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Abstract
Active constraint (AC)/virtual fixture (VF) is among the most popular approaches towards the

shared execution of subtasks by the surgeon and robotic systems. As more possibilities appear

for the implementation of ACs in surgical scenarios, the need to introducemethods that guarantee

a safe and intuitive user‐interaction increases. The presence of the human in the loop adds a layer

of interactivity and adaptability that renders the assessment of such methods non‐trivial. In most

works, guidance ACs have been evaluated mainly in terms of enhancement of accuracy and com-

pletion timewith little regard for other aspects such as human factors, even though the continuous

engagement of these methods can considerably degrade the user experience. This paper proposes

a set of performance metrics and considerations that can help evaluate guidance ACs with refer-

ence to accuracy enhancement, force characteristics and subjective aspects. The use of thesemet-

rics is demonstrated through two sets of experiments on 12 surgeons and 6 inexperienced users.
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1 | INTRODUCTION

While current practice in surgical robotics is limited to direct human

control, efforts are being made towards autonomous task execution

that describe a future in which the clinicians only supervise most of

the procedures performed in the operating room.1,2 However, for such

a transition to happen, robotic systems must demonstrate a substantial

level of intelligence, cognition and reliability that may not be achieved

soon. Current advances in medical robotics research have motivated

researchers to investigate cooperative control methods in which

humans and robotic agents collaborate to achieve a shared goal.3

Surgery is an interweave of many basic procedures into a cognitively

demanding activity, and techniques such as Active Constraints (AC)

(also known as virtual fixtures) have the potential to significantly

enhance the synergy between the clinicians and their instruments in

conducting these basic procedures. Even though ACs have been

employed in clinical procedures that involve interactions with rigid

bones,4 the complexities such as soft tissue localization, registration

and tracking5 have precluded the widespread use of these assistive

methods. In addition, implementing ACs for surgical applications faces

challenges such as control loop stability that have prevented today's

commercial teleoperated robotic systems from having haptic
73. wileyonlinelibrary.co
feedback.6 Nonetheless, with the rapid progress in computer vision,

robotics and artificial intelligence technologies, one can expect to see

robotic systems play a greater part in physical interactions in surgery

and share the control of the instruments with the surgeons.

The implementation of active constraints generally involves two

main phases.7 In the first phase, the geometrical properties of the

constraint are defined by either a user or an autonomous agent. The

defined geometry may be modified during the task for reasons such as

accounting for tissue deformation or displacement. In the second phase,

the assistive force is generated based on information about the motion

of the surgical tool (i.e. pose, velocity, etc.) relative to the constraint's

geometry. The definition of geometry and the tracking are inherently

task‐dependent, and methods can be evaluated by comparing the gen-

erated constraint shape with some corresponding ground truth. In con-

trast, the methods of force generation are applicable to wide ranges of

tasks, and evaluation of their performance is not trivial.

Generation of AC geometry has been the focus of numerous works

in the literature because tissue deformability and the lack of structural

features create major challenges in defining and updating the geome-

tries. Examples include concave tunnels,8 dynamic admittance‐type,9

streaming Point Clouds‐based10 and 3D eye gaze‐based.11 Fewer stud-

ies have proposed enforcement methods,12-14 but as the generation of
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geometry and methods of tracking improve and practical

implementations become more likely, the need for novel and efficient

enforcement methods will grow. Studies on ACs have used a few

metrics to prove the efficacy of their methods in enhancing accuracy

and safety.13,15,17 However, the discussions are often limited to these

aspects. Occasionally, subjective aspects have been taken into consid-

eration. For instance, the cognitive demand imposed on the user by the

proposed assistive method was measured11 through functional

near‐infrared spectroscopy (fNIRS). Most works, however, have not

provided extended discussions on subjective aspects. There is no doubt

that ACs are primarily designed to improve accuracy and safety. Never-

theless, if these methods are to be developed for future clinical imple-

mentation, their attributes in interactive use and the engendered

subjective perceptions must be thoroughly studied. Surgeons are highly

sensitive to any medium that may interfere with their interaction with

the tissue. If an assistive system causes unexpected or unintuitive

motions, surgeons may show reluctance in using it, no matter how

greatly it improves the accuracy of the surgical task. There is a need

to formalize measures that can be used to reliably evaluate the perfor-

mance of guidance active constraints considering all involved aspects,

especially for works that propose enforcement methods.

