
Effects of laparoscopic instrument and finger on force perception:
a first step towards laparoscopic force-skills training

M. S. Raghu Prasad • M. Manivannan •

S. M. Chandramohan

Received: 4 January 2014 / Accepted: 6 September 2014 / Published online: 16 October 2014

� Springer Science+Business Media New York 2014

Abstract

Background In laparoscopic surgery, no external feed-

back on the magnitude of the force exerted is available.

Hence, surgeons and residents tend to exert excessive

force, which leads to tissue trauma. Ability of surgeons and

residents to perceive their own force output without

external feedback is a critical factor in laparoscopic force-

skills training. Additionally, existing methods of laparo-

scopic training do not effectively train residents and nov-

ices on force-skills. Hence, there is growing need for the

development of force-based training curriculum.

Objective As a first step towards force-based laparo-

scopic skills training, this study analysed force perception

difference between laparoscopic instrument and finger in

contralateral bimanual passive probing task.

Methods The study compared the isometric force

matching performance of novices, residents and surgeons

with finger and laparoscopic instrument. Contralateral

force matching paradigm was employed to analyse the

force perception capability in terms of relative (accuracy),

and constant errors in force matching.

Results Force perception of experts was found to be

better than novices and residents. Interestingly, laparo-

scopic instrument was more accurate in discriminating the

forces than finger. The dominant hand attempted to match

the forces accurately, whereas non-dominant hand (NH)

overestimated the forces. Further, the NH of experts was

found to be most accurate. Furthermore, excessive forces

were applied at lower force levels and at very high force

levels.

Conclusions Due to misperception of force, novices and

residents applied excessive forces. However, experts had

good control over force with both dominant and NHs.

These findings suggest that force-based training curricula

should not only have proprioception tasks, but should also

include bimanual force-skills training exercises in order to

improve force perception ability and hand skills of novices

and residents. The results can be used as a performance

metric in both box and virtual reality based force-skills

training.

Keywords Force-based training � Laparoscopic training �
Probing � Contralateral force matching � Handedness �
Performance metric

In conventional surgery, direct physical contact with bare

hands or fingers are used to identify the areas of abnormality;

whereas in laparoscopic surgery, tissue is examined by

exerting probing force with long and thin laparoscopic

instrument (LI). Haptics feedback is reduced in laparoscopic

surgery, due to the usage of long LI’s [1–3]. Consequently,

residents and surgeons apply excessive probing forces.Many

intra-operative errors in laparoscopic surgery are due to the

exertion of excessive forces [4–6]. It is quite difficult for

residents and surgeons to precisely apply tissue probing
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forces that arewithin the safety force range [3] and there is no

feedback on accuracy of forces exerted by residents and

surgeons. It is very hard to infer the extent of trauma caused

by the exertion of excessive forces, unless a tissue injury or

tear is clearly visible [7–10]. Further, studies on force-based

laparoscopic skills assessment have shown that novice lap-

aroscopic residents exert excessive forces compared to sur-

geons [11, 12]. As force perception in conventional surgery

is different from that of laparoscopic surgery, discrimination

of force becomes a crucial measure of surgical performance

evaluation [13]. Unfortunately, research in laparoscopic

surgery thus far has not studied the force discrimination in

terms of matching errors of self-generated forces in laparo-

scopic force-skills training (i.e. using LIs) compared to

conventional surgical training (i.e. using bare index finger).

As no feedback is available on exertion of tissue damaging

forces, the question that still remains unanswered is how

surgeons or novices perceive their own force without

external information? In this paper, we havemade an attempt

to answer this by analysing the force matching error of self-

generated forces between LI used in laparoscopic surgery

and index finger in conventional surgery in a force-based

passive probing task. In other words, the objective of our

study was to evaluate the force perception difference in

conventional (finger) and laparoscopic (LI) bimanual force-

based probing. Additionally, this study analysed the force

perception difference between dominant hand (DH) and non-

dominant hands (NH) during probing.

Probing

Probing is a basic task, and is a substitute for direct

palpation in laparoscopic surgery. Although probing is a

basic task, it is a fundamental task for many complex

laparoscopic skills such as insertion, cutting, clipping,

suturing, pushing and sweeping. In complex laparoscopic

tasks, precise and controlled probing is necessary to

avoid tissue damage [5, 14]. Further, probing is one of

the salient laparoscopic force-skills that are highly criti-

cal for successful laparoscopic surgical performance [15].

In many research studies, probing is usually considered

as a compliance discrimination task in which a combi-

nation of linear displacement and force perception is

coupled [10, 16–19]. The compliance discrimination task

involves tapping of compliance surface. We consider this

notion of probing as active probing. In order to study the

force perception without displacement, passive probing

was proposed and used in our study, which involves

isometric muscle contractions. In passive probing, the

instrument will be static (i.e. displacement of the

instrument will be negligibly small) and will always be

in contact with the surface of tissue (Fig. 1); whereas in

active probing, the instrument will be moved to and fro,

to perform a tapping task and may or may not be in

contact with the tissue (Fig. 2). Further, during passive

probing, the muscles involved in the task do not change

their length, but the tension in the muscle changes

according to the force applied on the tissue; whereas in

active probing, both the muscle length and tension

changes according to the force exerted. Practical moti-

vation for studying passive probing is, first, that it is

simpler than active probing. Second, the speed and the

direction of probing are ignored in passive probing tasks.

