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How does the modality of delivering force feedback influence
the performance and learning of surgical suturing skills? We don't
know, but we better find out! A review
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Abstract

Background Force feedback is a critical element for performing and learning surgical suturing skill. Force feedback is
impoverished or not present at all in non-open surgery (i.e., in simulation, laparoscopic, and robotic-assisted surgery), but it
can be augmented using different modalities. This rapid, systematic review examines how the modality of delivering force
feedback influences the performance and learning of surgical suturing skills.

Methods An electronic search was performed on PubMed/MEDLINE, Web of Science, and Embase databases to identify
relevant articles. The results were synthesized using vote counting based on direction of effect.

Results A total of nine studies of medium-to-low quality were included. The synthesis of results suggests that the visual
modality could be more beneficial than the tactile and auditory modalities in improving force control and that auditory and
tactile modalities could be more beneficial than the visual modality in improving suturing performance. Results are mixed
and unclear with regards to how modality affects the reduction of force magnitude and unclear when unimodal was compared
to multimodal feedback. The studies have a general low level of evidence.

Conclusion The low number of studies with low methodological quality and low level of evidence (most were proof of
concept) prevents us from drawing any meaningful conclusion and as such it is currently unknown whether and how force
feedback modality influences surgical suturing skill. Speculatively, the visual modality may be more beneficial for improving
the control of exerted force, while auditory and tactile modalities may be more effective in improving the overall suturing
performance. We consider the issue of feedback modality to be highly relevant in this field, and we encourage future research
to conduct further investigation integrating principles from learning psychology and neuroscience: identify feedback goal,
context, and skill level and then design and compare feedback modalities accordingly.

Keywords Knot tying - Needle inserting - Surgery - Surgical education - Surgical training

Force feedback is a critical element for performing and
learning surgical suturing skill [1, 2]. The suturing skill
consists of driving and inserting a needle through the oper-
ated tissue, pulling the suture to close the wound, and tightly
tying a knot to secure the suture. In this skill, perceiving
the force exerted on the operated tissue allows an operator
(surgeon or student) to properly handle instrument and tis-
sue to successfully carry out the suturing procedure, tying
a knot without leaking and avoiding damage to the tissue.
We refer to force feedback as the feedback provided by a
device/instrument concerning the use of forces and torques
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[3]. While being readily available to an operator in open sur-
gery (primarily through the haptic sense), force feedback is
impoverished or not present at all in non-open surgery (i.e.,
in simulation, laparoscopic, and robotic-assisted surgery).
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It is largely reduced in laparoscopic suturing due to pres-
ence of friction between the moving components inside the
instrument and friction between trocar valves and instrument
shaft, and it is absent in most robotic-assisted suturing (see
the Senhance® surgical laparoscopic system for an excep-
tion). The lack of force feedback represents a critical issue
for the performance of non-open surgical suturing and for
the design of training interventions for medical students [4].
Surgeons themselves acknowledge the need for augmenting
force feedback [5].

Recent technological developments allow for the provi-
sion of force feedback to an operator. Sensors placed on
the instrument tip or below a tissue in simulation devices
can capture the exerted force (e.g., see [6]). Force can then
be delivered through augmented feedback and provide an
operator with the sense of how much force they are applying
on the suture and tissue. This in turn is expected to improve
an operator’s control of force and consequently their suturing
performance. Previous research has shown that augmenting
force feedback is indeed effective in reducing the exerted
force, improving an operator’s control of force, and there is
some evidence that it can also improve suturing performance
[3, 7, 8]. Importantly, force feedback can be delivered using
different modalities: visual, auditory, tactile, and their com-
binations. For instance, pulling forces during knot tying can
be delivered visually [9, 10], overlaying a force vector onto
the laparoscopic video [11] or directly at the hand through
tactile-based solutions [12]. Given the breadth of feedback
modality options, the contexts in which feedback is needed
(e.g., operating room or simulation-based training), and the
goals for delivering feedback (i.e., assisting performance or
promoting learning), it is highly relevant to examine the ben-
efits and constraints of the different modalities of delivering
force feedback.

