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Peter van Assenbergh™®, Costanza Culmone™®,
Paul Breedveld and Dimitra Dodou

Abstract

Current surgical grippers rely on friction grip, where normal loads (i.e. pinch forces) are translated into friction forces.
Operating errors with surgical grippers are often force-related, including tissue slipping out of the gripper because of too low
pinch forces and tissue damaging due to too high pinch forces. Here, we prototyped a modular surgical gripper with elasto- meric
soft pads reinforced in the shear direction with a carbon-fiber fabric. The elastomeric component provides low normal stiffness
to maximize contact formation without the need of applying high normal loads (i.e. pinch forces), whereas the carbon- fiber fabric
offers high shear stiffness to preserve the formed contact under the lateral loads (i.e. shear forces) that occur during tissue lifting.
Additionally, we patterned the pads with a sub-surface micropattern, to further reduce the normal stiffness and increase shear
stiffness. The body of the prototype gripper, including shaft, joints, and gripper tips, was fabricated in a single step using 3D
printing, followed by manual attachment of the soft pads to the gripper. The gripping performance of the newly devel- oped soft
gripper on soft tissues was experimentally compared to reference grippers equipped with metal patterned pads. The soft-pad
gripper generated similar gripping forces but significantly lower pinch forces than metal-pad grippers. We conclude that grippers
with anisotropic-stiffness pads are promising for secure and gentle tissue grip.
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Introduction Studies have shown that high pinch forces can be
reduced by replacing the metal forceps of the gripper
with soft pads.®® The grip of such pads on tissue is
achieved thanks to their deformability in the normal
direction, which enables a large contact area with the
tissue. At the same time, the contact formed between the
tissue and the pad is homogeneously distributed over the
pad surface, eliminating the occurrence of local high
peak forces on the tissue.®® A general disad- vantage of
a soft pad is that deformations of the pad

Secure and gentle soft-tissue grip is imperative in the
medical domain. In almost any surgical procedure, from
laparoscopy to microsurgery, soft tissues are grasped and
pulled for creating space, exposing areas to be treated,
or getting access to obstructed contiguous anatomical
structures. The vast majority of surgical grippers used in
the medical domain are equipped with patterned surfaces
made of stainless steel.! Such grip- pers employ friction
grip, which relies on the transla- tion of normal load (i.e.
pinch forces) to friction forces, for grasping and pulling
soft tissues.

Previous studies have shown that the majority of
grasping errors with surgical grippers is force-related, * Peter van Assenbergh and Costanza Culmone contributed equally to
with pinch forces being either too low, resulting in slip-  the manuscript
ping of the tissue out of the gripper,2® or too high, c g hor-
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Figure 1. A schematic overview of a gripper pad with anisotropic properties: (a) schematic force diagram. Hinges are depicted as
black dots. The gripper was closed by loading the CFF using a constant tensile load (FL). By closing the gripper, the pinch force (Fn)
acts on the tissue in the normal direction. When the tissue sample was pulled upwards using a positioning stage (Fe), a shear force
(Fs) was generated at the soft pad-tissue interface. Gravitational force on the tissue is omitted from the diagram because the load
cell to which the tissue was connected via a holder (not visualized here) was zeroed after the tissue was hanged to the holder and
(b) a stiff carbon-fiber fabric (CFF) (1) is partially embedded into a soft elastomeric material (PDMS) (). The CFF is aligned with the
shear (pulling) direction. The loading forces are guided via the unembedded CFF tail into the shaft of the instrument. The pad is
fabricated either without a surface pattern (lll) or with a pattern of microscale sub-surface spherical voids (IV). Under shear loading,
the internal walls that separate neighboring voids collapse, resulting in lateral stiffening of the adhesive surface.

occur not only in the normal but also in the shear direc-
tion, which might lead to tissue slipping out of the grip-
per during pulling. An ideal soft gripping pad would
thus need to be anisotropic, fulfilling two contradictory
properties: being deformable in the normal (pinching)
direction, so that a large contact is formed, and stiff in
the lateral (shear) direction, so that the formed contact
is preserved when the tissue is being pulled.