In addition, control mechanism of active probing is much

more complex than passive probing, and neurological

control of probing itself is poorly understood [20]. Thus,

passive probing might provide a better insight to the

underlying mechanics of active probing.

Studies which have explored the effect of active probing

in compliance discrimination tasks comparing LI and fin-

ger have shown that finger is better than LI in differenti-

ating compliances [10, 16–19]. However, no significant

difference was found in the accuracy of compliance dis-

crimination between finger and LI [18]. Further, a study by

Xin, 2009 revealed that subjective evaluation of force

output was superior in LI compared to finger [19]. The

above cited studies have compared LI and finger in ipsi-

lateral conditions, where the force is generated by the same

hand that is actively probing. In order to study force per-

ception in a realistic laparoscopic surgical environment,

where both the upper extremities (hands) are used for

probing, we used a contralateral force matching paradigm.

As probing forces are exerted with both the upper

extremities during laparoscopic surgery, forces applied

from one hand could serve as a reference for the probing

forces of the contralateral hand.

Fig. 1 Passive probing
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Contralateral force matching

In contralateral paradigm, the reference forces are pro-

duced by a combination of muscles present in the limb, and

matching forces are produced by the same or different set

of muscles of the contralateral limb. Force perception in

contralateral paradigm depends on many parameters. First,

perception of force is relative to the effort producing

maximal force [21–24]. Second, the matching performance

in contralateral paradigm depends on the muscle groups

involved in exerting forces [25]. Third, reference forces

generated by a limb can be accurately matched only when

the matching is performed with similar muscle groups [26].

In our study, the intra-modality force matching tasks were

performed by similar muscle groups. Further, studies on

contralateral finger force matching have shown that the

subjects overestimated smaller forces compared to large

forces [21, 27, 28], but no data are available for force

matching with LI. In laparoscopic surgery, the magnitude

of the force exerted (i.e. small or large) depends on the

nature of the tasks being performed by novice residents and

surgeons [11, 29–32]. In order to study the accuracy, and

the degree of underestimation and overestimation at dif-

ferent force magnitudes, we chose a force range of

1.5–9.5 N, which falls within the tissue damaging limits of

0.1–10 N [3]. Furthermore, studies on contralateral force

matching tasks have shown that handedness plays a major

role in exerting appropriate forces [33–36].

Handedness

Studies which investigated the effect of handedness in

isometric index finger force matching tasks have shown

that (1) DH finger produces higher force compared to NH

finger [35]; (2) DH overestimates the forces of NH and (3)

the matching error is more when DH finger matches the

force of NH finger [33]. In laparoscopy, handedness is one

of the important factors influencing the performance of

basic and complex laparoscopic skills. Numerous studies

have reported the effect of handedness on psychomotor

skills of novices and surgeons [37–43]. A common finding

Fig. 2 Sequence involved in

active probing
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from the above cited studies is that the DH can perform

complex laparoscopic tasks with ease compared to NH.

Further, few other studies have shown that right-handed

residents or surgeons with either of their hands can perform

the tasks faster with lower error rates compared to left-

handed individuals [37, 40, 41]. Conversely, performance

of left-handed individuals was observed to be better during

the initial phase of the basic tasks performed on laparo-

scopic simulator [42], and when operating on situs inversus

patients [44, 45]. While studies in past have focused mainly

on position and navigation skills, none to our knowledge

have explored the effect of handedness in force-based

bimanual laparoscopic skills training and conventional

training, specifically, with respect to overestimation and

underestimation of forces. Additionally, during laparo-

scopic surgery, overestimation and underestimation of

forces can occur in the tasks which demand the exertion of

forces from both the hands. For example, the force exerted

from one hand could overestimate or underestimate the

forces of the contralateral hand. The above factors moti-

vated the authors to investigate the effect of handedness on

the accuracy of force matching, and the overestimation and

underestimation of self-generated forces with LI and index

finger in flexed arm posture modalities. In this study, we

hypothesize that error in index finger force probing would

be lesser than that of LI, and DH would perform better than

NH.

Materials and methods

Subjects

Thirty-six healthy subjects without any neurological and

musculo-skeletal disorders voluntarily participated in the

experiment. The description of subjects is summarized in

Table 1. No subjects were known to have any difficulty in

identifying colours, since the visual feedback involves

colour changes. No subject was found to be ambidextrous

[46]. Subjects had no prior information on the nature of the

experiment. Subjects gave informed consent for the

experiment.

Experimental setup

TekscanTM Model A201 flexi force piezo resistive force

sensor, with sensing area diameter 9.53 mm, thickness

0.208 mm, was used for sensing the force exerted by the

subjects. The force sensors were mounted on the Eco-

Flex00-30TM material. The spacing between two force

sensors was 100 mm. The arrangement of force sensors

was common to both the experimental setups.