This work discusses factors that should be considered in the

design and development of guidance ACs, specifically accuracy

enhancement, force quality and subjective aspects. Regarding the

accuracy metrics, those used in the literature are revisited and their

significance is discussed. Subsequently, force assessment metrics are

proposed that can extract and depict the features of the generated

AC forces quantitatively, using time‐domain and frequency‐domain

analyses. The last set of proposed metrics focus on subjective aspects

such as time‐efficiency and cognitive ease. The use of the metrics is

then further demonstrated by applying them to the experimental

results acquired from 12 surgeons and 6 non‐experts performing tasks

using 4 guidance AC methods in a virtual environment. The C++ codes

of our implementation of these methods are available online at:

https://github.com/nearmrs/dynamic_active_constraints for

interested readers. It should be noted that the term ‘active constraint’

is used here to represent assistive methods that explicitly affect the

motion of the surgical tool, and visual or auditory feedbacks are not

considered. Furthermore, the focus of this work is on the more popular

category of impedance‐based active constraints that generate

guidance forces/torques based on motion measurements.
FIGURE 1 Normalized histograms of the tracking error acquired from
a task performed using two different guidance active constraints.
While the median errors are almost identical (3.0 and 2.9 mm for
methods (a) and (b) respectively), the histogram shows that method (b)
has lower frequencies at larger error values. This difference is captured
by the RMS to some extent (3.5 and 3.1 mm respectively), since it
penalizes larger errors more. The maximum error, however, shows a
significant difference
2 | ANALYSIS OF ACCURACY
ENHANCEMENT

The aim of active constraints in robot‐assisted surgical applications is

to enhance accuracy and safety by constraining the motion (in terms

of position, orientation, velocity, etc.) of the surgical tool. Con-

straints are built upon a defined geometrical shape (point, line, area,

volume, etc.), from which deviations are undesired. In the case of

forbidden region ACs that are often areas or volumes, performance

enhancement can be estimated by counting the number of incidents

of penetration into the forbidden region and the length of penetra-

tions. These incidents are more of a discrete nature, and depending
on the level of difficulty of the task, they may occur occasionally. On

the other hand, for guidance ACs the deviation from the defined

shape (usually curved lines) must be measured continuously at the

system's rate, resulting in a time‐series of spatial errors. The devia-

tion is typically calculated only when the tool is in contact with the

tissue. Various statistical representations can be used to interpret

the tracking error time‐series acquired in experimentations. Works

in the literature have used the average,15-18 average and standard

deviation,16 RMS (root mean square)13 and maximum value17 of

the tracking error time‐series. In the following, some statistical mea-

sures that can provide insight into the performance in accuracy

enhancement of active constraints are explored. It must be noted

that, as most of these measures condense a large amount of infor-

mation into a single value, they emphasize only certain aspects of

the characteristics of accuracy enhancement of the ACs. Therefore,

providing multiple metrics is generally preferred in order to draw a

more complete picture of the error distribution.
2.1 | Error distribution

Although statistical representations are needed to quantitatively evalu-

ate the performance of AC methods, graphical representation of the

tracking error distribution can be a good starting point in the analysis.

Histograms give a rough sense of the density of the underlying distribu-

tion of the error and allow a quick assessment of the performance in a

qualitative fashion. When comparing different acquisitions, it can be

more convenient to use a uniform bin width and normalize the histo-

grams so that the bar heights add to 1 (Figure 1).
2.2 | Mean, median, RMS and IQR

The mean error (ME) and the mean absolute error (MAE) are widely

used measures in studies of accuracy enhancement. Assuming that

errors in all directions are equally undesired, the tracking error defined

as the distance from the closest point on the desired geometry will

https://github.com/nearmrs/dynamic_active_constraints
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always be a value larger than or equal to zero. If different directions are

considered and the error includes negative values, MAE is preferred

over ME as it prevents error cancelation. The RMS error (RMSE) or

RMS deviation (RMSD) is a frequently used measure of the pairwise

difference between values estimated or predicted by a model and the

actual values, which can serve as a measure of how far on average

the error is from zero. RMSE differs from the mean of the pairwise

differences in that the latter does not measure the variability of the

difference, and the variability as expressed by the standard deviation

is around the mean instead of zero. While the MAE gives the same

weight to all errors, the RMSE penalizes variance because it gives more

weight to errors with larger absolute values. When both metrics are

calculated, the RMSE is by definition never smaller than the MAE.

The MAE is suitable to describe uniformly distributed errors. In model

error analysis it has been argued the RMSE has an advantage over the

MAE in illustrating the error distribution because model errors are likely

to have a normal distribution rather than a uniform one.19 Although the

error distributions in tasks such as path following are not necessarily

Gaussian (and based on our experience they rarely are), the penalization

of larger errors can be appropriate for surgical application where large

errors may cause safety hazards. Nevertheless, mean errors are partic-

ularly susceptible to the influence of outliers and skewed data, and it is

known that non‐normal populations are better represented by the

median. Thus, median and RMSE are generally more appropriate

measures of the central tendency of tracking error for ACs.

