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Abstract
Minimal-invasive surgery (MIS) and robotic surgery (RS) offer multiple advantages over open surgery (Vajsbaher et al. in 
Cogn Syst Res 64:08, 2020). However, the lack of haptic feedback is still a limitation. Surgeons learn to adapt to this lack 
of haptic feedback using visual cues to make judgements about tissue deformation. Experienced robotic surgeons use the 
visual interpretation of tissue as a surrogate for tactile feedback. The aim of this review is to identify the visual cues that are 
consciously or unconsciously used by expert surgeons to manipulate soft tissue safely during Minimally Invasive Surgery 
(MIS) and Robotic Surgery (RS). We have conducted a comprehensive literature review with papers on visual cue identi-
fication and their application in education, as well as skill assessment and surgeon performance measurement with respect 
to visual feedback. To visualise our results, we provide an overview of the state-of-the-art in the form of a matrix across 
identified research features, where papers are clustered and grouped in a comparative way. The clustering of the papers 
showed explicitly that state-of-the-art research does not in particular study the direct effects of visual cues in relation to the 
manipulation of the tissue and training for that purpose, but is more concentrated on tissue identification. We identified a gap 
in the literature about the use of visual cues for educational design solutions, that aid the training of soft-tissue manipulation 
in MIS and in RS. There appears to be a need RS education to make visual cue identification more accessible and set it in 
the context of manipulation tasks.

Keywords  Visual cues in surgery · Visual feedback in robotic surgery · Visual cues in surgical education

Introduction

Minimal-invasive surgery (MIS) and robotic surgery (RS) 
offer multiple advantages over open surgery (Vajsbaher et al. 
1 in Cogn Syst Res 64:08, 2020). If we look at the evolution 
from open surgery to laparoscopy to robotic surgery [2], we 
see a shift from relying a lot on haptic feedback in open sur-
gery [3] to using visual feedback in robotic surgery [4] and 

laparoscopy providing a partial combination of both stimuli. 
In [5], it is argued that the importance of haptic feedback 
during robotic surgery is controversial. It is also hypoth-
esized in that study that experienced surgeons are able to 
identify visual cues that help them to not apply excessive 
force to tissue during a manipulation task. On the basis of 
this, we form our research question for this review as: which 
visual cues are used by expert surgeons for manipulation 
tasks of soft tissue and can we use this for surgical educa-
tion? After a short summary of the methodology applied 
in this review and the key words used to find the relevant 
literature as part of the Introduction, Section 2 focuses on 
soft-tissue manipulation in minimal-invasive surgery (MIS). 
Here, the visual cues found in the literature are described 
in detail as well as how they are used in the visual process 
of surgeons during surgery. In Section 3, we categorise the 
literature and thereby identify potential gaps in research. 
Here, we construct a matrix of the main literature in a con-
tent dependant order. For that, we have identified and used 
features of the related research that provide us with useful 
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information to categorise the literature with regards to our 
research question. Current research focuses mainly on what 
and how we can teach robots or computer vision systems to 
do or see what we humans can. Some researchers however 
think that this is not a one-way situation, but that robots 
and automation systems can augment the way we learn and 
educate [6]. In this particular case, there is the question on 
how robotic systems can enhance the education of surgeons, 
making it more effective in terms of time, cost, and out-
come. That is why, this paper also reviews a considerable 
amount of related literature on computer vision, neural net-
works, and robotic surgery applications instead of review-
ing only medical research. From that, we hope that we can 
gain a broad understanding on how to solve surgical and 
educational problems with the aid of visual cues. For this 
review, we searched Web of Science, PubMed, and Google 
Scholar for the most cited papers in the area of visual cues 
in surgery and we used a backward snowballing approach, 
i.e., looking at the citations of a paper [7]. The main terms 
we searched for included: “visual cues in surgery”, “visual 

feedback in surgery OR surgical education”, and “visual 
cues for manipulation”.

Methodology

The period for this review was over a year. The following 
keywords were used for identification: visual cues in sur-
gery, visual feedback in robotic surgery, and visual cues 
in surgical education. We followed the conventions of the 
PRISMA flow diagram for paper selection (see Fig. 1). For 
screening, duplicates were removed and the remaining 153 
records were skimmed through to mark the ones that are 
relevant to our topic. During that process, 50 records were 
excluded. A total of 103 articles were found eligible for a 
complete review. Throughout the review, the references of 
the selected papers were surveyed and the relevant articles 
that were not initially identified were added, thus increasing 
the total number of eligible record to 113. The work progres-
sions and duplicate publications were removed to lead to the 

Fig. 1   PRISMA flow diagram
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101 articles included in this review. From the 101 referenced 
records in this review, 16 were put and sorted inside a table 
for an easier comparison and overview of the papers’ rel-
evancy regarding the different visual-cue-related subtopics 
that we defined in this review (see Table 1).

Soft‑tissue manipulation in MIS and robotic 
surgery

The visual process of a soft-tissue manipulation task of a 
surgeon can be divided into three different mechanisms [8]: 
Identification [9], Motion Planning/Navigation [9–11], and 
Manipulation [9], (see Fig. 2). The surgeon switches con-
stantly between these three modes during the surgery of soft 
tissue. The surgeon switches constantly between these three 
modes during the surgery of soft tissue.

Inferring information from visual feedback is essential 
during MIS and RS due to the distorted haptic feedback 
as mentioned before. It is therefore important to study the 
effects that surgeons have to face because of it. One phe-
nomenon is that it gets harder for the surgeon to estimate 
how much force is actually and how much force needs to be 
applied, without the intuitive sense of touch [12]. In [13], 
the authors were studying the effects on gripping force with 
total lack of haptic feedback. They were numbing the tactile 
sensing of participants by anaesthetising their hands. The 
participants were still able to manipulate the objects suc-
cessfully without slippage but with the result of an increased 
gripping force applied to the objects. The direction in which 
forces are applied to the tissue matter in terms of visual 
accessibility to the observer. Therefore, it can be hypoth-
esised that everything that is done by moving the tool in the 
x–y-plane is easier to assess for the viewer than for example 
a gripping force that is in direct contact interaction with the 
tissue without moving it in a particular direction.

Visual cues in surgery

The literature defines visual cues in surgery as key points or 
features of visual information presented to the observer, that 
are used to make judgements or predictions about the behav-
iour of tis- sue. During this literature review, we have identi-
fied several visual cues that were used either in the context 
of computer vision tasks or that were quantitatively analysed 
by surgeons or researchers in an educational context. The 
phrasing ‘visual cues’ is used in different contexts within 
the literature. There are visual cues that are given as raw 
data from the visual scene of the laparoscope or there are 
artificially induced visual cues [14] that are used to provide 
the surgeon with a visual representation of the forces (visual 
feedback) [15], e.g., pseudo-haptics or augmented-reality 
features. This literature review is concerned with the visual 

cues that occur as visual sensory input to the surgeons whilst 
operating. Since both laparoscopy and robotic surgery have 
less or no haptic feedback compared to open surgery [16], 
surgeons have to rely more or only on visual cues to make 
judgements about the applied force or tension to tissue [17]. 
There have been several studies that show that the lack of 
haptic feedback does not affect the performance of surgeons 
[18, 19] or lead to more tissue injury. Visual feedback can 
act as a surrogate for haptic feedback [20]. The following 
visual cues have been identified during the review of the 
literature to play a role during minimal-invasive surgery:

•	 Depth cues [21, 22]
•	 Colour changes [20, 23]
•	 Texture [20]
•	 Elasticity and stretchability [24]
•	 Reflectance [25, 26]
•	 Shades [25].