Force matching with laparoscopic instrument

In this experimental setup, two identical LI’s with similar

pivot mechanisms were mounted on a rectangular wooden

board. The wooden board was inclined at an angle of 35� in
axial plane, and was placed at a height of 350 mm from the

base of the setup with the help of a supporting wooden

block. This wooden block was mounted at the center of the

base, such that it formed a T-shape structure (Fig. 3). In

Table 1 Description of subjects

Group Number of

subjects (N)

Description

Novice N = 12 Engineering Post Graduates (3 left;

3 right handed) and medical students

(3 left; 3 right handed)

Resident N = 3

N = 3

N = 6

Post Graduate Year = 1 (1 left; 2 right

handed)

Post Graduate Year = 2 (1 left; 2 right

handed) Post Graduate Year = 3;

(2 left; 4 right handed)

Expert N = 6; Surgeons with experience[5 years

(2 left; 4 right handed)

N = 6; Surgeons with experience[8 years

(2 left; 4 right handed)

Fig. 3 Animated model of subject performing force matching task

with laparoscopic instrument in flexed arm posture
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order to mount the force sensors, a separate rectangular

wooden board was fixed at a distance of 150 mm from the

rear end of the T-shape structure, inclined at an angle of

40� from the base. The length of the LI shaft was 420 mm.

The T-shaped LI holder and the force sensors mounted on

silicone were placed on a wooden support, so as to match

the average height of the subjects. A square monitor was

mounted at the base of the wooden support, and the height

of the monitor was adjusted appropriately to ensure better

hand and eye coordination (Fig. 3).

Force matching with index finger in flexed arm posture

In this experimental setup, the force sensors were mounted

on a similar T-shaped structure which was used for LI force

matching. The geometry and dimensions of the setup were

similar to that of LI force matching. But, the lower wooden

block mounted at the rear end of the T-shaped base

structure and the LIs along with pivots were removed.

Force sensors were mounted at the same position, where

the LIs are mounted (Fig. 4).

Visual feedback

A visual feedback of the target reference forces was pre-

sented to the subject on a square monitor. Since the sub-

jects generated their own reference forces, visual feedback

of the target forces helps them maintain the reference force

in the reference arm. When subjects reached the target

reference level, the visual feedback changes colour from

red to green. The position of the monitor is considered as

an important factor of task performance in laparoscopic

surgery [47–49]. In order to ensure better hand and eye

coordination, the monitor was placed at an angle of 158
below the eye level. The distance between the subject and

the monitor was 0.6 m [49, 50] (Figs. 3 and 4). This setup

was common for both LI and index finger in flexed arm

posture (IFA) force matching tasks.

Experimental procedure

The contralateral isometric force matching experiment was

conducted for four different conditions: IFA—DH, IFA—

NH and LI—DH, LI—NH. Visual feedback consisting of

change in colour from red to green was provided only for

the arm which exerted the reference probing forces, and not

for the experimental arm that matched the reference

probing forces. The target reference force levels were 1.5,

3.5, 5.5, 7.5 and 9.5 N, and the hand conditions and the

modalities were delivered randomly.

Laparoscopic instrument

The first phase of the experiment involved two steps, first

generating a reference force in DH, and second matching

the reference force in NH. Subjects were instructed to first

reach a chosen target reference probing force level by

exerting isometric flexion force on the sensors using the LI

held in their DH. When subjects reached the target refer-

ence level, the colour of the visual feedback is changed

from red to green. They were then instructed to maintain

the target reference probing force in their LI-DH and match

the magnitude of the reference probing force without visual

feedback using the LI held in their contralateral hand (i.e.

with NH). Subjects did not lose control over the reference

probing force, while trying to apply the matching probing

force. When the subjects were confident of applying an

isometric flexion probing force that matched with the ref-

erence force level, a verbal indication was given to the

experimenter. The reference and matched probing force

data were recorded simultaneously for 5 s. The LI was held

in a standard predefined posture (Fig. 5A) with arms

flexed, for exerting both reference and matching forces. In

the second phase of the isometric force matching experi-

ment, the reference force was generated by the NH and the

matching is performed by the DH. The same procedure as

in first phase was followed for data recording.

Fig. 4 Animated model of subject performing force matching task

with index finger in flexed arm posture
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Index finger in flexed arm posture

The experimental procedure was similar to that of LI force

matching. The only differing parameter was that the ref-

erence and matched probing forces were produced by

index finger. The isometric flexion forces were exerted in

a flexed arm posture (Fig. 5B). Proper care was taken to

ensure that only index fingers were used to exert force on

the force sensor, while remaining fingers were flexed

inwards to the palm. No support was utilized from the rest

of fingers when exerting both the reference and matched

forces. The wrists of both NH and DH were not flexed.

Data recording was similar to LI force matching

experiment.

In all the experimental conditions, no attempts were

made to assist the subjects in matching the reference

probing force, and no information was provided to the

subjects on the magnitude of the reference force and

closeness of the matched force. Subjects performed all the

experiments in a standing position.

Experimental design

In all the experimental conditions, subjects were given five

practice trials before the commencement of experiment.