Bartlett et al.1° developed such anisotropic pads for
strong grip on rigid substrates. The pads consisted of a
carbon-fiber fabric (CFF), part of which was embedded
into an elastomeric material (poly-dimethylsiloxane,
PDMS); the unembedded CFF part was served as tail via
which the pad was pulled along the substrate. PDMS
provided deformability in the normal direction, thereby
allowing for the formation of a large contact, whereas
CFF provided stiffness in the shear direction, thus
allowing for the preservation of the formed con- tact
when pulling the pad from the CFF tail along the
substrate. These authors found that, on rigid glass sub-
strates, 100 cm? elastomeric pads without CFF had a
force capacity (i.e. maximum sustainable force) of about
10 N, whereas the addition of CFF led to a force capacity
in the order of 1000 N.1°

Implementation of anisotropic CFF-PDMS pads in
surgical grippers isapromising approach for generating
secure, yet gentle, grip on biological tissue. The idea
herein isto align the CFF with the shear (pulling) direc-
tion and guide the loading forces via the CFF tail into
the shaft of the instrument in such a way that the elas-
tomeric part of the soft pad is protected from undesir-
able shear deformations and contact loss (Figure 1).

The grip of fiber-reinforced soft pads can be further
increased by patterning the otherwise plain surface of the
elastomer (Figure 1). In previous work, we showed that,
on soft substrates, the presence of microscale

spherical voids in an elastomer, topped with a thin ter-
minal layer, led to higher grip than an unpatterned
elastomer.'! Thanksto its microscale thickness, the ter-
minal layer conforms to microscale irregularities of the
substrate’s surface, resulting in a higher contact area
compared to an unpatterned elastomer, and therefore
higher shear forces. At the same time, due to bending
and internal sliding of the walls that separate the inter-
nal spherical voids under shear loading, the surface
structure of the elastomer stiffens in the shear direction,
thereby contributing to the preservation of the formed
contact during shearing.t1?

In this paper, we present the implementation of
fiber-reinforced elastomeric soft pads in a modular sur-
gical gripper instrument. We developed two types of
fiber-reinforced soft pads, one with an unpatterned sur-
face, and another with sub-surface microscale voids.
Additionally, we fabricated a reference gripper by
replacing the pads with stainless steel grooved plates.
The performance of the three grippers on soft tissue was
assessed by measuring their gripping and pinch forces
applied to the tissue.

Design
Soft pads

Unpatterned soft pads were fabricated with a thickness
of 0.8 mm, width of 8 mm, and length of 15 mm. A piece
of polystyrene plastic foil (50 3 50 mm?), acting as an
anti-stick layer, was placed on an aluminum base plate
(Figure 2(a)). This anti-stick layer was covered with a
200 3 50 mm? piece of CFF (Figure 2(b); 3K-200 Tex
HS fibers, 200 gr/m?, plain woven, purchased from
www.carbonwinkel.nl, De Moer, the Netherlands),
which was fixed at the short side of the baseplate using
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Figure 2. Exploded view of soft pad fabrication. An aluminum
baseplate, topped with an anti-stick polystyrene foil (a) was
covered with a sheet of CFF (b). A template frame in the size
and thickness of the envisioned soft pad (d) was placed on the
CFF and filled with uncured PDMS (c). The filled frame was
covered with a plain or coated glass slide (e) to obtain
unpatterned or patterned pads after curing.

scotch tape. An 8 3 15 mm? rectangular hole was milled
from an aluminum plate of 0.8 mm thickness to create a
template frame (Figure 2(d)). Sylgard-184 (PDMS,
purchased from Dow Corning, MI) pre- polymer (base)
and crosslinker (curing agent) were mixed in a 10:1
weight-based mixing ratio anddegassed in a desiccator.
The template frame was placed on top of the aluminum
base plate covered with CFF and filled with the pre-
polymer/crosslinking mixture. The filled template frame
was degassed once more to evacuate air from the CFF,
allowing the pre-polymer/crosslinking mixture to fully
immerse the CFF. After degassing, the filled template

was cured at 70°C for at least 2 h, while topped with a
plain glass slide to obtain a flat finish (Figure 2(e)). After
curing, the soft pad was carefully detached from the
frame, anti-stick layer, and topping glass slide. The non-
immersed CFF was cut to obtain two lateral flaps and a
loading tail (Figure 2).