These visual cues can be subdivided into more specific 
key features of visual perception of the operative scene. 
It must me noted that these features cannot be viewed in 
isolation but can influence one another or are closely 
interconnected.

Depth cues

There is a distinction between the binocular visual cues the 
surgeon gets only in 3D vision [27] and the monoscopic (2D) 
visual cues [28]. Monoscopic visual cues are

•	 Motion parallax
•	 Relative position
•	 Accommodation
•	 Familiar size
•	 Object interposition
•	 Texture gradient
•	 Aerial perspective.

There are controversial results in the literature about 
whether 3D vision facilitates depth cue interpretation tasks 
in the context of laparoscopy [29]. The authors of [30] com-
pared to 2D and 3D depth cues in surgical skill acquisition 
in novices. They found that additional binocular cues in 
stereoscopic visualisation lead to cognitive overload of the 
novices. In contradiction to their hypothesis, novices did 
not perform better with additional binocular cues. Another 
study, on the other hand, found that 3D visualisation sig-
nificantly enhanced performance of participants given phan-
tom surgical tasks [31]. The study in [32] claimed that their 
results show an improvement in skill acquisition of novices 
in laparoscopy due to 3D vision implementation. Partici-
pants were able to perform more complex laparoscopic tasks 
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in a decreased amount of time and with fewer errors. One 
explanation for the contradicting results from different stud-
ies investigating if 3D visualization can improve surgical 
performance may be that the performance is very much task-
dependant and experience-dependant [33]. This means that 
binocular cues from 3D vision might be more important in 
tasks that are considered to be more complex such as knot-
tying, but are less important in basic tasks such as pegboard 
transfer. In other words, this suggests that the importance of 
3D vision depth cues depends on task complexity.

Another example of a depth cue or 3D orientation cue is 
the “alignment of suturing material” as described in [34].

Colour changes

Colour patterns and changes play an important role during 
identification, navigation, and manipulation of soft tissue 
[23].

An example given by [34] for a colour-defined visual 
cue is “discolouration and deformation of the bowel during 
grasping”. The grasping instrument interrupts the blood flow 
in the area of the grasp and the delicate, very compliant tis-
sue of the bowel changes colour from a darker to a lighter 
reddish tone. It must be noted that we found a large amount 
of literature about the identification of tissue characteristics 
with the aid of colour change cues, e.g., the identification 
of certain organs or the identification of injuries and tissue 
abnormalities. What we did not find was the application of 
colour change cues in tissue manipulation. The only example 
we found was the one given above about the bowel grasping 
task. To the best of our knowledge, there is no research on 
how exactly different tissues change colour when manipu-
lated (e.g., the tissue gets lighter when it is pulled).

Texture cues

Texture can be a depth cue or a visual cue in itself [33, 35]. It 
is also closely correlated with reflectance and shades, since 
humans perceive texture through reflectance and shadow 
cues. Texture is a crucial visual cue to distinguish vital 
organs, which tend to exhibit a narrow variety of colour 
[25]. The shape of an instance in the operative field can 

be inferred from the texture. By analyzing the distortion of 
the texture projected in an image, the 3D coordinates of a 
surface in a scene are recovered [36]. The authors of [36] 
explain that texture distortion is measured by assuming a 
property of the object such as homogeneity, isotropy, or 
spectral content, on the original texture of an object. Then, 
the prior information based on the original is compared with 
the properties of the texture in the observed image.

Elasticity and stretchability

The elasticity of the tissue helps surgeons to make judge-
ments on how to manipulate the tissue in a safe manner. 
With the knowledge about tissue stretchability and local tis-
sue deformation, surgeons can estimate how much tension 
and force can be used in a pulling, gripping, retraction, or 
needle insertion [37] without risking tissue injury or tear-
ing [5]. Another elasticity-related visual cue is the tension 
of suturing material used on the anatomical structures [34]. 
The tension of the suture material is easier to access than 
the surrounding soft tissue because of its contrasting colour. 
The literature suggests that in the event of a discrepancy 
between the present visual and haptic cues, humans tend to 
rely more on visual cues to judge the softness of compliant 
objects [38].

Reflectance and shades

It could be argued that reflectance and shades are a subcat-
egory of colour changes, but since they play a special role 
with respect to navigation and manipulation, they are worthy 
mentioning separately.

From specular highlights, surgeons can infer the tex-
ture and the elasticity of tissue as well as position of the 
endoscope. Cues of specular reflectance are derived from 
binocular disparity, motion in- formation, and the proper-
ties of highlights [26]. These properties are brightness and 
geometry of the highlights relative to diffuse shading on 
the surface [39]. When you comparing the two pictures in 
Fig. 3, you can see a very particular change of reflections 
where the tissue is pulled. The tissue in the top picture that 
is not pulled has more round reflections, whereas in the sec-
ond picture, these reflections become a sharp white line that 
runs exactly along the edge of the stretched tissue. These 
change of reflection shape can be picked up easily by a cam-
era system.

Identification and navigation

During our research, we found that visual processing by a 
surgeon can be divided into three different decision-making 
processes: Identification of tissue [20, 41] (e.g., classifica-
tion of different organs, identification of dissection planes), 

Fig. 2   Visual process during surgery
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Navigation in the operational field [42] (e.g., angle and posi-
tion of the endoscope or path planning of cutting pattern), 
and Manipulation of the tissue [43] (e.g., gripping and pull-
ing in direct contact with the tissue).

An essential precondition for the safe manipulation of tis-
sue is the thorough and reliable identification of the correct 
tissue components as well as a detailed motion and naviga-
tion planning by the surgeon. In [44], it was found that most 
errors during MIS were related to surgeon perception, i.e., 
due to incorrect identification or no visual perception of the 
impacted structures. In the context of this literature review, 
it is interesting to notice that the authors of the above study 
proved the visual aspect of the operation to be more prone 
to lead to errors than motor skill imprecision of the surgeon. 
To identify a pathology of tissue, findings showed that vis-
ual cue interpretation during laparoscopic cholecystectomy 
could relate to the identification of different pathological 
states, such as distinguishing the appearance of chronic 
inflammation from that of normal tissue [40]. The authors 
of [40] analysed several learning situations of laparoscopy, 
by recording audio as well as video material of two operat-
ing surgeons, one being a senior the other being a trainee in 
real laparoscopy. In these instances, the trainer might use an 
adjective or simile to draw the trainee’s attention to subtle 
changes in appearance. For example, after remarking that the 
gallbladder wall appears adenomyotic (adenomyomyosis is 
a rare disease of the gallbladder characterised by epithelial 

proliferation and the formation of mucosal pouches through 
the thickened muscular layer of the gallbladder wall), he 
uses the adjective ‘marbled’ to draw the trainee’s attention 
to the visual features. It was observed that in cases that were 
more difficult, with more complex anatomy, more time was 
spent on ‘interpreting visual cues’. It must be noted that the 
visual descriptors used by the trainer were solely about tis-
sue identification rather than about describing and teaching 
the right manipulation cues.