The modality of delivering force feedback likely influ-
ences the performance and learning of surgical suturing
skill. Considering that force in a suturing task is primarily
controlled using tactile and kinesthetic sensory information
[13, 14], one might think that the tactile modality is superior
to the other modalities. However, the way a certain feedback
modality influences learning and performance processes is
complex and depends on its interaction with task complex-
ity, a performer’s skill level, the goal of an intervention, and
the environment in which feedback is expected to be used
[15]. Research in motor skill learning provides evidence and
some guidelines on how feedback modality operates in some
specific situations. Importantly, skill performance and skill
learning are two different constructs [16, 17] and a feed-
back modality may enhance performance but interfere with
learning and vice versa. For example, the tactile modality
has been shown to promote enhanced skill performance rela-
tive to the auditory modality in simple tasks and in novices,
but the modality effect is reversed in complex tasks and in
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experts [18, 19]; auditory feedback is generally superior to
visual in promoting learning, while visual might be better
than auditory for performance, with different underlying
neural activities [20, 21]. Furthermore, research in neuro-
science and psychophysics is increasingly recognizing that
feedback perception is a multimodal process, highlighting
the benefits of multimodal over unimodal feedback [22, 23].
It is quite clear that choosing a feedback modality is a non-
trivial and complex issue. Its effect cannot be generalized
toward one modality or another (one size does not fit all),
but modality effect has to be investigated in a specific skill
(surgical suturing skill), population (students and surgeons),
context (operating room and simulation-based training), and
goal (assisting performance and promoting learning).

This review was conducted to examine how the modal-
ity of delivering force feedback influences the performance
and learning of surgical suturing skills in laparoscopy. The
results of this study can provide insights for the design of
skill training interventions and assistance and can inform
manufacturers of surgical-related instruments and trainers
on the feedback modality to implement in their systems.
For example, implementing haptics in a robotic simulator is
expensive [24]. The results can inform whether such modal-
ity is essential and, if it is, it can justify the expense.

Methods

The guidelines proposed by the 2020 Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA
2020 [25]) and the guidelines from the Cochrane Rapid
Reviews Methods Group [26] were followed. The research
team, comprising experts in conducting systematic reviews
(LO and SS) and surgery (FB), collectively designed the
review process.

Eligibility criteria

Inclusion criteria were set using a PICOS statement:

P (population): humans (students and surgeons).

I (intervention): force exerted on instrument—tissue inter-
action (pushing or pulling) is augmented during a surgery
suturing task.

C (comparator): two or more feedback modalities of
delivering force feedback are compared.

O (outcome): force parameters (main outcome) and surgi-
cal performance parameters (secondary outcome).

S (study design): experimental, quasi-experimental, and
Cross-over.

Studies that compared variations within a single feedback
modality (e.g., different types of visual feedback) were not
included. Furthermore, only peer-reviewed studies published
in English were included.
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Information sources and search strategy

Three databases were searched to identify eligible studies:
Pubmed, Web of Science, and Embase. The search was per-
formed on the 14th of June 2022 and updated on the 4th of
October 2022. Furthermore, the references of the studies
included in the review were screened for identifying addi-
tional studies.

The search string comprised the following syntax: (force™
OR kinesthe* OR pressure OR strength OR torque* OR
tension) AND (feedback OR biofeedback OR substitution
OR simulat* OR render* OR “virtual reality” OR “mixed
reality” OR “augmented reality” OR “box trainer”) AND
(haptic* OR tactile OR tactual OR vibro-tactile OR vibra-
tion OR audio OR auditory OR acoustic OR visual OR ver-
bal OR modalit* OR type) AND (surgery OR surgic* OR
laparoscop*) AND (sutur* OR knot-tying OR “knot tying”
OR knot* OR “tissue manipulation” OR needle-driving OR
“needle driving”).

Selection process

The records identified through the database search were
exported into Endnote X9 software (Clarivate) and

duplicates were removed automatically first and then manu-
ally. One author (LO) screened titles and abstracts first and
then the full texts. A second reviewer (KG) checked the
excluded records, and any discrepancy was resolved in a
closed meeting. If consensus was not reached, a third author
(FB) was consulted (Fig. 1).

