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Background: Objective force- and motion-based assessment is currently lacking in laparoscopic skills
curricula. This study aimed to evaluate the added value of parameter-based assessment and feedback
during training.
Methods: Laparoscopy-naïve surgical residents that took part in a 3-week skills training curriculumwere
included. A box trainer equipped with the ForceSense system was used for assessment of tissue
manipulation- (MaxForce) and instrument-handling skills (Path length and Time). Learning curves were
established using linear regression tests. Pre- and post-course comparisons indicated the overall pro-
gression and were compared to predefined proficiency levels. A post-course survey was carried out to
assess face validity.
Results: In total, 4,268 trials, executed by 24 residents, were successfully assessed. Median (interquartile
range) MaxForce outcomes improved from 2.7 Newton (interquartile range 1.9e3.8) to 1.8 Newton
(interquartile range 1.2e2.4) between pre- and post-course assessment (P � .009). Instrument Path length
improved from 7,102.2 mm (interquartile range 5,255.2e9,025.9) to 3,545.3 mm (interquartile range
2,842.9e4,563.2) (P �.001). Time to execute the task improved from 159.8 seconds (interquartile range
119.8e219.0) to 60.7 seconds (interquartile range 46.0e79.5) (P � .001). The learning curves revealed
during what training phase the proficiency benchmarks were reached for each trainee. In the survey
outcomes, trainees indicated that this curriculum should be part of a surgical residency program (mean
visual analog scale score of 9.2 ± 0.9 standard deviation).
Conclusion: Force-, motion-, and time-parameters can be objectively measured during basic laparoscopic
skills curricula and do indicate progression of skills over time. The ForceSense parameters enable
curricula to be designed for specific proficiency-based training goals and offer the possibility for objective
classification of the levels of expertise.

© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Introduction
 The complexity of this technique, compared to open surgery, has
Patient safety in minimally invasive surgery (MIS) must be
ensured by adequate training and assessment of technical skills.1e3
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resulted in a more shallow learning curve (LC) with relatively little
improvement after each case or trial.4 This is explained by the loss
of a degree of freedom and the loss of three-dimensional vision.5e7

Moreover, the use of relatively long instruments resulted in the
fulcrum effect, amplified tremor, and the loss of haptic feedback.8

Over the past few decades, it has become clear that advance-
ments in technology and expertise in training directly translated
into enhanced patient safety.9 Therefore, technical skills should
preferably be mastered in advance of performing MIS in the oper-
ating room (OR). Moreover, mastery of this aspect of surgical
competence should be objectively assessed.10

Recently, much effort was devoted to the development of per-
formance parameters that reflect efficient and safe tissue interac-
tion. For example, force exertion parameters (eg, MaxForce)
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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indicate if tissue damage occurs during manipulation, and instru-
ment motion parameters, such as “Path length” and “Volume of
motion,” indicate any risk of unintended interactionwith tissue out
of the camera’s scope.11e17 Despite the development and validation
of tools for objective assessment of technical skills acquisition over
the past decades, structural implementation and adoption into
surgical curricula are still lacking. These systems enable the earlier
mentioned parameter-based assessment of gentle tissue manipu-
lation (force-based parameters) and instrument handling skills
(motion-based parameters and time). Trainers utilizing these tools
can be facilitated and objectively informed about whether their
trainee has reached the desired level of technical skills and, thus,
whether the LC for the above-mentioned skills is passed sufficiently
before operating on real patients.

Patient safety may be improved if novice laparoscopic sur-
geons perform their first operation on a real patient after reaching
the plateau phase for technical skills in a simulation environ-
ment.18 However, accumulating evidence reveals the individual
variability in the gradient of the LC.19 In contrast to trainees
possessing innate technical ability, previous research showed that
the vast amount of trainees appeared to be moderate or low
performers (71e90%).20 This group struggled to achieve progres-
sion with every trial, and some never met the predefined level of
competence (ie, the predefined level of proficiency) at the end of
the training.