There were a total of 100 (5 (Reference Force Levels: 1.5,

3.5, 5.5, 7.5 and 9.5 N) 9 2 (Hand Conditions: DH and

NH) 9 2(Modality: IFA and LI) 9 5 (Trials) = 100)

experimental trials for each group (novices, residents and

experts). Data were sampled at a rate of 20 Hz. A constant

target allowable force range was set across all force levels

which allowed subjects to deviate from the target by a

constant force of ±0.1 N. In order to reduce order and

carry over effects, the modalities, hand conditions, and

reference force levels were assigned randomly to all the

subjects in each of the 3 groups (Fig. 6). A time gap of

30 min was provided between the modality-wise force

matching conditions (i.e. finger and LI), and a time gap of

5 min was provided between consecutive hand conditions

(i.e. DH and NH), so as to avoid fatigue during force

matching.

Data analysis and statistics

In order to evaluate the force matching performance,

absolute and constant errors (CE) were calculated. Abso-

lute errors of matching performance provide clear infor-

mation on the accuracy of the subjects, as positive and

negative errors do not cancel each other out [25]. In our

study, the absolute errors (|FRef - FMatch|) were normal-

ized to the reference force values, and the percent nor-

malized absolute error ((|FRef - FMatch|)/FRef) 9 100 is

considered as relative matching error (%RME). The RME

ignores the direction of difference. In order to analyse the

direction of difference, CEs were calculated (FRef –FMatch).

CE is a systematic error in judgment, which provides the

information on the degree of underestimation (closely

matching the reference force or lesser force exertion) and

overestimation (excessive force application) of reference

probing forces. A positive value or direction of CE indi-

cated an underestimation and a negative CE indicated

overestimation. Both %RME and CE were calculated for

all subjects, and across all the trials. Standard descriptive

statistics were used. Levene’s test for homoscedasticity

was performed on each of the independent variables

(force, group, modality and hand). When the results of the

Levene’s test were not significant, ANOVAs and paired

sample t tests were performed on the factors that satisfied

the requirement of homoscedasticity and normality. Only

significant main effects and interactions were reported

from ANOVAs. Tukey HSD was used as the post hoc test

for comparison. Wherever necessary, Bonferroni correc-

tions were performed. When the results of the Levene’s

test were significant, appropriate non-parametric tests were

used. The a priori level of significance in all cases was set

to p B 0.05.

Fig. 5 Posture during force

matching. A Laparoscopic

instrument force matching task.

B Index finger flexed arm force

matching
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Results

Relative error

Levene’s test indicated equality of variance. Hence, four-

way ANOVA was performed on group, force, hand and

modality. The results revealed significant main effects of

group (F (2, 660) = 903.4, p\ 0.001), force (F (4, 660) =

388.8, p\ 0.001), hand (F (1, 660) = 19.9, p = 0.002)

and modality (F (1, 660) = 181.3, p\ 0.001) on % RME.

Post hoc analysis of the group main effect showed signif-

icant differences between the expert—resident (-18.50 %)

(p\ 0.001), expert—novice (-11.50 %) (p\ 0.001) and

novice—resident groups (-7.0 %) (p\ 0.001). The

%RME of experts (M = 26.97, SD = 10.83) was found

to be lesser than novices (M = 38.48, SD = 11.44) and

Fig. 6 Order of modality, hand

and force levels presented to all

the subjects
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residents (M = 45.48, SD = 12.38) (Fig. 7A). Residents

exhibited higher %RME. This indicates that, when com-

pared to novices and experts, residents did not match the

reference probing forces accurately. Post hoc analysis on

probing force revealed significant differences between all

possible combinations of probing force levels ranging from

1.5 to 7.5 N (p\ 0.001) (Fig. 7B). However, no significant

difference was observed for 7.5–9.5 N force pair

(p = 1.00). Highest value of %RME (48.76 %) was

recorded at 1.5 N and the lowest (28.74 %) at 7.5 N

(Fig. 7B). Further, Bonferroni corrections were performed

on hand and modality. The results showed that %RME of

DH (35.13 %) was marginally better than NH (38.23 %)

(Fig. 7C), and %RME of LI (29.33 %) was found to be

better than finger (44.62 %) (Fig. 7D).

Further, significant interactions were observed for

group 9 force (F (2, 660) = 264.7, p\ 0.001), group 9

modality (F (2, 660) = 11.4, p\ 0.001) and group 9 hand

(F (8, 660) = 94.5, p\ 0.001). Figure 8A shows that, out of

the three groups tested, experts had lower %RME’s at all the

force levels (p\ 0.001). However, when compared to the

residents, novices were more accurate in matching the

probing forces, but not accurate as experts (p\ 0.001)

(Fig. 8A). The examination of effects of modality on all

the three groups revealed that LI accurately matched the

probing forces with lower %RME compared to finger

(Fig. 8B). Further, when compared to novices and resi-

dents, experts were found to be accurate with LI (35 %)

and finger (19 %). However, when compared to residents

(LI: 38.03 %, Finger: 53 %), novices demonstrated

higher accuracy with LI (31.03 %) and finger (46 %)

(Fig. 8B).