To fabricate patterned elastomeric pads, the afore-
mentioned plain glass slide used to top the filled tem-
plate after degassing was replaced by a coated glass slide
to obtain a patterned finish of the soft pad. Thereto, a
plain glass slide was coated with a colloidal monolayer,
prepared using a dip-coating methodology, as described
in earlier work.*! In brief, styrene divinyl- benzene beads
(purchased from ThermoFisher Scientific, MA, USA) with
a reported diameter of 10 mm and delivered as a 4% (w/v)
dispersion in water, were re- dispersed in ethanol at 8%
(w/v) before use. The particles were transferred to the
surface of a water bath, and com- pressed to obtain a
closely packed floating monolayer of particles. In a dip-
coating procedure, the monolayer was transferred to glass
slides of 52 3 76 mm?2. An initial dip- ping depth of at least
40 mm was used, resulting in monolayers with at least a
52 3 40 mm? area. After cur- ing of the soft PDMS pads,
while topped with a coated glass slide, the microparticles
were embedded in the pad

Figure 3. Schematic illustration of the gripper design for soft
pads, and the positioning of the pads into the gripper. The shaft
(2) contained a rectangular lumen, guiding the CFF to the joints.
The flexural joints (b) were by default open, and straightened by
pulling the CFF, resulting in closing of the gripper. Each jaw
contained two lateral grooves (c) for fixation of the soft pads.
The lateral CFF flaps of the soft pads were folded and gluedinto
these grooves. Underneath the soft pads’ center was an open
space between jaw and soft pad (d), providing some mobility in
the normal direction of the soft pad. The 3D printed gripper for
metal pads differed from the grippers for soft pads, in that jaws
had a flat surface upon which the metal pads were glued.

surface. Removing the microparticles was done by dissol-
ving them in n-methyl-pyrrolidone (NMP, Merck,
Darmstadt, Germany). Thereto, the pads were placed
horizontally, with the pattern facing up, and a droplet of
NMP, large enough to fully cover the pad surface, was
deposited for a duration of 10 min, before it was rinsed off
with ethanol. This washing step was repeated two more
times. Pads for reference grippers were milled from
stainless-steel with a triangular saw-tooth profile with
0.35 mm tooth height. The height of this surface pattern
was chosen based on previous studies, which tested
laparoscopic grippers with pattern depths varying between
0.3 and 1 mm*31° and showed that a profile of

0.3 mm generated lower peak forces and thus less dam-
age to the tissue.*

3D printed gripper

Figure 3 shows a schematic illustration of the 3D printed
gripper, consisting of a shaft, joints, and jaws. Each
gripper was 3D printed as a single element, and soft pads
or reference pads were implemented in a sub- sequent
manufacturing step. The grippers were printed using a
Perfactory® 4 Mini XL printer (EnvisionTEC® GmbH,
Gladbeck, Germany) with a layer height in the vertical
z-axis of 25 mm. The selected printer is based on vat
photopolymerization technology and uses
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(a)

(b)

(c)

Figure 4. The three fabricated grippers. The reference gripper (a) was equipped with a grooved stainless-steel plate. In
unpatterned pads (b), the elastomeric pads appear transparent, whereas in patterned pads (c), a white haze can be seen at the pad
surface. In soft pads, either patterned or unpatterned, the CFF was embedded in the elastomeric pad.

Digital Light Processing (DLP), in which the build plate
moves vertically up and down into a vat of liquid
polymer. When the build plate moves down, the liquid
polymer is exposed to light, and, depending on the image
displayed by a projector, a layer of polymer hardens. The
process is repeated layer-by-layer until the object is fully
printed. The grippers were printed using R5 epoxy
photopolymer resin (EnvisionTEC® GmbH, Gladbeck,
Germany), an acrylic resin espe- cially developed for
prototyping. The 3D printed grip- pers were printed in 8
h, with a vertical orientation (i.e. the shaft in a vertical
position, and the jaws pointing down).