In this present study, we aimed to map individual differences in
LC by using force- and motion-based assessments. We sought to
determine whether parameter outcomes can be utilized to assess
the differences in LC among individual trainees in order to optimize
feedback during training. We hypothesized that the assessment
tool would be able to discriminate between trainees and that a
wide range of technical skill sets during trainingwould be revealed.
Moreover, we aimed to provide an indication on whether the
plateau phase has been reached to indicate if the trainees have
acquired the requisite level of proficiency before operating on real
patients.

Methods

This prospective cohort study was conducted between April
2018 and August 2019. A novel designed and validated training
program for fundamental laparoscopic skills (FLS) training was
implemented into clinical practice.

Participants

In this multidisciplinary setup, first-year general surgical resi-
dents with no or limited prior laparoscopic experience were
included as a trainee (Supplementary Table S1). All participants
were affiliated with the Amsterdam University Medical Center
(Amsterdam UMC) and received their training at either the De-
partments of General Surgery, Urology, Plastic and Reconstructive
Surgery, or Orthopedic Surgery. Trainees were enrolled in this na-
tional training program as part of the first 2 years of their regular
general surgery residency program in the Netherlands.

Systems and hardware

A portable box trainer (Supplementary Figure S1) measuring
45� 30� 25 cm (LAPSTAR training system, Camtronics B.V., Son en
Breugel, the Netherlands) was used for all experiments. The box
was equipped with the ForceSense system (MediShield B.V., Delft,
the Netherlands) for objective tracking, monitoring, and
assessment of tissue interaction forces and instrument handling
metrics.16,21 This system was connected to a user interface (Win-
dows Surface tablet, Microsoft, Redmond, WA) with ForceSense.net
client software to track performances and to facilitate direct online
data logging on the website that was in concordance with local
privacy regulations.

The task set (Supplementary Figure S2) consisted of 4 previously
validated task inserts (3Dmed, Franklin, OH) commonly used to
train FLS.18,22,23 A fifth task (Medishield, Delft, the Netherlands) was
developed and validated at the Department of Biomechanical En-
gineering at Delft University of Technology, specifically for training
tissue manipulation skills and bimanual dexterity.16,24 Moreover,
the potential value of this task was previously demonstrated in a
pilot study.18 The sixth task is known as the “Pattern Cut Tasks,”
which is commonly known to be part of the FLS curriculum by the
American Board of Surgery.23,25 Two curved Maryland dissection
forceps and 1 laparoscopic scissors (Aesculap, Bbraun, Melsungen,
Germany) were used.
Training

At first, participants were instructed to perform an intra-
corporeal suturing task, which was not part of the course, to
familiarize themselves with the instruments and equipment
without influencing the LC. After successful completion, partici-
pants performed the 6 training tasks per-protocol
(Supplementary Figure S3) in a fixed order as a baseline assess-
ment. Subsequently, the box trainer was taken home for 3
consecutive weeks, during which trainees were instructed to
autonomously train a minimum of 4 sessions per week, with a
minimum of 15 minutes for each training session. All participants
were assigned to train the tasks in the same fixed order and to
move only to the next task when the preset training goal was
reached. This training goal was established during a previous
validation study.18 The mean parameter outcomes of 7 laparo-
scopic surgeons (number of advanced procedures >50) were
considered the proficiency benchmark for this course. After
passing the predefined proficiency level for the 6 tasks, trainees
were allowed to continue their mastery of skills beyond this level,
as long as their intrinsic motivation was not depleted. The 6 tasks
were performed consecutively again as a post-course assessment
to determine the effectiveness of this course in terms of pro-
gression at the end of the 3-week course. As all parameter data
and videos were stored at the ForceSense.NET database, the
progress of trainees was monitored and skills levels were regis-
tered to ensure that each participant executed the training
properly.
Measurements and feedback