Active constraints can help surgeons to maintain a more constant

motion with lower variations in error.20 Such enhancements in preci-

sion, however small they seem, may be beneficial for operations

requiring sub‐millimetre accuracy. For non‐normal error distributions,

interquartile range (IQR) can be used to quantify the amount of disper-

sion of the population. The acquisitions depicted in Figure 1 provide a

good example of the necessity of providing dispersion metrics along

with measures of central tendency. As can be seen, the medians of

the methods are very close: 3.0 mm for method (a) and 2.9 for method

(b). The IQRs of the acquisitions (2.3 and 1.7 mm respectively for (a)

and (b)), however, show a higher dispersion for method (a), suggesting

a better performance in variability reduction for the latter method,

which can also be observed from the histograms.
2.3 | Maximum

In tasks where large errors may cause serious complications, the

extreme aspects of the error population are of more interest than the

accuracy metrics of the central tendency. The maximum tracking errors

depicted in Figure 1 show that two error populations with comparable

medians may have significantly different maxima.

In some cases, there may be a certain threshold above which the

error raises concern. Here, the number of deviations larger than the

threshold can be used as a metric of accuracy enhancement along with

the maximum deviation.14
2.4 | Intersubject performance variability

The discussed metrics can also be computed per subject to analyze the

variation of performance among users for each guidance method.
Guidance ACs may reduce the dependency of the accuracy perfor-

mance on the user's skills to some extent. Studying the intersubject

performance variability can reveal effects of subjects' skills on the

performance and the ability of the guidance AC to reduce the variabil-

ity in the results.
3 | FORCE ANALYSIS

Since guidance ACs aim to assist clinicians by attempting to redirect

the motion of their hands, it is crucial to design them such that opera-

tors find them natural. The surgeons who participated in this work's

experiments described an ideal assistive force as least disturbing,

gentle, intuitive and fluid. To quantify such adjectives and inspect the

generated forces, it is necessary to use a set of measures that capture

the desired characteristics. However, to our best knowledge, no work

on active constraints/virtual fixtures in the literature has used a form

of metrics to investigate the performance of the forces generated by

the guidance methods. We propose a few metrics and considerations

in time and frequency domains that can be employed to evaluate the

characteristics of forces generated by guidance ACs quantitatively.

These metrics are applicable to enforcement methods of static and

dynamic types regardless of the point of application of the AC (only

tool tip or more points).

When evaluating guidance ACs, in addition to the magnitude of

the generated force, the changes in its direction can carry useful infor-

mation. To analyze both magnitude and direction using the minimum

number of components, Cartesian force vector (fx, fy, fz) can be

converted to spherical coordinate system, where the radial distance

represents the magnitude of the force, f, and the azimuth θ and polar

φ angles represent the directional components of the force vector.
3.1 | Time‐domain analysis

In force analysis, the characteristics of the generated force's progres-

sion in time are more informative than statistical representations such

as those used in accuracy analysis. For instance, the maximum applied

force is usually set in the design of the active constraint enforcement

and is already known. Nevertheless, measures of the central tendency

of the magnitude of forces generated by the AC in a task can be

employed as a generic metric of its activity. For example, a higher mean

value of force magnitude may suggest that the AC has been more

engaged. As will be discussed in the following, investigating the

variability of the force in terms of magnitude and direction can lead

to better understating of the qualitative characteristics of an AC.
3.1.1 | Force derivative

Higher rates of change of magnitude or direction may lead to abrupt

engagements and are generally undesired. To study the variability of

the generated force, the derivative of its magnitude and direction

components with respect to time can be used. Since the force applied

on a constant mass is proportional to acceleration, the time derivative

of forces applied on a constant mass is proportional to the derivative of

the mass's acceleration, i.e. jerk. A good everyday example of the

effects of jerk is changing gears while driving a car: although the engine
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power limits the accelerating force, an inexperienced driver can

experience severe jerk, because of intermittent force engagement over

the clutch. Minimization of jerk has been studied in many engineering

fields, in particular in applications that encompass machines interacting

with humans. Studies of coordination of voluntary human arm move-

ments have shown that a major goal of human motor coordination is

the production of the smoothest possible movement of the hand that

can be modelled by a trajectory with minimum‐jerk time‐profile.21

Thus, limiting the jerk can enhance the intuitiveness and smoothness

of the forces applied to the operator's hand. In fact, in the field of assis-

tive robotics for rehabilitation, where robotic mechanisms assist stroke

survivors in performing movements with their impaired limb, generat-

ing minimum‐jerk trajectories is a ubiquitous practice.22

3.1.2 | Angular rate

The derivative of the azimuth and polar angles can reveal how

continuously the direction of the force changes. Large and fast

variation in the force direction may increase the chance of bouncing

on boundaries and creating vibrations. However, angular rate can be

considered as a secondary metric with respect to the jerk. The reason

is that the distraction created by high angular rates depends also on

the magnitude of the force. In other words, if at an instant, the angular

velocities are high but the corresponding force magnitudes are negligi-

ble, no disturbance may be felt by the user. Therefore, a better metric

would be one that takes into account the magnitude of the force too.

