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Design of a stiff suction grasper for Minimally Invasive Surgery - An explorative
design study

Lars van Loo

Abstract

During Minimally Invasive Surgery human tissue typically is grasped with a grasper relying on clamping forces.
Because human tissue is slippery and the surgeon lacks haptic feedback grasping becomes challenging, resulting in
excessive peak forces or tissue loss. To overcome these challenges, a suction-based grasper is proposed. Earlier studies
designed a suction grasper using a flexible suction surface that was able to expand its suction surface. This however
resulted in leakage and tissue loss due to inward slip and air leaking into the suction chamber. For that reason, the
design in this thesis consists of a solid suction surface that can fit through a �10 mm trocar opening and can expand
its suction surface while inside the patient’s body. The solid suction surface can be rotated using two cables looped
and tensioned around two axes. Because a solid suction surface is not able to adapt its shape to the surface of the
grasped tissue, multiple suction chambers attached to multiple silicone suction tips are used to prevent tissue loss
when leakage occurs. Experimental validation showed a significantly higher attachment force using 3 or 4 suction
chambers than only 1. However, suction surface performance shows a maximum attachment force of 3,12± 0,27N
when using 4 suction tips on a �200 mm curved substrate with 5 kPa stiffness. Premature detachment on the outer
suction tips in combination with tissue covering the suction tube outlet showed to be one of the main reasons for not
achieving the required 5N suction force. This proposed design provides a base for a stiff suction surface grasper using
multiple suction chambers for MIS.

Keywords: Grasper, MIS, Suction, Human tissue, Vacuum

1. Introduction

1.1. Background

In open surgery, large incisions are made to gain access to
the patient’s body using surgical instruments. These inci-
sions result in a large quantity of blood loss, tissue dam-
age and a long recovery time for the patient. To shorten
this recovery time and minimize damage or blood loss, a
smaller incision is used. Procedures like laparoscopy, en-
doscopy or arthroscopy, that use these smaller or even no
incisions have an umbrella term which is ‘Minimally In-
vasive Surgery’ (MIS). These incisions are typically 5 or
10 millimetres in length and are created at specific loca-
tions to reach the targeted tissue efficiently. After this, a
trocar is placed through the incision. A trocar is a hollow

tube that functions as a portal where laparoscopic instru-
ments can enter the body [1]. With laparoscopy the sur-
geon enters the abdomen with an instrument with a long
shaft To grasp, typically a forceps is used (Figure 1). This

Figure 1: A common laparoscopic grasper which can grasp human tis-
sue.



Figure 2: Schematic overview of the use of a trocar in combination with
laparoscopic instruments. The trocar is anchored through the abdomen.
Through the trocar, laparoscopic devices can be inserted into the body.

Figure 3: Clamping tissue with a laparoscopic grasper versus grasping
tissue with a suction-based grasper. A: The laparoscopic grasper exerts
a clamping force onto the grasped tissue. Since tissue is slippery, occa-
sionally not enough friction can be generated in order to grasp the tissue
sufficiently. B: When suction is used, these clamping forces in combi-
nation with friction are not required.

enables the surgeon to perform manipulations using in-
struments that are controlled from outside the patient’s
body (Figure 2). To overcome these issues, a grasper
is required that does not rely on clamping forces. Stud-
ies show great potential for the use of vacuum grasping
during surgery [2] [3]. The compressing clamping forces
are replaced by a single suction force which can be con-
trolled by vacuum pressure. This makes the use of this
instrument accessible for less experienced surgeons since
the suction force will be easier to regulate compared to
clamping forces which results in less tissue damage. Us-
ing suction forces allow positioning or manipulation of
larger organs where a conventional gripper is not able to
clamp larger-sized materials between the gripping parts.

Figure 4: OctopusTM leakage at one of the suction tips. This results in
leakage in the right paddle.

1.2. State of the Art
A number of suction-based graspers designed for its
use during surgery on human tissue are currently on the
market (Appendix A). One of the most used stabilizers
on the current market is the OctopusTM Heart Stabilizer.
This instrument stabilizes the heart during an open-heart
coronary bypass surgery (Figure 4) [4]. The instrument
has two suction surfaces (the two arms) each with four
suction tips (the suction outlets on each arm) connected
to one vacuum source. However, the instrument is vulner-
able to leakage at one of the suction tips [5]. This is due
to the fact that the suction surfaces do not fully deform
to the heart tissue. When this occurs, vacuum pressure
in the suction surface will be lost since air molecules are
able to stabilize the vacuum pressure that is used. This is
called leakage [6] and results in tissue loss or continuous
sucking of the vacuum source. A detailed elaboration on
vacuum pressure and leakage can be found in Appendix
B. None of these commercial suction graspers on the
current market are available for MIS. In literature, suction
graspers designed for MIS can be found (Appendix C).
However, these designs show leakage between tissue and
suction tips due to insufficient sealing.

Vonck et al. [3], developed a suction-based grasper
for the manipulation of bowel tissue during laparoscopy
(Figure 5). This grasper has a diameter of 10 mm and a
suction hole with a diameter of 8 mm at the most distal
end. Because of this, the instrument can be inserted

4



Figure 5: Distal end of the suction grasper designed by Vonck [3]. This
grasper has a suction opening at the distal side of the device to grasp
bowel tissue.

Figure 6: The unfolding suction tip of Kortman [7]. It unfolds when it
slides out of the trocar into the patient’s body. This is due to pre-bend
structures inside the walls of the suction tip. It is a fully flexible suction
tip made from silicon

through a trocar with an inner diameter of 10 mm. A
negative pressure (in this thesis also called vacuum
pressure) of 60kPa is manually actuated by actuating a
piston on the other proximal end of the grasper. The
suction tip of Vonck is theoretically able to generate a
suction force of 4N. However, Vonck states that 5N is
a minimum required suction force to be able to grasp
human tissue sufficiently [2]. So this requirement was
not fulfilled. Furthermore, Vonck [3] tested if suction
grasping negatively impacts the human tissue. These tests
were performed on bowel tissue. A vacuum pressure with
a range between 50 and 97 kPa was used to grasp the
tissue. From these tests, Vonck concluded that suction
grasping is safe and promising for tissue manipulation
during surgery.

Hereafter, Kortman [7] designed a MIS suction grasper
with a larger flexible suction surface in order to increase
the suction force (Figure 6). The suction surface can be
insterted through a trocar with a diameter of 10 mm [8]
but is able to expand its suction surface to a diameter
of 20 mm after entering the abdomen. Theoretically,
this should be large enough to generate the required 5N
suction force [9] [3]. However, experimental validation

Figure 7: A schematic representation of leakage. In the upper figure, no
leakage occurs. When air molecules get sucked away from the suction
tip, the pressure in the suction tip will decrease and the atmospheric
pressure will be higher. This results in a suction force onto the tissue.
When leakage occurs at a suction tip, both pressures equalize and the
suction force will be lost.

showed a lower suction force.