The ForceSense measurement system measures and records a
total of 17 parameters for each trial. The 5 different tissue handling
parameters are based on 3D measurement of force appliance and
manipulation of tissue. The 12 motion analyses parameters (MAP)
(eg, path length, insertion depth, and motion volume) are based on
3D measurements of tip position and motion analysis information
of both instruments. Based on previous validation studies executed
with the proposed training tasks, the 7 most discriminating and
relevant parameters regarding the assessment of tissue trauma
were analyzed.16,18,26 A detailed overview and description of these
parameters are provided in Table I. Multi-parametric objective
feedback was provided by the user interface directly after each trial
to facilitate and contribute to the concept of deliberate practice.27

http://ForceSense.net
http://ForceSense.NET


Table I
Description of parameters

Parameter Unit Description

Time Seconds Time measured from the beginning of the task until task completion.
Path length Millimeters Total distance travelled by the tip of the right and left instrument together during the task.
Mean force NZ (non-zero) Newton Mean absolute force exerted by the instruments on the task platform during periods when force is not zero.
Maximal force Newton The highest absolute force as exerted by the instruments on the task platform during the task.
Maximal impulse Newton seconds The largest product of force and the duration that the force was exerted, before force returned to zero

(the area under a force peak if force is presented in time).
SD Force Newton The standard deviation of the absolute force.
Force volume Cubic Newton (N3) The volume of an ellipsoid fitted around the standard deviations of the force along 3 principal

components. High force volume indicates fast increasing and decreasing forces in different direction.
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The trainees received feedback on the number of force penalties
(number of times exceedance of the threshold for maximum force
exertion), total path length, and time directly after each executed
trial. In addition, to enable instant tracking of their progression,
trainees received access to the online data platform for an overview
of their results and visualization of the LC for each parameter.

Face validity

All participants were asked to fill out a questionnaire after
completion of the 3-week curriculum to obtain information about
the protocol content and their general impression of the box trainer
and training task. Moreover, they were asked their general opinion
with regard to simulation training. Responses are presented on a
visual analog scale (VAS).

LC evaluation and analysis

Individual LC was visualized to receive information on the
character, slope, and gradient of the LC for each participant. Graphs
were created using the relationship between the number of repe-
titions and the moving averages of parameter outcomes for each
task. Statistical methods can be used to analyze LC. Instead of
group-based comparison, as is usual in construct validation
studies,28 we depicted line graphs showing the relationship be-
tween the number of repetitions and the 7 parameter outcomes
created after the data was smoothened with the centered moving
average procedure using a span of 3. To evaluate tasks, specific
characteristics, and to define recommendations for implementa-
tion of these tasks in skills curricula, we additionally analyzed and
plotted themean outcomes of this cohort. Theminimum amount of
trials executed by all participants was 10. The mean of these out-
comes was used to analyze the group LC and to evaluate the dif-
ferences in gradient between parameters. Least squares regression
analysis was used for curve fitting: fitting a model to the graph,
based on a mathematical equation.29 An inverse model (Y ¼ a þ b/
X) was used between every succeeding trial to estimate the plateau
phase of the LC,30 in which Y represents the parameter outcomes
and X represents the number of repetitions. The plateau was
defined as the theoretical best outcome, achieved when the num-
ber of repetitions is infinite (Y ¼ a when X ¼ ∞). To ensure that the
trainee’s calculated plateau actually indicates the sufficient level of
skills to perform surgery on real patients, we compared the out-
comes with the earlier mentioned predefined level of proficiency.
IBM SPSS Statistics for Windows, version 26 (IBM Corp, Armonk,
NY) was used to calculate the values for a and b for all parameters,
for each participant. Subsequently, it was estimated how many
repetitions the participants needed to reach within 20% of their
theoretical best achievable score, calculated as X ¼ 5 * b/a (X ¼ 5 *
b/a when Y ¼ 1,2a). In addition to this, the number of repetitions
needed to reach the predefined proficiency level was calculated.
Additional statistical analysis

To assess the improvement of the residents’ technical skill sets,
pre- and post-course parameters of the 6 training tasks were
analyzed and compared. All performances that were not completed
successfully (ie, terminated prematurely due to unforeseen cir-
cumstances; a bot that is boiling over, ringing doorbell, etc.) were
excluded from analyses. Since the Kolmogorov-Smirnov test indi-
cated that data were not normally distributed, the non-parametric
Wilcoxon signed-rank test (for paired samples) was used. Data
were again analyzed using IBM SPSS Statistics forWindows, version
26 (IBM Corp, Armonk, NY).