The effect of handedness on %RME was observed in all

the groups. Within groups examination showed that the DH

of both the novices (37.35 %) and residents (44.25 %) was

more accurate than NH (Novices-NH: 40.12 %, Residents-

NH: 46.81 %) (Fig. 8C). But in expert group, NH

(24.18 %) was found to be accurate than the DH

(28.56 %).

As a follow up to the above findings, we performed a

paired sample t test to study the effect of hand and

modality conditions across the groups (Table 2). All

Fig. 7 Percent relative error with mean and standard error. A Performance comparison of groups. B Comparison of various levels of reference

force. C Effect of hand on %relative error. D Effect of modality
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possible pairs were found to be significant. Further, paired

sample t tests of modality and hand conditions for within

the groups (Table 3) were also found to be significant.

Significant interactions were also observed for for-

ce 9 hand (F (4, 660) = 141.9, p\ 0.001) and force 9

modality (F (4, 660) = 293.2, p\ 0.001). The % RME of

DH was lower than NH at 1.5 N (47.26 %), 5.5 N

(30.71 %), 7.5 N (29.83 %) force levels, and higher at

3.5 N (43.30 %) and 9.5 N (32.51 %) (Fig. 8D). Further,

NH accurately matched the probing forces with lower

%RME at 9.5 N (29 %) (Fig. 8D). On interaction of

modality with force, LI was found to be superior to finger

at all force levels (Fig. 8E).

The three way interactions of group 9 hand 9 modality

(F (2, 660) = 755.3, p\ 0.001) and group 9 force 9

modality (F (8, 660) = 27.5, p\ 0.001) were found to be

significant. Experts performed better than novices and

residents across all modality and hand conditions. Fig-

ure 8F shows that, out of the four conditions tested in each

of the three groups, NH—LI of expert group had lower

%RME (15 %). Further, when compared to residents and

novices, experts were more accurate in matching the

probing forces with the DH—LI (23 %), DH—finger

(34.18 %), NH—LI (15 %) and NH—finger (36.10 %).

But, when compared to experts and novices, residents

inaccurately matched the probing forces with LI and finger

at all the force levels (Fig. 9). Additionally, when com-

pared to finger, experts demonstrated greater accuracy with

LI at all force levels (Fig. 9).

Constant error

Levene’s test indicated unequal variances for force

(p\ 0.001). Hence, Kruskal–Wallis test was conducted to

examine the effect of force on CE. The test, which was

corrected for tied ranks, was significant v2 (4, N = 720)

= 55.58, p\ 0.001). Tamhane’s T2 used a post hoc test to

analyse the pair-wise difference among force levels. The

results revealed significant differences between 1.5 and

3.5 N (p\ 0.001); 1.5–5.5 N (p\ 0.001); 1.5–9.5 N (p =

0.005); 3.5–7.5 N (p = 0.006); 5.5–7.5 N (p\ 0.001) and

7.5–9.5 N (p = 0.004) force pairs (Fig. 10A). No other

force pairs were found to be significant. Additionally,

subjects overestimated the probing force at 1.5 (-0.11 N),

3.5 (-0.69 N), 5.5 (-1.03 N), 9.5 N (-0.98 N), and

underestimated at 7.5 N (0.14 N).

Equal variances were observed for group, hand and

modality. Between groups ANOVA showed significant

main effects of group (F (2,708) = 47.1, p\ 0.001), hand

(F (1, 708) = 31.4, p\ 0.001) and modality (F (1, 708) =

6.2, p = 0.013). Post hoc analysis on the group main effect

revealed significant differences between the expert—novice

(-1.53 N) (p\0.001), expert—resident (0.97 N) (p\0.001)

and novice—resident (-0.55 N) (p = 0.002) groups

(Fig. 10B). Experts (0.30 N) exerted lesser probing forces

than novices (-1.23 N) and residents (-0.67 N) (Fig. 10C);

whereas residents overestimated the probing forces, but

the magnitude of overestimation was lower than novices

(Fig. 10C). The effects of handedness on CE’s revealed that

both NH (-0.90 N) and DH (-0.16 N) overestimated the

reference force (Fig. 10D). Although DH overestimated the

reference probing force, it fared better than NH. Further, effects

of modality showed that LI (-0.37 N) and finger (-0.70 N)

overestimated the reference forces (Fig. 10E). However, LI

was superior to finger, as the magnitude of overestimation was

less than finger.

bFig. 8 Percent relative error of interactions. A Performance of groups

by force levels. B Performance of group by modality conditions.