This can be achieved by scaling the angular rate at each instant by the

normalized magnitude of the force vector. The scaled angular rates can

be calculated as:

_φs ¼
f

Fmax
_φ; _θs ¼ f

Fmax

_θ (1)

where Fmax is the maximum magnitude of force generated by the AC.

3.2 | Frequency‐domain analysis

As was mentioned before, active constraints with highly fluctuating

force can be disturbing and are undesired. The frequency domain is

particularly apt for studying variability of the force. The power spectral

density (PSD) of AC force data acquired during execution of a task can

reveal some aspects of the AC behaviour. However, since the gener-

ated force depends on the motion and the motion generally does not

follow a particular pattern, the power spectrum can contain a wide

range of frequencies, making it less illustrative. In particular, in cases

where the performances in force generation of two AC methods are

to be compared, it can be helpful to design experiments that comprise

simple tasks and well‐defined motions to facilitate the extraction of

information from the force power spectra.

If estimated directly from a fast Fourier transform of the signal, the

spectrummay contain a large amount of noise.Welch'smethod is a pop-

ular approach to estimate the PSD with reduced noise through averag-

ing periodograms across time. Since the force signal is real‐valued, a

one‐sided PSDestimate can be used. Ideally, the power should decrease

from the DC frequency as the frequency increases. Evident peaks in the

spectra can indicate the presence of rapidly oscillating forces that may

cause undesired behaviours. It should be noted that, although the
discussed metrics are regarding forces generated by an AC, a similar

concept applies to generated torques.
4 | SUBJECTIVE ASPECTS

An indispensable phase in design and development of new tools is the

subjective evaluation through rigorous tests on targeted users. Subjec-

tive evaluation focuses on the user's perception, feelings and prefer-

ence, and can reveal issues potentially overlooked in objective

assessments. Haptic guidance imposes sensory/control transforma-

tions on the human operator, which are the key factor in determining

a subjective performance evaluation of the method. A popular

approach to estimating subjective performance is to directly ask users

about their experiences after the tests—that is, subjecting them to the

system and then administering questionnaires about their personal

opinion and feelings.23 The questions can concern general aspects

such as whether the user will be willing to employ the tested method

in real practice in the future, or which one of the tested methods they

prefer. In contrast, specific questions (e.g. to rate the distraction level)

can shed light on certain aspects of the performance of the guidance

method.

In a recent study, Koehn and Kuchenbecker24 conducted two

experiments on human subjects to discover whether surgeons and

non‐surgeons value the addition of vibration feedback from surgical

instruments during robotic surgery. This work presents a good example

of general and application‐oriented subjective assessment. After

performing the experiments with and without feedback, the subjects

answered a survey by rating (from 0 to 100, corresponding to ‘strongly

disagree’ to ‘strongly agree’) statements such as ‘the haptic feedback

caused peculiar or undesirable sensations in my hands’ or ‘the haptic

feedback made me more aware of my instrument contacts’. The results

show that most subjects in both experiments (95% and 98%, respec-

tively) preferred receiving vibration feedback from tools and that all

subjects in the second experiment agreed ‘it would be useful for

surgeons to have the option of such feedback’.

Sole reliance on questionnaire results, however, cannot verify the

efficacy of methods. It can be argued that questionnaire‐based

measures after the event cannot in principle rule out the possibility

that the reported quality was called into being simply by its having

been asked about.25 Questionnaires can be most useful in circum-

stances where the subjects are provided with a stock of experience

against which to judge a given experience and make comparisons. Thus

the experiments and corresponding questions must be designed

having in mind that the outcomes rely on respondents being able to

reasonably compare a given situation with a number of other

situations, and make a quantitative assessment. Nevertheless, such

an evaluation must be considered as a complementary analysis and

the interpretation of its results should ratify (at least to some degree)

similar findings from objective assessments.

Since humans attribute their own meaning to qualities and percep-

tions, the statements and questions have to be precise and clear to min-

imize the probability of unintended attributions. Furthermore, it must

be certified that the user's performance with a method does not affect

their answerswhen asked about other aspects of thatmethod. The level
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of expertise of the subjects should also be taken into consideration in

the design of surveys. While non‐clinician participants can be studied

for human perceptions and general cognitive aspects, surgeons can be

asked about specific aspects and more application‐oriented concerns.