Modelling of visual cues

There are several approaches to the modelling of visual cues 
[45]. Many have used models of visual cues for video seg-
mentation of laparoscopy videos [46–48]. The segmentation 
of the videos could then be used to improve surgical training 
for students. The automatic classification of different proce-
dural steps of a recorded laparoscopy taught students how 
to identify each step of an operation in a cost-effective way.

(i)	 Elasticity. Mass–spring models [49] and finite-element 
modelling are two standard techniques used to simu-
late the visualisation of soft-tissue deformation during 
rigid-tool/soft-tissue interaction on the soft-tissue com-
puter model. Both techniques have some disadvantages: 
mass–spring models ignore the impact of the indenter 
diameter on the soft-tissue deformation, whilst the use 
of finite-element modelling cannot usually achieve real-
time performance due to high computational complex-
ity [50].

	   There are several virtual models of soft tissue that are 
used in VR simulators [51–54]. One strategy used to 
visualise haptic feedback is the integration of pseudo-
haptics. The concept of pseudo-haptics uses visual 
feedback such as active cursor displacements to cre-
ate the visual illusion of actual force feedback. This 
approach can be used to model compliance or elasticity 
of tissue visually. Since pseudo-haptic feedback gen-
erates virtual forces through visual feedback only, it 
is considered to be a cost-effective alternative to con-
ventional haptics solutions [50]. Pseudo- haptics has 
mainly been investigated in the context of palpation 
tasks [55], e.g., identifying tumour nodes in a tissue. 
The authors of [50] combined Pseudo-haptics with 
force feedback and it was found that this combination 
of feedback methods performed as well as manual pal-
pation of the tissue.

(ii)	 Colour. The paper [25] identified several visual cues in 
videos, which were assumed to be used by surgeons for 
inferring information. The authors classified the visual 
cues as local and global descriptors of the scene. A 
feature space was created with the visual cues to depict 

Fig. 3   Changes in specular reflection during soft-tissue retraction 
(still images extracted from Video Clip S6 of the Supporting Material 
from [40]); (top) tissue is not stretched, (bottom) tissue is pulled
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the principal axes of variability. Then, a classification 
model was used to segment videos of surgery.

	   To detect specific steps of a surgical procedure from 
videos, colour features can be used in several ways. 
Pixel values can be used as features directly. In [25], the 
authors used RGB/HSV components to augment both 
the local descriptor (colour values) and global descrip-
tor (colour histogram).

(iii)	 Position. Relative position of organs and instruments 
is an important visual cue. The paper [25] encoded the 
position of SURF detected keypoints with an 8 × 8 grid 
sampling of a Gaussian surface centred around the key-
point. The variance of the Gaussian defines the spatial 
“area of influence” of a keypoint.

(iv)	 Shape. Shape is an important visual cue for computer 
vision applications. It is used for example in detect-
ing instruments in educational videos of surgery. The 
cues help to identify and thereby segment the phase of 
the surgery video. Shape can be encoded with various 
techniques, such as the Viola–Jones object detection 
framework, using image segmentation to isolate the 
instruments and match against artificial 3D models, 
and other methods. [25]

(v)	 Texture. Texture is a crucial visual cue to distinguish 
vital organs, which tend to exhibit a narrow variety of 
colour. Texture for example can be extracted using a 
co-occurrence matrix with Haralick statistical features, 
by a sampling of representative patches to be evaluated 
with a visual descriptor vector for each patch, and other 
methods. [25]

Manipulation

Manipulation is the interaction with an object in direct con-
tact with another object that is applying a force and thereby 
controlling the objects movement or behaviour [56]. It can 
be assumed that a prediction of the behaviour of an object 
just from visual feedback alone is much harder to do for 
manipulation tasks as it is for identification or naviga-
tion tasks [57]. This is because at the contact points dur-
ing manipulation, the tool that one is manipulating with is 
occluding the object being manipulated in the contact point. 
Since occlusion means one is getting no visual feedback at 
the point of occlusion, these points form gaps of sensory 
information, if one receives only visual information.

Visual cues in surgical training

There is a manifold of different surgical training techniques 
such as virtual reality simulators [58], wet labs, box train-
ers, video-based training, or augmented-reality simulators, 
all of which deliver different visual cues to the observer. 
Virtual reality simulators are aiming to capture the reality of 

soft-tissue behaviour as closely as possible [59, 60]. Whilst 
the progress that has been made in modelling reality virtu-
ally is important in the pursue of finding low-cost solutions 
for surgical training, fine details of the real operating scene 
are still very hard to capture. Until now, the visual cues per-
ceived during minimal-invasive surgery remain to be seen 
only on recorded endoscopic videos.

Cope et al. (2015) stress the importance for students to 
learn visual cue interpretation [40]. Mastering visual cue 
interpretation means having a certain amount of mental 
exemplars of visual cues and their contextual meaning 
stored in their memory (see section on sensory substitu-
tion). The more experience the surgeon has, the richer their 
memory about visual cue interpretation [61, 62]. When con-
sidering the practical implications of the above, the study 
[63] stresses that students face the problem of increasingly 
restricted training hours. The authors argue that this can 
make it more difficult for students to acquire a rich memory 
bank of visual exemplars [64] to be used to make judgements 
during MIS and RS.

Simulation-based learning methods are an important part 
of the skill acquisition process for MIS and RS and useful 
when trying to find cost-effective solutions that are avail-
able to students whenever they need training hours. How-
ever, “the identification of the plane for dissection—made 
by interpreting subtle differences in colour or texture of the 
tissues, and how they dynamically re-spond to tension—can 
seldom be adequately simulated” [63]. Even though current 
simulation techniques have made immense progress with 
respect to accuracy, they are still an estimation of reality 
[65] using different modelling techniques. Therefore, the 
study concludes that “one potential avenue for surgical 
education is the design of educational interventions that 
specifically address visual cue interpretation” [65]. There 
are several educational design solutions that aim to make 
medical education more cost-effective and available to a 
broader audience. Fig. 4  depicts a robotic training system 
from Heriot-Watt University that is designed as a low-cost 
training solution for robotic surgery. A substantial amount 
of simulators like the ProMIS (Haptica) or LapMENTOR 
(Simbionix) were introduced during the last two decades to 
cover every aspect of surgical training. Considering the con-
ventional measures of surgeon performance used in training 
platforms, such as time taken, instrument path length, and 
smoothness of motion might not be the best choice to meas-
ure surgical ability in terms of result-oriented skill assess-
ment [66]. The authors of [63] suggest that “appropriateness 
of the surgeon’s actions” might provide a more sensible met-
ric for the measurement of the quality of surgical ability. The 
simulators for example evolved to analyse if the surgeon cuts 
in the correct place rather than only measuring completion 
time or other quantitative metrics [67]. When these errors 
are also considered in the context of their severity, the paper 
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[67] argues that one can reliably differentiate between expert 
and novice surgeons. This brings us to the conclusion that 
qualitative metrics can have more impact in surgical training 
than quantitative metrics like completion time or smooth-
ness of movements. This could be an indication, that if we 
can identify and define visual cues that are actually used 
by expert surgeons to manipulate tissue safely, we could 
potentially enhance surgical training in a meaningful way. 
The appropriateness of certain actions could potentially be 
defined more clearly by building a library of visual cues that 
is found to be sensible by expert surgeons and maps manipu-
lation actions of soft tissue to the appropriate visual cues.

