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Abstract—Goal: Simulators that incorporate haptic feed-
back for clinical skills training are increasingly used in
medical education. This study addresses the neglected as-
pect of rendering simulated feedback for vascular palpa-
tion skills training by systematically examining the effect of
haptic factors on performance. Methods: A simulator-based
approach to examine palpation skill is presented. Novice
participants with and without minimal previous palpation
training performed a palpation task on a simulator that ren-
dered controlled vibratory feedback under various condi-
tions. Results: Five objective metrics were employed to an-
alyze participants’ performance that yielded key findings in
quantifying palpation performance. Participants’ palpation
accuracy was influenced by all three haptic factors, ranging
from moderate to statistically significant. Duration, Total
Path Length and Ratio of Correct Movement also demon-
strated utility for quantifying performance. Conclusions:
We demonstrate that our affordable simulator is capable
of rendering controlled haptic feedback suitable for skills
training. Further, metrics presented in this study can be
used for structured palpation skills assessment and train-
ing, potentially improving healthcare delivery.

Index Terms—Haptic rendering, medical simulator, per-
formance assessment, skill training.

Impact Statement—Results from this could inform the
design of methods for assessment and training of palpa-
tion skill as well as factors to consider when incorporating
tactile feedback in simulators and medical robots.

I. INTRODUCTION

PALPATION is one of the most commonly used techniques
in medical procedures, including intravenous (IV) therapy,
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hemodialysis cannulation, and breast examination. There are
specific exploratory procedures that are employed by the human
haptic system and these procedures help one ascertain specific
properties of objects by touch [1]. While some medical protocols
require palpation to identify stiffness-based features (e.g., hard
lesions in soft tissue), vascular health and anatomy is also
assessed or identified by palpation through peripheral vascular
examinations (PVEs) [2]. Examples of such procedures include
intravenous cannulation, femoral arterial access and hemodial-
ysis cannulation [3]–[5]. For delivering safe and effective care,
it is critical that nurses and other clinicians gain the requisite
skills for vascular assessment via palpation. Lack of such skills
is known to adversely impact patient outcomes. For instance,
unskilled palpation in IV therapy has been demonstrated to
contribute to wounds, infection and procedural pain [6], [7].
It is imperative, therefore, that simulators include mechanisms
to effectively render haptic sensations for palpation training.

Simulators that include flow-based stimulus for palpation,
however, are currently limited [8], [9]. To our knowledge,
most simulator-based studies thus far characterize palpation
behavior based on the skill of discerning stiffness—hard ver-
sus soft features—via palpation [10]–[12]. Unlike simulating
stiffness-based palpation, rendering blood flow-based haptics
requires different resources (i.e., hardware and software). A few
researchers have included this kind of feedback using “high-
tech” components like virtual reality hardware and sensors in
simulators for improved medical palpation training and skill
acquisition [3], [13], [14]. While these studies examined the
feasibility of novel technologies (AR and haptic devices) for
palpation training, they currently lack in at least two ways: first,
VR-enabled advanced simulators are expensive and hardware-
intensive, inhibiting their widespread adoption or incorpora-
tion into custom-made simulators. Second, virtual environments
have been consistently rated as lacking in realism [15]. As such,
there is a need to incorporate affordable and easy-to-use haptic
feedback to enable PVE-suitable palpation in simulators.