1.3. Problem Analysis

As stated in Section 1.2, the flexible suction surface of
Kortman is not able to generate the required suction force
of 5N. The reason for that is because the suction surface
is prone to leakage which results in a maximum suction
force of 3.3N. Also, when air leaks into the sealed space
of the suction surface, tissue loss occurs inevitably. Leak-
age is still one of the most common reasons for tissue loss

Figure 8: Depiction of inward slip of a flexible suction tip. A: The
suction tip is flexible and able to form to the shape of the tissue. B:
When a force pulls at the suction tip, the contact surface slips inwards.
This causes a decrease of the effective suction area which decreases the
suction force. C: Adding to this, the suction tip deforms due to the
negative pressure and the lack of stiffness. It deforms inwards and causes
leakage.
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using suction-based graspers [3] [7] [10] [11]. Leakage
occurs when the suction tip and the tissue do not seal
completely and air molecules are able to move into the
space that should be sealed, which is the suction cham-
ber (Figure 4 and Figure 7). Because of this, the negative
pressure of the vacuum equalizes atmospheric pressure.
This means that no vacuum and thus no suction force can
be generated. The main cause of leakage in flexible suc-
tion tips is that the suction surface of the tip slips inwards
when negative pressure is built inside (Figure 8B) [12]
[13]. Adding to this, a fully flexible suction tip deforms
when pushing or pulling tissue. This causes deformations
in the sealing which will lead to leakage (Figure 8C) [14].
To summarize, a number of challenges can be encoun-
tered while designing a suction-based grasper for MIS.
When increasing the suction surface in order to generate
a sufficient suction force using a flexible tip, leakage due
to suction surface deformations seems one of the most oc-
curring problems. Therefore, this study focuses on the use
of a stiff suction surface instead of a fully flexible tip to
counter the problems mentioned above.

1.4. Goal of the study
Based on the challenges of current suction-based
graspers, the goal of this research is defined as follows:

Goal: Design of a suction grasper for MIS that is
able to enlarge its stiff suction surface and minimize
tissue loss due to leakage.

For a suction grasper, it is desirable that leakage
does not occur. However, it is unlikely to fully prevent
leakage each time the grasper is used. Because of this,
the focus in this study is to minimize tissue loss due to
leakage. The paper is structured as follows. At first, the
goal of this research is defined by the requirements. The
design requirements follow from the problem analysis
and design challenges. Subsequently, the design phase
is structured according to the two main functions of the
instrument. Expanding the suction surface while inside
the patient’s body and minimizing the consequence of
leakage. From this, a final design follows from which the
prototype will validate its features by an experimental
set-up. Subsequently, the results, the design- and exper-
iment limitations and recommendations are discussed.

Lastly, the report finalizes with a conclusion.

2. Requirements

2.1. Design challenges

• Effective suction area:
As mentoined in the Section 1.3, the the suction area
must be able to fit through a trocar with a diame-
ter of 10 mm (R1). According to Vonck [2], 5N is
a safe suction force to grasp and manipulate human
tissue. This is high enough to lift the tissue, but does
not damage the surface of the tissue. With this suc-
tion force, the same tissue manipulations can be per-
formed as with a conventional grasper [15]. In com-
bination with this suction force, a vacuum pressure
of 50 kPa is used. The use of a vacuum pressure of
50 kPa on human tissue is broadly tested on safety
[5] [4] [16]. When a suction surface of �10 mm is
used with a negative pressure of 50 kPa, the corre-
sponding suction force can be calculated using the
equation that defines the force that is the result of a
pressure difference (compared to atmospheric pres-

Figure 9: Once the suction grasper is inserted through a trocar with an
inner diameter of 10 mm, the suction surface grasps tissue. Once the
suction surface is not increased (left) not enough suction force can be
generated to sufficiently grasp tissue. When the suction surface is in-
creased to a suction surface of 1 cm2, a suction force of 5N is reached.
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sure) over a certain surface area (Equation 1):

F = ∆p · A (1)

Where;

– F is the suction force normal to the surface [N]

– ∆p is the pressure difference of the pressure
of the sealed space compared to atmospheric
pressure)[N/m2]

– A is the contact surface area [m2]

This results in a suction force of 3,9 N, which ac-
cording to Vonck [2] is not high enough (Figure 9).
This emphasizes the necessity to enlarge the suction
surface while inside the patient’s body to increase the
suction force. According to Equation 1, a minimal
suction area of 1 cm2 is required as a minimal bound-
ary to provide 5N suction force with 50 kPa vacuum
pressure (Figure 9). Since these three values (the
suction force, the vacuum pressure and the required
suction surface) are linear dependent (Equation 1)
these three are stated as one requirement (R3). As
stated in the Problem Analysis (Section 1.3), the suc-
tion surface should be stiff. It is hypothesized that
this prevents the problems encountered while using
a flexible suction surface. The stiffness of the suction
surface should be stiff enough to prevent the surface
from bending while pulling and pushing tissue dur-
ing surgery (R4).

Figure 10: A: The tissue seals the suction tip correctly which results in a
partial vacuum when air is sucked away from this sealed space. B: When
the dimensions of the grasped tissue do not match the dimensions of the
suction tip, a correct seal is not possible. This results in air leaking into
the suction tip and no vacuum can be created.

• Minimize consequence leakage:
However, by increasing the suction surface, the
risks on leakage will only increase (Figure 10).
This is also visible at the OctopusTM (Figure 4).
Since tissue curvature plays an important role in a
correct sealing between tissue and suction tip [5]
(Figure 10), it is hypothesized that leakage occurs
most frequent at the most lateral parts of the suction
tip. This can also be seen in the design of Kortman
[7] and the OctopusTM [5]. These instruments lose
total vacuum pressure when leakage occurs. This
emphasizes the necessity of a design that maintains
its vacuum pressure even when leakage occurs (R5).
Human tissue that can be grasped during MIS has
a wide variety of dimensions and stiffness. During
MIS, organs are targeted in the abdominal area. The
stiffness from these organs range from 5 to 50 kPa
[17]. The surface of the kidney ranges from 5 to 10
kPa while the intestines range from 20 to 50 kPa.
(R6).

• Minimizing tissue damage:
Earlier this section, the optimal values of Equation 1
are described (R1, R2, R3). These values are based
on a trade off between performance and possible

Figure 11: A: When tissue is grasped using suction, the surface of the
tissue gets sucked into the suction tip which results in deformation of
the tissue’s surface. When high pressure is used, this causes high stress
on the tissue surface which increases the chance on damage. B: If the
suction tip consists of multiple contacts points across the surface of the
grasped tissue, the suction force gets distributed over this surface which
decreases the peak stress and thus deformation of the surface of the tis-
sue.
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tissue damage. However, tissue damage can further
be prevented. When one large suction tip is used,
the tissue is slightly getting sucked inwards (Figure
11 A). By splitting the surface area into multiple
smaller suction areas (R7), the suction force is
distributed over the surface area (Figure 11 B). This
causes less stress in the tissue. The OctopusTM

Heart Stabilizer uses multiple suction tips connected
to one suction chamber to distribute the stress on
the tissue. The Octopus is extensively studied on
safety [18], which ensures this technique improves
safety. Furthermore, the instrument should not
leave any damage inside the patients body. During
laparoscopy, the surgeon does not have a clear vision
of the insertion of the instrument into the patients
body. Occasionally, entry of the instrument causes
vessel or organ damage [19]. For that reason, it is
important that the instrument does not leave any
damage while inside the patients body (R7). To
prevent this, any sharp edges on the instrument must
be prevented.

