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ABSTRACT In laparoscopic surgery, quality of haptic feedback is reduced compared to conventional
surgery, leading to unintentional tissue damage during grasping. From the perspective of haptics, poor
mechanical design of laparoscopic instrument joints induces friction and a nonlinear actuation-tip force
relation. In this study, a novel laparoscopic grasper using compliant joints and a magnetic balancer is
presented, and the reduction in hysteresis and friction is evaluated. The hysteresis loop of the novel compliant
grasper and two conventional laparoscopic graspers (high quality leading commercial brand and low quality
unbranded grasper) were measured. In order to assess quality of haptic feedback, the lowest grasper tip load
perceivable by instrument users was measured with the novel and the conventional laparoscopic graspers.
The hysteresis loop measurement yielded a mechanical efficiency of 43% for the novel grasper, compared
to- 25% and 23% for the Aesculap and the unbranded grasper, respectively. The forces perceivable by the
user through the novel grasper were significantly lower (mean 1.37N, SD 0.44N) than those of conventional
graspers (mean 2.15N, SD 0.71N and mean 2.65N, SD 1.20N, respectively). The balanced compliant grasper
technology has the ability to improve the quality of haptic feedback compared to conventional laparoscopic
graspers. Research is needed to relate these results to soft and delicate tissue grasping in a clinical setting,
for which this instrument is intended.

INDEX TERMS Laparoscopic surgery, compliant mechanisms, grasping, haptic feedback, static balancing.
Clinical and Translational Impact Statement—Compliant instruments with enhanced haptic sensation have
the potential to prevent undetected high pinch forces that can cause tissue damage during laparoscopic surgery.

NOMENCLATURE . Weose  Work needed to close grasper jaws.
open  Energy needed to open grasper Jaws. 7 Mechanical efficiency.

E.jose Energy needed to close grasper jaws.
Fp Balancing force.
Fi. Internal compliant (elastic) tip force. I. INTRODUCTION
Fif Internal friction force. In the last decades, technology that foster laparoscopic or
Fip linternal handle force. minimally invasive surgery (MIS) developed significantly
F, Residual force / absolute balancing error. resulting in a tremendous increase in both the absolute num-
Fy Sensitivity threshold force. ber of MIS procedures as well as different procedure types.
Ry Relative balancing error. For patients, MIS has several advantages compared to open
X Push-pull rod displacement. surgery, such as shorter post-operative hospital stay and
Wopen ~ Work needed to open grasper jaws. recovery, less pain and less visible scars [1], [2], [3], [4].
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However, surgeons performing MIS experience more dis-
comfort, pain and injuries compared to open surgery, as MIS
can be physically and mentally more demanding [5]. A major
difference between open and laparoscopic surgery is that with
laparoscopic surgery, the intra-abdominal tissue is manipu-
lated using an intermediate instrument, in contrast to open
surgery where palpation of tissue by the surgeon’s hands
is also possible. When the forces that act on the tissue are
distorted due to the internal component interactions and trans-
missions, the quality of force feedback and haptic feedback
that a surgeon can obtain from his hands decreases, poten-
tially influencing performance [6]. In combination with high
pressures at the end effector [7], this increases the risk of
unintended tissue damage [5].

Several factors contribute to the loss of quality of
force feedback. First, most laparoscopic instruments are
not designed for optimal haptic feedback to the surgeon’s
hand [8]. Second, instrument mechanisms and handles have
poor force transmission. In the study of Sjoerdsma et al. [9],
the mechanical efficiency was measured of several commonly
used laparoscopic instruments. This efficiency was defined
as the ratio between the output energy when the jaws are
opened as a result of a certain preloading and the input energy
supplied to the instrument when the jaws are closing:

Eopen _ Wopen
Eclose Welose

This study showed that mechanical efficiency ranged from
8% to 42%, indicating that during an opening and closing
cycle, more than half of the input energy is lost. This can be
explained by the working principle of conventional laparo-
scopic instruments. Conventional laparoscopic instruments
utilize a 4-bar linkage mechanism combined in a mechanism
to transfer control forces from the handle to the end effec-
tor [10]. The connecting parts of this mechanism can be seen
as sliding bearings, which need some play to be able to rotate
relative to each other without too much friction. Moreover,
in these instruments a ball and socket joint is used to transfer
handle forces, which also adds to the mechanical play. This
play appears to be very limited, because of the small size
of the mechanism. However, the large arm of an instrument
handle magnifies the play perceived by the surgeon, resulting
in significant hysteresis between the handle actuation by
the surgeon (input) and grasper jaw angle (output) (Fig. 1).
Therefore, the surgeon also has to rely on visual feedback to
determine how the applied input force on the handle is being
applied to the targeted tissue, or whether the instrument is still
in the range of the play. This problem becomes more evident
during sensing of delicate tissue handling when high internal
friction and thus low mechanical efficiency 7 in the instru-
ment can prevent small force perception completely [11].
In that case, the grasper’s sensitivity threshold force
F,-defined as the smallest grasper force perceivable through
the instrument handle - of conventional laparoscopic graspers
is too high. Lowering this threshold (while maintaining force
perception for larger forces) can potentially prevent undesired

ey
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Hypothetical hysteresis loop comparison

Grasper jaw angle

Grasper jaw angle
(output)

(output)
<

Handle actuation
(input)

Handle actuation
(input)

FIGURE 1. Hypothetical hysteresis loop and mechanism of a conventional
grasper tip with low mechanical efficiency (left), and a compliant grasper
tip with extremely low hysteresis and a mechanical efficiency of ~100%

(right).

tissue damage, but also open possibilities towards a more
precise tissue assessment through delicate grasping, which
can be helpful in e.g. metastasis recognition.

In earlier studies [12], [13], [14], a monolithic and compli-
ant laparoscopic grasper tip has been described that showed
a hysteresis close to zero when opening and closing of the
tip under different loading conditions, potentially offering a
solution for delicate grasping and small for perception. The
compliant tip (Fig. 1) uses flexible elements to open and
close the grasper, rather than conventional tips which use pin
and joint connections. Similar to a conventional grasper tip,
a push pull rod with displacement x is used to transfer the
handle movement to the compliant grasper tip. Monolithic
compliant mechanisms are also easier to clean and sterilize
than conventional bar link mechanisms, as all surfaces of
the mechanism prone to contamination are exposed. As the
compliant tip does not have any mechanical play it has the
potential to restore some of the haptic feedback during laparo-
scopic surgery. However, in the aforementioned papers [5],
[6], the compliant tip was not integrated into a clinically
feasible instrument, because balancing the relatively high
forces required to open the tip proved to be challenging.
These internal compliant forces (F; ) are introduced by the
elastic deflection of the compliant elements of the grasper
tip. If these internal instrument forces are not balanced out
by a balancer, during laparoscopic surgery they would be
perceived by the surgeons through the grasper handle. As F; .
is almost indistinguishable from tissue forces F; which are
perceived through the same handle interface, an unbalanced
compliant grasper would distort the tissue force perception.
Therefore, a significant majority of the internal compliant
forces should be balanced out. In this paper, a design and
first prototype for a magnetically balanced compliant laparo-
scopic grasper is presented. From the produced prototype, the
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hysteresis and mechanical efficiency was measured, and the
haptic feedback restoration was evaluated by comparing the
force perturbation sensitivity of the compliant grasper to
conventional graspers.

Il. MATERIALS AND METHODS

A. GRASPER DESIGN

The Delft Design Method [15] was used to structure the
design process with a special focus on Component inter-
action and function interaction as seen in the Bare Mini-
mum Design- Component Interation Analysis (BMD-CIA)
method [16]. The study goal is to come up with a design
that improves safe tissue handling while grasping. For safe
execution of precision tasks such as grasping delicate tis-
sue, high mechanical efficiency and low internal friction are
crucial [11]. Therefore, these were key principles throughout
the design process. As shown before, compliant mechanisms
provide promising results to achieve this [12], [13], [14].
Therefore, not only the grasper tip but also the handle design
will utilize the compliant mechanism concept.