One of the most promising aspects of simulators is the ability
to quantify skill via objective metrics. Several studies have
reported results on skill metrics for stiffness-based palpation. For
instance, Pugh and colleagues pioneered work in sensor-based
metrics for palpation skill assessment for the gynecological
pelvic and clinical breast exams. In one study, they incorporated
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materials with different physical properties to systematically
examine the skills of participants in terms of completion time,
palpation pressure, palpation frequency, etc. [16]. Their results
demonstrated that quantitative data from sensors was useful in
distinguishing palpation behavior by material type and male
versus female clinicians. Recent work by Konstantinova and col-
leagues quantified “behavioral characteristics” of participants
as they performed a palpation task for detecting a hard mass
in a tissue-like material [10]. While this kind of palpation is
necessary in many scenarios, the role of vibratory stimulus for
palpation, usually caused due to blood flow, has not been as well
studied. In cannulation for hemodialysis, for instance, in addi-
tion to feeling the geometrical features of the vascular access,
clinicians must carefully feel for the vibratory stimulus caused
by blood flow to determine the patency of the vascular access
and where to place needles for dialysis. Therefore, in addition
to rendering flow-based haptic feedback for palpation, candidate
metrics for quantifying skill also need to be formulated. Towards
meeting the need for structured and objective palpation skills
training, we have developed an affordable simulator capable
of rendering controlled haptic feedback for vascular palpation.
Further, we examine two research questions that pertain to
assessing vascular palpation skill that could potentially inform
skill assessment, training, simulator design, and assistive devices
(e.g., medical robots): (1) Is the estimate of location made by test
participants close to the point of vibration? and, (2) Can the effect
of haptic stimulus factors (vibration type, vibration intensity and
skin thickness) on palpation performance be quantified using
objective metrics?

II. MATERIALS AND METHODS

A. Experimental Setup

We created a custom simulator for cannulating arteriovenous
fistulas (AVFs) for hemodialysis, consisting of a 3D-printed
octagonal frame with 8cm side length (see Fig. 1). A layer of
opaque artificial silicone skin (Ecoflex 30, Smooth-On, Inc.) was
placed on top of the octagonal box, to occlude the contents of
the simulator. The frame housed a cylindrical silicone rubber
tube (Ecoflex 30; Smooth-On, Inc.) as the simulated AVF and
was surrounded by foam. During the study, by rotating this
octagonal box each participant was given 4 different unknown
fistula locations among 8 possible locations. At the bottom of
the silicone tube, a vibration motor (Model 308-107, Precision
Microdrives, Ltd.) was placed inside a ridge to mimic the vi-
bratory stimulus caused by turbulent blood flow inside the AVF.
In clinical practice, a strongly felt haptic sensation indicating
good blood flow is called a “thrill”. In contrast, a pulse indicates
potential problems with the AVF including stenosis [2]. We
varied both the type and the intensity of vibration in this study
via the motor interfaced via an Arduino Uno microcontroller.
For vibration type, either a “thrill” (a vibration signal converted
from a real fistula audio signal) or a pulse was presented per trial.
Similarly, there were two vibration intensity types—strong and
weak—which were programmed by varying the voltage supplied
to the motor via Arduino. Based on clinical guidelines [17],
our simulated AVF was of 10 mm diameter and the skin was

Fig. 1. Palpation Simulator Setup – (a) Structure of the Simulator: 1,
Camera; 2, Leap Motion; 3, octagonal box (b) Video capture example: 4,
control circuit for vibration motors (c) Index finger trajectory color coded
with density values (Note: The number of data points that were recorded
within an area unit, 5 mm radius as the default setting was defined as
density).

4 mm and 6 mm thick respectively. The Leap Motion Controller,
widely used in virtual reality gaming, was the primary sensor
used in this study to record hand motion. The distance between
the Leap Motion Controller and the layer of opaque artificial
silicone skin was set to the preferable zone for optimal results
[18].

B. Evaluation of Palpation Skills

This study received approval from the concerned ethics over-
sight board. We recruited twelve participants for our experi-
ment. Among them, six were senior nursing students, who had
practiced on mannequins and were in the process of shadowing
registered nurses; six were undergraduate/graduate students in
non-medical majors. All of them considered their right hand
as the dominant one. Since this was a pilot study, we chose
a convenience sample of participants with no prior hands-on
clinical experience. After giving informed consent, participants
were instructed to locate the point of maximum vibration on the
surface for each trial by palpating with the index and middle
fingers of their dominant hands. Study instructions were pre-
sented via a PowerPoint presentation that was self-advanced by
users and included the general purpose of the study, simulator
hardware and software, and the experimental task.

