories in delayed and non-delayed force fields. We expected to observe
psychometric effects whenever this difference was higher than 0.01N/mm. This value was
chosen since it is the JND for standard stiffness level of 0.06N/mm according to Weber
fraction of 15%. We chose the value of 15% because it is the mean of different values that
were reported in the literature [44, 45, 46, 47]. The results are depicted in Fig. 9, and it is
evident that the minimal delay for observing psychometric effect increases with increasing
forces at the rigid boundary.
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There are several limitations to our simulation analysis. First, the trajectory in force position
plane depends on additional factors, such as velocity and extent of penetration. Second, the
model that we used for the dynamics and the control of the arm is highly simplified. Finally,
our regression-based model is not the only possible model for predicting the answers of
human subjects regarding the stiffness of force fields. Therefore, the predictions from the
presented simulation study should be considered only qualitatively, and the minimal delay
for effect on perception must be determined experimentally for each model of surgical
simulation.

6 Discussion

In this study, we explored the effect of delay on perception and action in a simulated needle
insertion task. We showed that delay causes motormetric underestimation of the stiffness of
a force field that emulates needle insertion, but does not change the cognitive perception. A
simulation of a simplified mechanical model of the arm and neural controller, in which we
used the inverse of the slope of regression of position over force data as a model for
perception, supports these experimental results. Moreover, we show that by appropriately
choosing a position gain and reciprocal force gain of a teleoperation channel it is possible to
cancel the motormetric effect of delay without changing the psychometric perception of the
stiffness of nonlinear force field.

The different motormetric and psychometric effects of delay demonstrate a gap between
perception and action. This gap supports our suggestion [14] that transparency of
teleoperation systems in general, and telesurgery systems in particular, should be assessed
using multidimensional transparency measures that include perceptual as well as motor
components. Moreover, a focus on these two components is critical for additional aspects in
surgery, such as training surgeons and skills evaluation. For example, it was shown that
stiffness perception in the context of veterinary medicine is a learned clinical skill, and it
was suggested as a criterion for the evaluation of improvement during training [48].

The simulation study predicts that the psychometric effect of delay is partially masked by
the rigid nonlinear boundary. According to this study, at around 100ms delay, the detection
of effect of delay depends on the magnitude of forces in the rigid boundary region. Our
experimental results suggest that such transition indeed occurs, albeit at smaller delays — at
around 50ms. In previous studies with ky,>=0 we observed a clear psychometric effect [3, 4,
5], while no such effect was detected in the current study where k,,=0.02N/mm?. This is
consistent with the findings in [29] where delay of 54ms was identified as critical for
detection of delay effects. In this study the force profile was similar to the nonlinear part of
our force field, but downscaled, such that maximum force was 4N, equivalent to
kpp=0.01N/mm?2. In a different study, tolerance to 30—35ms delay was reported for virtual
soft walls [49]. To get a clearer view of this point, the detailed predictions in Fig. 9 can be
tested experimentally; for example, it would be interesting to explore whether for different
delays the psychometric effect of delay disappears with different magnitudes of nonlinear
rigid component of the boundary. Even more importantly, however, this result leads to the
conclusion that the effect of delay must be examined for each surgical task and for each type
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of tissue experimentally. That is, a certain delay might be perceptually and/or functionally
insignificant for one task, but distorting and disturbing for another.

In the current study, we explored simulated, rather than real, needle insertion. Thus, the
study falls into a general class of studies, where interaction with a haptic device emulates
interaction with environments with nonlinear force-position characteristics. Nonlinear force-
position relations were used in previous studies in order to explore the human motor system.
For example, in [50], zero, linear, quadratic, and cubic force field were applied with the aim
of exploring whether the human operator uses position, force, or combined control during
interaction with a virtual force field. In [51], a nonlinear stiffness was used in order to
explore the weighting of the force and position within the proprioceptive system during
interaction with an environment with known stiffness. In [5] we discuss more fully the
combination of force and position in the motor system. Stepwise-linear force-position [52]
and force-velocity [53] relations were used to study various aspects of human perception and
action. Using simulated, rather than real environments provides us with the ability to explore
each component separately, whether it is delay [3, 4, 5, 6], nonlinearity [15], or a
combination of both.

Future studies are needed to quantify the effects of delay on perception and action in other
clinically relevant surgical procedures, such as cutting, suturing, and cautery. In general,
complex motor tasks with more than one single reversal point are important for proper
evaluation of the motor transparency. These should be explored more systematically for
designing a practical transparentizing procedure. Based on the simulated results of the
current study, such exploration should be performed experimentally for each typical
movement, and for various types of mechanical environments.