Results

In total, 4,268 trials were executed by 24 participants (16 fe-
male; mean age 29 (± 1.9 standard deviation [SD]); 23 right-
handed) and included for analyses. In total, 278 performances
were terminated prematurely due to unforeseen circumstances and
excluded from analyses. At the baseline evaluation, 19 trainees had
no prior experience with laparoscopic box training and 4 trainees
had trained before; 1e5 times (n ¼ 3) or >20 times (n ¼ 1). The
experience with laparoscopic surgery as chief operator during basic
laparoscopic procedures (appendectomy, cholecystectomy, or her-
nia repair) was limited to none (n ¼ 11), 1e10 times (n ¼ 10), or
11e50 times (n ¼ 3).

LC analyses

Similar trends in LC are seen for instrument handling parame-
ters Time and Path Length (Figs 1, A, B and 2, A, B) and
Supplementary Figure S4), with rapid improvement over the first
trials and then gradually levels out until the plateau phase is
reached. The LC representing tissue manipulation skills (Figs 1, C
and 2, C) show more abrupt, step-like curves, with alternating
improvement and decrease in skills after each trial and no associ-
ation with the MAP. Table II shows the comparison of the median
number of trials to reach the plateau phase (column A) with the
median number of trials to reach the level of proficiency (column B)
for each task. For all tasks, except task 4, proficiency levels for
maximal force have been reached before the LCwas leveled out into
the plateau phase. The same accounts formaximal impulse (5 out of
6 tasks), force volume (5 out of 6 tasks), time (4 out of 6 tasks), and
path length (3 out of 6 tasks).

Overall progression of skills

All participants succeeded to acquire the predefined levels of
proficiency (Table III). Considerable variation in the initial skills set
between trainees was present for all parameters at the pre-course
assessment. A reduction in force-based and MAP outcomes, with



Fig 1. (AeC) Individual learning curve pattern among best and worst performers for task 1 “Post and Sleeve” as one of the most representative and discriminating tasks, based on
the ability to reach both the proficiency level and plateau phase of learning curve
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a convergence of (interquartile) ranges is observed in the post-
course assessment outcomes. In 5 out of 6 tasks, we observed
that (median and interquartile range [IQR]) maximal force
parameter outcomes improved from 2.7 Newton (IQR 1.9e3.8) to
1.8 Newton (IQR 1.2e24) between pre- and post-course assess-
ment (P � .009). Mean overall progression in technical skills was
31.7% (SD ± 11.6%). Significant reductions of maximum exerted
forces were observed in 5 tasks (P � 0.009), and a reduction of
maximal impulse was observed for all tasks (P � .015). The
largest improvement of tissue handling outcomes was seen in
task 3 (Flap task), with maximal force parameters having
improved up to 47% and maximal impulse parameter even
improved by 89%. This is consistent with other force-based
parameter outcomes for this task.

MAP significantly improved in all tasks; exerted instrument
path length improved from 7,102.2 mm (IQR 5,255.2e9,025.9) to
3,545.3 mm (IQR 2,842.9e4,563.2) (P � .001). Time to execute the
task improved from 159.8 seconds (IQR 119.8e219.0) to 60.7 sec-
onds (IQR 46.0e79.5) (P � .001). Mean overall progression in in-
strument handling was 49.8% (SD ± 9.7%) for path length and 60.5%
(SD ± 10.5%) for time. Most progression of efficiency (ie, time) was
observed in tasks 2 (Loops and Wire; 71%).



Fig 2. (AeC) Individual learning curve pattern among best and worst performers for task 6 “Zig-zag loop” as one of the most representative and discriminating tasks, based on the
ability to reach both the proficiency level and plateau phase of learning curve
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Figure 3 displays the relationship between the number of per-
formances and the mean moving average of the cohort for the first
10 repetitions of each task for all 7 parameters separately. Force-
based parameters tend to show limited improvement over time
for most tasks (Fig 3, CeF), except for task 1 (Post and sleeve; Fig 3,
D). Also, higher forces were applied during the performance of task
2 (Loops andWire) and task 6 (Zig-zag loop), compared to the other
4 tasks. For instrument handling parameters (MAP), similar LC with
rapid improvement during the first repetitions are visible for all
tasks (Fig 3, A and B).
Face validity

All participants completed the questionnaire (N ¼ 24). The
overall assessment of the protocol content is considered to be
“good,” with a mean VAS score of 8.4 ± 1.7 SD (Table IV). The
self-rating of participants indicated that their technical skills
(8.09 ± 1.05 SD) and self-confidence (7.70 ± 1.23 SD) were
improved during this curriculum. Moreover, trainees indicated
that this curriculum should be part of a surgical residency pro-
gram (9.2 ± 0.9 SD).