The inter‐rater reliability of agreement can be statistically estimated

using Fleiss' kappa measure.26 It can be interpreted as the extent to

which the observed amount of agreement among raters exceeds what

would be expected if all raters made their ratings randomly. Although

guidelines have been given for interpreting the kappa values, there is

no generally agreed‐upon measure of significance.

Another subjective aspect to be considered is that of cognitive

load, which indicates the total amount of mental effort being expended

by the subject to perform a task. Functional near‐infrared spectros-

copy (fNIRS) is an optical neuroimaging technique that could

potentially reveal the cognitive demand involved in performing a task

by detecting changes in brain haemodynamics that are reflective of

the brain's function. Using fNIRS, it is shown11 that when a novel hap-

tic constraint is applied, there is an evident difference in activating the

prefrontal cortex between expert users and novices. Interestingly, the

estimated cognitive demand on the novice users was found to be

higher when the assistive method was activated than with free acqui-

sitions. Such assessments can provide valuable insights into user expe-

rience and the learning curve of an assistive method. However, the

complexities and uncertainties involved in explicit measurements of

cognitive load have led researches to rely on measures such as tempo-

ral demand as an implicit manifestation of the efficiency and coordina-

tion with which actions are performed during a surgical task. Assistive

methods that effectively reduce the cognitive load are believed to

decrease the overall time subjects require to execute a task success-

fully. For the study of subjective aspects and workload including the

psychological aspects, the NASA Task Load Index (TLX)27 can be used.

This well‐known framework proposes a human‐centred definition of

workload consisting of six metrics: mental, physical and temporal

demands, frustration, effort and performance. It has been assumed

that some combination of these metrics IS likely to represent the

workload experienced by most people performing most tasks.28
5 | EXPERIMENTS

A set of experiments were performed to demonstrate the application

of the proposed metrics. These experiments are described in the

following and the results are analyzed in order to compare various

aspects of the performance of three guidance active constraints. The

experiments were carried out in accordance with the recommenda-

tions of our institution with written informed consent from the

subjects in accordance with the Declaration of Helsinki.
5.1 | Setup

Twelve surgeons (2 females, 10 males, and aged 30 to 62 years old)

participated in the first set of experiments. The experimental set

(Figure 2) comprised a virtual environment interface, a Sigma haptic

device (Force Dimension, Switzerland) and a Phantom Omni haptic

device (Geomagic, USA). The haptic control loop was implemented as
a Robotic Operating System (ROS) application in C++ on a Linux

computer. The Virtual Robot Experimentation Platform (VREP) was

used for the development of the virtual environment. The haptic control

rate was 1 kHz and the display rate was approximately 50 Hz. The

simulated task was a simplification of surgical tissue‐cutting using a

unipolar electrocauter. The subjectswere asked to cut along a reference

curved path (the green curve in Figure 2) using the right haptic device (all

subjects were right‐handed). The subjects were asked to keep the left

tool close to the cutting region and use it as a tensioning instrument.

Both tools reflected interaction forces with the environment but only

the cutting tool was subject to guidance AC. The tissue had a periodic

0.3 Hz translation that replicated respiratory motion. Touching the

tissue with the cutting tool left a red mark on it. The simulated objects

were non‐deformable. All subjects were given as much time as they

needed to trainwith the setupbefore the acquisition started (28minutes

on average). Each subject performed the task twice, with 3 assistive

methods and a no‐assistance case, resulting in a total of 8 repetitions

per subject. The order of the acquisitions was random.