C Performance of groups by hand conditions. D Performance of hand

at various force levels. E Performance of modality at various force

levels. F Effects of modality as a fucntion of hand

Table 2 Between groups pair-

wise difference in terms of %

Relative matching error

N novices, R residents,

E experts, NF non-dominant

finger, DF dominant finger, NL

non-dominant laparoscopic

instrument, DL dominant

laparoscopic instrument

%Relative error (inter modality and hand pairs across groups) Paired differences

Mean Std. deviation Significance

(p value)

Pair 1 NF(N)–NF(R) -7.0 0.77 \0.001

Pair 2 NF(E)–NF(R) -16.02 0.95 \0.001

Pair 3 NF(N)–NF(E) 9.02 0.95 \0.001

Pair 4 DF(E)–DF(R) -19.84 0.68 \0.001

Pair 5 DF(N)–DF(R) -7.0 0.82 \0.001

Pair 6 DF(E)–DF(N) -12.84 0.68 \0.001

Pair 7 NL(R)–NL(N) 7.0 1.10 \0.001

Pair 8 NL(E)–NL(N) -19.43 1.24 \0.001

Pair 9 NL(R)–NL(E) 26.63 1.24 \0.001

Pair 10 DL(E)–DL(R) -11.54 1.13 \0.001

Pair 12 DL(E)–DL(N) -4.74 1.13 \0.001
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There were significant interactions for group 9 hand

(F (2, 708) = 4.7, p = 0.009), group 9 modality (F (2,

708) = 6.0, p = 0.003) and hand 9 modality (F (1,

708) = 50.6, p\ 0.001). Novices overestimated the ref-

erence forces with DH (-0.91 N) and NH (-1.55 N);

whereas residents overestimated the force with NH

(-1.31 N) and attempted to match the reference force

closely with DH (-0.04 N) (Fig. 11A). Further, experts

underestimated probing forces with their DH (0.45 N), but

they were able to match the probing forces accurately with

their NH (0.15 N) (Fig. 11A). The effects of modality on

group showed that, when compared to novices and residents,

experts underestimated the probing forces with LI (0.15 N)

and finger (0.45 N) (Fig. 11B). While residents overesti-

mated the forces with LI (-0.43 N) and finger (-0.92 N),

the magnitude of overestimation was lesser than novices

(Fig. 11B). Further, in all the three groups, LIwas superior to

finger. Furthermore, interaction of hand and modality

showed that NH—LI (-0.27 N) and DH—LI (-0.47 N)

overestimated the probing forces. However, DH - finger

(0.13 N) underestimated and NH—finger (-1.53 N) over-

estimated the probing forces (Fig. 11C).

Paired t tests of the hand and modality conditions across

groups showed significant difference between DH—NH

and LI—finger pairs (p\ 0.001) (Table 4). However, no

significant difference was observed between a) NH-finger

of novices and NH—finger of residents (p = 0.067); b)

DH—LI of novices and DH—LI of residents (p = 0.566).

Paired t tests were also performed for within-group hand

and modality conditions (Table 5). While most of the pairs

were found to be significant, no significant difference was

observed between NH—LI and DH—LI of novices

(p = 0.675)

A significant interaction of group 9 hand 9 modality

(F (2, 708) = 22.5, p\ 0.001) showed that, when com-

pared to novices, residents (-0.03 N) and experts

(-0.02 N) accurately matched the probing forces with their

NH—LI (Fig. 11D). When compared to novices and resi-

dents, experts applied lesser force with DH—LI (0.29 N).

Additionally, experts applied less probing force with DH—

Table 3 Within group pair-

wise difference in terms of %

Relative matching error

N novices, R residents,

E experts, NH non-dominant

hand, DH dominant hand, NF

non-dominant finger, DF

dominant finger, NL non-

dominant laparoscopic

instrument, DL dominant

laparoscopic instrument, FING

finger, LAP laparoscopic

instrument

%Relative error (inter modality and hand pairs across groups) Paired differences Significance

(p value)
Mean Std. deviation

Pair 1 NF(N)–DF(N) -2.11 1.00 \0.001

Pair 2 NL(N)–DL(N) 6.69 1.82 \0.001

Pair 3 NH(N)–DH(N) 2.25 .75 \0.001

Pair 4 FING(N)–LAP(N) 14.90 .78 \0.001

Pair 5 NF(R)–DF(R) -2.18 1.00 \0.001

Pair 6 NL(R)–DL(R) 7.09 1.82 \0.001

Pair 7 NH(R)–DH(R) 2.45 .75 \0.001

Pair 8 FING(R)–LAP(R) 14.90 .78 \0.001

Pair 9 NF(E)–DF(E) 1.63 .48 \0.001

Pair 10 NL(E)–DL(E) -8.00 .53 \0.001

Pair 11 NH(R)–Dh(R) -3.18 .30 \0.001

Pair 12 FING(E)–LAP(E) 16.05 .30 \0.001

Fig. 9 Performance of groups as a function of modality at various force levels
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LI (0.22 N), DH—finger (0.61 N), NH—finger (0.28 N),

and NH—LI (0.02) (p\ 0.001). Further, novices

(-2.26 N) and residents (-2.61 N) overestimated the

probing force with NH—finger. While residents (0.77 N)

underestimated, novices (-0.98 N) overestimated the

probing force with DH-finger.

Discussion

Majority of intra-operative errors in laparoscopic surgery

occur due to improper perception of force [6]. As no

feedback is available on the exertion of excessive force,

proper force-skills training curricula needs to be designed

to reduce intra-operative errors. Therefore, as a first

step towards contralateral bimanual force-based laparo-

scopic skills training, we performed quantitative analysis in

terms of relative and constant matching errors. The major

findings of our current work are (1) the force perception of

experts was highly accurate than novices and residents; (2)

residents and novices applied excessive probing forces; (3)

the relative accuracy of novices was better than residents,

but they overestimated the probing forces by a large

amount; (4) LI was superior to finger; (5) the DH attempted

to match the probing forces accurately with a small margin

of overestimation; (6) NH applied excessive forces and

hence, overestimated the forces by a large amount and (7)

experts accurately matched the probing forces with NH.