During laparoscopy, a pneumoperitoneum is
created in this cavity [20]. This means that the
abdomen are inflated with carbon-dioxide to create
separation between organs and increase internal
workspace for manipulation with surgical instru-
ments. However, the compliance of the abdominal
wall is limited due to its elasticity [21]. Ott [21]
states that the amount of inflated carbon-dioxide and
thus the pressure should be as low as possible to still
accomplish the surgical task. Pressures larger than
12mmHg should be avoided since this is defined
as intra-abdominal hypertension which could lead
to tissue damage [22]. This results in patients with
a smaller intra-abdominal volume offer a smaller
workspace for the surgeon. For this reason, the
mechanism that increases the suction surface and
the dimensions of the suction surface should not
be larger than necessary in order to complete the
surgical task. Therefore, the mean dimensions of the
conventional tissue grasper for MIS on the current
market are kept as boundaries of the maximal
dimensions of the new developed suction grasper.
The mean length of the jaw of these graspers are 32
mm [23] and are able to open 45 degrees (Figure

Figure 12: The depiction of the span width of a conventional laparo-
scopic grasper. The mean jaw length is 32 mm and the jaw can open in
a 45 degree angle resulting in a total width of 45 mm.

12). Because of this, the span of the grasper inside
the human body is 45 mm. For that reason, the
suction surface has a maximum length of 45 mm
(R2).

• Usability: Surgery time of laparoscopy is on aver-
age shorter compared to open surgery [24], which is
an advantage. For this reason, the instruments used
for laparoscopy should not delay this process. Han-
dling of the designed grasper should be as easy and
as fast as possible. According to Supe [25], surgeons
perform laparoscopic surgery using an instrument in
each hand (Figure 2). For that reason, it is required
that placing, controlling and holding is possible us-
ing one hand during surgery (R9).

2.2. Design requirements
Dimensions:

• R1, Trocar dimension: The surface area of the suc-
tion grasper should fit through a trocar with a diam-
eter of 10 mm.

• R2, Suction surface dimensions: The span of the
jaws of conventional tissue graspers on the current
market are used which are able to open 45 degrees.
This results in a span and thus a total length for the
suction surface of 45 mm.

Performance:

• R3, Suction generation: the optimal suction force
to manipulate human tissue is 5N [3]. Combining

8



this with a vacuum pressure of 50 kPa, this results in
a required surface area of 1 cm2.

• R4, Suction surface stiffness: The suction surface
should be stiff enough to prevent bending while a
force of 5N is applied.

• R5, Maintaining vacuum pressure: The grasper
is designed to maintain total vacuum pressure, even
when leakage occurs.

• R6, Tissue stiffness: The suction grasper is able to
grasp tissue with a stiffness ranging from 5 to 50 kPa

• R7, Force distribution: The instrument consists of
multiple contact surfaces that distribute the suction
force over the grasped tissue. This will lead to less
stress on the grasped tissue.

• R8, Damage risk: The suction grasper does not
leave any damage whilst inside the patients body.
Sharp edges or points must be prevented while de-
signing the instrument.

• R9, Handling: The instrument should allow for
placement, grasping and retracting using one hand.

3. Ideation

3.1. Design structuring
From the problem analysis and design challenges can be
concluded that the design of this study has two main de-
sign directions. Firstly, a mechanism must be designed
that is able to expand the stiff suction surface to a suffi-
cient suction area of at least 1 cm2 while inside the pa-
tient’s body. This is elaborated in Subsection 3.2 and is
called Design phase: Foldability mechanism. This cho-
sen concept serves as a base for the second design phase
described in Subsection 3.3 called Design phase: Leakage
reduction. This phase focuses on a design that minimizes
the chances of tissue loss due to leakage. The concep-
tual designs proposed in this section result in a final con-
ceptual design that serves as the base for the final design
(Section 4). To schematically represent each concept, the
starting shape of the designed instrument is the vacuum
grasper of Vonck [3] (Figure 13). Features are added con-
cerning the solutions of each design phase.

Figure 13: The suction grasper designed by Vonck [3]. This grasper has
one suction outlet at the distal tip.

3.2. Design phase 1: Foldability mechanism

3.2.1. Concept direction

Since a stiff suction surface is used to counter the disad-
vantages of a compliant suction surface. In order to main-
tain the stiffness while unfolding or rotating, also stiff el-
ements are required. These stiff elements are connected
with hinges. This conceptual phase is structured based on
the number of hinges used in each concept. Concept 1
focuses on the rotation around a single hinge. Concept 2
uses multiple hinges in order to rotate the solid elements
to create the suction area.

3.2.2. Concept 1: Use of a single hinge

This concept is based on the principle of using only a
single suction surface that can rotate in one sagittal plane.
The suction surface can be rotated around one single axis
which is located in the middle of the suction surface.
When in closed form, the suction surface is located inside
the shaft of the suction grasper (Figure 14). The suction
surface can be rotated around the single axis in order to
rotate to a horizontal position. The length of the shaft is
used to cover the suction surface while it is inserted into
the patient’s body. This way, the length of the suction
surface does not lengthen the whole grasper. Another
advantage of using one centered hinge is that once the
suction surface adheres to the tissue successfully, the
resultant force is also centered (Figure 15). Since the
small dimensions of the instrument, the hinges also
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Figure 14: First concept based on one single hinge that rotates the suc-
tion surface. The hinge is located in the middle of this surface.

become small and fragile.

However, the use of a single hinge means that the
suction surface can only rotate in one direction. When
the suction surface is rotated to a vertical position (Figure
14 left), the width of the suction surface becomes limited
to the inner diameter of the shaft of the instrument,
which is �10 mm. This beam can only be lengthened
in order to further increase its suction surface. The stiff
surface properties prevent suction surface deformations
and inwards slip (Figure 8). However, using a stiff
suction surface that is only hinged centrally is not able
to wrap around the tissue which makes it prone to leakage.

Positives:

• The shaft has a maximal diameter of �10 mm which
limits the space to work with. When using only hinge
instead of multiple, a larger hinge can be used. This
reduces the chance on hinge failure.

• Suction, pulling or pushing forces do not rotate the
beam to a closed from. This is due to the location of
the hinge, which is in centered at the grasper (Figure
15).

Downsides:

Figure 15: When tissue is pulled and the suction surface adheres to tis-
sue, the resisting forces of the tissue are distributed over the suction
surface, because of this, the resultant force is exerted through the axis
of the hinge which balances the suction surface and does not result in a
moment on the hinge.

• The stiff suction surface can only expand in one di-
rection since it rotates around one hinge. To reach
a larger maximum suction force, the suction surface
must be lengthened.

• Limited to the stiff straight surface. Not able to
’wrap’ around tissue. Since only a single straight
stiff surface is used, the suction surface is not able to
wrap around the tissue. When tissue is stiff and not
completely able to deform to the suction surface, the
edges of the suction surface are prone to leakage.

3.2.3. Concept 2: Use of multiple hinges

The second conceptual design uses multiple hinges to
rotate multiple suction surfaces (Figure 16). The red dots
in Figure 16 depict the location of each hinge. In this
Figure, 4 hinges at the distal end of the shaft are used.
A suction surface is connected to each hinge. Because
of the use of multiple hinges and suction surfaces, the
combined suction surface is now able to shape in different
shape configurations. In this example, seen from below,
the shape of an cross is formed. However, when more
or less hinges are used, different shapes can be formed.
Adding to this, the suction surface can open partly, which
enable the suction surfaces to adapt to the curvature of
the grasped tissue.