The gripper shaft contained a central rectangular
lumen to guide the CFF tail (Figure 3(a)). The flexural
joints were based on a leaf-spring principle and printed
in opened condition. The CFF tails were used to actuate
the gripper; pulling them resulted in the straigh- tening
of both joints via elastic deformation, and clos- ing of
the jaws. For the fixation of the soft pads (unpatterned
and patterned) to the 3D printed struc- ture, two grooves
were added on the long sides of each jaw (Figure 3(c)).
The two lateral flaps of the CFFs were folded into the
grooves and fixated by gluing with cyanoacrylate. The
distal end was left free, and at the joint side of the pad,
the CFF tail was guided into the shaft via the joint. Some
open space was left between the soft pads and the jaw
(Figure 3(d)) to allow for some mobility of the fibers to
self-align with the shear direction.

Figure 4 shows the three grippers. The 3D printed
reference gripper had jaws with a flat surface upon
which the metal pads were glued (Figure 4(a)). In order
to close the reference gripper, two stripes of CFF fibers
were glued at the tip of each jaw and guided into dedi-
cated grooves positioned underneath the flat jaw sur-
face. In soft pads, either unpatterned (Figure 4(b)) or
patterned (Figure 4(c)), the CFF fibers are embedded
in the soft pads, and loaded to close the gripper. All

jaws used in this work were 36 mm long, with an outer
diameter of 10 mm and an opening up to 90 degrees.

Experimental methods
Pinch force measurements

To determine the pinch forces generated on the tissue, a
pressure-sensitive foil was used (5LW-2M Fujifilm
Prescale, purchased from ALTHEN BV Sensors &
Controls, Leidschendam, the Netherlands). This foil,
consisting of a donor and acceptor sheet, colors at loca-
tions where the normal pressure exceeds 0.006 MPa. A
PDMS sheet with a thickness of 5 mm was used as a
representable tissue phantom in pinch force experi-
ments. The phantom was covered on both sides with
sheets of pressure-sensitive foil and placed in between
the pads of an opened gripper. The gripper was closed
by loading the CFF tails in the tensile direction for 5 s
with a weight of 1.5kg, resulting in a tensile load of
14.7 N. Coloring of the pressure foil outside of the grip-
per area due to deformations of the tissue phantom dur-
ing grasping is included in our analysis, because these
deformations are expected to be present when grasping
real tissues. The obtained imprint on the pressure foil
was digitalized using a scanner (Canon CanoscanLiDE
110). The digital images were analyzed using Matlab
R2018b. The image was converted into black-and-white
using the function im2bw in Matlab with a threshold of
0.8. In generated black-and-white images, colored pixels
appear black, and uncolored pixels appear white. The
number of black and white pixels was counted. The
gripper pad was divided into nine equally-sized seg-
ments, numbered from 1 to 9. Segments 1-3, 4-6, and 7-
9 were located at the distal, middle, and proximal end
(i.e. closest to the joint) of the pad, respectively.

The fraction of black pixels per segment was
reported as a qualitative image of the applied pressure
of different gripper pads. Per gripper type (reference,
patterned, unpatterned), six imprints of pressure foil
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Figure 5. Overview of the analysis of imprinted pressure foils: (a) a scan of a pressure foil used with the patterned gripper. The
dashed square indicates the outline of the gripper pad, (b) a black-white image of the imprint, (c) segmentation of the imprint of the
gripper pad. Segments 7-9 are at the proximal end of the pad, and (d) fraction of black pixels per segment for this particular imprint.

were collected, and per segment, the fraction of black
pixels was averaged over these six imprints.

Gripping force measurements

Tissue substrates were prepared by cutting 50 3 50
mm? pieces from the thin end of chicken breast meat.
The substrate thickness was in the order of 5 mm.
Tissue substrates were preserved at -20 °C and on the
day of measuring kept below 0°C until measur- ing. A
frozen tissue substrate was clamped in a custom-

made tissue holder. The tissue holder was connected to a
load cell (Futek S-Beam FLLSB 200, controlled by a
custom-made LabView script), which was mounted on a
positioning stage (Thorlabs PT1/M-Z8, with addi- tional
KDC101 controllers, controlled by Thorlabs Kinesis
software), allowing vertical displacement of the tissue
when connected to the load cell. Before measur- ing, the
load cell was zeroed to correct for the gravita- tional
force acting on the hanging tissue substrate. Forces were
recorded at a sampling frequency of 20 Hz. The process
from taking the substrate out of its cooled environment
until the start of measuring took about 3 to 4 min, which
was sufficient for the tissue to thaw.