Table II
Overall progression of skills: median and interquartile range (IQR) of pre- and post-course parameters (Wilcoxon signed-rank test)

Parameter Task n Pre-course assessment Post-course assessment % progression P value

Time, s (IQR) 1 24 196.70 (167.29e227.19) 73.69 (66.57e88.18) 62 <.001
2 24 193.20 (133.42e250.62) 55.64 (48.17e66.88) 71 <.001
3 24 114.59 (84.15e169.20) 39.04 (30.50e51.43) 66 <.001
4 19 186.15 (116.55e242.00) 70.17 (57.83e83.76) 62 <.001
5 24 144.16 (119.77e174.82) 90.48 (63.88e100.26) 38 <.001
6 24 132.85 (118.08e160.92) 47.72 (37.99e60.86) 64 <.001

Path length, mm (IQR) 1 24 8,552.84 (7,601.10e11,695.85) 4,819.95 (4,529.74e5,319.88) 44 <.001
2 24 6,956.16 (5,502.84e9,897.59) 3,363.81 (2,887.18e3,618.86) 52 <.001
3 24 5407.66 (2,562.37e7397.24) 1,906.81 (1,484.17e2,237.06) 65 <.001
4 19 7101.27 (5,762.47e9125.17) 4,003.94 (3,745.46e4,721.11) 44 <.001
5 24 5719.83 (4979.47e8,136.57) 3,673.46 (3,073.66e4,339.74) 36 .001
6 24 7,018.99 (5,238.52e8,653.37) 2,975.00 (2,638.35e4,064.29) 58 <.001

Mean force NZ, N (IQR) 1 24 0.54 (0.44e0.63) 0.51 (0.47e0.56) e .063
2 24 0.85 (0.68e0.94) 0.69 (0.61e0.79) 19 .001
3 24 0.51 (0.46e0.57) 0.40 (0.35e0.43) 22 <.001
4 19 0.53 (0.44e0.59) 0.47 (0.44e0.53) e .119
5 24 0.60 (0.52e0.71) 0.48 (0.42e0.72) e .255
6 24 0.83 (0.74e1.00) 0.65 (0.60e0.73) 22 <.001

Maximal force, N (IQR) 1 24 2.50 (2.16e2.90) 1.71 (1.49e2.01) 32 .002
2 24 3.42 (2.73e4.13) 2.13 (1.94e2.72) 38 .001
3 24 1.77 (1.50e2.39) 0.93 (0.82e1.13) 47 <.001
4 19 2.00 (1.62e2.85) 1.66 (1.18e2.03) 17 .009
5 24 1.99 (1.70e2.68) 1.49 (1.12e2.41) e .215
6 24 4.22 (3.76e5.26) 2.55 (2.24e3.05) 40 <.001

Maximal impulse, Ns (IQR) 1 24 4.22 (2.10e6.70) 1.39 (1,12e2,54) 67 .001
2 24 20.11 (12.01e25.17) 5.83 (4.01e7.96) 71 <.001
3 24 7.12 (4.09e10.16) 0.80 (0.50e1.47) 89 <.001
4 19 5.75 (3.96e13.67) 2.37 (1.73e3.33) 59 .010
5 24 10.92 (7.29e17.61) 5.14 (2.62e16.12) 52 .015
6 24 12.28 (9.18e17.64) 4.65 (3.22e6.50) 62 <.001

SD force, N (IQR) 1 24 0.28 (0.20e0.35) 0.24 (0.19e0.28) 14 .018
2 24 0.57 (0.42e0.63) 0.40 (0.34e0.51) 30 .003
3 24 0.27 (0.22e0.29) 0.13 (0.11e0.17) 52 <.001
4 19 0.28 (0.21e0.34) 0.24 (0.19e0.27) e .061
5 24 0.34 (0.25e0.41) 0.22 (0.17e0.40) e .173
6 24 0.58 (0.51e0.74) 0.42 (0.35e0.47) 28 <.001