However, by adding more hinges, the hinges be-
come smaller since the dimensions are restricted which
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Figure 16: Second concept based on multiple hinges. 4 suction surfaces
are depicted in blue and are connected to the hinges that are depicted as
red circles at the distal end of the shaft. The suction surfaces are able to
rotate around that hinge in order to open.

complicates the production of these hinges. Adding to
the manufacturability of the hinges, the mechanical prop-
erties of these hinges become an issue. Once the tissue is
grasped, a vacuum is generated and tissue is pulled by the
surgeon, a moment is applied onto these hinges. Because
of this, once the surgeon pulls the suction surface tends to
rotate to a closed form (Figure 17). This can be prevented
by a system that provides a lock to the orientation of
the suction surface and disables the rotation. However,
once the orientation is locked, these forces will apply a
moment onto the hinges. According to the requirements,
a pulling force of 5N is the targeted force.

Positives:

• Suction surface increases in multiple directions.

• Suction surfaces can party be opened to adjust to the
surface of the tissue. This enables the suction surface
to seal curved tissue.

Downsides:

• Manufacturability. Since the instrument should fit
through a shaft of �10 mm, the hinges and the suc-
tion surfaces become small.

Figure 17: Once the surgeon grasps tissue and pulls the instrument, the
tissue resistance force results in a moment onto the hinges. This is due
to the distance r between the centre of the suction surface and the hinges.

• Once the surgeon pulls tissue, the suction surfaces
rotate back to a closed stage. This is not desirable
since this increases shear forces between the suction
surface and the tissue. The suction tips in this thesis
are not designed to resist these shear forces. Adding
to this, if the instrument contains a feature to lock the
suction surface in an open position this force results
in a moment onto the hinges. Once tissue is pulled,
this moment that is exerted onto the small hinges in-
crease the chance on mechanical failure (Figure 17).

3.2.4. Conclusion phase: Foldability mechanism

From Section 3.2 Concept 1 is chosen as the most
favorable. This has two main reasons. The first reason is
that because of the small dimensions, hinges are hard to
prototype and manufacture. The second reason to choose
for this design, is that the hinge is located centrally on the
suction surface. Because of this, a resultant suction force
will be exerted through the centre of the suction surface
and will not exert a moment on the hinges. The third
reason implies on the damaging risk requirement (R8).
Because concept 1 does not lengthen the instrument while
inserting it in the patient’s body, it limits the chances of
damaging tissue while inserting through the trocar. These
reasons outweigh the negatives about concept 1 and thus
concept 1 will be further elaborated on in Subsection 3.3.
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3.3. Design phase 2: Leakage reduction
3.3.1. Concept direction

The proposed design of section 3.2 is the starting point
for the second design phase which focuses on minimiz-
ing leakage using a stiff suction surface. As stated in
Section 1.3, stiff suction surfaces are prone to leakage at
their outer regions since the stiffness disables the ability
of the suction surface to adapt to the surface of the tis-
sue. Because of this, this design phase focuses on further
development to prevent leakage. Blocking the leaking air
to the suction chamber is an interesting solution. A suc-
tion chamber is a space inside a suction tip where the air
molecules are sucked away or where the volume is in-
creased in order to generate a negative pressure. Com-
mon suction tips use a single suction chamber to generate
a vacuum. However, when leakage occurs, the whole suc-
tion tip fails to generate a vacuum. This can be seen dur-
ing leakage using the OctopusTM stabilizer and the suc-
tion grasper of Kortman [7]. To solve this, the OctopusTM

stabilizer uses a continuous suction pump to suck air
molecules away continuously. This is not possible during
MIS because the suction grasper will suck away to CO2
used during the pneumopetherotineum. Another solution
by Singh [5] is to fill the leaking gap with fatty tissue.
To do this, the fatty tissue must be cut and placed exactly
at the leaking suction tips. This technique is not desir-
able since it requires tissue damage and the location of
leakage must be located during grasping which takes valu-
able time. A more viable technique would be to prevent
air from leaking into the suction chamber. To prevent air
leaking into the suction chamber while maintaining suc-
tion force, multiple suction tips are required. If only one
suction tip is used which one is blocked, no suction force
can be generated. The use of multiple suction tips also
fulfills the requirement that the suction force must be dis-
tributed over the grasped tissue (R6). Two concepts based
on this principle are proposed in this section.

3.3.2. Concept 1: Adaptive suction tips

The first concept is based on the principle that the suction
surface contains multiple suction tips that are adaptive
and can open or close to prevent air leaking into the
suction chamber. This can be achieved in two ways.
Firstly, by blocking the suction tips that leak, the suction

chamber is still able to generate a negative pressure.
Since leakage can not be sensed by the surgeon, an active
sensor must measure if leakage occurs. The surgeon
is then able to read from the sensor which part of the
suction surface leaks and can close it. A mechanical
system using sliders can be used to close of the suction
openings. This system can be improved by automating it
in order to decrease reaction time. A sensor is attached to
each suction opening that measures if there is full contact
around the suction opening. If there is, the sensor passes
the signal to the separate motors that open the sliders and
thus open the suction tip. This way, only the correctly
sealed suction tips open to the suction chamber. However,
sensors in soft actuators in recent literature state dimen-
sional limitations and are not produced on such small
scales yet [26] [27]. Another way to prevent air leaking
into the suction chamber using adaptive suction tips is to
only open the suction tips when they have full contact
with the surface of the tissue. The mechanical contact
force opens the suction tip passively, so no sensors are
required. However, a compliant mechanism that can open
and close the suction tips must be implemented inside

Figure 18: Block air leaking into the suction chamber via the suction
tips by closing the suction tip that leaks or only open the suction tips
that do seal correctly. The suction chamber is represented as the white
area above the red suction tips. A suction tube is connected to this suc-
tion chamber which is attached to a vacuum pump. This vacuum pump
sucks the air away in this suction chamber and thus the suction tips. By
blocking the suction tips that are not fully sealed, air is not able to leak
into the suction chamber and thus a negative pressure can be generated.
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the suction tips. These mechanisms on this scale are
currently not available.

Positives:

• Uses a single suction chamber, which is easier to fit
inside the instrument.

Downsides:

• When leakage occurs, reaction time of the surgeon
or reaction time of the sensors, the motors and exe-
cution time decide how long leakage occurs. Before
closing the correct openings air is able to leak in and
tissue loss occurs.

• Dimensional limitations of these mechanical sensors
inside the suction tips.

• Compliant mechanism that opens the suction surface
on contact force are complex to manufacture on such
small scales. Also, these mechanisms take redundant
space inside these small suction tips.

3.3.3. Concept 2: Seperate suction chambers

Concept 1 uses a single suction chamber (white) that is
connected to multiple suction tips. This concept uses
multiple suction chambers to generate a negative pressure
in multiple suction tips. Figure 19 represents a conceptual
and schematic design of this instrument. Each suction tip
(red) is connected to a separate suction chamber (white).
In these suction chambers air is sucked away by the
vacuum pumps. Because of this, if one suction tip fails to
seal correctly and air leaks in the suction chamber, it does
not affect the other suction chambers and vacuum can be
maintained. No actions are required before generating a
suction force, since air molecules are not able to transfer
from one suction chamber to another.