A list of design requirements was established, taking into
account clinical aspects. These requirements were deter-
mined by a user committee, consisting of laparoscopic
surgeons and mechanical engineers:

1. All internal elastic forces F; should be balanced for at
least 80% (i.e. a maximum balancing error of 20%), and
at most 100% to prevent overbalancing;

2. Mechanical efficiency 1 should be over 50%;

3. During grasping, the compliant grasper should enable
the user to also perceive subtler, smaller grasping forces
than conventional graspers. Therefore, the sensitivity
threshold force F; of the compliant grasper should be
at least 30% lower compared to conventional graspers;

4. The grasper should be intuitive to use as indicated by
user feedback;

5. The instrument should be able to undergo 150 working
cycles (based on number of grasping actions in laparo-
scopic colectomies, a procedure with a high number of
grasping actions [17]) before it needs rebalancing;

6. The instrument should be suitable for atraumatic grasp-
ing during laparoscopic surgery with Smm diameter
instruments;

7. The maximum weight of the instrument is 300 grams.

The functional tip design of the novel compliant laparo-
scopic grasper is similar to a conventional laparoscopic
grasper. The compliant tip was fabricated with wire-EDM
from superelastic Nitinol.

In order to meet the balancing requirement, a balancing
mechanism should be integrated in the instrument design.
To determine the necessary balancing force characteristics
(Fp), the force-displacement curve of the standalone compli-
ant tip must be characterized. This was done by measuring
the opening and closing cycle of the compliant tip on a
custom built linear stage coupled with a force sensor (KD24s
50N, ME-MefBsysteme GmbH, Germany) mounted on the

VOLUME 11, 2023
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FIGURE 2. Force-displacement measurement of the compliant tip
(standalone). The grasper tip is fully opened at x=—0.75 mm, and
x=0.45 mm is the fully closed position.

push pull rod of the compliant tip. The cycle was repeated
70 times.

The resulting force-displacement curve of the standalone
tip is shown in Fig. 2. The maximum compliant tip force
F;. i1s —23.5N. It can be seen that the curve is almost
linear, which means that the balancing mechanism needs a
linear force-displacement curve. From these measurements,
the mechanical efficiency of the standalone compliant tip
was calculated at 96%. Based on the force measurement
results, Requirement 1 was quantified and a novel balancer
mechanism was designed.

In previous designs, a compliant balancing mechanism
with preloaded springs was used [12], [13], [14]. However,
tuning this mechanism proved to be a challenge due to a
high sensitivity to temperature. In addition, the high forces
required for pre-loading of the balancer required complex
shapes of the stiff spring elements to prevent excessive mate-
rial strain and plastic deformation

To overcome these issues, a magnetic balancing mecha-
nism was designed. It consists of two sets of neodymium
magnet rings with the opposite magnetic poles facing each
other (Fig. 3). One set of magnets is connected to the outer
housing, while the other set is mounted to the instrument’s
push pull rod. This results in a linear balancing force F}
displacement curve. Using the magnetic field modelling
program Finite Element Method Magnetics (FEMM) the
magnetic rings were dimensioned such that F}, is equal and
opposite to the sum of internal forces:

Fy (x) = — D Fi(x) )

The FEMM model was verified in a force test setup with
similar magnet arrangement and proved to be 98% accurate.
This model was used to choose a suitable magnet configura-
tion and magnet size to optimize for the required balancing
force. The magnetic balancer is integrated into the handle
design and designed to be adjustable in order to modify the
balancer force during prototype testing.

The handle design features a tweezers shape stimulating a
pinch grip using only the thumb and index finger tips. In this
way, the most sensitive parts of the user’s hand [18] will be
used to control the instrument and receive haptic feedback.
The tweezers’ joints are compliant, thus minimizing handle
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1. Push-pull rod
2. Shaft
3. Push-pull rod magnets
4. Shaft magnets