Data collection process and data items

The following data were extracted from each study: general
study information (author, year, study design), sample char-
acteristics, study setting, suturing task and force parameter,
feedback strategy, and outcome measures. One author (LO)
extracted the data and a second author (KG) assessed data
accuracy (Table 1).

Study risk of bias assessment

The Risk of Bias tools developed by the Cochrane group
were used for the risk of bias assessment [27]. Considering
the design of the included studies (one RCT and cross-over
trials), the RoB 2.0 tool was used. This tool is primarily
designed for RCTs and is composed of five bias domains:
(1) randomization process, (2) deviations from the intended

Figure 1 Flow diagram of
the search and study selection
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Table 1 (continued)

Outcome measures

Feedback strategies

Procedure, suturing task and force

measurement

Sample characteristics

Study information

Force:

Visual

Procedure: 10 trials with 4 suture

n

Tavakoli et al. [40], cross-over

—Force magnitude: peak and average

Direct haptic

materials in each condition, 40
trials per condition. Order was

randomized

Age: 24 to 34 years old

Novices

design

force

Visual + haptic
No feedback

4 feedback conditions

Details of the feedback strategies are

Task: insert a needle in a simulated

not provided

tissue using a tele-operated system

Force: rotating force was measured

interventions, (3) missing outcome data, (4) measurement
of the outcome, and (5) selection of the reported results. A
modified version of the tool, which contains the five domains
just described and an additional domain for bias arising from
period and carryover effects, was used for cross-over tri-
als. Signaling questions help the assessment of the potential
bias in each domain. Each domain has three possible out-
comes—Ilow, some concerns, and high. An overall outcome,
corresponding to the highest risk across domains was cal-
culated for each study (i.e., if the risk was some concerns
in one domain only but low in all other domains, the over-
all risk was some concerns). The results of the risk of bias
assessment are presented using the traffic light system: green
(low), yellow (some concerns), and red (high) (see Table 2).
One author (LO) assessed the risk of bias using the excel
spreadsheet available at https://www.riskofbias.info/welco
me and a second author (KG) assessed data accuracy.

Synthesis methods

Due to inconsistency of the effect measures and data
reported across studies, it was not possible to compute a
meta-analysis, and we decided to synthesize results using
vote counting based on direction of effect. Despite some
limitations (i.e., does not provide an estimate of effect
magnitude, does not account for different study sizes, and
it is less powerful than combining p values), this synthe-
sis is a valid method for estimating the overall direction
of an effect [28]. The direction of effect was calculated
in each study from descriptive statistics or graphs on the
outcome of interest. In the context of comparing two feed-
back modalities, three direction outcomes were possible:
in favor of one modality, in favor of the other modality
in the comparison, or no change/mixed effects/conflict-
ing findings [29]. An effect was classified in favor of one
modality or the other when at least 70% of the analyzed
outcomes reported a similar direction, while it was clas-
sified no change/mixed effects/conflicting findings if oth-
erwise. Statistical significance was not considered for
assessing the direction [30]. Studies were first grouped by
the compared modality(ies) (Table 3) and then they were
grouped by the examined task(s) (Table 4). It would have
been highly relevant to group studies in learning-focused
and performance-focused studies; however, only one study
evaluated skill learning (see overview of study character-
istics for more details) and it was not possible to perform
such grouping. In both cases, participants with different
skill levels were combined, as studies did not report any
modality—skill level interaction effect. Some studies had
different intervention conditions (e.g., compared unimodal
and multimodal modalities) and appear in the synthesis
multiple times with different results. The effect direction
was synthesized using the sign test: nonparametric test
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Table 2 Results of the Risk of Bias assessment for the included studies, evaluated with the RoB 2.0 tool (Color figure online)

RCT D1 D2 D3 D4 D5 Overall
Al Fayyadh et al. [32] . ' | . | @
Crossover

D1 DS D2 D3 D4 D5

. Low risk
!