Positives:

• Air molecules are not able to transfer from one suc-
tion chamber to another. This improves the reliabil-
ity of the suction grasper since leakage in one cham-
ber does not result in total tissue loss.

• The separate suction chambers do not require action
from the surgeon or a sensor when leakage occurs,
this is automatically blocked.

Downsides:

• Because of the small dimensions of the suction
grasper, it is challenging to fit multiple suction cham-

Figure 19: Multiple suction chambers are used to independently actuate
a suction force in different suction tips. The suction tubes are attached
to the suction chambers and are connected to separate vacuum pumps.
Once these pumps suck the air awa in the suction chambers, the pressure
in the chambers drop and a suction force is generated. This can only
happen when the chamber is sealed correctly. In this case, the outer two
suction tips do not seal correctly and air is able to leak into the suction
chamber. Because of this, no negative pressure can be generated in these
chambers. Because the suction chambers are separated, this does not
influence the pressure in the other suction chambers. This results in
a suction force, even when leakage occurs at several suction tips. The
vacuum pumps are attached to the instrument by tubes and are stationary
located in the operating room.

13



bers inside the instrument. Because of this, the
suction chambers are located outside of the suction
grasper.

• Multiple suction chambers are actuated by multi-
ple suction chambers. Since these chambers are
located outside the instrument small suction tubes
are required to connected the suction chambers and
the suction tips. Small suction tubes are prone to
collapsing when negative pressure is applied inside
these tubes.

Figure 20: The final conceptual design as a result of the combination of
design phase 1 and 2. The design consists of a single stiff suction surface
that rotates around one hinge (red dot). Multiple suction chambers are
used to generate a separate negative pressure for each used suction tip.
The suction chambers and the suction tips are connected with suction
tubes (blue).

3.3.4. Conclusion phase: Leakage reduction

Since the dimensions in the suction graspers are small and
time in the operating room is limited, simplicity is key.
Because of this, concept 2 is chosen as the most promis-
ing concept. The main reasons for this choice are that this
concept does not require a sensor or mechanical system
to measure if a suction tip is leaking or sealing correctly.
Also, no mechanical system is required that closes these
leaking suction tips. These systems must be placed in-
side the suction surface, where space is limited. By using
multiple suction chambers, the leaking suction tips do not
affect the pressure in the other suction chambers because
they are not connected. This does not require a sensor
or mechanical system. When leakage occurs at one suc-
tion tip, it automatically blocks the air from leaking into
the other suction chambers and total negative pressure can
be maintained. However multiple suction chambers also
require extra space, these can be placed outside the instru-
ment and the suction tips and chambers can be connected
by longer suction tubes.

3.4. Final conceptual design

The final conceptual design consists of a combination of
the chosen concepts of design phase 1 and 2. Figure 20
shows the combination of the two concepts. It uses a fully
solid suction surface that rotates around a single hinge
(depicted as the red dot) (R3). Multiple suction tips are
attached to the suction surface to distribute tissue pressure
(R7) and to be able to generate independent negative
pressures within each suction tip (R4). Each suction tip is
attached to an individual suction chamber that is located
outside the shaft of the instrument. This way, space
inside the shaft can be used for a mechanism that actuates
suction surface rotation and also provide space for the
suction tubes that are connected to the vacuum pumps.
To summarize, Figure 21 gives a schematic overview of
the whole conceptual design process. The green arrows
indicate the design choices.
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Figure 21: A schematic view of the design phase and choices that lead
to the final conceptual design

4. Final design

4.1. Overview of design

In order to optimize the concept to a final design, some
adjustments on details are required. Figure 22 shows the
design of the final design of the suction grasper. For this
thesis, every part in this design is labeled with a unique
color to clearly identify the part. However, in the actual
design, these colors are not used. Rendered images of the
actual final design are shown in Appendix D. An exploded
view of the final design is can be found in Figure 23. Here

all parts are labeled. According to the requirements, the
length of the shaft should be 35 centimeters. The length
of the shaft during this thesis is shortened in order to fa-
cilitate prototyping using 3D-printers. The shaft will be
inserted into the trocar. Once the suction grasper is placed
correctly, the surgeon turns the upper axis in order to ro-
tate the suction surface. When the correct orientation is
achieved, the surgeon actuates the vacuum pumps and is
able to manipulate the tissue. In the following section, the
design is elaborated according to the following functions:

• Suction surface rotation

• Cable tension

• Multiple suction chambers

• Ensure patient safety

• Manufacturability

4.2. Enable suction surface rotation

This design uses two cables to actuate the rotation of the
suction surface. The cables are looped around two axis.
In this design, cables are most optimal since they do not
require a lot of space. This space is limited inside the
instrument shaft since the diameter is only 1 cm and the
suction tubes also are placed inside the shaft. The rotation
of the upper axis must be transferred to the distal axis. The
distal axis are the extruded parts on the sides of the suction
surface (Figure 24). In Figure 24 the suction surface and
the inner shaft are shown. The suction surface is clicked
into the axis holders of the inner shaft. Because of this,
the suction surface is locked in place but it still able to
rotate. In order to rotate the suction surface using cables,
friction between the axis and the cable is required. There
are multiple ways to enhance friction between the cable
and the axis. The friction coefficient could be enhanced by
changing the material of the axis and the cable. However,
since the instrument is used during surgery the friction
coefficient will drop since the material will get covered
with blood. Another option is to change to shape of the
axis to generate more friction. V-shape grooves in the axis
show an increase in friction compared to a squared groove
[28]. The friction coefficient of a v-shaped groove can be
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Figure 22: Solidworks model of the final design. Three phases of use are displayed. A: The suction surface is in closed position. This way the
suction surface is not able to rotate. In this position, the surgeon inserts the instrument through the trocar. B: Once the instrument reaches to correct
location, the suction outer shaft is retracted. This is done by slightly rotating the outer shaft (yellow) counter-clockwise. The extension spring
enables an automatic translation of the outer shaft towards the green handle. The suction surface aligns with the cut-outs of the outer shaft and is
now able to rotate. C: The surgeon rotates the suction surface to its required position and is now able to actuate vacuum pressure in order to grasp
tissue. The suction tubes are depicted in grey. They are placed through the shaft between the cables and leave the instrument on the upper side
towards the vacuum pumps that are placed inside the operating room.

determined using the following equation 2:

f =
µ

sin( γ2 )
(2)

Where γ is the angle of the groove (Figure 25), µ the
friction coefficient between the material of the cable
and the groove and f the magnitude of the shear force
coefficient. Hrabovský [28] states that traction capacity
increases with a lower angle of the V-groove , but at
the same time, the contact pressure on the contact area
between the cable and the groove wall increases. The

angle γ must therefore not be less than 32 degrees and it
is recommended to choose γ = 40 degrees [28].

Two looped wires are used to transfer the rota-
tional force to the suction tip. A nylon wire is used as this
has a small bending radius. A stainless steel wire showed
buckling when tensioning (Appendix F). This buckling
blocked the transfer of the cable around the axis due
to the minimum bending radius of a metal cable. This
minimum bending radius depends on the diameter of the
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Figure 23: Exploded Solidworks model of the final design. Every part is captioned with a brief name as it can be referred to.
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Figure 24: Suction surface clicked into the inner shaft. The V-grooves
are visible. The cables are looped around these grooves. Also 1 of the 3
suction tube openings are visible.