Error mechanisms and performance measurements

In [68], the authors studied what kind of errors happened 
and how frequently they occurred during laparoscopy pro-
cedures, what manipulation mechanism had led to the error, 
and what consequences were incurred. The authors ana-
lysed 50 videos of laparoscopies from different surgeons. 
The most frequently observed errors were: use of too much 
force, too much distance between tool and tissue, "inade-
quate visualisation and wrong orientation of the instrument 
or dissection plane. These errors led to different injuries with 
varying severity. The error mechanisms can be measured 
visually and thereby it can be concluded that the right set 
of visual cues should be studied, matched to the respective 
situation, and used for educational purposes to improve stu-
dent’s learning outcome or to aid the performance of fully 
trained surgeons. Another factor that could play a role in the 

learning process of MIS is the oblique effect [69]. It can be 
hypothesised that expert surgeons learn to compensate for 
the errors that the oblique effect produces. Human percep-
tion is more accurate for vertical and horizontal movements 
than for oblique ones. This effect leads to a misperception 
of the direction of motions. This, in our opinion, stresses the 
importance of a stable movement and fixation of the endo-
scope with a stable horizon whilst learning to manipulate 
tissue with tools. This will help students to learn how to use 
velocity redundancies that can be used to compensate for 
the oblique effect.

It is not an easy task to estimate the interaction forces and 
reactions in an ongoing contact task visually [70, 71]. When 
studying how visual cues can be exploited one keep in mind 
that sensory input for a surgeon from different sources are 
interconnected and the surgeon will have learned to inter-
pret, perhaps unconsciously, this complex set of feedback 
[72], i.e., one sensory feedback influencing the other in the 
context of motor control [73]. An interesting study was con-
ducted by Adams et al. (2013), where the subjects were only 
given visual feedback whilst handling an object in their hands. 
When studying the effects of interrupting haptic and tactile 
sensory information of subjects, the study [13] found that the 
subject’s gripping force increased significantly. They injected 
local anaesthetics into the hands of the subjects and made them 
grip objects with only visual feedback helping them control 
their actions. They concluded that the increased gripping force 
is a strategic response of the nervous system to secure a grip 
without slippage of the object despite the deficit of sensory 
information. On the other hand, another study [74] that was 
researching ways to estimate forces applied to soft tissue with 
vision-based methods found that in a wet lab experiment, it 
was possible to predict how much force was applied to the 
tissue with a mean absolute error of 0.814 N. However, the 
model was trained on the indentation force of the tool only. 
Indentation force means an object is indented with a one-direc-
tional force, whereas a gripping force has two counteracting 
forces. It seems logical that an estimation of gripping force 
from vision only is inherently harder [75], since one side of 
the gripping tool tip is occluded by the tissue or the visually 
perceptible changes are much smaller, since the applied force 
is interacting from two directions making it harder to visually 
estimate elasticity. The model described above was exploiting 
the elasticity of the tissue as a crucial visual cue. However, if 
the tissue is gripped and pinned inside the two counteracting 
sides of the tool tip, there is less deformation to be observed on 
the tissue, hence again making gripping force prediction more 
difficult to predict visually than one-directional indentation 
force [76]. Several studies have tried to implement objective 
measures for the skill differentiation of expert surgeons and 
trainee surgeons . The metrics in the literature include: time 
to complete a particular defined surgical task [77, 78], hand 
path length [78, 79], number of movements [80], smoothness 

Fig. 4   An experimental low-cost Robotic Surgery Training setup at 
Heriot-Watt University
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of hand movements [81, 82], and force–torque signatures of 
particular movements [63]. Another metric is eye tracking. The 
studies [83] and [84] found that there is a reliable distinction in 
eye movement patterns between expert and novice surgeons. 
A critical review of the metrics above has been given in Sec-
tion 4, “Visual Cues in Surgical Training”.

Sensory substitution

Hagen et al. (2008) investigated sensory substitution of hap-
tic feedback with visual feedback [34]. They concluded that 
real haptic feedback is not a necessity for expert surgeons to 
perform MIS or RS in a safe manner . The more experience 
a surgeon has, the more they experience something that the 
authors of [20] called the ‘reverse Braille effect’. Therefore, 
these papers argue that visual cues can act as a surrogate 
for haptic feedback [5, 20, 34]. The authors of Hagen et al. 
(2008) also investigated the effect of the absence of haptic 
feedback in robotic surgery and found that the surgeon at 
the console “learns” to translate optics into tactiles subcon-
sciously and is able to use this information in the course 
of the procedure’ [34]. They described this phenomenon as 
“a neurological form of conditioning”. This conditioning 
provides the surgeons with a mental heuristic that estimates 
how much force is applied, because the surgeon connects the 
visual cues of the applied force with a certain “feeling”. An 
experienced surgeon would have a richer understanding [61, 
85] (consciously or unconsciously) of how a specific grip on 
a piece of bowel would lead to a specific amount of discol-
ouration, how that discolouration would “feel”, and therefore 
how much force they apply. From a neurological perspective, 
the concept of sensory substitution can be explained by how 
humans perceive. Human perception can be described as a 
weighted sum of sensory input. According to the study in 
[63], this means that surgeons combine information from 
visual and haptic cues, weighting them depending on the 
context and the quality of the cues available to them. If the 
quality of visual feedback perceived by an observer is higher 
than the quality of haptic feedback perceived, than it would 
follow from the above that the decision is determined mainly 
by the visual stimuli. There are several studies that support 
the assumption that haptic feedback learned first in detail, 
by touching and manipulating the tissue in open surgery or 
wet labs and then being less present in laparoscopy, can be 
translated mentally into visual cue interpretation sufficiently.

Review of visual cue identification 
and applications

In Table 1, we have collected the most relevant studies 
related to the concept of visual cues in surgery and pre-
sent it in the form of a matrix that relates the studies to 

a number of factors we have identified. The rows of the 
table correspond to the studies identified as most relevant 
to this review.

The rows, hence the collection of studies, have been 
grouped under three categories: Skill/Performance, VC 
identification, and VC Identification and application in edu-
cation. The first category is composed of three papers that 
include an educational design solution in which they apply 
the visual cues they identified in their study [5, 25, 40]. The 
second category shows research papers that are mainly con-
cerned with the identification of visual cues but have no 
educational application with respect to visual cues [20, 24, 
34, 38, 63, 86]. The third category summarises the work that 
has focussed on skill or performance of surgeons without the 
context of specific visual cues but with visual components 
such as video analysis. Since we want to investigate the con-
nection between visual cues and their application in surgi-
cal education, it seemed sensible to review the literature on 
how surgeon’s skill and performance is actually measured. 
Therefore, the third category is a collection of papers that 
investigate error mechanisms of surgeons as well as good 
performance measures (see also Section 3.3 [68, 87–91]).

