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Manipulation ergonomics and robotic surgery—a narrative review
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Background and Objective: The robotic system offers manipulation ergonomic advantages through
articulated instruments with seven degrees of freedom (DOF), fulcrum elimination, filtration of tremor,
and scaling of movement. The objective of this narrative review is to address the manipulation ergonomic
considerations of robotic surgery.

Methods: A literature review was performed to find evidence for the postulated manipulation advantages
and disadvantages.

Key Content and Findings: An increase in DOF from four to six has been shown to reduce task
completion time by 40%. The detrimental effect of the fulcrum effect (including the associated scaling
of movement) on performance of a laparoscopic task has been demonstrated for novice surgeons. Tremor
filtration alone may not improve accuracy during robotic tasks. Scaling of movement can increase accuracy
by 20-30%. Conferring of ambidexterity improves the accuracy of the non-dominant hand. Control of
camera and three instruments, and use of intuitive hand controllers and foot pedals can improve efficiency.
Surgeons should be conscious of the fact that different robotic instruments have different grip forces. Lack
of haptic feedback and robot arm clashes are manipulation disadvantages that need to be overcome.
Conclusions: Advanced technology has been used to support manipulation in robotic-assisted surgery. The
integrated technologies of flexible instrument tips with seven DOF, scaling effect, removal of the fulcrum
effect, and control of more instruments offer ergonomic benefits to the surgeon. On the other hand, limitations

related to lack of haptic feedback and arm clashing need to be overcome to improve the surgeon experience.
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Introduction with activation of different muscle groups when comparing

RS with laparoscopic surgery (LS), but a meta-analysis

Robotic surgery (RS) offers improved ergonomics for the demonstrated significantly lower activation only for the

surgeon with its seated positioning and ability to support
the forearms on the console bar. Ergonomics has been
classified as having physical, organisational, and cognitive
components. Previous review articles have addressed
postural, visualisation, cognitive and workflow ergonomics

associated with RS. Studies have reported conflicting results
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biceps with RS (1). Other postural ergonomic benefits of
RS include distribution of upper limb muscle fatigue to
the non-dominant side and ability to take micro-breaks
(2,3). Visualisation ergonomic advantages of RS include
clearer exposure with better lighting, three-dimensional
vision, steady camera control by the surgeon, and location
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Table 1 The search strategy summary

Annals of Laparoscopic and Endoscopic Surgery, 2024

ltems Specification

Date of search 1* September 2023

Databases and other sources searched MEDLINE (PubMed)

Search terms used

manipulation, ergonomics, robotic surgery, degrees of freedom, fulcrum, tremor, scaling of

movements, ambidexterity, camera control, fourth arm, hand controllers, instruments, haptic

feedback, robot arm clashes

Timeframe
Inclusion criteria
Selection process

Any additional considerations, if

applicable systematic review

No restrictions on timeframe

Original articles in peer-reviewed journals, all study designs, restricted to English language only
Selection was performed by the first author

Additional hand search of references cited in the studies. This was a narrative and not

of the screen closer to the hands (4). Other visualisation
ergonomic considerations include stereo-acuity, sensory
mistatch, visuospatial ability, and visual fatigue. Physical
separation of the surgeon is the main contributor for flow
disruptions (FDs) during RS, which may result in increased
error rates (5). Intervention which may counter FDs include
team training, better operating room spatial configuration,
standardised communication taxonomy with read-back,
technology implementation, support for resilience, and
use of checklists. The impact of robotic assistance on
cognitive workload is complex (6). The better associated
postural, visualisation and manipulation ergonomics may
facilitate less need to delegate cognitive resources to the
physical tasks, but this may be offset by reduced situational
awareness related to physical separation, communication
difficulties, need to control more instruments, limited visual
field and lack of haptic feedback.