Figure 25: Schematic visualization of the groove angle and how the
cable falls into the groove.

cable. The 0.8mm cable needs a minimum bending radius
of 16.4 mm [29] to prevent buckling. To successfully
use the steel wire, the radius should be decreased. A 0.3
mm steel cable is used (BEADALON 0,3mm), however
these small diameter wires started cutting and damaging
into the 3D-printed axis when tensioning. Nylon has a
small minimum bending radius compared to steel wire
and is not prone to buckling. However, it still has high
breaking strength of 12 kg and good wear resistance.
A 0,8 mm breaded nylon wire is used, which does not
cut the 3D-printed axis. The two ends of the wire are

Figure 26: Square knot used to loop the nylon wires.

Figure 27: Tension mechanism of the suction grasper. Once the rotation
knob (orange) is twisted clockwise, the axis holder (purple) will translate
in proximal direction and increases the distance between the lower and
upper axis. This means the cables get tensioned.

attached to each other with a knot. In this case, the square
flat knot is suitable because it tightens when it is being
pulled (Figure 26). Also the knot is small and thin. This
is convenient because the knots are located in the inner
shaft. The inner shaft is made from stainless steel. The
suction surface and the axis are made from biocompatible
plastics, like PLA.

4.3. Enable cable tension

In this instrument, it is essential that the two axis are
aligned at any time. Otherwise the cable will twist. When
the cables are placed around the axis, the cables are not
tensioned. However tension is required in order to trans-
fer the forces. To tension the cables when these are placed
around the two axis, the shaft of the suction grasper must
be lengthened to a length that the cables will be fully ten-
sioned. Furthermore, when the cables are tensioned for a
long period of time, creep occurs. This happens for both
steel and polymer materials [30]. Creep is the tendency of
a material to slowly deform permanently under the influ-
ence of a constant force or stress [31]. So over time, slight
strain occurs at the cables. In Figure 27 a solution is pre-
sented which enables cable tension but keeps alignment
between the two axis. To counter creep, cable tension can
be increased when necessary. The mechanism contains
four moving parts. The axis holder (purple), attached to
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Figure 28: Suction surface including the cut-outs. In these cut-outs the
suction tips fit. Through the hole on top the suction tubes are placed and
connected with the suction tips using silicone. The suction tips are glued
in the cut-outs using glue (BISON). The half-circle extruded part func-
tions as a sealing surface when the suction surface is in closed position
and the instrument is being inserted into the patient’s body.

the axis holder is the upper axis (pink), the rotation knob
(orange) and the rotation lock (green). The rotation lock
contains four holes which will fit the extruded parts of the
axis holder. These holes constrain the axis holder from ro-
tating and thus maintain alignment between the two axis
of the suction grasper. The axis holder contains a thread
on the outside that fits the inside thread of the rotation
knob. If all parts are locked in place (Figure 27: left) the
surgeon can rotate the rotation knob. When the rotation
knob is rotated towards the rotation lock, the axis holder
will move in a proximal direction because of the thread
and its constrain for rotation and tensions the cables (Fig-
ure 27: right).

4.4. Leakage reduction

4.4.1. Suction surface

In order to minimize tissue loss due to leakage, multiple
suction chambers are used during this thesis. The suction
chambers is the location were the volume of this chamber
gets enlarged or air gets sucked away in order to gener-
ate a negative pressure. In this thesis, multiple suction
chambers are used and are located outside the instrument.
A suction tube is attached to each suction chamber and
is connected to the suction surface (blue). The suction
surface is made from bio-compatible resin by the SLA
printer. This printer is used in order to enhance precision.
The dimensions of the suction surface are determined as

follows. The maximum length of the suction surface is 45
mm according to the requirements (R8). The width and
height of the suction surface are a trade-off between the
available space inside the shaft of the instrument. For that
reason, the suction surface (minus the axis) has a width
and height of 4.5 mm. Using these dimensions, the suc-
tion surface is able to fit inside the inner shaft while main-
taining enough stiffness. The suction surface contains cut-
outs at the bottom part in which the suction tips can be
placed (Figure 28).

4.4.2. Suction tips

Inside the cut-outs of the suction surface, corresponding
suction tips (red) are placed. These suction tips are made
from silicone rubber (SMOOTH ON DRAGONSKIN).
Because silicone is soft and flexible, the suction tips are

Figure 29: Mold of the lateral suction tip. Once the left part is filled with
silicone, the right part gets inserted inside the hole of the left part. The
silicone cures and these two parts are parted again.

Figure 30: Resulting cured silicone suction tip.
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Figure 31: The suction tips placed on the suction surface. The suction
tips fit exactly on the cut-outs of the suction surface.

able to deform to the surface of the tissue and sealing is
enhanced. Molds for the suction tip are printed using the
SLA printer (FORMLABS 3B+) (Figure 29). Each mold
consisted of a bottom and top part. In the bottom part
the silicone is poured, which shapes the outside part of
the suction tip. Once the silicone is poured in the bottom
part, the top part is placed inside the bottom part. The
bottom part compresses the silicone inside the bottom
part and shapes the inside of the suction tip. After 8
hours of curing time, the suction tips are removed from
the molds (Figure 30). Subsequently, the suction tips are
glued inside the cut-outs of the suction surface (Figure
31). Each suction tip has an edge with a thickness of
1 mm (Figure 32). This edge prevents the suction tip
from collapsing and air from leaking into the suction
tip. A thinner edge than 1 mm collapsed and showed
leakage when negative pressure is applied. The silicone
that is used is the DragonSkinTM from Smooth-On. This
silicone is often used for medical prostheses and has the
highest tensile strength and flexibility Smooth-On offers.
A tensile test is performed to examine three types of
silicone from Smooth-On (Appendix G). The silicone
suction tips are placed into the cut-outs in the suction
surface and are fixed with strong adhesive glue (BISON).
The suction tip and the suction tube are connected with
the addition of silicone (SMOOTH-ON SIL-POXY). This
prevents air leakage between suction tip and suction tube.

As stated in the Problem Analysis, leakage occurs
most frequently on the outer suction sections of a stiff
suction surface. Especially if grasped tissue contains
a surface curvature and the suction surface is not able

Figure 32: Bottom view of the suction surface with 3 suction tips and 4
suction tips.

to deform to the shape of this surface. For that reason,
this design requires minimally one suction tip medially
from the two most outer suction tips, which are most
prone to leakage. This centrally located suction tip is less
prone to leakage and decreases the chances of tissue loss
if the outer suction tips leak. This means that 3 is the
minimum amount of suction tips that can be used. Each
suction tip has a suction surface of 0.58 cm2. Because
three are used, a combined suction surface of 1.74 cm2

is achieved. This exceeds the minimum suction surface
of 1 cm2 (R2). According to Equation 1, this results in a
suction force of 2.9N per suction tip. This means that 2
suction tips would be able to generate 5N of suction force
(R2) and safely manipulate human tissue during MIS.
The dimensions of the suction surface allow for using
4 suction tips instead of 3 (Figure 32). Because of this,
4 smaller suction tips can be used which decreases the
chance of tissue loss due to more contact points that exert
a suction force. However, the use of an extra suction tip
decreases the combined suction area of the suction tips
since each suction tip is smaller and has an outer edge of
1 mm. The suction area of this suction tip is 0.42 cm 2

and thus a minimum of 3 suction tips are required to meet
the 1 cm2. The use of 5 suction tips was not sufficient
since the total surface area became less than 1 cm2 due
to the minimum edge thickness of 1 mm. Adding to this,
these small suction tips were not manufacturable using
the molds. The use of 3 or 4 suction tips and suction
chambers are tested in the next Section 5.