The columns of Table 1 correspond to the factors we use 
to examine and compare the literature. The first column of 
the table indicates the research that has identified specific 
visual cues in their work, for example analysing specific col-
our patterns or identifying depth cues. The second column 
“Visual Cues as a Surrogate for Haptic Feedback” depicts 
the papers that argue that expert surgeons rely heavily on 
visual feedback when compared to haptic feedback. They 
assume that the need for haptic feedback is overestimated 
by novices and that it can be substituted by visual cues in an 
efficient way. The column “Sensory Substitution” is closely 
related to the previous column, but it is more general. Whilst 
the previous column focuses on papers with experimental 
application of haptic feedback substitution, the category 
in the third column refers to the papers that have some 
aspect of comparison between the use of haptic feedback 
and visual feedback during surgery as well as being related 
to the theory behind sensory substitution (see section 3.4). 
The next three columns are summarised under the category 
“Research methods”. They mark which papers have used 
which research methods for their studies. The three research 
methods that were identified during this review are “Mod-
elling of visual cues”, “Video analysis”, and “Subjective 
two-choice experiment”. It is noticeable that video analysis 
is the main method used, especially in surgeon skill and per-
formance research. Furthermore, it can be noticed that most 
papers, even if they identified specific visual cues, did not 
proceed to modelling the visual cues for further application. 
The next category, “Visual Cue application”, is composed 
of three columns. Here, we mark which of the reviewed 
papers have an educational design solution, which identified 
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characteristics of tissue, and which include motion planning 
or navigation with the aid of visual cues.

As the reader can see from the table, most of the papers 
remained in the first stage of identification of visual cues 
and visual characteristics of tissue. Some of them used these 
results to create an educational design solution, and only 
one of them used the visual cues for motion planning or 
navigation tasks. Although it is part of the visual process 
of surgery (as you can see from Fig. 1), we chose to make 
the last category “Tissue Manipulation” a separate category 
rather than including it in “Visual Cue Applications”. This 
is because we wanted to show that, although there are a lot 
of papers about tissue manipulation, none of these study the 
impact of visual cues on tissue manipulation. This depicts 
the lack of research in vision-focussed tissue manipulation.

Comparative recap of the review

The knowledge we gain from the matrix of Table 1 and 
from the review of the literature in general point to a lack of 
research in the domain of visual cue application for manip-
ulation and education. The question we ultimately ask is: 
what does the review tell us for potential future research? 
To answer this question, we clustered the papers contentwise 
and categorised them in a way that exemplified the lack of 
research in visual cue application for soft-tissue manipula-
tion and that showed an emphasis on visual identification of 
tissue in the current literature. Since a large amount of the 
literature is also about the application of haptic feedback 
[93] [94] in MIS or surgical training, it is sensible to com-
ment on the relationship between haptic and visual feedback 
and how they can be connected for educational purposes. 
Ström et al. (2006) have shown that early exposure to haptic 
feedback enhances performance in surgical simulator train-
ing significantly [95]. It can be hypothesized that a with-
drawal process [96] of haptic feedback towards the use of 
visual feedback only could be beneficial for the learning 
process.

Conclusion

This literature review aims to add value by summarising 
empirical insights on visual cues in surgery and thereby 
providing a synthesis of what is already known and what is 
not. The main output is to reflect the state of knowledge in 
current research and show potential gaps in the literature [7]. 
The literature reviewed in this work investigates visual cues 
and their application in surgical education. The clustering 
of the papers showed explicitly that state-of-the-art research 
does not in particular study the direct effects of visual cues 
in relation to manipulation of the tissue and training for that 

purpose but is more concentrated on tissue identification. 
Therefore, there seems to be a gap in literature about the 
use of visual cues for educational design solutions, that aid 
the training of manipulation of soft tissue in MIS and in 
RIS [97]. By addressing that gap, visual cue identification 
could be made more accessible and set it in the context of 
manipulation tasks. Approaches such as e-learning environ-
ments for medical education are limited in providing the 
realism needed to train students [98]. These environments 
are particularly limited to provide the students with the nec-
essary feedback of visual cues whilst performing the task. 
To address these problems, advanced visual cues could be 
used to improve medical training and learning performance 
as well as potentially produce better surgery outcomes. More 
accurate visual cues can enable better decision making by 
trainees and surgeons alike whilst performing soft-tissue 
manipulation tasks. A good knowledge of visual cues and 
skills to interpret those in a correct and useful way might 
result in less damage to the manipulated tissue and give 
trainees and surgeons more confidence in their ability to 
manipulate soft tissue safely.

Acknowledgements  This research is supported by the Engineering 
and Physical Sciences Research Council (EPSRC) as part of the CDT 
in Robotics and Autonomous Systems at Heriot-Watt University. The 
EPSRC grant reference number is EP/S023208/1.

Author’s contribution  Robin Trute has made the review and wrote 
the paper; Afshin Alijani has contributed to formulation of the review 
topic, provided feedback throughout the work, took part in revising 
the paper; Mustafa Suphi Erden supervised the work, formulated the 
review topic, took part in writing and revising the paper.

Funding  Robin Julia Trute, Dr Afshin Alijani, and Dr Mustafa Suphi 
Erden have no conflicts of interest or financial ties to disclose.

Data availability  No datasets were generated or analysed during the 
current study.

Declarations 

Conflicts of interest  Robin Julia Trute, Dr Afshin Alijani and Dr 
Mustafa Suphi Erden have no conflicts of interest or financial ties to 
disclose.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

http://creativecommons.org/licenses/by/4.0/


Journal of Robotic Surgery (2024) 18:401	 Page 11 of 13  401

References

	 1.	 Vajsbaher T, Ziemer T, Schultheis H (2020) A multi-modal 
approach to cognitive training and assistance in minimally inva-
sive surgery. Cogn Syst Res 64:08

	 2.	 LaGrange C, Clark C, Gerber E, Strup S (2008) Evaluation of 
three laparoscopic modalities: robotics versus three-dimensional 
vision laparoscopy versus standard laparoscopy. J Endourol 
22:511–516

	 3.	 Perkins N, Starkes JL, Lee TD, Hutchison C (2002) Learning 
to use minimal access surgical instruments and 2-dimensional 
remote visual feedback: how difficult is the task for novices? Adv 
Health Sci Educ Theory Pract 7(2):117–131

	 4.	 Rentschler M, Dumpert J, Platt S, Ahmed S, Farritor S, Oleynikov 
D (2006) Mobile in vivo camera robots provide sole visual feed-
back for abdominal exploration and cholecystectomy. Surg Endosc 
20:135–138

	 5.	 Reiley CE, Akinbiyi T, Burschka D, Chang DC, Okamura 
AM, Yuh DD (2008) Effects of visual force feedback on robot-
assisted surgical task performance. J Thorac Cardiovasc Surg 
135(1):196–202

	 6.	 Carpenter BT, Sundaram CP (2017) Training the next generation 
of surgeons in robotic surgery. Robot Surg 4:39–44

	 7.	 Wee BV, Banister D (2016) How to write a literature review 
paper? Transp Rev 36(2):278–288

	 8.	 Wanzel K, Hamstra S, Anastakis D, Matsumoto E, Cusimano M 
(2002) Effect of visual-spatial ability on learning of spatially-
complex surgical skills. Lancet 359:230–231

	 9.	 Azizian M, Khoshnam M, Najmaei N, Patel R (2014) Visual ser-
voing in medical robotics: a survey. Part I: endoscopic and direct 
vision imaging - techniques and applications. Int J Med Robot 
10:263–274

	10.	 Wang YF, Uecker DR, Wang Y (1998) A new framework for 
vision-enabled and robotically assisted minimally invasive sur-
gery. Comput Med Imaging Graph 22(6):429–437