The robotic system offers potentially better manipulation
ergonomics through articulated instruments with seven
degrees of freedom (DOF), fulcrum elimination, filtration
of tremor, and scaling of movement (7). The presence of
these robotic manipulation benefits has been shown to
enhance the dexterity of the right hand by 55% and the left
hand by 45% as compared with LS (8). The median skill-
based errors dropped from 23 during laparoscopic suturing
task to 8.5 during robotic suturing task with 2-dimensional
vision in a simulation setting. Studies on manipulation
benefits of the robotic system have been performed mainly
in a simulation setting and assessed performance using
kinematic data and operating time of surgeons of different
experience levels. These factors may affect the validity
of the studies in the real-life operation setting. The aim
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of the study is to examine the beneficial and detrimental
manipulation ergonomic factors of the robotic system
individually. We present this article in accordance with the
Narrative Review reporting checklist (available at https://
ales.amegroups.com/article/view/10.21037/ales-23-64/rc).

Methods

A literature search was conducted on 1st September 2023,
using MEDLINE (PubMed) for this narrative review
(Table 1). All original studies published in peer reviewed
journals from inception to 1* September 2023 were
considered and no restrictions was imposed regarding
study design. Only English language papers were reviewed.
To find relevant publications, keywords ‘manipulation’,
‘ergonomics’, and ‘robotic surgery’ were used. Other
keywords used were extracted from previous review articles
on ergonomics and RS or LS. These keywords are used
as subheadings in the discussion. The other search terms
used were degrees of freedom, fulcrum, tremor, scaling of
movements, ambidexterity, camera control, fourth arm,
hand controllers, instruments, haptic feedback, and robot
arm clashes. References cited in the studies and reviews
were hand searched to ensure literature saturation.

Discussion
Manipulation ergonomics and LS

Breedveld et 4/. summarised the important factors which
impede and facilitate indirect manipulation during
LS compared with direct hand manipulation during
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open surgery (9). They categorised the differences to
transformation of spatial or grasping movements. The
impeding spatial transformation factors were reduced DOE,
fulerum effect, scaling of hand movements and tip forces,
and instrument shaft friction. Technical developments to
overcome some of these impeding factors are incorporated
in robotic systems. They include introduction of master-
slave system, additional DOF, neutralisation of the
mirroring and scaling effects, and compensation for friction.
The impeding grasping transformation factors were
difference in size, difference in grip and reduced tactile
feedback. Grasping can be improved by increasing the
number of jaws, using flexible jaws, and improving tactile
feedback. The impeding effects may be more significant for
inexperienced surgeons as some effects are relatively small
and easy to adapt to with increasing experience.

Most handgrips of laparoscopic grasping instruments
are ergonomically poorly designed. Van Veelen ez al. found
that laparoscopic manipulating instrument handles satisfied
only three of the eight ergonomic requirements (10).
Laparoscopic instruments have been associated with carpal
tunnel syndrome and thenar neuropathy as well as reduced
efficiency from handle to tip with a transmitted force
of one third (11). An increase ratio of extracorporeal to
intracorporeal length of laparoscopic instrument reduced
manoeuvrability inside the abdominal cavity and increased
shoulder movement and fatigue (12).

DOF

DOF is the ability for independent movement in a particular
orientation or rotation. Open surgery allows the use of all
six DOF (along the translational x-y-z axis and orientation
around the rotational roll-pitch-yaw axis) (13). Laparoscopic
instruments offer four potential DOF movements: rotation
along the long axis, in and out, side to side (yaw) and up
and down (pitch) (12). Instrument actuation (with the
gripping action of grasping instruments) is sometimes
considered the seventh DOF. With LS, two of the possible
three translational DOF are lost due to restrictions imposed
by the trocar entry point which only allows one path to
reach a point inside the abdominal cavity (along the trocar
direction only). The articulated robotic instruments offer an
additional two DOF due to an extension/flexion and a tilt
function at the distal wrist (14).