Till date, this is the first study to quantify the difference in

force perception between novice, residents and experts in

contralateral bimanual force-based probing with finger and

LI.

bFig. 10 Constant error. A Overestimation and underestimation at

various force levels. B Comparison of various groups with mean and

standard error. C Comparison of various groups by box plot. D Effect

of hand. E Effect of modality

Fig. 11 Constant error with mean and standard error. A Performance of various groups as function of hand. B Performance of various groups as

function of modality. C Effect of hand as a function of modality. D Performance of various groups as a function of modality and hand conditions
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Groups

Experts had good control over probing forces. Conse-

quently, they applied lesser probing forces than novices

and residents (p\ 0.001). This resulted in lower %RME’s

at all the levels of reference probing force. When compared

to novices, residents applied lesser probing forces, but their

relative accuracy was poor. Further, compared to residents,

novices demonstrated greater relative accuracy, but they

applied excessive probing forces resulting in overestima-

tion. The reason for expert’s high accuracy as revealed

form %RME and CE may be accounted to experience [11,

12, 51]. Additionally, experts experience may also have

resulted in greater force perception ability. Further, the

pattern in which forces were applied indicates that experts

were more cautious about possible object damage, since the

object being probed was not a real tissue. Another

interesting finding is that the relative accuracy of novices

was better than residents. A possible explanation for this

could be that novices consistently matched the probing

forces with a constant shift in force perception threshold

across all force levels, modalities and hand conditions

because in relative error calculation, the errors with dif-

ferent signs do not cancel each other out. However, CEs

show that novices consistently overestimated the forces

across all modalities and hand conditions (Fig. 11D). But,

the force perception of residents varied across modalities,

hand and force levels. Due to this the magnitudes of

overestimation as indicated by CEs were small compared

to novices. Further, in all the groups, the %RME was found

to be inversely proportional to the applied force and tends

to increase at the boundary (9.5 N) of tissue damaging

force limit (\10 N). Excessive forces were applied at 1.5,

3.5, 5.5 and 9.5 N. Hence, residents and surgeons should be

Table 4 Between groups pair-

wise difference in terms of

constant error

N novices, R residents,

E experts, NH non-dominant

hand, DH dominant hand, NF

non-dominant finger, DF

dominant finger, NL non-

dominant laparoscopic

instrument, DL dominant

laparoscopic instrument, FING

finger, LAP laparoscopic

instrument

Constant error (inter modality and hand pairs across groups) Paired differences Significance

(p value)
Mean Std. deviation

Pair 1 NF(N)–NF(R) -0.35 0.02 0.067

Pair 2 NF(E)–NF(R) 2.60 0.05 \0.001

Pair 3 NF(N)–NF(E) -2.24 0.05 \0.001

Pair 4 DF(E)–DF(N) 2.01 0.03 \0.001

Pair 5 DF(R)–DF(N) 2.31 0.05 \0.001

Pair 6 DF(E)–DF(R) -0.30 0.04 \0.001

Pair 7 NL(E)–NL(N) 0.86 0.08 \0.001

Pair 8 NL(R)–NL(E) -0.36 0.08 \0.001

Pair 9 NL(N)–NL(R) -0.50 0.02 \0.001

Pair 10 DL(E)–DL(R) 1.15 0.08 \0.001

Pair 11 DL(N)–DL(R) 0.01 0.07 0.566

Pair 12 DL(E)–DL(N) 1.14 0.03 \0.001

Table 5 Within groups pair-

wise difference in terms of

constant error

N novices, R residents,

E experts, NH non-dominant

hand, DH dominant hand, NF

non-dominant finger, DF

dominant finger, NL non-

dominant laparoscopic

instrument, DL dominant

laparoscopic instrument, FING

finger, LAP laparoscopic

instrument)

Constant error (Within—group pairs) Paired differences Significance

(p value)
Mean Std. deviation

Pair 1 NF(N)–DF(N) -1.28 0.05 \0.001

Pair 2 NL(N)–DL(N) 0.01 0.08 .675

Pair 3 NH(N)–DH(N) -0.63 0.05 \0.001

Pair 4 FING(N)–LAP(N) -0.78 0.05 \0.001

Pair 5 NF(R)–DF(R) -3.94 0.05 \0.001

Pair 6 NL(R)–DL(R) 0.52 0.09 \0.001

Pair 7 NH(R)–DH(R) -1.71 0.04 \0.001

Pair 8 FING(R)–LAP(R) -0.05 0.07 .048

Pair 9 NF(E)–DF(E) -1.04 0.02 \0.001

Pair 10 NL(E)–DL(E) -0.27 0.03 \0.001

Pair 11 NH(E)–DH(E) -0.66 0.01 \0.001

Pair 12 FING(E)–LAP(E) 0.34 0.02 \0.001
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trained to exert very low and high forces. But, training may

not be required for medium force levels.