Force volume, N3 (IQR) 1 24 0.11 (0.05e0.17) 0.07 (0.05e0.09) 36 .006
2 24 0.24 (0.15e0.46) 0.12 (0.08e0.15) 50 <.001
3 24 0.04 (0.02e0.06) 0.01 (0.01e0.02) 75 <.001
4 19 0.05 (0.03e0.11) 0.05 (0.03e0.07) 44 .014*
5 24 0.09 (0.05e0.10) 0.05 (0.03e0.09) e .162
6 24 0.32 (0.19e0.59) 0.13 (0.09e0.20) 59 <.001

* P value was calculated using “order number” instead of the median.

Table III
Individual number of trials needed to reach the learning curve plateau (A*) and number of repetitions needed to pass the level of proficiency (By)

Max force Max impulse Mean force Standard
deviation of
force

Force volume Path length Time

A B A B A B A B A B A B A B

Task
1 4 (333) 4 (14) 21 (46) 6 (18) 2 (4) 5 (26) 4 (51) 5 (18) 6 (103) 5 (21) 4 (9) 11 (24) 9 (14) 7 (23)
2 6 (4) 2 (16) 17 (18) 2 (5) 2 (2) 2 (26) 3 (4) 2 (11) 10 (8) 1 (5) 7 (15) 10 (46) 12 (24) 9 (38)
3 6 (10) 2 (8) 30 (139) 3 (14) 2 (2) 2 (12) 6 (7) 2 (12) 13 (33) 2 (4) 9 (18) 6 (34) 10 (33) 10 (29)
4 4 (7) 5 (17) 25 (85) 3 (16) 2 (4) 3 (21) 3 (6) 3 (17) 6 (32) 1 (28) 5 (8) 4 (19) 12 (33) 3 (13)
5 7 (4) 12 (9) 3 (2) 6 (0) 22 (28) 7 (10) 5 (9)
6 5 (11) 4 (14) 12 (36) 3 (6) 2 (4) 2 (14) 4 (10) 3 (14) 12 (259) 2 (13) 6 (12) 3 (9) 9 (12) 8 (36)

* Median (range) estimates of the individual learning curve plateau, defined as ‘a’ in ‘Y ¼ a þ b/X’.
y Median (range) of repetitions needed to reach the predefined level of proficiency (ie, mean of expert surgeons).
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Discussion

This study showed that objective assessment of LC in laparo-
scopic training is possible for novice surgical trainees. The
ForceSense system showed progress over time and could indicate
the level of skills compared to a predefined proficiency level.
Moreover, repetitive measurements provided detailed insight into
the slope of the individual LC (Figs 1 and 2). Instant feedback after
each trial enabled the introduction of alternative training in an
early stage of the LC if a trainee, even with continued practice, is
not capable of achieving technical proficiency (Figs 1 and 2,
dashed red line).

Other than linking to trainees’ skills, unexpected irregular LC
fluctuations provide information about instrument difficulties or
task execution inconsistencies that can help to assess the quality of
used instruments and realism of used training tasks. The intui-
tiveness to detect the right strategy for optimal execution of the
task depends on task-related factors like stiffness, smoothness,



Fig 3. (AeG) Mean outcomes of the initial learning curves to evaluate differences in parameter behavior (N ¼ 24).
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elasticity, and friction of the artificial tissue. For example, smooth
surfaces with high elasticity will result in less peak force than stiff
materials with high resistance and friction. Therefore, besides the
innate abilities of the trainees, the training goals and the given time
span of the curriculum should be aligned with the characteristics
and the complexity of the tasks.