Studies have shown better manipulation performance
with more DOF. Wilhelm et 4/. found that suturing and
knot tying were significantly faster with availability of
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six DOF compared with four DOF (P<0.001) (13). An
increase in DOF from four to six has been shown to
reduce task completion time by 40% (15). A review article
concluded that suturing using robotic assistance compared
with conventional laparoscopy was superior in terms of
time, safety and vessel patency (14). In a simulation study
involving medical students, mastery of laparoscopic and
robotic instruments was easier to learn and required
four hours of training, whereas mastery of a steerable
laparoscopic instrument (with two additional DOF) required
six hours of training (16). However, the time to perform a
complex suturing task was more than twice as long using
standard laparoscopic instruments compared with using
robotic or the steerable laparoscopic instruments.

Fulcrum

With LS, the abdominal wall trocar creates a fulcrum point
which results in scaled counterintuitive movements of the
surgeon hand and instrument tip (17). The fulcrum effect
has been compared with picture orientation in a pinhole
camera (14). The fulcrum effect has been shown to have
a detrimental effect on novice surgeon laparoscopic task
performance (18). Experienced laparoscopic surgeons are
acclimatised to the “fulcrum effect” of the abdominal wall on
instrument manipulation and movements can be performed
without additional mental workload (19). Crothers et /.
showed that novice surgeons benefited from Y-axis image
inversion during simulated laparoscopic tasks (but it had a
detrimental effect on the initial performance of experienced
surgeons with subsequent improvement after training (19).
In a similar study but instead of image inversion, Spiers ez a/.
designed a laparoscopic tool which negated the natural
inversion and found statistically higher rates of motor
skill improvement in novice surgeons as demonstrated by
faster task completion time and reduced error rate (20).
The effects of scaling of movement associated with the
fulcrum effect has also been studied. Nisky ez /. found that
perception of stiffness, by testing with springs of different
stiffness, was affected by internal and external length/ratio
of the laparoscopic tool when used by a novice (21). Motion
inversion can cause movement constraints and perceptual
distortions (21). The identification of trocar location is
of vital importance for navigation and elimination of the
fulcrum effect by the robotic system. The da Vinci robot
(Intuitive Surgical) has four arms which all have a remote
centre of motion that aligns with the motion constraint
imposed by the trocars (22).
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Trremor filtration

Surgeons have normal physiological fine tremor which
oscillates at a frequency of 8- to 12-Hertz (23). Transmission
of hand movement along the shaft of laparoscopic
instruments to the tip can magnify tremor. The robotic
system can filter hand tremor by using software to provide
smooth and stable movements. The computer system can
isolate and remove high frequency oscillating motions by
digitizing the surgeon’s movements (24). In one simulation
study, tremor filtration alone did not significantly improve
accuracy during target-piercing tasks (24). In addition, there
are no studies which have shown that surgical outcomes are
affected by exaggerated physiological tremor (23).

Scaling of movements

Scaling can change the movement ratio between the macro
hand input and the micro instrument tip output, resulting
in improved precision and dexterity (25). Scaling on the da
Vinci robot can be changed from 2:1 to 1.5:1 or 3:1 by use of
the touch display. Accuracy has been shown to be improved
by 20% to 30% when motion scaling was activated (24).
The trade-off for improved precision is increased operative
time. In a study of participants who were not surgeons,
target-piercing simulator tasks were completed with greater
accuracy using robotic instruments with motion scaling
compared with using standard laparoscopic instruments (24).
Activation of tremor filtration function in this subject group
did not contribute additional benefit derived from motion
scaling. Motion scaling has been shown to reduce the impact
of signal latency on performance which is important with
remote telesurgery. One study reported improved accuracy
and efficiency of peg transfer task, even in the presence
of a simulated signal latency of 750 ms, but not at the
equivalent level of performance without signal latency (26).
Accuracy is potentially increased ten-fold when using robotic
systems to perform microvascular anastomoses (27,28).