4.4.3. Suction chambers

The suction chambers in this thesis are simplified as sy-
ringes of 50 ml with a diameter of 3,2 cm. This means
that 40 N is required per syringe to generate a nega-
tive pressure of 50 kPa according to the requirements
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(R1). If small suction chambers are placed inside the
shaft, they would have a small diameter. This results in
a higher required force to compress these suction cham-
bers when manually actuated because of the small surface
area (Equation 1) For that reason, the syringes are not at-
tached to the suction grasper directly. These are placed
outside the instrument and connected with suction tubes.
Suction tubes connect the suction tips to the correspond-
ing suction chambers. The suction tubes leave the shaft
as a bundled into one tube through a hole in the cap. This
hole is sealed to make it airtight. This suction tubes are
made from PTFE. In the final configuration, inside the
operating room automated vacuum pumps are attached to
the instrument.

4.5. Ensure patient safety
The shaft of the suction grasper consists of two parts
(Figure 33). The grey inner shaft is fixed into the green
handle. The outer shaft is able to glide over the inner
shaft. This outer shaft is made from a thin-walled stain-
less steel tube of 0,3 mm thickness with an inner diameter
of 9,4 mm and functions as a protection and guiding
mechanism for the inner shaft, but also as a rotation lock
for the suction surface. Part of the outer shaft is a steel
handle (yellow) which the surgeon can press to translate

Figure 33: Side view of the shaft of the grasper which demonstrates
outer shaft movement. The surgeon is able to push the handle of the
outer shaft clockwise with his fingers. Because of this, the pin lines up
with the vertical cut-out. The tensioned extension spring pulls the outer
shaft towards the handle and the pin falls in the lower slot which aligns
the lower cut-out with the suction surface. Now the suction surface is
able to rotate. The surgeon now also grasps the handle of the outer shaft
together with the main handle to control the instrument.

Figure 34: Zoomed depiction of the bracket-shaped pathway on the outer
shaft. Because of this pathway, the outer shaft can only move according
to these directions.

the outer shaft. The outer shaft consists of two cut-outs
on the most distal end. These enable the suction surface
to rotate earlier so the distal axis including the cables
will not have to be inserted into the patient’s body further
which limits the chance of tissue damage. Adding to
this, the proximal part of the outer shaft also consists of
two bracket-shaped cut-outs (Figure 34). These act as a
guiding rail and will constrain a movement pathway for
the outer shaft. Before the instrument is inserted through
the trocar, the pin and bracket are in the most upward
position (Figure 33: left). The suction surface is fully
retracted and is not able to rotate to an open position.
Also, in this position, the shaft is not able to translate
upwards which prevents undesired premature translation.
Once the surgeon taps the handle of the outer shaft using
his index - and middle finger in a clockwise direction,
the pin aligns with the vertical trajectory of the bracket
(middle of Figure 34 and Figure 33). An extension spring
is attached between the outer shaft and the upper handle.
Once the outer shaft is in the closed position (Figure 33
left), the extension spring is tensioned. Because of this,
the extension spring automatically pulls the outer shaft
towards the upper handle when the pin is aligned with
the vertical bracket trajectory (Figure 34 middle) and
the pin falls in the lower part of the bracket (Figure 34
right). Both handles are now aligned and the surgeon now
grasps both handles as a combined handle to control the
instrument (Figure 33 right). Also, the suction surface is
aligned with the lower cut-out on the outer shaft which
enables the surgeon to rotate the suction surface.

Since the instrument is inserted through a trocar,
surgeon’s visibility inside the abdomen is limited. For
that reason, cut-outs are made inside the outer shaft to be
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Figure 35: When the suction grasper is in closed position, the distal part
of the grasper is sealed with the half-circle-shaped stopper on the suction
surface to prevent tissue damage harmed by the edges of the outer shaft.

able to rotate the suction surface earlier. Adding to this, it
is not desirable to insert the instrument while the suction
surface is fully exposed. The suction tubes or premature
rotation could damage tissue. The outer shaft is thin (0,3
mm) and may damage organs or other tissue while it is
pointing out and inserted into the patient’s body. For
that reason, the suction surface consists of a half-circle
extruded part at one end. This half-circle shape seals the
gap between the outer shaft and prevents the outer shaft
from cutting into organs when inserted (Figure 35). This
meets the safety requirement (R7). Because the suction
tips, cables and tubing are covered during insertion,
durability is enhanced.

4.6. Ensure manufacturability
To enhance manufacturability, several aspects have been
taken into consideration. The device can quickly be as-
sembled manually. First, the suction tubes and suction
tips should be connected to the suction surface. The suc-
tion tips are attached in the corresponding cut-outs in the
suction surface with strong adhesive glue. A quick proof
of principle test proved that the use of strong adhesive
glue between 3D-printed SLA (Though 1500 resin) and
silicone resulted in a 10N attachment force. Hereafter,
the suction tubes are placed in the holes of the suction sur-
face and the suction tips. Once placed correctly, they are

Figure 36: The thread pin which is placed through the holes in the inner
shaft and through the cut-outs in the outer shaft. The cap with corre-
sponding thread can be screwed on this thread.

secured with extra silicone (SMOOTH-ON SIL-POXY)
which also makes the connection more airtight. Subse-
quently, the inner shaft (grey) can be inserted into the up-
per handle (green). The two extruded edges on the in-
ner shaft ensure the inner shaft does not rotate once in-
side the lock. Adhesive glue (BISON) is used to lock the
inner shaft. The rotation knob can now be rotated onto
the thread of the axis holder. The 4 extruded pins of the
axis holder (purple) should then be placed into the corre-
sponding 4 cut-outs of the upper handle (green) using the
extruded rotation locks. The suction surface (blue) and
the upper axis (pink) can be clicked onto the inner shaft
(grey) and the axis holder (purple). Subsequently, both
nylon wires and the suction tubes can be placed through
the instrument and around both axis. The wires of 0,8 mm
fit inside the grooves of 0,9 mm width. The distal end
of the inner shaft is inserted into the outer shaft. Once
the inner shaft aligns with the bracket-shaped cut-out of
the outer shaft, the 2 mm �thread pin is placed through
the hole of the inner shaft (Figure 36). This pin contains
a 2mm long thread on the other end. On this thread, a
cap with a corresponding thread can be screwed. These
off-the-shelf parts fixes the pin to the inner shaft. Also,
the pin does not intervene the tensioned cables since the
diameter of the pin is smaller compared to the diameter
of the two v-grooved axis. Because of this, the pin goes
through the space between the cables and will not have
contact. The extension spring is glued between two cir-
cular cut-outs of both handles. Finally, to be able to ro-
tate the suction surface, the cable must be tensioned us-
ing the rotation knob. The instrument is now assembled
correctly and is ready to use. The instrument should
be compatible for surgery and specifically MIS. This is
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dependent on different variables like material choices, di-
mensions and safety factors. All the parts are made from
stainless steel, biocompatible 3D-printed material or sil-
icone which means that all parts are biocompatible and
able to be used during surgery. The inner shaft is made
from laser-cut stainless steel. The suction surface, rota-
tion knob, axis holder, outer shaft, cap, upper handle and