The second set of experiments were designed to extract the force

characteristic of the guidance AC methods. Since these methods are

prone to display undesired behaviour on boundary crossing, a straight

line was used as the AC's geometry because it tended to increase the

number of crossings in the preliminary tests. To narrow down the

variability in motion of the tool, a sphere moving from one end of

the line to the other with a constant velocity was displayed and the

user was instructed to move the tool (a semi‐transparent sphere) along

the line accurately while following the sphere. Six non‐expert users

participated in this set of experiments.
5.2 | AC methods

The guidance active constraints usedwere dynamic non‐energy‐storing

methods introduced by Kikuuwe et al.,12 Bowyer and Baena29 and

Enayati et al.,14 here referred to as plastic (P), plastic with redirection

(PR) and viscous with redirection (VR) respectively. The key feature of

these AC enforcement methods is that they engage only when the

operator moves the tool. Thus, unlike energy‐storing methods such as

elastic AC enforcement, these methods are inherently unable to

produce motion when the subject relaxes/releases the grip. AC

methods with redirection guide the user towards the closest point of

the reference by attempting to redirect the motion of the tool tip, while

the P method only opposes orthogonal deviation. Descriptions of these

methods are available,14 and each method was implemented and its

parameters were chosen as described in the corresponding paper. The

parameters of the implemented ACs are reported in Table 1. Due to

the innate difference of the elastic AC from the non‐energy‐storing

ACs, it was not used in the tissue‐cutting tasks. However, in the second

experiment that was designed for analysis of force quality, the uncon-

strained trial was replaced by a simple elastic AC that generated a force

towards the closest point of the path with a magnitude proportional to

the distance of the tool tip from that point. The reason is that, although

elastic AC may undermine safety due to motions generated by stored

energy,12 it exhibits favorable force behaviours such as minimum

bounces on boundary crossings and intuitive proportionality. Therefore,

if implemented with a reasonable elastic coefficient and a small amount



TABLE 1 Parameters of the implemented AC methods

Kikuuwe et al. Bowyer et al. Enayati et al

Param. Value Param. Value Param. Value

R 5 N fc 5 N F 5 N

F 0.5 N σ0 1667 N m−1 B 80 N s m−1

K 1667 N m−1 σ1 0 N s m−1 Dm 0.002 m

B 2.5 N s m−1 σ2 2.5 N s m−1

FIGURE 2 A, the experimental setup. B, the first virtual task was a simulation of surgical tissue cauterization along a 3D path on a periodically
moving tissue. C, in the second task the user had to move along a straight line with a semi‐transparent sphere while matching the constant
velocity of a target sphere

FIGURE 3 Population distribution of tracking error for each method
and trial of the tissue‐cutting task. The RMSE value of each trial is
shown with a dashed line. A general accuracy enhancement can be
observed for the acquisitions under guidance AC, especially for the PR
and VR methods. While a small deterioration and improvement can be
seen respectively for the PR and VR methods from the first trial to the
second, no statistically significant difference is found between the
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of damping, it can be considered as a reference in analysis of force

quality around the constraint boundary. The parameters of each

guidance AC used in the experiments were selected so as to have a

maximum force of 5 N. Although setting higher values could improve

the enhancement in accuracy, it was decided to design the ACs to be

more transparent and suggestive rather than restrictive. To prevent

abrupt engagement of the constraints in boundary crossings, the

damping and elastic coefficients of the VR and PR methods were

linearly decreased to zero as the tool‐tip approached the path from a

distance of 2mmuntil the crossing, therefore creating a gradual cylindri-

cal dead‐zone.

trials of each method
5.3 | Results and discussion

In the following, we will employ the metrics described in this paper to

analyze the results of the experiments. The results of the tissue‐cutting

experiment will be studied in terms of accuracy and subjective aspects,

and the results of the line‐tracking experiment will be investigated for

evaluation of force quality.
5.3.1 | Accuracy analysis

Figure 3 depicts the distribution of the tracking error of the tool tip

position for both repetitions of the tissue‐cutting task. Each distribu-

tion represents the total population of the absolute tracking error

samples of the 12 subjects performing a task with an AC method. It

can be seen that the error distribution does not vary significantly

between the first and second trials for the unconstrained and plastic

cases. For the VR method a small shift is observed towards lower error
values, resulting in an RMSE improvement from 3.1 mm in trial one to

2.9 mm in trial two. This can be related to users learning and acquiring

more skills between the first trial and the second. Learning can be

viewed from two aspects: acquiring more skills in interacting with the

active constraint or becoming more familiar with the virtual environ-

ment and the hardware setup. If a learning effect of the latter type is

present, the improvement is expected to be visible for most of the

methods, which is not the case. In fact, the RMSE of the PR method

increases from 2.0 mm for trial one to 2.2 mm for trial two. It can be

hypothesized that since constraining the velocity is less intuitive than

constraining the position, the subjects became abler in benefiting from

the VR method in the second trial. Nevertheless, for none of the

methods is a statistically significant difference found (p < 0.05)

between the subjects' tracking RMS errors of the first and second tri-

als. Therefore, to increase the sample size the two repetitions are
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merged for the rest of the analysis. The Friedman test was used to

study the statistical significance of the distributions. The test is a non-

parametric version of two‐way ANOVA that compares the popula-

tions, adjusting for possible subject effects.

Table 2 reports the RMSE, IQR and maximum error value for the

tissue‐cutting task. The values have been calculated from the concate-

nation of all the acquired tracking error signals for each method, i.e. 24

acquisitions (12 users and 2 repetitions per user) per method. As

expected, the active constraints improve the accuracy compared to

the unconstrained acquisitions. Among the ACs, the PR method shows

a better enhancement in accuracy in terms of RMSE, followed by the

VR method. A similar trend is present for the maximum absolute error.

The IQR values show a better reduction in the error variation for the

methods with motion redirection (PR and VR).