Ambidexterity

Robotic assistance improves the fine motor skills of the
nondominant hand and confers virtual ambidexterity
(29,30). The accuracy of the nondominant hand with
help of motion scaling during RS even superseded that
of the dominant hand during LS (24). Studies have found
significant differences in execution time and manual
dexterity between the dominant and nondominant hands
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when performing laparoscopic and open surgical tasks,
which were nullified when the same tasks were performed
with robotic assistance (30,31).

Camera control and fourth arm

A meta-analysis concluded that the robotic camera
holder significantly outperformed human assistants
on the frequency of lens cleaning and inappropriate
movements (32). With the Da Vinci system, the surgeon can
control the camera with one of the robotic arms and adjust
the camera zoom on the touch display or via a “clapping”
motion when activating both finger clutches. The camera
can be controlled more intuitively with other systems.
Dardona et a/l. designed an immersive system that allow
simultaneous control of instruments and the camera via
a head-mounted display (33). The TransEnterux Surgical
Senhance offers camera control by eye movements through
an infrared eye-tracking system (34). The Da Vinci and
Medtronic Hugo surgical systems have an inbuilt safety
mechanism which suspends robotic arm movement when
the surgeon looks away from the screen (35).

The da Vinci robotic system has four robotic arms to
control the camera and three instruments. The ability of
the surgeon to control an extra instrument can improve
efficiency and bypass potential communication problems
with the human assistant. The availability of the extra arm
has been shown to improve tissue manipulation/ retraction
and reduce console time (36,37). The benefits of fourth arm
use during lung lobectomy included less need to change
instruments, reduced clashing of thoracoscopic and robotic
instruments, better exposure, and application of more
appropriate tension (38). Similarly, the use of the extra arm
can potentially increase the number of surgical options
available during robotic right hemicolectomy surgery, such
as lifting of the right colon upwards to expose the ileocolic
vessels on the medial side (39).

Hand controllers and foot pedals

The apposition of the thumb and index fingers in
a pinching motion which are placed in the hand
controller loops intuitively mimics the movement of the
end-effectors (40). Some surgeons prefer not to place
their fingers inside the loops to allow a wider range of
pronation/supination movement but with the possibility of
a higher risk of slippage (unpublished data, Shing Wong).
Prolonged pinching of the thumb and index finger can
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lead to temporary neuropraxia/numbness (41,42). The
maximum activation of the thenar muscles as measured
by electromyography has been shown to be lower for RS
compared with LS (43). Senhance use hand controls that
resemble traditional laparoscopic instrument controls which
has been shown to reduce the training time for surgeons
transitioning from LS (40). Ergonomic problems would be
like those experienced with use of laparoscopic instrument
handles. Other robotic systems use a hand grip system.

Use of the foot pedal on the da Vinci robot can change
the control of the finger manipulators to the endoscope or
any of the other three instrument arms (40). The robot arms
not controlled by the finger manipulators are locked into
position. Medical errors can result from interruptions to the
flow of surgery when using foot pedals to switch between
arms (33). In addition, camera-hopping between the two
central ports or the inconsistent use of two left hands and
one right hand or two right hands and one left hand can
lead to increase mental workload and confuse the brain
about which instruments has been activated for movement
(unpublished data, Shing Wong). The other foot pedals are
used for monopolar or bipolar diathermy activation, stapler
closing and firing, fluid irrigation and suction, and vessel
sealer activation and cutting.

Activation of the clutch can temporarily disconnect the
robotic arms guidance from the console so that the console
controls can be repositioned to allow for additional robotic
arm movement (44). Console controls movement is limited
by the physical console space and the reach of the surgeon’s
arms. Studies have shown that use of the clutch control is
more frequent with initial coaching and increasing robotic
experience (45,46).