Modality

The measure of %RME and CE of the three groups on

modality showed that force perception with LI was supe-

rior to finger. This result was unexpected, as we presumed

that finger would perform better, because of its direct

contact with the object under probing. The finding of LI

being superior to finger contradicts with earlier studies on

compliance discrimination, which have shown that finger is

better compared to LI [10, 16–19]. The reasons for this

contradiction could be due to (1) our study used passive

probing technique, (2) previous compliance discrimination

studies did not employ contralateral isometric force

matching paradigm, in which same category of muscles

was involved in exerting both the reference and matched

forces. Another possible factor that may account for greater

accuracy in LIs could be the posture and different muscle

groups involved in matching. Force probing with LI

involves finger flexors, forearm and elbow flexors. During

probing, the handle of LI was held with five fingers as palm

grasping technique was used. Further, finger flexors are

known to have lower force control error with finer balance

of force [25]. Hence, the combination of all the flexed five

finger flexors in hand could have resulted in stronger grip

and hence finer force control; whereas in finger force

matching, finger flexor of index finger alone is responsible

for controlling the forces. Furthermore, the performance of

experts with both LI and finger was better than novices and

residents (p\ 0.001). But, novice and residents overesti-

mated the forces with LI and finger.

Handedness

In our study, handedness affected the contralateral

bimanual task of force probing (p\ 0.001). Force-wise,

the %RME of both DH and NH decreased with increase in

force levels. This suggests that surgeons and residents

should be extra cautious on tissues which demand lower

force exertion. Modality-wise, DH—finger applied lesser

probing forces. But, NH-finger overestimated the forces by

a large amount. Hence, the net force of finger (i.e.

DH ? NH of finger) overshot heavily. Overall, the DH was

more accurate than NH. When compared within groups, the

accuracy of DH of novices and residents was better than

their NH (p\ 0.001). The reasons for this effect may be

due to (1) lack of experience in using NH during surgery,

(2) novices and residents use their DH predominantly to

assist surgeons during surgery and (3) intermanual transfer

of skill from NH to DH [52]. Contrary to the above finding,

the NH of experts was more accurate than their DH. This

suggests that experts were extra cautious in exerting forces

with their NH. One reason for better performance of NH in

experts is that, with experience intermanual transfer of skill

could have occurred from DH to NH. As DH of experts is

skilled to handle critical tasks during surgery, the NH could

have learnt to apply appropriate forces from DH. The

phenomenon of transfer based learning on laparoscopic

task [38] suggests that appropriate training on NH could

yield improved results on DH side. However, this study did

not examine force-based transfer of skill. Our study being a

force-based study, there could be a possibility of transfer of

force exertion skill from DH to NH. In order to prove and

validate intermanual transfer of skill, many more studies

with force-based bimanual tasks have to be conducted.

Further, in our study, novices and residents overestimated

the forces with both NH and DH; whereas experts under-

estimated the forces. Additionally, DH of residents was

found to be much better, but their NH overestimated the

forces by a large magnitude.

The results on handedness suggest that, contralateral

bimanual training is recommended for force-based tasks

that demand exertion of small magnitude of forces. For

example, in laparoscopic ovarian cystectomy, where in

precise and accurate force exertion is required to puncture

the cysts without damaging the ovaries. On practical sig-

nificance of handedness, wherever accurate delivery of

forces is needed, use of DH is suggested. Furthermore, in

order to avoid excessive force exertion, residents and

novices need proper training when exerting small magni-

tude of forces with their NH.

Our research reveals pressing need for the development

of bimanual force-based curriculum for proficient lapa-

roscopy. Further, residents and novices should undergo

rigorous training to enhance their bimanual force-skills, as

results from our study show that their force perception is

altered by a huge margin with the use of dominant and non-

dominated hands. Another important observation is that,

unlike experts, residents and novices misjudged the elastic

properties of the silicone object under probing, due to this

their force perception was hampered.

Conclusions

In this work, we have evaluated the force-skills of novices,

residents and experts on a simple probing task. Most

importantly, this study can be considered as a first step

towards contralateral bimanual force-based training. Over-

all, the outcome of the study indicates that, force-based

contralateral bimanual tasks have to be included in the

training curricula to avoid intra-operative errors. Addi-

tionally, the curriculum should incorporate robust perfor-

mance metrics to evaluate the force-skills of residents and
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novices. Results from our study indicate that, for a simple

force-based probing, training may not be essential for

expert surgeons. However, force-skills training is essential

for residents and novices, as modern day box and simulator-

based curriculum do not effectively teach contralateral

bimanual force-skills. Our study adds one more dimension

to the role of force perception in laparoscopic and con-

ventional force-skills training. The results from our study

could be used (1) in the design of force-based laparoscopic

skills training modules to reduce the cognitive and physical

load on residents and novices and (2) in the development of

performance metric to assess the learning curve of residents

and novices.

Future work should focus on (1) evaluating the perfor-

mance of dominant and NHs for other force-based tasks such

as grasping and sweeping, and (2) learning through inter-

manual transfer of force-skills.
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