Each participant completed 32 trials (corresponding to each
combination of haptic factors and location) in a randomized
order yielding a total sample size of 384 trials. In each trial,
one unique configuration of vibratory stimulus was presented;
that is, one of the 32 unique combinations of vibration type,
vibration intensity, skin thickness and location of the fistula was
presented. One of the key contributions of this work is the use of
objective metrics to quantify palpation performance as a function
of varying haptic stimulus. In Table I, we present the definitions
of the metrics used in this study including three new metrics
formulated for this purpose (accuracy, error rate, and ratio of
correct movement (RCM).
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TABLE I
DETAILED INFORMATION ABOUT PROPOSED METRICS

To measure how close participants’ estimates of point of
maximum vibration were to the actual location, we defined a
metric called accuracy, calculated as the distance (in millime-
ters) from the actual target location to reported fingertip location.
For this, the lesser of the respective distances between actual
location and index finger, and actual finger and middle finger
is chosen. In general, the area of a fingertip is encompassed in
a circular area with r = 10 mm. Thus, any location estimates
within a circular area of r = 10 mm were considered as accurate
estimates. Furthermore, we defined location estimates that were
marginally accurate as those outside the r = 10 mm range but
within a circular range of r= 30 mm. Finally, estimates that were
beyond the r = 30 mm range were considered to be errors. It
is to be noted that accuracy is an outcome, not process measure
and, as such, measures the “how well” but not the “how” of
palpation. As an accuracy-based outcome measure, we define
accuracy as an indicator of whether subjects’ final estimate of
the location of the target was within 30 mm of the actual target.
As an accuracy-based process measure, we calculated error rate,
defined as the ratio of error frames to total movement frames
within one trial.

From sensor location data, we recorded the velocity of finger-
tip movement. From this, we devised a metric that determined
whether, at any given instant, the participant was palpating
towards or away from the actual location of stimulus. Such a
metric may be useful for real time guidance and training of
palpation skill. To compute the ratio of correct movement (RCM)
Ptot represents the total recorded path while the straight line
P0 connecting the current fingertip location and exact fistula
location is the shortest path to complete the task (see Fig. 2;

Fig. 2. Velocity Projection in the Palpation Task.

Table I). Recorded velocity Vr is then projected onto the line P0

to get a new vectorVp as the projected velocity at any time which
indicates the “true” velocity towards the target. If the projected
velocity is positive, test participants are moving in the correct
direction (towards the point of vibration stimulus); otherwise,
they are moving away from the target.

For each metric other than accuracy, a regression model (linear
mixed model) was constructed with the metric as the dependent
variable and each factor as independent variables in the form:

yij = μj + α1Ii1 + α2Ii2 + α3Ii3 + residualij (1)

In equation 1, yij is the estimated value; μj is the participant
specific mean; Ii represents the status of one of the environment
variables, including vibration type, vibration intensity and skin
thickness. The level of significance was set to be 0.05.

The metric accuracy is a binary outcome and typical linear
mixed modeling is not appropriate for such coarsely observed
metrics. In light of this, for our analysis of the accuracy measures
we employ a logistic generalized linear mixed model (GLMM)
consisting of two primary components: the linear predictor and
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TABLE II
ANALYSIS RESULTS

Row 1: Table of odds ratios (95% CI’s) associated with haptic factors. Values greater than 1 indicate that the probability of being accurate (within 30mm of target)
increases by changing to the indicated design level, values less than 1 indicate a decrease.
Rows 2-5: Table of estimated mean shifts (95% CI’s) associated with changing the indicated design levels and experience. Values greater than 0 indicate that the
expected mean of the given metric decreases by changing that variable from the referent level to the indicated level. The * indicates statistical significance at the
α = 0.05 level i.e. the 95% CI does not include 0.

Fig. 3. Palpation Accuracy Level for All Trials.

a transformation, which can be written in the form:

ηij = α0j + α1Ii1 + α2Ii2 + α3Ii3 (2)

πij =
eηij

1 + eηij
(3)

where α0j accommodates the participant specific differences in
probability of being accurate by allowing each participant to
have their own overall probability and the remaining αk terms
correspond to treatment level effects on the probability of being
accurate. The odds ratio is:

oddsi′i =

πi′j
(1−πi′j)

πij

(1−πij)

(4)

If the odds ratio is greater than 1 then we can conclude,
generally, that changing the design level from i to i’ increases
the probability of being accurate; if it is less than 1 it decreases.