The results presented here provide initial, but promising steps towards achieving efficient
and transparent teleoperation and telesurgery.
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Fig. 1.
Teleoperation system: (A) In the general case the human operator (a surgeon) acts through a

local controller, a channel, and a remote controller on the remote environment with delayed
and distorted feedback. (B) In a simplified case, the human operator interacts with a haptic
environment that simulates an architecture that includes only delay (At ), transmission gain
(G), and nonlinear tissue-like environment. x,, and Fy, are the position of the human
operator’s hand and the forces applied on it by the local robotic device (haptic interface)
respectively, and X, and F, are the simulated position of the remote device and the force
exerted by the environment on the device.
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Fig. 2.
A nonlinear force field approximates the force profile during needle insertion. (A)

Trajectory of nonlinear tissue force field in force-position space. The operator first
encounters a rigid nonlinear boundary on the way into the force field, and only after a
penetration of 17mm, there is a sudden drop in the applied forces. From that point, the force
field is equivalent to a linear one-sided spring. (B) Trajectory of nonlinear tissue force field
with delay: force lags position, and therefore, a hysteresis-like trajectory is formed.
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Fig. 3.

E)?perimental setup. (A) Seated participant holds the handle of a robotic device without
seeing his hand. He is presented with partial visual feedback in task irrelevant dimension
(lateral movements — white line). Solid arrow shows the x direction of experiment. The
participants are requested to move their hand and robotic device along the anterior-posterior
(x) direction, as shown by the broken arrow. (B) Schematic representation of the
experimental screen view. Only start and target are visible to the subject. X is the position
of the boundary of the field, and xy is the position of the interface between rigid nonlinear
boundary and the underlying linear tissue. Both boundaries are not visible to the participant.
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Fig. 4.
The structure of a single test phase block. Each block consisted of 6-9 trials, including 5-7

training trials with either delayed (A) or non-delayed (B) nonlinear force field, followed by
one of 10 possible non-delayed catch trials, followed by either a question or a repetition of
the trained field trial and then a question.
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Fig. 5.

E)?perimental results. (A) Example of individual subject’s results: motormetric curve (left
panel) is shifted to the right, and yields positive PMRE, while there is no shift in
psychometric curve, and therefore the PSE is zero. Full gray and empty black circles are the
sampled data in delayed and non-delayed trials, respectively. Horizontal bars are 95%
confidence intervals for the estimation of PSE/PMRE. (B) Delay caused motormetric
underestimation in all subjects’ motor performance, as evident by positive PMRE values
(left), but no significant change in psychometric perception for all but two subjects, as
evident by PSE values clustered around zero (right). PMRE and PSE of the zero delay
condition are control, and both are clustered around zero in a similar manner. (C) The
overall effect of delay is measured by the difference between task and base PMRE (left) and
PSE (right) averaged across subjects. Here, bars show estimation of the mean effect of delay
and error bars are 95% confidence intervals for the estimation of the mean.

|EEE Trans Haptics. Author manuscript; available in PMC 2015 September 14.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Nisky et al.

Page 23

0 0.5 1
2 1000
E 0}__%—{
> 1000 % :
=10
= ] l
c o~
0 0.5 1
A t[s]
T 100
£ O%—CF%
o 1005 0.5 1
2 1000
E OFA‘%_{
S -1000; 55 ;
=10
= _— |
O e~ |
0 0.5 1
B t[s]

5
C P [mm]

—F(t)=f (x(t) Kpe=0.07[N/mm
8 F(ty=Kppx(t)

L

0 50 100
D P [mm]

Fig. 6.
Example of human-side trajectories from one trial in training phase (A) and two trials in the

test phase (B-D). (A-B) Position, velocity, and force as a function of time during interaction
with linear elastic force field (A) and nonlinear needle insertion like force field (B). In (B)
the sudden drop of forces when “breaking” the rigid boundary caused transient oscillation in
the velocity profile, which was suppressed, typically within 100ms. (C-D) Trajectories in
force position plane (black) and the linear elastic force field approximation constructed from
a regression of position over force information model (gray) in trial without (C) and with
(D) delay. Our regression-based model predicts an identical linear force field approximation
for both delayed and non-delayed nonlinear force field. (C) is a re-plot of (B) in a force
position plane.
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Fig. 7.
(A) Successful transparentizing. The PMRE (black squares) and PSE (gray circles) of

delayed condition in Experiment 1 (left) and Experiment 2 (right). The motormetric effect of
delay is cancelled without changing the psychometric lack of effect. (B) Control for learning
effects. The PMRE of the delayed condition in first (transparentized, Gy<1, left) and second
(regular, Gy=1, right) sessions of experiment 3. The motormetric effect of delay is restored
in the second session.
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Fig. 8.

100

Simulated trajectories, including the interaction with nonlinear non-delayed force field (A—
B), and a nonlinear delayed force field (C). In (A) there is no transient response to the
sudden drop in forces since a similar drop is modeled in the forward model as well. (B-C)
Trajectories in the force position plane (black) and the linear elastic force field
approximation constructed from a regression of position over force information model
(gray) in a simulation without (B) and with (C) delay. Our regression-based model predicts
identical linear force field approximation for both delayed and non-delayed nonlinear force

field.
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Fig. 9.

Tr?e difference in perceived stiffness according to a model based on the inverse of the slope
of regression of position over force between nonlinear field with and without delay as a
function of delay and magnitude of forces in the nonlinear rigid boundary region. Dashed
lines represent the region within which a psychometric effect is not expected. Minimal delay
for observing psychometric effect increases with increasing forces at the rigid boundary
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