Robotic instruments

With the da Vinci surgical platform, the different robotic
instruments have a wide range of grip forces (47). Surgeons
should be aware of these differences during surgery and in
some situations, pushing on tissues may be less traumatic
than pulling on them. Deflections at the proximal wrist joint
of robotic instruments have been shown to result in slightly
lower grip forces (~5%) (47). Johnson et al found that the
force input at the finger control was not proportional to
the grasper instrument output (48). There is a “gulf of
execution”, and surgeons should not expect gentle pressure
applied to the finger pads would translate to gentle pressure
applied to the tissue. The authors also found that the finger
grip angle and grasper jaw angle were nonproportional.
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"This mismatch however can be overcome by visualisation of
the jaw displacement.

A meta-analysis reporting on rectal anastomotic leak
reported a non-statistically significant benefit of robotic
stapler over laparoscopic stapler, as a result of better
manoeuvrability in the confined space of the pelvis and
requirement for fewer firings (49). Studies have revealed a
higher anastomotic leak rate with more than one firing of
the linear stapler (50). The Smartfire technology associated
with the Da Vinci Sureform stapler measures tissue
compression during firing, pausing to increase compression
if inadequate before resumption of firing, to ensure a more
consistent delivery of staples (51). The maximum angulation
of the laparoscopic powered stapler is 45 degrees. One
prospective study reported that over two-thirds of rectal
transection with the robotic stapler required at least one

firing at greater than this angle (52).

Lack of baptic feedback

Lack of haptic feedback is a disadvantage of RS with
the da Vinci system. Haptic feedback can be kinesthetic
(which senses forces and torques) or tactile (which senses
pressure and deformation) (53). To acquire and convey
haptic feedback information to the surgeon during RS,
a combination of sensors and displays are required. The
sensing element can be located in the robotic arms (indirect)
or at the instrument tip (direct) (40). Intra-abdominal direct
sensing can offer more precise feedback but is disadvantaged
by the need to be small, durable, and sterilisable (54). The
creation of a surgical corridor with virtual boundaries within
which surgeons can operate safely in and avoid essential
anatomical structures is another potential application of
haptic feedback (53).

Lack of haptic feedback can result in application of
excessive force causing tissue trauma or inadequate gripping
force (55). The surgeon can overcome some of the force
problems by knowing which da Vinci robotic instrument
to use for grasping different tissues because the grip force
is different with each instrument. The addition of haptic
feedback during simulation RS has been shown to improve
performance, reduce grasping forces on porcine bowel, and
increase consistency and precision during knot tying (56,57).
Experienced robotic surgeons can operate efficiently and
safely without haptic feedback by unconsciously using visual
cues such as tissue deformation as force surrogates (58).
Restoration of three-dimensional vision is an important
compensatory factor (59). Haptic force feedback is offered
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by some of the newer robotic systems but there have been
no non-simulated studies comparing surgeon performance
with and without haptic feedback (60).

Robot arm clashes

Robot arm collisions can lead to impaired control of
instruments, restriction of movement, and injury to the
patient or assistant. This was more common with the older
da Vinci Si surgical systems because of their thicker robotic
arms (36). Robot arm clashes can be reduced by placing
the trocars at the appropriate positions for RS. The patient
clearance buttons, which can drop the posterior elbows
of the robot arms without changing the position of the
instrument tips, can be used to minimise external robot arm
collisions (61).

Wider spacing of ports and tailoring the placement of
ports according to the planned surgery has been shown to
improve manipulation angles (62). Bedside assistant injury
can be prevented by judicious positioning of robotic and
assistant ports and being aware of the scaling component
of the fulcrum effect (63). With a single integrated patient
cart, such as with the da Vinci system, the arms have instant
registration with each other but arm clashing is more of a
problem (40). Arm clashes can be avoided more easily with
robotic systems which use individual patient carts for each
arm (such as with the Senhance, Hugo, and CMR Versius
systems).

Conclusions

Advanced technology has been used to support
manipulation in robotic-assisted surgery. The integrated
technologies of flexible instrument tips with seven DOEF,
scaling effect, removal of the fulcrum effect, and control of
more instruments offer ergonomic benefits to the surgeon.
On the other hand, limitations related to lack of haptic
feedback and arm clashing need to be overcome to improve
the surgeon experience.
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