III. RESULTS

Analysis of our accuracy metric (Fig. 3) indicates that
only 20.8% of location estimates were in the accurate region
(<10 mm), while 51.3% were in the marginally accurate region

(10 mm < accuracy < 30 mm) and 27.9% were in the error
region (accuracy > 30 mm). Further, we found that vibration
type is the only significant design factor that affects accuracy
(odds ratio = 1.61, 95% CI = [1.17, 2.21]; see Table II) at
the α = 0.05 level, which indicates that changing the vibration
type from “pulse” to “thrill” increases the probability of being
accurate. While both intensity and skin thickness appeared to
have moderate effects on accuracy, these effects were not found
to be significant at the α = 0.05 level.

For the four remaining process metrics, Fig. 4 demonstrates
the effect of performance as a function of the various haptic fac-
tors (all comparisons that demonstrated statistical significance
are marked by “∗”). Furthermore, we fitted the linear mixed mod-
els based on (1). Results (see Table II) indicate that vibration type
(changing from “pulse” to “thrill”) decreases duration by 6.20
seconds (95% CI: −8.71, −3.70), vibration intensity (changing
from strong to weak) increases duration by 10.36 seconds (95%
CI: 7.12, 13.61) and skin thickness (changing from 4 mm to
6 mm) increases duration by 6.20 seconds (95% CI: 4.24, 8.16).

For the TPL metric, we found that vibration type (changing
from pulse to thrill) decreases TPL by −221.9 mm (95% CI:
−391.6, −52.2), whereas vibration intensity (changing from
strong to weak) increases TPL by 501.9 mm (95% CI: 316.6,
687.3) and skin thickness (changing from 4 mm to 6 mm)
increases TPL by 491.4 mm (95% CI: 281.7, 701.1).

Two factors were found to affect RCM metric: vibration
intensity (changing from strong to weak) decreases the mean
RCM (measured by %) by 1.08 (95% CI: −2.13, −.0.04) and
changing skin thickness from 4 mm to 6 mm decreases RCM by
1.17 (95% CI: −1.88, −0.46).

None of the design factors impacted the mean error rate.

IV. DISCUSSION

The need for optimally training the clinical skills of med-
ical professionals is widely recognized in today’s context.
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Fig. 4. Effect of Performance (Measured by Metrics) as a Function of the Various Haptic Factors. (Note: Outliers are hidden in this figure.)

Simulators capable of providing objective feedback during train-
ing while affording learning in a low-stakes, nonclinical environ-
ment are a major appeal of this mode of training. For the specific
skill of palpation, there are at least two current applications for
skills training: first, a need to improve and maintain skills of
clinicians via objective and standardized training and second,
learning from human palpation with the goal of designing the
next generation of medical robots and assistive technologies that
can perform autonomous or “smart” palpation.

There have been a few systems developed for automatic or
human-assisted needle insertion, particularly for intravenous
cannulation [19]–[21]. These systems are primarily image
guided, using near infrared or transillumination to locate blood
vessels. Once the blood vessel is located, needle insertion
is performed using robotic mechanisms. While these devices
hold potential, especially for certain procedures like pediatric
intravenous cannulation, their expense and current usability
for vascular applications are limitations. Therefore, the need
for training of clinical personnel in using manual palpation to
locate and diagnose AV fistulas and grafts remains. Furthermore,
there are certain tissue and vascular properties that can be best
perceived by palpation. For instance, studies have noted that
palpation is well suited for detecting tumors because the dif-
ference in mechanical properties between diseased and healthy
tissues can be sensed haptically via palpation. Localization of a
specific anatomical part is another aspect that can be achieved by

palpation [22]. Consequently, there has been a renewed interest
in understanding how skilled palpation is learned and performed
by clinicians. Deeper insight into skilled palpation can also
inform the design and use of surgical and medical robots. Several
nationally recognized nurse educators in hemodialysis care ex-
amined the simulator and approved of the utility of the simulator
for training. All nurse-educators commented on the potential of
such a tool for structured vascular palpation training.