More information can be extracted from the acquired data by

analyzing the variability in performance among subjects. Figure 4

depicts the distribution of the RMSE and maximum error for subjects.

Each box plot represents the distribution of 24 values (RMSE or

maximum value yielded from an acquisition) per method. The RMSE

distribution reveals that while the IQR has decreased when the

methods with redirection have been employed (0.7 mm for the uncon-

strained case (U) and 0.6 mm and 0.5 mm for the PR and VR methods

respectively) the reduction is not substantial. This can be explained by

the nonbinding nature of these guidance constraints and the relatively

low force they generate. In other words, since the implemented ACs do
TABLE 2 Accuracy enhancement metrics for the tissue‐cutting task

AC methods U P PR VR

RMSE (mm) 4.2 3.5 2.1 2.7

IQR (mm) 2.6 2.4 1.3 1.6

Max. (mm) 14.4a 11.6 6.9b 7.8

aIgnoring an outlier at 18.3 mm.
bIgnoring an outlier at 14.8 mm.

FIGURE 4 The RMSE and maximum error distributions among
acquisitions of subjects. Each box plot contains 24 acquisitions per
method. Central lines are medians; box edges are the 25th and 75th
percentiles; whiskers are values within 1.5 times the IQR, plus markers
are outliers and star‐marked horizontal lines depict statistical
significance
not aim to strictly limit the tool's motion and rather transparently

encourage it towards the desired reference, the subjects are still able

to counteract the guidance force, and therefore the variability that

partly stems from their skills and abilities is not considerably reduced.

Nevertheless, regarding the maximum error, a considerable decrease

is seen in the interquartile range from the unconstrained acquisitions

to the PR and VR methods (3.5 mm for U, 1.6 mm for PR and 1.4 mm

for VR). The results show that the PR and VR methods, while non‐sig-

nificant among themselves, are both significantly different (p < 0.05)

from the U and P cases. Although an enhancement can be seen in terms

of both RMSE and maximum error for the P method compared to the

unconstrained acquisitions, the difference does not satisfy the statisti-

cal requirement. It can be argued that, for dynamic environments,

redirecting the motion of the tool plays an important role, because that

is the main difference between the P and the PR and VR methods.
5.3.2 | Subjective analysis

At the end of each acquisition of the tissue‐cutting task the surgeons

were asked to express the distraction they felt from the method used

in that acquisition by selecting a number from 0 to 10, respectively

corresponding to no distraction at all and unbearably distracting. By

definition, the unconstrained acquisitions were set to zero distraction.

We tried to make it clear that the performance of the participant in an

acquisition should not affect their judgement on distraction and that

their response must be only regarding the forces applied to their hand

from the guidance ACs. The average values of the distraction evalua-

tion, reported inTable 3, show that the PR method received the worst

distraction evaluation from the subjects. As some of the subjects

expressed, the low evaluation was mainly due to jumps in the force

magnitude on crossings of the reference path, which often caused

small oscillations in the motion. This basic subjective evaluation of

the force will be confronted with the objective analysis of the

generated forces in the next subsection. Fleiss' kappa was used to

measure inter‐rater reliability. The value was calculated as 0.44, which

according to the interpretation guidelines of Landis and Koch26

indicates a moderate agreement among the subjects. The average

execution times reported in Table 4 depict a considerable reduction

when guidance ACs were used, especially with the PR and VR

methods. The faster execution time corresponding to these methods

can suggest their effectiveness in reducing the cognitive load on the

subjects.
TABLE 3 Evaluation of the subjects regarding the distraction level of
each method

AC methods U P PR VR

Distraction level 0a 3.5 6.3 3.0

aThe unconstrained case was assigned zero distraction by default.

TABLE 4 Average task execution time

AC methods U P PR VR

Time (s) 54.0 39.9 34.3 33.5



TABLE 5 Time domain metrics in force analysis

AC methods E P PR VR

Mean absolute force derivative (N s−1) 1.9 2.7 31.8 2.8

Mean absolute azimuth rate (rad s−1) 0.4 0.9 8.4 0.8

Mean absolute polar rate (rad s−1) 1.3 0.7 17.1 2.4

FIGURE 6 Estimate of Welch power spectral density of the force
magnitude and its spherical angles. The circled peaks denote the
presence of oscillations in forces generated by the PR method in the
line‐following task