FIGURE 3. Schematic cross sections of the balanced compliant grasper concept. From left to right: compliant grasper tip, magnetic balancing
mechanism and handle. Contact friction forces F (e.g. between the (1) push-pull rod (1) and shaft (2)) are visualized, as well as internal forces F; and
balancing forces Fj, both divided in a tip part (suffix c) and a handle part (suffix h). The positive push-pull rod displacement (x) is indicated with an
arrow in cut-out A. The blue elements depict the ring-shaped balancing magnet pairs: one magnet pair mounted to the push pull rod (3), and one
magnet pair connected to the outer shaft and housing (4). The blue arrow indicates the magnets’ magnetization direction.

hysteresis. However, this introduces an internal compliant
handle force F; , additional to the compliant tip force F; .
that need to be balanced as well. F; ;, was estimated using a
non-linear Solidworks Simulation deformation model. This
means that the ideal required balancing force is:

Fp(x) == D Fi(x) = = (Fie ®) + Fin@) + Fiy) (3

With F; y being the internal friction force that, unlike a con-
servative, elastic force cannot be balanced out completely by
a balancing mechanism. As the evaluations of Requirement 1
and 2 showed that all internal forces are relevant, F; s was
included in Equation 3 as well.

B. BALANCING AND MECHANICAL EFFICIENCY

Technical validation of the instrument was done to evaluate
the hysteresis of the instrument. This also validates Require-
ment 1: the balancing of at least 80% and at most 100%
of the internal forces F; (x) and Requirement 2: a minimum
mechanical efficiency of 50%. According to Requirement 1,
the balancing requirement to be fulfilled is:

0.8 > Fi(x) < Fy(x) < > Fi(x) “

The internal forces are a summation of Fj, F; , and Fjy,
according to Equation 3. F; . was measured as a function of
x and F;j; was estimated. Although the balancing force Fj,
cannot be measured directly either, it can be calculated by first
measuring the residual force F, (also known as the absolute
balancing error). This is the internal force that is still present
when balancing is applied:

Fr(x) = Fic () + Fip (x) + Fp(x) + Fiy )

F; s can be estimated by calculating the difference in residual
force between the opening and closing cycle of the hysteresis
loop:

Fij = Fr,upen - Fr,close (6)

454

Using Equation 5, 6 and 7, and the measurement of F,, F}
can be calculated:

Fp (x) = Fr(x) = (Fi.e @) + Fip (0) + Fip(x)) (7

In the results, Equation 7 will be used in Equation 8 to cal-
culate the relative balancing error to evaluate Requirement 1.
With F measured for the complete opening and closing cycle
of the grasper jaws, also 7 can be calculated using Equation 1
to validate Requirement 2. F, was measured six times at the
instrument’s push-pull rod, without any load on the grasper
tip. The instrument was clamped at the shaft near the grasper
tip to a force sensor (LSB200, Futek, USA), which in turn
was mounted to a linear stage (ACT115 Aerotech, USA). The
push pull rod was fastened to an adjustable platform, near the
compliant handle (Fig. 4).

To be able to compare n of the novel compliant grasper
and conventional laparoscopic graspers, the force needed to
open and close the grasper jaws of a unbranded grasper
with considerable friction and mechanical play and a
branded commercial grasper (Aesculap PLOS5R, Aesculap
AG, Germany), was measured as well. This was done on the
same experimental setup as the novel compliant grasper.

The data was processed with a custom made script
(Supplemental A) using MATLAB (R2019b, The Math-
works, Inc., Natick, Massachusetts, USA) to distinguish
between closing and opening force measurements of the com-
pliant tip.

C. QUALITY OF HAPTIC FEEDBACK

Quality of haptic feedback was defined in terms of the ability
of a laparoscopic grasper to enable the surgeon to perceive a
load force on the grasper tip that is as small as possible. This
is a favorable characteristic during laparoscopic procedures
where small forces and force differences are relevant. The
combined effect of hysteresis and friction as well as the

VOLUME 11, 2023



J.-W. Klok et al.: Design and Evaluation of a Balanced Compliant Laparoscopic Grasper

_/J_L |EEE Journal of Translational
Engineering in
Health and Medicine

FIGURE 4. Balancing error experimental setup, with linear stage (1),
sensor mount (2), instrument (3), instrument mount (5) and force
sensor (5).