For hemodialysis cannulation, one of the guidelines for pal-
pating an AVF is to start from the anastomosis. In a well-
functioning fistula, the sensation of “thrill” diminishes along
the length of the access from the arterial side to the venous side;
as such, the task of finding the point of maximum vibration
becomes significant for skilled palpation. We defined and used
two metrics for analyzing participants’ responses. Accuracy
measures the displacement between the estimated and actual
locations in millimeters. Results indicated that the average accu-
racy for all 12 test participants was 23.2 mm. Only 20.8% of the
trials had accuracy less than 10 mm (deemed accurate), while
approximately 30% of all estimates had accuracy more than
30 mm (deemed errors). These results indicate that there is room
for training palpation skills of novice clinicians, since users do
not readily recognize the location of haptic stimulus. Clinically,
not being accurate at locating the points of vibration can be
detrimental to manual palpation, including inserting needles in
an undesirable location or overlooking haptic signals indicating



LIU et al.: EXAMINING THE EFFECT OF HAPTIC FACTORS FOR VASCULAR PALPATION SKILL ASSESSMENT 233

stenosis (usually felt as pulsatile feedback). Furthermore, the
more difficult haptic conditions influenced accuracy of partici-
pants’ location estimates as demonstrated in Table I. While the
effect of vibration type on accuracy achieved statistical signif-
icance in this study, both vibration intensity and skin thickness
demonstrated moderate effects on accuracy. The coarseness of
the accuracy metric, however, was a limitation in evidencing
these distinctions. We computed the error rate metric (the ratio of
frames outside the 30 mm range to the total number of frames), as
another metric for examining location accuracy. However, none
of the results based on error rate showed statistical significance.

To examine the effect of haptic factors, we proposed three
metrics: duration, TPL and RCM. The latter two metrics are
process metrics, encapsulating user performance during the
palpation procedure; process metrics enable assessment of skill
at various points during the procedure and thus are potentially
useful for real-time and specific sub-event training [23]. For
instance, a study on laparoscopic surgery training did not ob-
serve a statistically significant conclusion using accuracy as
the sole metric; however, using a combination of metrics like
completion time and fixation rate yielded meaningful insight
into skill [24]. As mentioned previously, the duration metric,
measures the time taken by participants to complete the palpation
task; TPL measures the cumulative distance traversed by the
participants’ fingers during the task; and RCM measures the ratio
of times participants move closer to the target location versus
farther.

For vibration type, sensing thrill is related to shorter duration.
Compared to an intermittent pulsed vibration, thrill is “on” for
a greater percentage of time in the vibration signal which seems
to enable more ready detection. In terms of vibration intensity,
results indicated that participants spent more time (10.36s), used
a longer path (501.9 mm) and had lower RCM (−1.08%) when
presented with a weaker intensity. Furthermore, the average
accuracy for strong vibration intensity trials is 22.5 mm, while
for weak intensity it is 23.9 mm. Clinically, the intensity of
vibration when palpating an AVF depends on a number of factors
including volume, turbulence of blood flow and the diameter and
depth of AVF. A weaker vibration intensity will often require that
clinicians use more nuanced palpation techniques, a skill that can
be learned over time. These factors emphasize the important role
of vibration intensity during simulation-based or clinical train-
ing. The effect of skin thickness was also examined. Thicker fake
skin resulted in longer palpation duration (6.20s), longer path
(491.4 mm) and lower RCM (−1.17%). In addition, the average
accuracy improves for 4 mm skin versus 6 mm skin (21.8 mm
and 24.6 mm, respectively). As mentioned previously, there has
been an increase in the number of AVFs in the upper arms, which
typically result in fistulas that are deeper than forearm fistulas.
As a result, clinicians will have to feel through a deeper layer
of tissue to estimate AVF characteristics via palpation. Feeling
through thicker skin and tissue will require employing special-
ized palpation techniques like applying concentrated pressure
and decreasing hand velocity. In summary, all three factors had
an effect on palpation performance as quantified by the three
metrics. These results provide a data-driven, objective basis for
palpation skills training and assessment.