	11.	 Gavaghan K, Oliveira-Santos T, Peterhans M, Reyes M, Kim 
H, Anderegg S, Weber S (2012) Evaluation of a portable image 
overlay projector for the visualisation of surgical navigation data: 
phantom studies. Int J Comput Assist Radiol Surg 7:547–556

	12.	 Rivero A, Alsaleh SM, Hahn J, Casals A (2016) Towards retriev-
ing force feedback in robotic-assisted surgery: a supervised neuro-
recurrent-vision approach. IEEE Trans Haptics 10:431–443

	13.	 Adams MJ, Johnson SA, Thonnard JL (2013) Finger pad friction 
and its role in grip and touch. J R Soc Interface 10:20120467

	14.	 Sülzenbrück S, Heuer H (2011) Type of visual feedback during 
practice influences the precision of the acquired internal model 
of a complex visuo-motor transformation. Ergonomics 54:34–46

	15.	 Horeman T, Rodrigues SP, van den Dobbelsteen JJ, Jansen FW, 
Dankelman J (2012) Visual force feedback in laparoscopic train-
ing. Surg Endosc 26:242–248

	16.	 Bethea B, Okamura A, Kitagawa M, Fitton T, Cattaneo S, Ameli 
M, Baumgartner W, Yuh D (2004) Application of haptic feedback 
to robotic surgery. J Laparoendosc Adv Surg Tech A 14:191–5

	17.	 Mucksavage P, Kerbl DC, Pick DL, Lee JY, McDougall EM, 
Louie MK (2011) Differences in grip forces among various 
robotic instruments and da Vinci surgical platforms. J Endourol 
25:523–528

	18.	 Coelho RF, Chauhan S, Palmer KJ, Rocco B, Patel MB, Patel VR 
(2009) Robotic-assisted radical prostatectomy: a review of current 
outcomes. BJU Int 104:1428–1435

	19.	 Meccariello G, Faedi F, Alghamdi S, Montevecchi F, Firinu E, 
Zanotti C, Cavaliere D, Gunelli R, Taurchini M, Amadori A, 
Vicini C (2016) An experimental study about haptic feedback in 
robotic surgery: may visual feedback substitute tactile feedback? 
J Robot Surg 10:57–61

	20.	 Tewari AK, Patel ND, Leung RA, Yadav R, Vaughan ED, El-
Douaihy Y, Tu JJ, Amin MB, Akhtar M, Burns M, Kreaden U, 
Rubin MA, Takenaka A, Shevchuk MM (2010) Visual cues as a 
surrogate for tactile feedback during robotic-assisted laparoscopic 
prostatectomy: posterolateral margin rates in 1340 consecutive 
patients. BJU Int 106(4):528–536

	21.	 Bogdanova R, Boulanger P, Zheng B (2016) Depth perception of 
surgeons in minimally invasive surgery. Surg Innov 23:515–524

	22.	 Taffinder N, Smith SGT, Huber J, Russell RCG, Darzi A (1999) 
The effect of a second-generation 3d endoscope on the laparo-
scopic precision of novices and experienced surgeons. Surg 
Endosc 13:1087–1092

	23.	 Somashekhar SP, Reddy GRK, Deshpande AY, Ashwin KR, 
Kumar R (2020) A prospective study of real-time identification 
of line of transection in robotic colorectal cancer surgery by ICG. 
J Robot Surg 15:369–374

	24.	 E. Fakhoury, P. R. Culmer, and B. Henson (2015) “The effect of 
indentation force and displacement on visual perception of com-
pliance,” in 2015 IEEE World Haptics Conference (WHC), pp. 
88–93.

	25.	 M. Volkov, D. A. Hashimoto, G. Rosman, O. R. Meireles, and D. 
Rus (2017) “Machine learning and coresets for automated real-
time video segmentation of laparoscopic and robot-assisted sur-
gery,” in 2017 IEEE International Conference on Robotics and 
Automation (ICRA), pp. 754–759.

	26.	 Fleming RW (2014) Visual perception of materials and their prop-
erties. Vision Res 94:62–75

	27.	 Dion YM, Gaillard F (1997) Visual integration of data and basic 
motor skills under laparoscopy. Influence of 2D and 3D video-
camera systems. Surg Endosc 11:995–1000

	28.	 Nicolaou M, Atallah L, James A, Leong J, Darzi A, Yang GZ 
(2006). The Effect of Depth Perception on Visual-Motor Compen-
sation in Minimal Invasive Surgery. In: Yang, GZ., Jiang, T., Shen, 
D., Gu, L., Yang, J. (eds) Medical Imaging and Augmented Real-
ity. MIAR 2006. Lecture Notes in Computer Science, 4091:156–
163. Springer, Berlin, Heidelberg.https://​doi.​org/​10.​1007/​11812​
715_​20

	29.	 Wilhelm D, Reiser S, Kohn N, Witte M, Leiner U, Mühlbach 
L, Ruschin D, Reiner W, Feussner H (2014) Comparative evalu-
ation of hd 2d/3d laparoscopic monitors and benchmarking to 
a theoretically ideal 3d pseudodisplay: Even well-experienced 
laparoscopists perform better with 3d. Surg Endosc 28:03

	30.	 Mistry M, Roach VA, Wilson TD (2013) Application of stereo-
scopic visualisation on surgical skill acquisition in novices. J Surg 
Educ 70(5):563–570

	31.	 Storz P, Buess GF, Kunert W, Kirschniak A (2012) 3D HD versus 
2D HD: surgical task efficiency in standardised phantom tasks. 
Surg Endosc 26:1454–1460

	32.	 Nolan GJ, Howell S, Hewett P (2015) Impact of three-dimensional 
imaging in acquisition of laparoscopic skills in novice operators. 
J Laparoendosc Adv Surg Tech A 25:301–304

	33.	 Shah J, Buckley D, Frisby J, Darzi A (2003) Depth cue reliance 
in surgeons and medical students. Surg Endosc 17:1472–1474

	34.	 Hagen ME, Meehan JJ, Inan I, Morel P (2008) Visual clues act as 
a substitute for haptic feedback in robotic surgery. Surg Endosc 
22:1505–1508

	35.	 Brydges R, Carnahan H, Dubrowski A (2005) Surface exploration 
using laparoscopic surgical instruments: the perception of surface 
roughness. Ergonomics. 48:874–894

	36.	 Clerc M, Mallat S (2002) The texture gradient equation for recov-
ering shape from texture. IEEE Trans Pattern Anal Mach Intell 
24(4):536–549

	37.	 Horeman T, Blikkendaal M, Feng D, Dijke A, Jansen F-W, Dan-
kelman J, Dobbelsteen J (2013) Visual force feedback improves 
knot-tying security. J Surg Educ 71:01

https://doi.org/10.1007/11812715_20
https://doi.org/10.1007/11812715_20


	 Journal of Robotic Surgery (2024) 18:401401  Page 12 of 13

	38.	  Fakhoury E. “Determining the contribution of visual and haptic 
cues during compliance discrimination in the context of minimally 
invasive surgery,” PHD Thesis, The University of Leeds, School 
of Mechanical Engineering, 2015.https://​ethes​es.​white​rose.​ac.​uk/​
12557/1/​Fakho​ury_E_​Mecha​nical​Engin​eering_​PhD_​2015.​pdf