FIGURE 5. Sensitivity threshold force experimental setup, with
instrument (1), instrument clamp (2), visual shielding and load
application (3) and weight (4).

ergonomic handle design largely determines the quality of
haptic feedback. In order to validate the quality of haptic
feedback, the sensitivity threshold force Fy; of two conven-
tional laparoscopic graspers and the compliant grasper was
compared.

A test setup was designed and built (Fig. 5). A load was
applied to the grasper tip using pulleys, nylon strings and
calibrated weights of 50 grams each. The instruments were
clamped and the instrument tip was shielded from the partic-
ipants so that it was not visible, to ensure that the participants
only relied on haptic feedback and not on visual feedback.
Three instruments were used in this study: the balanced
grasper, and two conventional laparoscopic graspers; an
unbranded grasper with considerable friction and mechanical

VOLUME 11, 2023

FIGURE 6. Compliant instrument design overview, with grasper tip (1), tip
locking mechanism (2), shaft (3), balancing mechanism housing (4),
rotating interface (5), handle (6) and push pull rod locking (7). Note that
the used colors do not represent the final prototype.

play, and a branded commercial grasper (Aesculap PLO5SR,
Aesculap AG, Germany).

Ethical approval (approval code 2587) was obtained at the
Delft University of Technology (TU Delft) Human Research
Ethics Committee (HREC). Twenty five participants were
selected according to the following criteria: 18-65 years old
and having no surgical experience. Prior to the experiment,
the participants gave informed consent. They were asked
to hold the instrument handle, using their dominant hand,
squeezing the handle hard enough to keep the handle in the
same (almost closed) position. Using weights and pulleys,
an increasing gravitational force was applied to the grasper
tip via nylon strings. At the start of the experiment there
was already a load of 50 grams to preload the string. The
increment of weight was 50 grams as well. As soon as the
participant felt the haptic feedback of this load force in
the handle, he or she was instructed to notify the experi-
menter. This load was named and stored as the sensitivity
threshold force F;. The experiment ended at this point, and
was repeated with the remaining instruments in randomized
order.

D. QUESTIONNAIRE

After the sensitivity threshold experiment, a questionnaire
was conducted with the participants. First, they were asked
which instrument handle was more comfortable to use:
the tweezers handle, the traditional grasper handle or
equally comfortable. In the second (open) question, the
participants were asked to provide suggestions on grasper
design improvement from a user’s perspective regarding
ergonomics, weight, center of gravity and balancing. Partici-
pants were allowed to give multiple answers to this question.

E. EXPERT OPINION

An expert gastrointestinal laparoscopic surgeon with
19 years of experience used the compliant grasper in a
ForceSense laparoscopic box trainer (MediShield, Delft,
The Netherlands). He performed basic handling tasks such
as peg transfer. After this, an expert opinion on the balanced
instrument was asked.

IIl. RESULTS

A. BALANCED GRASPER PROTOTYPE

The designed balanced grasper is shown in Fig. 6, 7 and 8.
The balancing mechanism is integrated in the knob used for
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FIGURE 7. Balancing mechanism and handle cross section view, with
push pull magnet pair (1), housing magnet pair (2), magnet mounts (3),
screw pin (4), grasper rotation joint (5), push pull rod locking (6) and
push pull rod (6). The magnetization direction of the magnets are noted
with the (+) and (-).

FIGURE 8. Balanced compliant laparoscopic grasper prototype, with
grasper tip on the left (bottom), balancing mechanism housing, rotating
interface, tweezers handle on the right (bottom).

longitudinal rotation of the instrument tip. While the grasper
tip was made from superelastic Nitinol grasper tip, the shaft,
push-pull rod and other metal parts were made from stainless
steel (AISI316). The balancer housing and tweezers handle
parts were 3D-printed from a photopolymer resin (Standard
clear resin, Formlabs Inc., Somerville, MA). The handle flex-
ures were cut from 0.1mm thick spring steel and bonded to
their respective tweezers handle parts to ensure a hysteresis
free handle actuation.