In this study, we did not include a comparison among the
participants based on differences in palpation experience on
mannequins. The skill gap among participants is far less than
that between experts and nursing students given the participant
characteristics. This was supported by an initial regression anal-
ysis, which found no statistical significance with experience as
one of the independent variables. Consequently, in this current
study, data was only used to examine the viability of the metrics
for palpation skill assessment. Given the fact that the present
study is a proof-of-concept study with a limited pool of subjects,
these results are not to be considered as generalizable on a large
scale. They do, however, provide a basis for studying palpation
using objective metrics. In summary, from Table II, it is clear
that results based on accuracy, duration, TPL and RCM metrics
show statistical significance when they are used to compare at
least one pair of varying settings.

V. CONCLUSION

To date, few studies, if any, have systematically examined
the role of vibration-based haptic feedback for palpation skills
training. In this study, we present a simulator-based approach to
assess palpation performance via a custom-designed simulator
that renders a vascular access palpation task as well as metrics
designed to quantify specific aspects of palpation skill. Results
from comparing the performance of novices with and without
palpation experience have led to several key findings. First, only
about 21% of all participants’ estimates for location of maximum
vibration were accurate. This suggests that there is great room for
improvement in novices’ palpation skill, especially considering
that even a small position error can potentially be harmful
for patients. Further, estimates of location were influenced by
the haptic factors, vibration type, vibration intensity and skin
thickness. Second, vibration stimulus factors like intensity, type
and skin thickness have an effect on palpation performance as
measured by all our metrics, except for error rate. In summary,
we demonstrate that accuracy, duration, TPL and RCM were
effective at quantifying the palpation performance. These results
suggest that further study of vibration-based palpation that ex-
plores the roles of clinical experience, other sensing modalities
(e.g., force/pressure) and variations in AVF parameters will be
of value for clinical skills training. Results from these studies
will potentially inform optimal training for clinical skills which,
in return, will ultimately result in improved patient outcomes.

ACKNOWLEDGMENT

The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National
Institutes of Health.

REFERENCES

[1] S. J. Lederman and R. L. Klatzky, “Haptic perception: A tutorial,” Atten-
tion, Perception, Psychophysics, vol. 71, no. 7, pp. 1439–1459, Oct. 2009.

[2] G. A. Beathard, “An algorithm for the physical examination of early fistula
failure,” Seminars Dialysis, vol. 18, no. 4, pp. 331–335, Jul. 2005.

[3] T. R. Coles, N. W. John, D. Gould, and D. G. Caldwell, “Integrating haptics
with augmented reality in a femoral palpation and needle insertion training
simulation,” IEEE Trans. Haptics, vol. 4, no. 3, pp. 199–209, Jul. 2011.



234 IEEE OPEN JOURNAL OF ENGINEERING IN MEDICINE AND BIOLOGY, VOL. 1, 2020

[4] S. D. Reyes, K. Stillsmoking, and D. Chadwick- Hopkins, “Implementa-
tion and evaluation of a virtual simulator system: Teaching intravenous
skills,” Clin. Simul. Nursing, vol. 4, no. 1, pp. e43–e49, Jan. 2008.

[5] L. E. Harwood, B. M. Wilson, and A. Oudshoorn, “Improving vascular
access outcomes: Attributes of arteriovenous fistula cannulation success,”
Clin. Kidney J., vol. 9, no. 2, pp. 303–309, Apr. 2016.

[6] R. M. Kennedy, J. Luhmann, and W. T. Zempsky, “Clinical implications
of unmanaged needle-insertion pain and distress in children,” Pediatrics,
vol. 122, no. Supplement 3, pp. S130–S133, Nov. 2008.

[7] I. Lavery, “Infection control in IV therapy: A review of the chain of
infection,” Brit. J. Nursing, vol. 19, no. Sup9, pp. S6–S14, Oct. 2010.

[8] S. F. Miller et al., “A pulsatile blood vessel system for a femoral arterial
access clinical simulation model,” Med. Eng. Phys., vol. 35, no. 10,
pp. 1518–1524, Oct. 2013.

[9] M. Nakao, T. Kuroda, M. Komori, and H. Oyama, “Evaluation and
user study of haptic simulator for learning palpation in cardiovascular
surgery,” in Proc. 13th Int. Conf. Artif. Reality Telexistence, Dec. 2003,
pp. 203–208.