Some concerns

. High risk

D1 Randomisation process

Currie et al. [33]

Howard & Szewczyk [34]

Kitagawa et al. [35]

Mikic et al. [36]

Bias arising from period and
carryover effects

Deviations from the intended
interventions

Talasaz et al. [37] DS

Talasaz et al. [38]

D2

Tavakoli et al. [39] D3 Missing outcome data

D4 Measurement of the outcome

o
<
8

Tavakoli et al. [40] ! !

D5 Selection of the reported result

Table 3 Direction of effect plot with combined tasks and skill levels (Color figure online)

Reduction of force magnitude Improvement of force control Improvement of suturing performance
Study Study Design Unimodal Multimodal Unimodal Multimodal Unimodal Multimodal
Panel A
Al Fayyadh et al. [32] RCT V (V-A) A (V-A)
Currie et al. [33 Crossover T (V-T VT (V-VT

Sign test: one-tail p value 0.5(V3/7) 0.5 (VT 2/3) 0.13 (V 3/3) 0.13 (V 0/3)

Panel B

Currie et al. [33 Crossover <> (T-VT

Sign test: one-tail p value 0.7 (VT 2/4) NA NA
Panel C

Panel A includes studies that compared visual with either auditory or tactile modality (unimodal), and visual with either visual +auditory or
visual + tactile (multimodal)

Panel B includes studies that compared tactile with tactile + visual
Panel C includes a study that compared auditory with auditory + visual
Study design: RCT Randomized Controlled Trial, and Crossover

Effect direction in favor of: V=visual, A=auditory, T =tactile, VA = visual +auditory, VT =visual +tactile; sideways arrow <a» =no change/
mixed effects/conflicting findings. The comparison each effect refers to is specified in parenthesis

Study quality: denoted by row color: amber =some concerns; red =high risk of bias

computed to examine the probability of observing the  another was counted, and the p-value was computed using
obtained direction of effect if the null hypothesis (i.e.,  the sign and binomial test on GraphPad website (https://
equal number in one direction and the other) were true =~ www.graphpad.com/quickcalcs/binomiall/).

[31]. The number of results in favor of one modality or
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Table 4 Direction of effect plot with studies clustered in the task examined (Color figure online)

Reduction of force magnitude
Multimodal

Study Study Design
Needle insertin,

Unimodal

Improvement of force control
Unimodal Multimodal

Improvement of suturing performance
Unimodal Multimodal

Sign test: one-tail p value 0.5 (V 2/3) 0.3 (VT 3/4)
Suture pulling
Currie et al. [33] Crossover T (V-T) <> (V-VT)

NA 0.8 (VT 1/2)

Crossover T iT-VTi

Sign test: one-tail p value NA 0.8 (T 1/2)

Knot tying

Al Fayyadh et al. [32] RCT V (V-A)

Currie et al. [33] Crossover T (V-T) VT (V-VT)
Crossover T (T-VT

NA NA

A (V-A)

Sign test: one-tail p value

0.2 (V 1/5)
Study design: RCT Randomized Controlled Trial, and Crossover

0.3 (VT 2/6)

03 (V272) 08(VA12)  0.1(V0/3) 0.8 (VT 1/2)

Effect direction in favor of: V =visual, A =auditory, T =tactile, VA =visual + auditory, VT =visual +tactile; sideways arrow <«» =no change/
mixed effects/conflicting findings. The comparison each effect refers to is specified in parenthesis

Study quality: denoted by row color: amber =some concerns; red =high risk of bias

Results
Search

The search resulted in a total of 840 studies (234 in Pubmed,
242 in Web of Science, and 364 in Embase). After duplicates
removal, 529 studies were screened and 502 were excluded
based on their title or abstract. Twenty-seven full texts were
then screened and 18 studies were excluded because did not
meet the inclusion criteria. As such, a total of nine studies
were included in the review (Fig. 1).