The neodymium N45 balancer magnets were modelled in
FEMM to have a maximum balancing force Fj of 25.4N at
ax = 0.0mm, decreasing linearly to F, = 0 atx = 0.75mm

456
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FIGURE 9. Simulated balancing force Fj(x) at its working point.
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FIGURE 10. Hysteresis loops of the balanced grasper, Aesculap and
unbranded grasper, expressed is internal force (F;). In the legend, the
respective mechanical efficiencies are indicated.Mean residual force F; as
a function of push-pull rod displacement x.

(Fig. 9). To prevent undesired radial magnetic forces, the push
pull rod was centred by integrating sliding contact bearings.

The balanced grasper prototype was able to grasp and
rotate about its longitudinal axis simultaneously. With bal-
ancing enabled, grasping took significantly less perceived
effort compared to grasping without a balancing force. The
instrument was able to undergo 120 opening and closing
cycles without the need for rebalancing. The instrument is
suitable for Smm laparoscopic surgery and grasper weighs
273 grams.

B. BALANCING AND MECHANICAL EFFICIENCY

The maximum measured residual force F, of the novel
grasper was 7.9N at push-pull rod displacement of x =
1.0mm (during the opening cycle), which is the fully opened
position of the grasper tip. The residual force over the com-
plete working range (from fully opened to fully closed can be
found in Fig. 10.

Using the hysteresis loop data from the experiment, the
compliant tip force F; . measurements (Fig. 2) and compliant
handle force F; , FEA simulations, and Equation 7 to calcu-
late the balancing force Fj, the relative balancing error Ry,
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FIGURE 11. Relative balancing error Ry, of the combined (mean)
instrument opening and closing cycle. The dashed lines represent the
minimum and maximum balancing error, as stated in Requirement 1.

from design Requirement 1 can be calculated:
Fp (x)

Ry =
Ficx)+Fip(&x)+Fig

®)

The calculation results over the whole working range x
of the instrument are shown in Fig. 11. Over the majority of
the working range, the internal forces are balanced between
80% and 100%. Around the neutral point (x = 0.75mm), R}
is theoretically infinity because F'; .(x) + Fj , (x) + Fj s are
(close to) zero, therefore around the neutral point Equation 8
becomes invalid, but the balancer remains stable.

In Figure 10, the residual force measurement shows a
hysteresis loop characteristic of the novel grasper. Therefore,
using Equation 1, the mechanical efficiency can be calculated
from the measurement data, using Equation 6 to estimate the
friction force F; r. The maximum estimated friction force was
27N at x = —0.75mm for the balanced compliant grasper.
The mechanical efficiency of the balanced compliant grasper
n is 43%.

The maximum measured friction force F; s was 6.8N and
14.1Nfor the Aesculap and unbranded conventional laparo-
scopic grasper, respectively.The hysteresis loops of both
conventional graspers can be found in Fig. 10. Using this
data, the mechanical efficiency n of the unbranded and Aes-
culap graspers was calculated at 23% and 25%, respectively.
This means that the balanced compliant grasper has a higher
mechanical efficiency than both conventional graspers.

C. QUALITY OF HAPTIC FEEDBACK

The sensitivity threshold force Fy; was measured with 25 par-
ticipants. It was the lowest for the novel balanced compliant
grasper (mean 1.37N, SD 0.44N), followed by the Aesculap
grasper (mean 2.d15N, SD 0.71N) and the unbranded grasper
(mean 2.65N, SD 1.20N). See also Fig. 12. Comparing the
sensitivity threshold force of the balanced grasper to the con-
ventional graspers separately using an ANOVA test yielded
the p-values < 0.001. This shows that the balanced compliant
grasper has a significantly lower threshold force compared to
both low and high quality conventional laparoscopic graspers.

VOLUME 11, 2023
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FIGURE 12. Sensitivity threshold force measurement (mean and SD) of
three different laparoscopic instruments (n=25).

Furthermore, the mean sensitivity threshold force of balanced
compliant grasper the is 36% lower than the best performing
conventional grasper (Aesculap). Ten out of 25 participants
perceived a load difference after applying the first load,
whereas only two participants perceived the same with the
conventional graspers. All measurement results can be found
in supplemental B.