	39.	 Blake A, Bülthoff H (1990) Does the brain know the physics of 
specular reflection? Nature 343:165–168

	40.	 Cope AC, Bezemer J, Kneebone R, Lingard L (2015) ‘you see?’ 
teaching and learning how to interpret visual cues during surgery. 
Med Educ 49(11):1103–1116

	41.	 Schlachta CM, Ali S, Ahmed H, Eagleson R (2015) A novel 
method for assessing visual perception of surgical planes. Can J 
Surg 58:87–91

	42.	 Mezger U, Jendrewski C, Bartels M (2013) Navigation in surgery. 
Langenbeck Arch Surg 398:501–514

	43.	 Li Y, Richter F, Lu J, Funk EK, Orosco RK, Zhu J, Yip MC 
(2020) Super: a surgical perception framework for endoscopic 
tissue manipulation with surgical robotics. IEEE Robot Autom 
Lett 5:2294–2301

	44.	 Way LW, Stewart L, Gantert W, Liu K, Lee CM, Whang K, Hunter 
JG (2003) Causes and prevention of laparoscopic bile duct inju-
ries: analysis of 252 cases from a human factors and cognitive 
psychology perspective. Ann Surg 237:460–469

	45.	 Zou Y, Liu PX (2017) A high-resolution model for soft tissue 
deformation based on point primitives. Comput Methods Pro-
grams Biomed 148:113–121

	46.	 Qin F, Lin S, Li Y, Bly RA, Moe KS, Hannaford B (2020) 
Towards better surgical instrument segmentation in endoscopic 
vision: multi-angle feature aggregation and contour supervision. 
IEEE Robot Autom Lett 5:6639–6646

	47.	 Lalys F, Riffaud L, Bouget D, Jannin P (2012) A framework for 
the recognition of high-level surgical tasks from video images for 
cataract surgeries. IEEE Trans Biomed Eng 59:966–976

	48.	 Dergachyova O, Bouget D, Huaulmé A, Morandi X, Jannin P 
(2016) Automatic data-driven real-time segmentation and recog-
nition of surgical workflow. Int J Comput Assist Radiol Surg 11:03

	49.	 Basafa E, Farahmand F (2011) Real-time simulation of the nonlin-
ear visco-elastic deformations of soft tissues. Int J Comput Assist 
Radiol Surg 6:297–307

	50.	 Li M, Konstantinova J, Secco EL, Jiang A, Liu H, Nanayakkara T, 
Seneviratne LD, Dasgupta P, Althoefer K, Wurdemann HA (2015) 
Using visual cues to enhance haptic feedback for palpation on 
virtual model of soft tissue. Med Biol Eng Comput 53:1177–1186

	51.	 Kunkler K (2006) “The role of medical simulation: an overview. 
Int J Med Robot Comput Assist Surg 2:203–210

	52.	 Bielser D, Maiwald VA, Gross MH (1999) Interactive cuts through 
3-dimensional soft tissue. Comput Graphic Forum 18(3):31–38

	53.	 Yi-Je Lim, J. Hu, Chu-Yin Chang, and N. Tardella (2006) “Soft 
tissue deformation and cutting simulation for the multimodal 
surgery training,” in 19th IEEE Symposium on Computer-Based 
Medical Systems (CBMS’06), pp. 635–640.

	54.	 Kim J, Janabi-Sharifi F, Kim J (2010) A haptic interaction method 
using visual information and physically based modeling. Mecha-
tron IEEE/ASME Trans 15:636–645

	55.	 M. Li, H. Liu, J. Li, L. D. Seneviratne, and K. Althoefer (2012) 
“Tissue stiffness simulation and abnormality localization using 
pseudohaptic feedback,” in 2012 IEEE International Conference 
on Robotics and Automation, pp. 5359–5364.

	56.	 C. Shin, P. W. Ferguson, S. A. Pedram, J. Ma, E. P. Dutson, and J. 
Rosen (2019) Autonomous tissue manipulation via surgical robot 
using learning based model predictive control.

	57.	 Rognini G, Sengül A, Aspell J, Salomon R, Bleuler H, Blanke O 
(2013) Visuotactile integration and body ownership during self-
generated action. Eur J Neurosci 37:1120–1129

	58.	 Escobar-Castillejos D, Noguez J, Bello F, Neri L, Magana A, 
Benes B (2020) A review of training and guidance systems in 
medical surgery. Appl Sci 10:1–35

	59.	 Basdogan C, Ho C-H, Srinivasan M (2001) Virtual environments 
for medical training: graphical and haptic simulation of laparo-
scopic common bile duct exploration. Mechatronics 6:269–285

	60.	 Picinbono G, Lombardo J-C, Delingette H, Ayache N, Epidaure 
P (2000) Improving realism of a surgery simulator: linear aniso-
tropic elasticity, complex interactions and force extrapolation. J 
Vis Comput Animat 13:11

	61.	 Bleakley A, Farrow R, Gould D, Marshall R (2003) Making sense 
of clinical reasoning: judgement and the evidence of the senses. 
Med Educ 37:544–552

	62.	 Arora S, Aggarwal R, Sevdalis N, Moran A, Sirimanna P, Knee-
bone R, Darzi A (2010) Development and validation of mental 
practice as a training strategy for laparoscopic surgery. Surg 
Endosc 24:179–187

	63.	 Cope AC, Mavroveli S, Bezemer J, Hanna GB, Kneebone R 
(2015) Making meaning from sensory cues: a qualitative inves-
tigation of postgraduate learning in the operating room. Acad 
Med 90:1125–1131

	64.	 Hedman L, Ström P, Andersson P, Kjellin A, Wredmark T, 
FelländerTsai L (2006) High-level visual-spatial ability for nov-
ices correlates with performance in a visual-spatial complex 
surgical simulator task. Surg Endosc 20:1275–1280

	65.	 Lim Y-J, Deo D, Singh T, Jones D, De S (2008) In situ meas-
urement and modelling of biomechanical response of human 
cadaveric soft tissues for physics-based surgical simulation. 
Surgical endoscopy. 23:1298–1307

	66.	 Horeman T, Delft F, Blikkendaal M, Dankelman J, Dobbelsteen 
J, Jansen F-W (2014) Learning from visual force feedback in 
box trainers: tissue manipulation in laparoscopic surgery. Surg 
Endosc 28:1961–1970

	67.	 Francis NK, Hanna GB, Cuschieri A (2002) The performance 
of master surgeons on the advanced Dundee endoscopic psycho-
motor tester: contrast validity study. Arch Surg 137:841–844

	68.	 Bonrath EM, Gordon LE, Grantcharov TP (2015) Characteris-
ing ‘near miss’ events in complex laparoscopic surgery through 
video analysis. BMJ Qual Saf 24:516–521

	69.	 Perrone JA, Liston DB (2015) Redundancy reduction explains 
the expansion of visual direction space around the cardinal axes. 
Vision Res 111:31–42

	70.	 Calandra R, Owens A, Jayaraman D, Lin J, Yuan W, Malik J, 
Adelson EH, Levine S (2018) More than a feeling: learning to 
grasp and regrasp using vision and touch. IEEE Robot Autom 
Lett 3:3300–3307

	71.	 Hao OR, Çavus¸og˘lu MC (2018) Visionbased surgical tool pose 
estimation for the da Vinciâ® robotic surgical system. Rep US 
2018:1298–1305

	72.	 Stepp C, Matsuoka Y (2010) Relative to direct haptic feedback, 
remote vibrotactile feedback improves but slows object manipu-
lation. Annu Int Conf IEEE Eng Med Biol Soc 2010:2089–92

	73.	 Sengül A, van Elk M, Blanke O (2012) Extending the body to 
virtual tools using a robotic surgical interface: evidence from 
the crossmodal congruency task. PLoS One 7(12):e49473

	74.	 C. Gao, X. Liu, M. Peven, M. Unberath, and A. Reiter (2018) 
“Learning to see forces: surgical force prediction with rgb-
point cloud temporal convolutional networks,” OR 2.0 context-
aware operating theaters, computer assisted robotic endoscopy, 
clinical image-based procedures, and skin image analysis, p. 
118–127.