Overview of study characteristics

A detailed description of the studies is presented in Table 1.
One study was a Randomized Controlled Trial (RCT) [32],
while the other eight studies adopted a cross-over design,
whereby each participant was exposed to different feedback
conditions [33-40]. Only the RCT, comprised a learning
phase and a post-test without feedback, evaluated the effect
of feedback on skill learning, while the other studies evalu-
ated the effect of feedback on skill performance. A total
of 141 participants were recruited with a median sample
size of 8. Three studies recruited novices only, two studies
recruited participants with an intermediate skill level, and
the other studies recruited a mix of novices, intermediates
and experts. The number of practice trials performed in each
experimental condition (or group) varied between 3 and 30,

with a median of 5. One study used an entire surgical sutur-
ing task, while the other studies isolated the single compo-
nents (i.e., inserting the needle, pulling the suture, and tying
the knot). Except for two studies that adopted a laparoscopic
or open simulator, robotics-assisted and tele-operated surgi-
cal systems were employed. With regards to the modality of
delivering force feedback, all studies compared visual with
either tactile or auditory modality, and most studies also
compared unimodal (visual, tactile, auditory) with multi-
modal feedback (combination of visual with tactile or audi-
tory). Lastly, outcome measures included force magnitude
in all studies, force control, and suturing performance in
some studies.

Study risk of bias

The methodological quality of the studies is predominantly
low: two studies had ‘some concerns’ [32, 33], and the
others had a high risk of bias [34—40]. The randomization
procedure in most cases was poorly conducted or reported,
and it was not reported whether the randomization of feed-
back conditions was counter-balanced in cross-over studies
[33-40]. Furthermore, in some cases it was not reported
whether all participants and outcomes were included in the
analysis [34, 37-40], and how the analysis estimated the
effect of assignment to intervention. Lastly, none of the stud-
ies reported how data analysis was planned before data col-
lection and eventually adapted during/after data collection.
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Synthesis of results

The effect direction plot of studies grouped by the examined
modality is presented in Table 3.

Visual vs tactile or auditory

Reduction of force magnitude The direction of effect is
mixed.

Improvement of force control The effect is in the direc-
tion of the visual modality (p =0.13), with three studies out
of three in favor of this modality.

Improvement of suturing performance The effect is in
the direction of the modality other than the visual (p =0.13).
Two studies are in favor of the tactile modality, one in favor
of the auditory modality, and none in favor of the visual
modality.

Visual vs multimodal (visual + tactile or auditory)

Reduction of force magnitude The direction of effect is
mixed.

Improvement of force control The direction of effect
is mixed.

Improvement of suturing performance The effect of
the only study included is in the direction of a multimodal
strategy (visual + tactile).

Tactile vs multimodal (tactile + visual)

Reduction of force magnitude The direction of effect is
mixed.

Improvement of force control The effect of the only
study included is mixed/unclear.

Improvement of suturing performance The effect of
the only study included is mixed/unclear.

The effect direction plot of studies grouped by the exam-
ined task is presented in Table 4.

Needle inserting task

Reduction of force magnitude The direction of effect is
mixed both for unimodal and multimodal comparisons.

Improvement of suturing performance The direc-
tion of effect is mixed both for unimodal and multimodal
comparisons.

Suture pulling task
Reduction of force magnitude The direction of effect is
mixed both for unimodal and multimodal comparisons.

Improvement of force control The direction of effect
is mixed both for unimodal and multimodal comparisons.
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Knot-tying task

Reduction of force magnitude The direction of effect is
mixed both for unimodal and multimodal comparisons.

Improvement of force control The direction of effect
is in the direction of the visual modality in unimodal com-
parisons, and the direction is mixed in the multimodal
comparisons.

Improvement of suturing performance The direction
of effect is in the direction of the modality other than visual
in the unimodal comparisons, and the direction is mixed in
the multimodal comparisons.

Level of evidence

Overall, the level of evidence is low due to the predominant
use of a study design (cross-over) with a lower level of evi-
dence than RCTs and a predominant high risk of bias.