8 of 10 ENAYATI ET AL.
5.3.3 | Force analysis

Although the maximum force magnitude was equal (5 N) for all the

three ACs, the plastic methods reached the maximum far more often

than the viscous AC. This can be seen in the average forces adminis-

tered by the ACs in the tissue‐cutting task, which are 1.7 N, 2.6 N

and 1.5 N respectively for the P, PR and VR methods. The analysis of

the second experiment's results can yield a better understanding of

the force characteristics of the AC methods. An elastic (E) AC was used

so as to have a reference for comparison. Despite the risks related to

the stored energy in elastic constraint, the forces administered by such

a constraint exhibit a desirable proportionality in magnitude and

smooth variation in direction. As explained in section III, the derivatives

of force (as a measure of jerk), and the derivatives of azimuth and polar

angles represent the variability of the generated force, and therefore

are desired to be limited for guidance ACs. Figure 5 shows a 3 s time

series of these values for each AC method, acquired during one of

the trials of the second experiment. It is evident that while the P and

VR methods exhibit behaviours similar to that of the elastic method,

the PR method possesses large magnitudes and variability of the

derivatives of both force and angles. As mentioned before, method P

does not act against motions parallel to the reference path, which

makes it less enforcing in a task of following a straight line. In contrast,

the relatively higher magnitude of the polar rate of the VR method

shows greater engagement of this method, which is mainly because

of motion redirection on the reference path boundary. The averages

of the absolute values of force and angle derivatives for all acquisitions

reported in Table 5 confirm what can be observed from Figure 5. The

PR method exhibits large variations in force magnitude and direction

that can lead to oscillations and distracting artifacts. It is not surprising,

however, to observe high rates of force magnitude for the plasticity‐

based methods because they are designed to simulate plastic deforma-

tion that ideally approaches a step function of the tool displacement.

The same conclusions can be drawn from the frequency domain

analysis of the force signals depicted in Figure 6. While the power of

elastic, P and VR methods decreases monotonically as the frequency

increases, the PR method's power shows a few local peaks that are

due to boundary oscillations generated in the line‐following task of
FIGURE 5 An example plot of 3 s time‐domain metrics from the second ex
cropped for clarity. While the P and VR methods show moderate rates com
magnitudes and frequencies of force and angular rate. The sections with zer
this method in parallel tool motions
the second experiment. The higher energy of the force magnitude of

plastic methods is explained by their higher average force magnitude

as discussed earlier in this subsection. Note that the second experi-

ment serves as a testbed for assessing the quality of the guidance force

in a worst‐case scenario, and the undesired behaviours would be less

intense for most practical applications. Nonetheless, these results are

in agreement with the subjective evaluation of the distraction levels.

As can be seen from the results, there is necessarily no connection

between force quality and accuracy. Although the subjects achieved
periment's acquisitions for qualitative assessment. The vertical axes are
parable to those of the elastic AC, the PR method exhibits high
o _f that can be seen in the P method's graph are due to the inactivity of
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higher accuracy in the tracking task with the PR method than with the

other methods, they reported high distraction levels for that method,

which is confirmed by the force analysis. This in turn demonstrates

the necessity of in‐depth and more inclusive analysis of methods of

force generation in guidance AC.

It must be noted that the final evaluation of these methods needs

to involve application‐specific aspects too. For example, in the

experiments performed in this work, the viscosity‐based AC

demonstrated good accuracy enhancement relative to the other

implemented methods, but for a task involving low velocities, such an

enforcement method may not result in satisfactory improvements in

accuracy and may even lead to safety concerns.
6 | CONCLUSIONS

Success in robotic surgery is largely dependent upon precise and

delicate manipulation of tissues. The performance in such tasks can

be augmented by implementing guidance active constraints not only

to avoid tissue damage but also to reduce the cognitive load on the

surgeons. These methods should be intuitive to use and must not

interfere with the clinicians' intended actions. Although various

methods of guidance AC enforcement have been introduced in the

literature, the common metrics for evaluating these methods are far

from exhaustive. In this work, we introduced a set of metrics that

can be employed to investigate the principal parameters and charac-

teristics of guidance ACs. Furthermore, the application of these

metrics and the importance of an all‐encompassing evaluation was

depicted through two sets of experiments. Since these methods are

designed to be used by humans, it is critical to consider task‐related

subjective aspects and overall human factors. It was observed

through subjective and force analyses that an enforcement method

might help subjects attain higher tracking accuracies, while it showed

higher levels of disturbance. Although achieving high accuracy

despite high disturbance may seem counter‐intuitive, it must be con-

sidered that an enforcement method can encourage the tool to fol-

low the reference path and reduce the tracking error, yet can do

so through the application of rapidly varying and distracting forces

that do not leave a trace in accuracy analysis. Such disturbance

may not introduce explicit safety risks in some applications, but they

can still agitate and disturb the operator and affect the user experi-

ence. As an overall conclusion, it is encouraged to include a force/

torque analysis (even simply measures of the derivative of the

forces/torques generated by an AC) along with a subjective assess-

ment directed at the enforcement quality, when assessing the perfor-

mance of novel AC methods.
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