The gripper was vertically placed in a holder, with the
gripping jaws facing up and the shaft pointing down. The
CFF tails came out of the shaft, hanging down, and were
clamped together. After hanging the tissue in between
the two opened gripping jaws, the gripper was closed by
loading the two CFF tails using a tensile load of 14.7 N.
Upon closing the gripper, we waited 5 s, and then the
tissue, mounted on the load cell, was moved upwards
with a speed of 1 mm/s, over a travel distance of at least
15 mm. The gripper was opened by removing the weight
directly after the posi- tioning stage came to a stop. A
force-time plot was recorded from just before closing the
gripper until the gripper was opened again.

Gripping forces of all three grippers (reference,
unpatterned, patterned) were each tested on three

pieces of tissue, with three subsequent repetitions on
each tissue piece. The peak forces obtained in the three
subsequent measurements on the same tissue piece were
averaged. The three obtained averages were merged into
one set of three independent measurements per gripper
type. Independent t-tests were conducted to compare the
performance of the three gripper types.

Results
Pinch force measurements

Figure 5 shows a scan of a pressure foil after imprinting
with a patterned gripper, its transfer to a black-and-
white image, the segmentation of the gripper pad, and
the fraction of colored pixels for each of 9 segments. It
can be seen that for this particular imprint, most colored
pixels can be found in segments 7-9, indicating that
pinch forces were highest at the proximal end of the
gripper pad.

Figure 6 shows the fraction of black pixels per seg-
ment for each gripper type (reference, patterned, unpat-
terned) averaged over the six pressure measurements
that were conducted per gripper type. For all three grip-
per types, we found that the highest pinch forces were
present at the proximal size of the pads, that is, closest to
the joint (segments 7-9). Pinch forces were lowest at the
distal end of the pad. Within each region (distal, middle,
or proximal), we did not observe large differ- ences in
the generated stresses between the three lateral
segments. Pinch forces were found to be higher for the
reference gripper compared to the soft gripper pads for
the proximal and middle regions.

The fraction of colored pixels throughout the full
soft pad, that is, segments 1-9 summed up, was on aver-
age 0.28 (standard deviation SD =0.06) for the metal
reference gripper, and 0.17 (SD =0.03) and 0.18 (SD
= 0.06) for the unpatterned and patterned soft grip-
pers, respectively. These values are the means of six
pressure measurements per gripper type. t-tests showed
that significantly higher pinch forces were generated
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Figure 6. Average distribution of pinch forces for three different gripper types. Plots are the mean fraction of black pixels per

segment for six imprinted pressure foils per gripper type.

with the reference gripper compared to the unpatterned
gripper (t(10)=—4.13, p=0.002) and the patterned grip-
per (t(10)=-3.01, p=0.013). There was no significant
difference in the generated pinch force between
patterned and unpatterned soft pads (t(10)=0.35,
p=0.734).

Gripping force measurements

Figure 7(a) shows a representative force-time plot of the
gripping force measurements. Five stages can be
distinguished. At Stage I, the gripper closed and made
contact with the tissue phantom. During Stages I1-1V, the
tissue was moving upward. Initially, this resulted in a
steep increase in forces (Stage I1). At Stage 111, the tissue
phantom started slipping. At Stage 1V, this slip- ping
reached a constant rate. At Stage V, the upward
movement of the tissue phantom stopped, and the grip-
per opened.

Slightly higher gripping forces were generated with
the patterned gripper than with the unpatterned gripper
(t(4) = 2.80, p = 0.049 (Figure 7(b)). The reference
grippergeneratedsimilargripping forcestothese gener-
ated by the two soft grippers.

Discussion

We showed that surgical grippers equipped with aniso-
tropic pads, being soft in the normal direction and stiff
in the lateral loading direction, generate comparable
gripping forces but lower pinch forces than a gripper
with metal pads. The gripping forces generated by the
grippers were between 1 and 2 N. These forces are suit-
able for manipulating delicate tissues such as veins or
liver tissue.6-18 For instance, Li et al.'® generated pinch
forces of 1 and 2 N and reported a pinch force thresh-
old of 3.5 N to prevent tissue damage.