Discussion

This review examined how delivery modality influences the
effect of force feedback on surgical suturing skills. In other
words, what are the benefits and constraints of different force
feedback modalities (e.g., visual and tactile) on suturing per-
formance and learning? A limited number of studies (n=9)
with a relatively high risk of bias and low level of evidence
were included in the review. The results of synthesis sug-
gests that the visual modality could be more beneficial than
the tactile and auditory modalities in improving force con-
trol and that auditory and tactile modalities could be more
beneficial than the visual modality in improving suturing
performance. Results are mixed and unclear with regards
to how modality affects the reduction of force magnitude.
Results show mixed and unclear effects across all the out-
comes considered when unimodal (e.g., visual and tactile)
was compared with multimodal (e.g., visual plus tactile)
force feedback. Similarly, in the knot-tying task, the visual
modality could be more beneficial than the other modali-
ties in improving force control, and auditory and tactile
modalities could be more beneficial than the visual modal-
ity in improving performance. Results across the other tasks
and outcomes were mixed and unclear. These results were
synthesized combining participants with different levels
of expertise (e.g., novices and experts), as the design and
analysis of the included studies did not allow to separate the
effects according to skill level.

Considerable resources are increasingly invested in
developing and refining interventions for training medical
student’s surgical skills and for assisting surgeons’ perfor-
mance in the operating room [41]. Force feedback is widely
recognized as a key component of such interventions [1, 2].
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Quite surprisingly, this review showed that a low number of
studies with low methodological quality examined how force
feedback modality influences learning and performance of
surgical suturing skill. This can have two main underlying
reasons: the feedback modality has no relevant effect on skill
development or its potential effect is not known in this spe-
cific medical field. Considering that research in psychology
and neuroscience indicates that different feedback modalities
(e.g., visual and tactile) influence motor skills differently
[15] with distinct neural pathways [20], we consider the sec-
ond explanation to be the most plausible. In support of this,
we can observe on a meta-level that the effect direction is
mixed due to a diversity of study design with confounding
variables—and not due to mixed, unclear direction in each
study. This might suggest that indeed modality influences
force feedback effectiveness (e.g., there was an overall trend
for the visual modality to improve force control and visual
and tactile modalities for improving task performance), but
the studies’ low methodological quality and low level of
evidence prevent us from drawing any meaningful conclu-
sion. As such, rather than speculating on potential feedback
modality effect using the weak collected evidence, we dis-
cuss how relevant would it be to properly conduct research
on this issue. Starting from the limitations of the included
studies, we provide a guideline for future research regarding
this topic.

Impediments in previous studies and suggestions
for future research

The studies included in this review present several limita-
tions. Previous studies were often poorly designed from
a methodological perspective. The sample size and con-
sequently statistical power were low. None of the studies
used a power analysis to inform the required sample size for
testing the anticipated modality effect. Randomization of
conditions was poorly conducted and reported, with poten-
tial order effect and unbalance across conditions. The plan
for data analysis and the actual data analysis was poorly
reported, e.g., it was not clear whether all outcome measures
were analyzed in all participants. These are the main meth-
odological limitations that future research should address
and improve.

On a theoretical level, the influence and collaboration
of learning psychology and neuroscience were either not
noticeable or at least not discussed. The main limitation was
the lack of a principled approach underlying the design and
comparison of feedback modalities. Predominantly, feedback
modalities were selected on convenience and technical con-
siderations, as if modality effect could generalize to all tasks,
contexts, and individuals. We suggest future research to con-
sider these critical aspects of feedback design.

A study should define the goal of a feedback strategy, i.e.,
promoting students’ skill learning or assisting surgeons’ skill
performance in the operating room. In the former, feedback
dependency could represent an issue and feedback modal-
ity should be selected accordingly. Feedback dependency
occurs when a learner regulates their movement on the feed-
back information—not on intrinsic information—and per-
formance improvement vanishes when feedback is removed
[42]. This clearly interferes with learning. On the other hand,
feedback dependency is less of an issue in a strategy for
assisting surgeons’ performance. If a feedback strategy is
always present in the operating room, a surgeon can rely
on this augmented information to regulate their movement.
Feedback modality can then be designed accordingly. Previ-
ous research in motor learning has shown that the auditory
modality is generally more beneficial for learning (reduced
feedback dependency) and the visual modality for perfor-
mance [19, 43]. Future research should examine whether
this trend occurs also in surgical suturing skill. Furthermore,
another promising research avenue—rarely investigated, but
highly relevant for suturing skill—is the influence of tactile
modality on feedback dependency. A good starting point for
researching this issue is knowing the distinction between
performance and learning [16, 17].