D. QUESTIONNAIRE

In the questionnaire, 24% of the participants found the tweez-
ers handle of the novel grasper the most comfortable to use,
68% preferred the traditional handle, whereas 8% had no
preference. As for design improvements, participants had
the most remarks on the counter-intuitive handle ergonomics
(11), followed by the centre of gravity being too far from
the hand holding the instrument (7). Instrument weight was
deemed too high by six participants, whereas two participants
noted that the low friction was perceived as unfamiliar. All
questionnaire results can be found in supplemental B.

E. EXPERT OPINION

The surgeon acknowledged the potential of having an hys-
teresis free instrument in order to improve haptic feedback.
However, he mentioned that the ergonomics should be
improved in order to assess the full feedback restoring poten-
tial of the instrument. The surgeon suggested that the handle
grip add on might solve this problem by separating the work-
ing lines of the control force and the holding force. Also,
he noted that the balanced compliant grasper would be more
comfortable to hold if its center of gravity is closer to the
user’s hand.

IV. DISCUSSION

The balanced compliant grasper prototype proved that mag-
netic balancing is a viable technique to reduce the perceived
internal actuation forces of compliant mechanisms with
more than 80 but less than 100% percent. This means that
Requirement 1 is met. The overall mechanical efficiency
of the balanced compliant grasper is 43%, meaning that
Requirement 2 (n > 50%) is not met. Also, the proto-
type lowers the mean sensitivity threshold force with 36%,
which means that Requirement 3 is met. The lower sensitivity
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threshold potentially enables surgeons to perceive smaller,
more subtle forces compared to conventional laparoscopic
graspers. The results of the questionnaire and expert opin-
ion show that the instrument’s ergonomics can be improved
in terms of center of gravity, weight and intuitive use.
Therefore, Requirement 4 is not fully met. Requirement 5
(cycle number without need for balancing), Requirement 6
(5mm laparoscopy suitability) and Requirement 7 (maximum
weight) were met as well.

A. INSTRUMENT DESIGN

Over the majority of the working range, the internal forces
are balanced between 80% and 100%. The overall mechani-
cal efficiency was lower than expected. Taking into account
the high mechanical efficiencies of the standalone compli-
ant grasper tip (95%) and magnetic balancing mechanism
(known to have a mechanical efficiency close to 100%),
it can be concluded that the internal friction force at the
sliding bearing surfaces is the main cause of the low mechan-
ical efficiency. It was expected that the efficiency of the
novel instrument would have been higher. The mechani-
cal efficiency of the unbranded and Aesculap graspers was
calculated at 23% and 25%, respectively. This means that
with a mechanical efficiency of 43%, the novel grasper is
still outperforming existing graspers. The cause of the low
mechanical efficiency is the friction force present in the
novel instrument. As presented in Equation 6, the estimated
friction force is relatively small compared to the conventional
graspers. However, reducing the remaining friction could give
the novel grasper an even larger advantage, which should be
a focus point of a next prototype design process.

The added cost of a magnetic balancing mechanism is
relatively low, as it consists of simple parts that can be easily
machined on a 3-axis lace, while the magnets are commer-
cially available. The balancing mechanism is modifiable over
a wide range (75% reduction relative to maximum balancing
force) by simply rotating the proximal magnets. Although
the treaded connection inside the magnet facilitates balancer
force adjustment during prototype testing, this adjustment
option requires and increases manufacturing cost and repro-
cessing complexity and might not be needed in a clinical
context. During further development aimed at a mass pro-
duced balanced grasper, it should be investigated whether
a fixed, non-adjustable mechanism does not significantly
reduce balancing performance during the instrument’s life
cycle.

When considering a broader engineering perspective,
application of compliant grasping mechanisms should be
considered in robotic surgery. Compared to the current state
of the art cable and pulley systems, compliant mechanisms
are easier to clean and sterilize and do suffer less from wear
and tear. Implementation of compliant mechanisms in robotic
surgery might increase the number of reprocessing cycles
that robotic instruments can undergo, reducing surgery costs
and environmental footprint. In general, compliant mecha-
nisms and magnetic balancing combined can be considered

458

in engineering challenges in (tele-)manipulation where hys-
teresis and friction should be minimized.