The gripper was printed in vertical orientation to fit
a high number of grippers in the build platform. As a
result, the applied load was orthogonal to the plane of
binding between printed layers. From a structural
strength perspective, printing the grippersin a

1.2 2
I}
{ |
unpatterned
0.8 . l 3
z ] % {
@ g1 }
5 0.4 v 8
| Vv
0
12 0
0 10 20 30 40 reference unpatterned patterned
time [s] gripper type
(a) (b)

Figure 7. Results of shear force measurements: (a) a
representative force-time plot of shear force measurements
from an unpatterned gripper. First, the gripper closed (1). After
around 5 s, the phantom was pulled upward with | mm/s (II-IV).
The peak shear force was reached just before the phantom
started sliding out of the gripper (lll). The tissue was then
gradually sliding out of the gripper (IV). At V, the tissue phantom
stopped moving, and the gripper was opened and (b) generated
forces for each gripper type.

horizontal orientation would result in applied load par-
allel to the plane of the printed layers and therefore
higher structural strength. If future designs of this grip-
per are meant for lifting heavier objects, changing the
printing orientation of the gripper is advised to obtain
stronger joints. The design of the joints is also vulnera-
ble to torsion. We carried out preliminary tests on the
mechanical properties of the gripper and found that the
torsional stiffness can be increased by adding flaps lat-
erally to the joint, as suggested by Grames et al.*° In the
current design iteration, we decided to keep the design
simple by not introducing additional elements, but in
future work, it is advised to take torsion consid- erations
into account in the gripper design.

In our measurements, the tissue substrate was used
with a frozen core to prevent elastic stretching. In sur-
gical procedures, the higher temperature of the tissue
compared to the temperature in our grasping experi-
ments will presumably result in a higher deformation
of the tissue. It has to be investigated how such tissue
deformation affects the gripping strength. Deformation
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of the soft gripper pads, on the other hand, is not
expected to significantly change with expected tempera-
ture fluctuations. Moreover, oscillatory shear tests have
shown that PDMS with a 10:1 weight-based mixing ratio
of base and curing agent exhibit linear elastic behavior
up to oscillation frequencies of 102 rad/s, indi- cating
elastic recovery times in the order of 102 s.2° These
elastic recovery times are well below the time in between
subsequent gripping actions, as reported for, for
example, cholecystectomies, where Heijnsdijk et al.
found a mean gripping frequency of 1.9 per min.?

Gripping forces were generated using a tensile load of
14.7 N on the CFF tails in the shaft to close the grip- per.
The height of this load was determined in a pilot
experiment, where we found that with loads of 9.8 N or
higher, significant grip on grasped tissue substrates was
generated. These tensile loads are well in the range of
applied handle forces in conventional surgical grip-
pers,17:2223 although the transfer of forces exerted by a
gripper handle to actual pinch forces strongly depends on
the closing mechanism of the gripper. We found that
applied tensile loads resulted in relatively low stresses
on the tissue, due to the used force transfer mechanism,
and efficient distribution of pinch forces with soft pads.
Due to the use of additive manufactur- ing, higher pinch
forces can be obtained by 3D printing a gripper design
in which the same actuation force of
14.7 N results in higher pinch forces at the gripper jaws.
3D printing is a facile method as the instrument can be
printed as one piece, and no further assembly of the
platform instrument is required. Equipping of the
instrument with soft pads can be done in one simple post-
manufacturing step. This manufacturing approach
allows for variations of the gripper design, including the
length of the shaft, the opening angle of the jaws,
stiffness of the joints, dimensions of the jaws and soft
pads, and mechanical properties of the implemented soft
pads. Moreover, pads with various surface patterns could
be applied by using different templates.

A pressure-sensitive foil was used to indicate the
applied pinch forces. We used this method because, with
force sensors, it is complex to measure pinch forces at
different locations throughout gripper pads. Between
individual imprinting experiments, some variability was
observed in the number of colored pixels between dif-
ferent distal (1 vs 3), middle (4 vs 6), and proximal (7 vs
9) lateral segments. These grasping variations between
different measurements were found to be random, pre-
sumably caused by misalignments of the gripper pads
with the substrate. In Figure 6, a difference between
segments 4 and 6 seems to be present for the patterned
gripper, suggesting unequal closing of the gripper. We
believe that this difference between segments 4 and 6 for
the patterned gripper can be attributed to the small
sample size we used, as no difference is present between
segments 1 and 3 in the distal region, or between seg-
ments 7 and 9 in the proximal region of the same pat-
terned gripper. Furthermore, in the individual imprint of
a patterned gripper in Figure 5, the difference in

colored-pixel count between segments 4 and 6 is small,
and for the distal region (segments 1 vs 3), the highest
colored-pixel count is on the bottom side (segment 3) of
the pad, supporting that differences between the lateral
segments are random.