[10] J. Konstantinova, M. Li, G. Mehra, P. Dasgupta, K. Althoefer, and T.
Nanayakkara, “Behavioral characteristics of manual palpation to localize
hard nodules in soft tissues,” IEEE Trans. Biomed. Eng., vol. 61, no. 6,
pp. 1651–1659, Jun. 2014.

[11] D. E. Veitch, M. Bochner, J. F. M. Molenbroek, R. H. M. Goossens, and
H. Owen, “Breast cancer detection: The development and pilot study of
a ‘Tactile landscape’ as a standardized testing tool,” Simul. Healthcare,
vol. 14, no. 3, pp. 201–207, Jun. 2019.

[12] E. Karadogan, R. L. I. Williams, J. N. Howell, and R. R. J. Conatser,
“A stiffness discrimination experiment including analysis of palpation
forces and velocities,” Simul. Healthcare, vol. 5, no. 5, p. 279–88,
Oct. 2010.

[13] A. L. Butt, S. Kardong-Edgren, and A. Ellertson, “Using game-based
virtual reality with haptics for skill acquisition,” Clin. Simul. Nursing,
vol. 16, pp. 25–32, Mar. 2018.

[14] S. Ullrich and T. Kuhlen, “Haptic palpation for medical simulation in
virtual environments,” IEEE Trans. Vis. Comput. Graph., vol. 18, no. 4,
pp. 617–625, Apr. 2012.

[15] I. Badash, K. Burtt, C. A. Solorzano, and J. N. Carey, “Innovations in
surgery simulation: A review of past, current and future techniques,” Ann.
Translational Med., vol. 4, no. 23, p. 453, 2016.

[16] C. M. Pugh, Z. B. Domont, L. H. Salud, and K. M. Blossfield, “A
simulation-based assessment of clinical breast examination technique: Do
patient and clinician factors affect clinician approach?” Amer. J. Surgery,
vol. 195, no. 6, pp. 874–880, Jun. 2008.

[17] “Clinical practice guidelines for vascular access,” Amer. J. Kidney Dis-
eases, vol. 48, pp. S248–S273, Jul. 2006.

[18] P. P. Valentini and E. Pezzuti, “Accuracy in fingertip tracking using leap
motion controller for interactive virtual applications,” Int. J. Interactive
Des. Manuf., vol. 11, no. 3, pp. 641–650, Aug. 2017.

[19] Z. Cheng, B. L. Davies, D. G. Caldwell, G. Barresi, Q. Xu, and L. S. Mattos,
“A hand-held robotic device for peripheral intravenous catheterization,”
Proc. Instituion Mech. Eng. H, vol. 231, no. 12, pp. 1165–1177, Dec. 2017.

[20] M. L. Balter, A. I. Chen, T. J. Maguire, and M. L. Yarmush, “The system
design and evaluation of a 7-DOF image-guided venipuncture robot,” IEEE
Trans. Robot., vol. 31, no. 4, pp. 1044–1053, Aug. 2015.

[21] R. D. Brewer and J. K. Salisbury, “Visual vein-finding for robotic IV inser-
tion,” in Proc. IEEE Int . Conf . Robot . Autom ., May 2010, pp. 4597–4602.

[22] A. Abiri et al., “Artificial palpation in robotic surgery using haptic
feedback,” Surgical Endoscopy, vol. 33, pp. 1252–1259, Sep. 2018, doi:
10.1007/s00464-018-6405-8.

[23] C. E. Reiley and G. D. Hager, “Task versus Subtask Surgical Skill Evalua-
tion of Robotic Minimally Invasive Surgery,” in Proc. Med. Image Comput.
Comput.-Assisted Intervention, 2009, pp. 435–442.

[24] M. Wilson, J. McGrath, S. Vine, J. Brewer, D. Defriend, and R. Masters,
“Psychomotor control in a virtual laparoscopic surgery training environ-
ment: gaze control parameters differentiate novices from experts,” Surgical
Endoscopy, vol. 24, no. 10, pp. 2458–2464, Oct. 2010.

https://dx.doi.org/10.1007/s00464-018-6405-8


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