B. QUALITY OF HAPTIC FEEDBACK

The ANOVA analysis showed that the balanced compli-
ant grasper has a significantly higher sensitivity to force
perturbations during laparoscopic surgery than conventional
laparoscopic graspers. The mean sensitivity threshold force
F; of the balanced compliant grasper is 36% lower than the
best performing conventional grasper (Aesculap).

It should be noted that with the novel balanced compliant
grasper, 10 out of 25 participants already perceived a load
difference after applying the first load, whereas only two par-
ticipants perceived the same with the conventional graspers.
This means that the sensitivity threshold difference between
the novel and conventional graspers is possibly even larger
at lower force levels. Also, the increment was only done
with weights of 50 grams. Measuring with smaller weight
increments can provide more detailed information on the
quality of haptic feedback.

In laparoscopic surgery, tissue grasping tasks can take
many forms. Roughly, two task types can be discriminated:
the first category is related to the execution of the primary
intended surgical task, like removing malignant tissue from
healthy tissue or metastasis palpation where it is important
for the surgeon to be able to receive reliable haptic feedback
about tissue stiffness and texture. Secondly, there is the sec-
ondary task of surgical preparation, which includes the less
subtle grasping, manipulation and dividing of tissue in order
to reach and prepare a certain site in the patient’s body. When
both task types are performed simultaneously (e.g. passive
tissue grasping to create an operating space while removing
a tumour), the secondary task is executed less consciously
and surgical performance drops [19]. Here, improved haptic
feedback would be beneficial for secondary task perfor-
mance as well, in terms of excessive grasping force or tissue
grasping slip. Therefore, for both task types, it should be
investigated whether the novel feedback-restoring compliant
grasper can improve haptic feedback. It should also be inves-
tigated whether the novel instrument can enable surgeons
to perceive pressure differences such as blood vessel pulses
through delicate grasping.

This study focused on the proof of concept of a statically
balanced compliant laparoscopic grasper and it technical
and clinical feasibility. The sensitivity threshold force mea-
surements show the potential for compliant mechanisms
to improve quality of haptic feedback. However, there are
much more perspectives regarding haptic feedback. There-
fore, in-depth validation of haptic feedback in relation to
other (tractive) interaction forces, is needed of the instrument
inside a validated box trainer task in order to measure perfor-
mance in a clinically relevant setting [6], [20]. Also, other
boundary conditions for clinical conditions should be met,
such as the ability to disassemble and assemble the instrument
for cleaning and inspection [16] and how the components
withstand the cleaning and sterilisation processes. Precise
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tuning the magnets to ensure optimal balancing force also was
a challenge that should be addressed in a next version of the
instrument.

C. QUESTIONNAIRE

The results of the questionnaire showed that the weight, cen-
tre of gravity and handle ergonomics need to be optimized.
Although Requirement 7 (maximum weight) has been met,
in the questionnaire several remarks were made about the
weight of the instrument. Moreover, majority of the partic-
ipants preferred the traditional handle of the conventional
graspers over the tweezers handle of the balanced compliant
grasper. Also, during experiment instruction, it became clear
that participants often needed a short demonstration to use
the tweezers handle, whereas this was not the case with the
conventional pistol handle.

D. EXPERT OPINION

The surgeon’s comments on the handle ergonomics showed
again that the prototype design should be improved to accom-
modate for intuitive use, optimized for delicate grasping.
As suggested by the surgeon, a pistol grip was added in a
follow-up pilot design study, the instrument handle was more
comfortable and intuitive to use, according to a surgeon. This
will be taken into account when designing the next balanced
compliant grasper prototype.

V. CONCLUSION

This study shows that the novel balanced compliant grasper
can improve the quality of haptic feedback compared to con-
ventional laparoscopic graspers. The instruments’ mechan-
ical efficiency is much higher compared to conventional
laparoscopic graspers and smaller forces can be perceived,
which could improve delicate tissue grasping. The question-
naire and expert opinion showed that redesign of the novel
instrument is needed to improve the ergonomics is needed.
Also, the design should be optimized for cleaning of all
instrument components.
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