Table IV
Face validitydpost-course survey outcomes

Statement Visual Analog Scale 0e10 cm
Presented as mean (±SD)

Protocol content
The box is valuable (useful) for laparoscopic training. 8.90 (±1.09)
How suitable are the tasks for acquisition of basic laparoscopic skills? 8.58 (±1.18)
The ForceSense metrics provide sufficient feedback on my laparoscopic skills. 6.79 (±1.94)
Training at home to develop FLS should be mandatory. 7.78 (±2.03)
The curriculum should be part of the regular surgical resident training. 9.22 (±0.88)
Timespan of the curriculum is adequate. 7.97 (±2.04)

Box trainer and tasks
The box is easy to set up at home 8.27 (±1.65)
How well do the tasks test your laparoscopic skills 7.28 (±1.52)
How useful are the tasks for laparoscopic training? 7.94 (±1.52)

General opinion with regard to training
I have other surgical interests/ambitions in surgery than MIS. 4.24 (±2.80)
Training should be mandatory before practicing laparoscopy at the OR. 5.45 (±2.78)
I am motivated to train at home. 7.96 (±1.55)
I prefer training in a skills lab. 5.07 (±2.47)
My skills are improved. 8.09 (±1.05)
My self-confidence considering performing laparoscopic surgery is improved. 7.70 (±1.23)

FLS, fundamental laparoscopic skills; MIS, minimally invasive surgery; OR, operating room; SD, standard deviation.
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As stated by Hopper et al (2007), the ideal surgical LC tends to
show a steep curve at first, which then fades out to a more gradual
LC as the plateau phase (ie, asymptote) is approached. It is from this
point that technical skill sets have been sufficiently established to
independently perform surgery in a safe manner.31,32 Based on our
previous results,16,18,33 we conclude that the decrease of the applied
forces toward an expert-based proficiency level in FLS learning will
result in the reduction of unintentional tissue trauma. Moreover, it
is known that off-camera movements pose a potential risk for in-
juries, such as inadvertent instrumental perforation or capacitive
coupling when using coagulation. These injuries may be avoided if
laparoscopy novices optimize their instrument handling skills in
order to reduce the total instrument path length.

However, the present results indicate that some trainees stop
and move on to the next task, while still in the part of training
where progression is made with each trial. If the LC is still rapidly
descending, although the proficiency level has been passed,
trainees still experience benefits from performing additional trials.
If the plateau phase is reached before approaching the proficiency
level, it will not be beneficial to execute additional trials, and one
should investigate why the trainee was not able to reach the
threshold values on a deeper psychological or motor skills level. We
would like to emphasize the variability in force-based assessment
outcomes (Figs 1, C and 2, C), with respect to their potential value as
a predictor for tissue trauma.16,29,34 Trainers can now be objectively
informed to assess whether the personal plateau phase has been
approached sufficiently, and, ultimately, to evaluate if the trainee is
considered to be prepared to perform laparoscopy in the OR.

In line with previous results, significant improvement of tissue
manipulation (32%) and instrument handling (�51%) skills was
observed (Table III).18,24,35 Improvements of instrument handling
parameters (ie, MAP and time) had a gradual and predictable na-
ture. In contrast, this study reveals that LC for gentle handling of
tissues (ie, force-based parameters)34,36 resulted in dissimilar
slopes among trainees, with large offset from the 0-line and amuch
more unpredictable character (Figs 1, C and 2, C, and
Supplementary Figure S5). This implies that training in these skills
may require different strategies for feedback and assessment to
improve. To date, no studies have reported on using objective force-
based metrics for assessment of tissue handling during training in a
skills curriculum that is implemented into the surgical residency
training program. By doing so, we were able to grade the shape of
the LC and its discrepancies with respect to the ideal LC as
described previously.31

Previous studies regarding the training of FLS focused on
describing or validating one aspect of a curriculum (ie, the protocol,
the task set, the type of assessment, or its reliability).37e40 If the
focus was on the type of assessment and its validity evidence, the
vast amount of data was collected in a research setup (eg, labora-
tory or skills center), which was developed specifically for the
purpose of executing the studies. If assessment during training was
enhanced with metrics provided by objective measurement tools,
previous studies3,35,41e46 mainly reported on MAP as a measure for
instrument handling skills. To date, no objective assessment of
tissue manipulation skills, although of added value in experimental
setups,16,24,47e51 has been implemented into residency training
programs. Since instrument handling skills (ie, MAP and Time) and
tissue manipulation (ie, MaxForce) are not correlated,16 a separate
assessment of both skills is essential.52

Although this study was conducted before the present corona-
virus disease 2019 pandemic, these outcomes have become even
more relevant in light of the current regulations. Even today, while
still facing several of such regulations, this course is running and
residents are being trained. In order to adhere to coronavirus pre-
cautions, the system is cleaned with alcohol wipes and checked
between participants, costing around 30 minutes per system.
Trainers can access the data and video of all performances to ensure
adequate practice. Especially in the absence of hands-on training
and assessment in a skills center, these can be used for tele-
mentoring during video-conferenced group sessions with remote
feedback and assessment of technical skills. However, the
ForceSense.NET software should be modified to allow the stream-
ing of introductory videos in case of a pandemic that restricts direct
contact.