	75.	 Heijnsdijk E, Pasdeloup A, Pijl A, Dankelman J, Gouma D (2004) 
The influence of force feedback and visual feedback in grasping 
tissue laparoscopically. Surg Endosc 18:980–985

https://etheses.whiterose.ac.uk/12557/1/Fakhoury_E_MechanicalEngineering_PhD_2015.pdf
https://etheses.whiterose.ac.uk/12557/1/Fakhoury_E_MechanicalEngineering_PhD_2015.pdf


Journal of Robotic Surgery (2024) 18:401	 Page 13 of 13  401

	76.	 Fakhoury E, Culmer P, Henson B (2014) The effect of vision on 
discrimination of compliance using a tool. Int J Human Comput 
Interact 30(11):882–890

	77.	 Bermas H, Fenoglio M, Haun W, Moore JT (2004) Laparoscopic 
suturing and knot tying: a comparison of standard techniques to a 
mechanical assist device. JSLS 8(2):187–189

	78.	 Oostema JA, Abdel MP, Gould JC (2008) Time-efficient laparo-
scopic skills assessment using an augmented-reality simulator. 
Surg Endosc 22:2621–2624

	79.	 Datta V, Mackay S, Mandalia M, Darzi A (2001) The use of 
electromagnetic motion tracking analysis to objectively measure 
open surgical skill in the laboratorybased model. J Am Coll Surg 
193:479–485

	80.	 Woodrum DT, Andreatta PB, Yellamanchilli RK, Feryus L, 
Gauger PG, Minter RM (2006) Construct validity of the LapSim 
laparoscopic surgical simulator. Am J Surg 191:28–32

	81.	 Dubrowski A, Sidhu R, Park J, Carnahan H (2005) Quantifica-
tion of motion characteristics and forces applied to tissues during 
suturing. Am J Surg 190:131–136

	82.	 Wang Y, Goonetilleke R (2020) A one- and two-phased model of 
aimed movement with eye-hand incompatibility. Human Mov Sci 
72:102657

	83.	 Kocak E, Ober J, Berme N, Melvin WS (2005) Eye motion param-
eters correlate with level of experience in video-assisted surgery: 
objective testing of three tasks. J Laparoendosc Adv Surg Tech A 
15:575–580

	84.	 Richstone L, Schwartz MJ, Seideman C, Cadeddu J, Marshall S, 
Kavoussi LR (2010) Eye metrics as an objective assessment of 
surgical skill. Ann Surg 252:177–182

	85.	 Rosen J, Solazzo M, Hannaford B, Sinanan M (2002) Task decom-
position of laparoscopic surgery for objective evaluation of surgi-
cal resident’s learning curve using hidden Markov model. Comput 
Aided Surg 7(1):49–61

	86.	 B. P. L. Lo, A. Darzi, and G.-Z. Yang (2003) “Episode classifica-
tion for the analysis of tissue/instrument interaction with multiple 
visual cues,” In Medical image computing and computer-assisted 
intervention - MIC- CAI 2003 (R. E. Ellis and T. M. Peters, eds.), 
(Berlin, Heidelberg), Springer Berlin Heidelberg, pp. 230–237.

	87.	 Martell J, Elmer T, Gopalsami N, Park YS (2011) Visual measure-
ment of suture strain for robotic surgery. Comput Math Methods 
Med 2011:879086

	88.	 Grenda TR, Pradarelli JC, Dimick JB (2016) Using surgical video 
to improve technique and skill. Ann Surg 264:32–33

	89.	 Zhou M, Perreault J, Schwaitzberg SD, Cao CG (2008) Effects of 
experience on force perception threshold in minimally invasive 
surgery. Surg Endosc 22:510–515

	90.	 Boonvisut P, Çavus¸og˘lu MC (2013) Estimation of soft tissue 
mechanical parameters from robotic manipulation data. IEEE 
ASME Trans Mechatron 18:1602–1611

	91.	 Kitagawa M, Dokko D, Okamura AM, Yuh DD (2005) Effect 
of sensory substitution on suture-manipulation forces for robotic 
surgical systems. J Thorac Cardiovasc Surg 129:151–158

	92.	 C. Shin, P. Ferguson, S. A. Pedram, J. Ma, E. P. Dutson, and 
J. Rosen (2019) Learning soft tissue dynamics in image space 
for automated bimanual tissue manipulation with surgical robots. 
abs/1902.01459.

	93.	 Abeywardena S, Yuan Q, Tzemanaki A, Psomopoulou E, Droukas 
L, Melhuish C, Dogramadzi S (2019) Estimation of tool-tissue 
forces in robot-assisted minimally invasive surgery using neural 
networks. Front Robot AI 6:56

	94.	 Rosen J, Hannaford B, MacFarlane M (2002) Force controlled and 
teleoperated endoscopic grasper for minimally invasive surgery-
experimental performance evaluation. IEEE Trans Biomed Eng 
46:10

	95.	 Ström LSAKTWP, Hedman L, Felländer-Tsai L (2006) Early 
exposure to haptic feedback enhances performance in surgical 
simulator training: a prospective randomized crossover study in 
surgical residents. Surg Endosc 20:1383–1388

	96.	 Postema RR, van Gastel LA, Hardon SF, Bonjer HJ, Horeman T 
(2020) Haptic exploration improves performance of a laparoscopic 
training task. Surg Endosc. 35:4175–4182

	97.	 Halim J, Jelley J, Zhang N, Ornstein M, Patel B (2020) The effect 
of verbal feedback, video feedback, and self-assessment on lapa-
roscopic intracorporeal suturing skills in n.ovices: a randomized 
trial. Surg Endosc 35:3787–3795

	98.	 Lau F, Bates J (2004) A review of e-learning practices for under-
graduate medical education. J Med Syst 28:71–87

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Visual cues of soft-tissue behaviour in minimal-invasive and robotic surgery
	Abstract
	Introduction
	Methodology
	Soft-tissue manipulation in MIS and robotic surgery
	Visual cues in surgery
	Depth cues
	Colour changes
	Texture cues
	Elasticity and stretchability
	Reflectance and shades
	Identification and navigation
	Modelling of visual cues
	Manipulation

	Visual cues in surgical training
	Error mechanisms and performance measurements
	Sensory substitution

	Review of visual cue identification and applications
	Comparative recap of the review
	Conclusion
	Acknowledgements 
	References