One limitation of using this foil is that our gripper
pads have smaller dimensions than the applications this
foil is designed for. The foil consists of microcapsules
that break when a stress threshold of 0.006 MPa is
exceeded, resulting in coloring of the foil. Matching the
foil color shade with a reference color sample is used to
obtain accurate pressures on the foil.>* As the dimen-
sions of the gripper pad segments and the area of local
stress concentrations are too small to determine color
shades, we used a more qualitative approach of count-
ing the number of colored pixels and refrained from
reporting pinch forces generated by our grippers.

We observed in our measurements that sometimes,
the tissue thickness exceeded the separation distance
between the two jaws at the proximal end of the grip-
per. As a result, high pinch forces are present at the
proximal end, and low pinch forces or no contact is
present at the distal end of the pad. Such local pinch
forces could be prevented by using slanted pads, or a
prismatic joint movement, resulting in a parallel orien-
tation of the two opposing pads. With parallel pads, a
homogeneous distribution of pinch forces is expected,
leading to higher gripping forces with lower local pinch
forces.

The diameter of the gripper shaft is currently 20mm,
with the gripper tip, when closed, having a slightly
larger diameter. In order to allow the use of this instru-
ment in minimally invasive procedures, miniaturization
of theinstrumentis necessary. Limitations of miniaturi-
zation are expected to primarily occur at the geometry
of the joints of the gripper. The balance between high
bendability and high recovery strength is delicate. We
expect that, although the main functionality can be
maintained, the exact geometry of the joints, especially
the shape of the voids, will need optimization. It should
be noted that the grasping performance of thisgripper
also strongly depends on the contact area between grip-
per and tissue, and thus on the area of the gripper pads.
When scaling down the gripper design, the pad area
can partially be maintained by using elongated the grip-
ping jaws.

In future work, to make the gripper suitable for in vivo
testing, to prevent exposure of the surgical area to CFF,
the CFF needs to be fully embedded in the shaft of the
instrument, without affecting its mechanical properties.
Alternatively, it should be replaced with a fabric-like
material with similar mechanical properties consisting of
a single component (as opposed to numer- ous
microscale fibers).

The lifespan of the gripper we present here is limited,
as the materials the gripper is made of cannot undergo
multiple sterilization cycles and joints will get fatigued
after repeatable opening and closing. Therefore, we
propose the use of the current gripper as a single-use
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instrument. From an economic perspective, single-use of
the instrument is feasible, as 3D printing allows high
repeatability and scaling up of manufacturing speed, and
also the soft lithographic approach used for fabri- cation
of the soft pads can be easily scaled up.?® Alternatively,
the platform instrument could be fabri- cated from a
material that can be equipped with dispo- sable soft pads
and can be easily sterilized.

Conclusion

Here, we replaced the conventional metal forceps of
surgical grippers with gripping pads with anisotropic
stiffness. We did so to prevent force-related grasping
errors such as slipping of the tissue as a result of too low
pinch forces, or damaging of the tissue as a result of too
high pinch forces. Soft pads with anisotropic mechanical
properties were fabricated, where a low normal stiffness
facilitates the generation of a high con- tact area with
tissue, even under low pinch forces, and a high lateral
stiffness facilitates preservation of the formed contact
when forces in the lateral direction are applied. We
found that the use of soft pads in a surgi- cal gripper
prototype resulted in a decrease of gener- ated pinch
forces on the tissue, while preserving the gripping
performance of conventional metal forceps. The
prototype gripper, including shaft, joints, and jaws, was
fabricated using 3D printing and anisotropic soft pads
were post-hoc implemented in the instrument. This
modular approach potentially allows for variation of the
design parameters of the instrument in future design
iterations, thereby enabling a facile and effective
optimization of the instrument for a range of applica-
tion fields.
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