Another important aspect related to the goal of a feedback
strategy is the context in which feedback is implemented
or the context toward which a trained skill is intended to
transfer. A feedback strategy should be designed consider-
ing the characteristics of the target task and environment.
For example, visual and tactile modalities may be prefer-
able to an auditory modality for assisting surgeons in lapa-
roscopic surgery whereby environmental noise would pre-
vent the perception of acoustic feedback. On the other hand,
auditory feedback may be suitable for assisting surgeons
in robotic-assisted surgery in a non-noisy, quite environ-
ment. Furthermore, future research should systematically
examine how skill level interacts with feedback modality.
The studies included in this review did recruit participants
with different levels of expertise, but in a confused, non-
systematic manner (e.g., different samples and inappropri-
ate data analysis). It was also not stated the rationale for
recruiting different skill levels and the impact their level
may have on feedback modality effect. Previous research
indicates that this is a highly relevant factor and warrants a
more thoughtful approach [18, 19]. For example, a criticality
for feedback effectiveness is a performer’s mapping of the
provided feedback onto their movement, i.e., knowing what
the feedback means and how to change movement accord-
ingly. Novices tend to prefer the tactile or visual modality,
while experts seem to benefit more from the auditory modal-
ity [15]. Another critical aspect to consider is the complex-
ity of the task and movement involved in performing such
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task and the related complexity of information to provide
to a learner/performer (for a detailed overview of this issue
see [44, 45]). Tasks and movement with large degrees of
freedom (e.g., knot tying) requires feedback that somewhat
covers those degrees of freedom and the modality(ies) can
play a significant role here. A combination of modalities
may be used to provide different information or a single
modality may be designed to cover different aspects of a
movement. Lastly, the included studies did not control for
feedback content as confounding factor [45]. Descriptive
and prescriptive feedback have a differential effect on skill.
The visual modality can be either descriptive or prescrip-
tive, while auditory and tactile are primarily prescriptive.
Auditory and tactile are provided in reference to a threshold
(to activate or to smooth). The study design should keep
feedback content consistent across modalities for a proper
evaluation of modality effect.

This review presents some limitations worth mention-
ing. Studies were required to be published in English to be
included, which may have excluded studies published in
other languages. Further, evidence was synthesized using
vote counting based on direction of effect, which is a valid
method but less precise than a meta-analysis.

In summary, the studies included in this review presented
a series of methodological and theoretical limitations, from
a motor skill learning perspective. We have provided sug-
gestions for overcoming these limitations. It is crucial for
future research to consider the multifactorial interaction
of feedback modality with a learner, task, and context. We
encourage researchers to consider our suggestions and delin-
eate a detailed plan when investigating the effect of feedback
modality on surgical skill. Furthermore, researchers should
specify which conditions (goal, context, and skill level) an
observed effect can be generalized to. If these issues are
not addressed, a study, at best, can be a proof of concept,
without providing meaningful results on skill learning and
performance. We acknowledge that the technical elements
for a feedback modality strategy are complex and require
technical expertise (engineers in various fields), but we also
emphasize the necessity of including in the research team
researchers with expertise in study design and human factors
(learning psychology and neuroscience). In this context, an
interdisciplinary team is highly recommended [46].

Conclusion

Augmenting force feedback is a key issue in surgical sutur-
ing skill, especially in non-open surgery (laparoscopy, robot-
ics assisted, and teleoperation) whereby naturally occurring
feedback is impoverished. Different modalities of provid-
ing force feedback exist, with potentially different effects
on skill learning and performance. This review identified
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nine studies that examined this issue, comparing different
modalities. The low number of studies with low methodo-
logical quality and low level of evidence (most were proof
of concept) prevent us from drawing any meaningful conclu-
sion and as such it is currently not known whether and how
force feedback modality influences surgical suturing skill.
We consider the issue of feedback modality to be highly
relevant in this field, and we encourage future research to
conduct further investigation integrating principles from
learning psychology and neuroscience: identify feedback
goal, context, and skill level and then design and compare
feedback modality accordingly.
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