During this curriculum, conducted with 2 prototype box
trainers, we initiated the development of a new fully integrated
box trainer (Supplementary Figure S6). The ForceSense systems
used in this study were purchased from the university MedTech
starter MediShield BV and typically cost between 12ke20k euro,
depending on the components, the type of box trainer, and li-
cense. In case task components are missing or parts are broken, it
is advised to have some spare replacements on location. During
this study, hardware failure occurred 2 times, and replacement of
a Trendo (trocar) was needed once. The ForceSense system was

http://ForceSense.NET
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created based on the ForMoST system developed at the Delft
University of Technology by Horeman et al53 and is widely avail-
able in Europe, Asia, and the United States. To our knowledge,
ForceSense remains the only physical trainer on the market that
uses both Time, Motion, and Force parameters for objective
assessment of laparoscopic skills.

Limitations and strengths

Few limitations were encountered while conducting this study.
First, since training was allowed to continue after passing the
training goals, no restrictions on the number of repetitions were
imposed within the 3-week time frame. This resulted in different
exposure to the offered task set and should be taken into account
when comparing pre- and post-course outcomes. Secondly, we
included first-year surgical residents who continued their clinical
work and, although limited, still performed laparoscopic surgery
during this curriculum. This might have influenced the LC and post-
course outcomes. Additionally, one might say these outcomes of
fundamental skills trained on elementary tasks can yet be
marginally transferred to laparoscopic surgery in the OR. However,
we like to emphasize that the different fundamental skills as
described earlier5e8,54 are trained and assessed sufficiently and
serve as an indispensable base for further endurance and
improvement in more realistic (skills center) training and eventu-
ally to perform laparoscopic surgery on real patients. Finally, it
could happen that during the timespan of training, the behavior
and interests of the participants change, resulting in the execution
of new (surgical) activities that could also influence skills acquisi-
tion or surgical performance. To gain insight into possible re-
lationships between activities and skills development, daily
activities of participants should be monitored. Further studies
could also include other physical parameters like body mass index
(BMI), posture, or even hand size to gain insight into deviating data.

The strength of this study is the implementation of previously
validated tasks, measurement systems, and protocol into clinical
practice. The collection of objective data through mandatory
participation for each first-year surgical resident in our training
district resulted in an extensive amount of data with regards to
individual outcomes, cohort behavior, task-specific characteris-
tics, and parameter-specific characteristics. The present results
prove the added value of objective force- and motion-based pa-
rameters in addition to the gold standard for assessment of skills:
the objective structured assessment of technical skills.55 Where
the latter can only be performed in the OR or at a skills center
staffed with trainers and senior surgeons who execute the
assessment,55 the current measurement system was able to pro-
vide feedback and assessment while the trainee autonomously
overcomes the LC to optimally prepare for laparoscopic surgery.
Skills were acquired without compromising duty or working
hours regulations, and novice residents could optimally spend
their working hours at the OR. These findings can now be incor-
porated into surgical skills curricula to facilitate surgical trainers
to determine technical proficiency before moving on to a more
complex simulation or the OR. As this study concerns the funda-
mental part of the laparoscopic LC, we suggest that, in addition to
achieving theoretical knowledge, trainees are required to achieve
a predefined level of technical proficiency in a milestone or EPA
design for specific parts of the laparoscopic LC.

In conclusion, force- and motion-based assessment was suc-
cessfully implemented and evaluated in a large proficiency-based
curriculum. A significant variety of technical skills set and
gradient of LCs among trainees has been shown. Curricular design
should be optimized with an objective assessment to evaluate skills
acquisition and to determine whether surgical trainees have
reached the requisite level of technical skills compared to experts
before operating on real patients.
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