Figure 37: Adjustment of the inner shaft in order to be able to print this
prototype. The thickened beam prevents it from bending and breaking
when a force is exerted on it

Figure 38: Prototype that is used to test the tensioning mechanism and
the rotation of the suction surface. By turning the rotation knob the
suction surface can be rotated.

upper axis are 3D-printed using the SLA printer with bio-
compatible resin to enhance accuracy. Eventually, when
production has been upscaled, injection moulding is used
to manufacture the plastic parts. The pin and bolt are
stainless steel off-the-shelf products and the suction tips
are made from silicone. To enhance safety, damage risks
of the instrument for the patient’s health are minimized
(R7) during the design of this instrument. Dimensional
requirements stated in the requirements are used as maxi-
mum boundaries (R8).

4.7. Prototype

A first prototype was created to test the tensioning mecha-
nism using the thread and the bracket-shaped sliding sys-
tem. This prototype was created on a 3:1 scale on the
FDM-printer (Ultimaker). As shown in Figure 66 in Ap-
pendix E, the printed prototype is able to slide and the
thread is printed correctly. This prototype functioned as
a base for the second prototype. The second prototype is
designed on a 1:1 scale. This prototype only focuses on
the tensioning and suction surface rotation. In the final
model, the inner shaft is made from stainless steel. How-
ever, for this prototype, this part is 3D-printed using the
Formlabs 3B+ © . Because this material is not as strong
as stainless steel and is more likely to break or bend, the
beams are thickened to increase stiffness (Figure 37). This
thickening disables the ability of the inner shaft to trans-
late through the outer shaft. However, this translation is
not tested with this prototype. Figure 38 shows the proto-
type. This working prototype is able to rotate the suction
surface using nylon braided cables. To finalize the design
section, the usability of the instrument is represented in
Figure 39. This figure shows how the surgeon is able to
use the instrument during MIS.

5. Experimental Validation

5.1. Goal

The main goal of this research is described as follows; De-
sign a suction grasper which is compatible for MIS and
minimizes tissue loss due to leakage using a stiff suction
surface. Studies [7] [32] show that a flexible suction sur-
face is able to wrap around the tissue when it deforms or
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Figure 39: Schematic view of how the surgeon uses the instrument. First a trocar is placed through the abdomen of the patient. Usually multiple
trocars are placed. One for the camera (here depicted as the right instrument) and few more for the surgical instruments. Before the suction grasper
is inserted through the trocar the cables are tensioned using the rotation knob. Subsequently, the instrument is placed through the trocar while
the outer shaft is in the most downward position. Once the correct location is reached, the surgeon twists and pushes the inner shaft downwards
from the outer shaft (A). Now the suction surface aligns the cut-outs of the outer shaft and is able to rotate through these. The surgeon rotates the
suction surface by turning the upper axis knob (B) and placing the suction surface on the tissue. Now the vacuum pumps are actuated and a negative
pressure is generated inside the suction tips.

when the surface contains a surface curvature. Since a
stiff suction surface is used in this study, this is not pos-
sible. To compensate for this, multiple suction tips con-
nected to separate suction chambers are attached to the
stiff suction surface in order to minimize tissue loss due
to leakage. The goal of the experiments is to test the at-
tachment performance of the stiff suction surface while
grasping curved phantom tissue since it is hypothesized
that using a stiff suction surface on a curved substrate de-
creases sealing performance. For that reason, multiple
suction chambers are used to counter that problem. The
attachment performance of the suction grasper in these
experiments is described as the pulling force which is re-
quired to pull the suction surface from the tissue. The tests
are performed in series. (1) The assessment of attachment
performance of the suction surface on diverse phantom
tissue curvatures. (2) The assessment of attachment per-
formance of the suction surface on diverse phantom tissue
stiffnesses on constant surface curvature. The full experi-
mental setup is shown in Figure 41.

5.2. Experimental variables

5.2.1. Independent variables

Tissue curvature:
Since diverse curvatures can be found inside the human
body during MIS, only the surfaces of abdominal organs
are analyzed. 3D-models of these organs were analyzed
to determine a range of surface curvatures that are com-
monly encountered during MIS (Appendix H). A range
between almost flat (infinite diameter) and a diameter of
80 mm can be found. A surface curvature diameter of
80 mm can for example be found on the gallbladder and
on the cecum of the bowel. 200 mm can be found on the
flatter side of the liver, flat surface of the pancreas and
stomach. A surface curvature diameter of 200 mm means
that the surface is flatter compared to a surface curvature

Figure 40: Schematic explanation of tissue curvature diameters. 200
mm means the curvature diameter is flatter compared to 80 mm
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of 80 mm (Figure 40).

Tissue stiffness:
Different tissue types can be encountered during MIS.
These tissue types have a wide range of mechanical
properties. Tissue stiffness varies between 5 and 40
kPa [17] [33]. This wide range of tissue stiffness
influences tissue behaviour when a suction force is
applied on it. A low stiffness results in a more flexible
substrate which is more prone to deformation com-
pared to a stiffer substrate. Therefore, a stiffness of 5,
20 and 35 kPa is used as independent experiment variable.

Number of suction tips with corresponding suction
chambers:
According to the requirements (R8) the suction surface
has a maximum length of 45 mm. However, the number

Figure 41: Overview of the complete test setup.

of suction tips can be varied within this length. The final
design is designed based on 3 suction tips, although 4
suction tips also fit within this range (Section 4.4.2).
The amount of suction tips with corresponding suction
chambers is varied during each test to analyze which
amount performs most effectively. A suction surface
is designed with 3 and 4 suction tips for testing. As a
reference, these are compared to a suction surface with 1
suction chamber.

5.2.2. Dependent variables

Attachment force:
The main performance measure of the test protocol is the
attachment force of the suction surface on the phantom
tissue. This is measured continuously while the linear
stage pulls the attached suction surface from the phantom
tissue. The maximum attachment force is described as the
force that is required to pull all the suction tips from the

Figure 42: The linear stage including custom 3D-printed support to hold
it upright and stabilize it. This support also contains a slot in which the
container of the gelatine phantom tissue is placed.
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phantom tissue.

5.3. Experimental set-up
5.3.1. Linear stage

An overview of the total set-up is shown in Figure 41.
The linear stage (ALMOTION LT50-TR-G8-200) is a
platform that is able to translate in one direction (Figure
42). The linear stage is powered by a 30V power supply
(DELTA ELEKTRONICA ES030-5). Since this platform
is designed for horizontal translation, support is needed
to hold the linear stage upright. Once it is upright, the
platform is able to translate vertically. The force sensor
should be connected to the linear moving platform. For
this reason, a base support plate is designed to fit on the
square platform and is connected using M5 bolts (Figure
41). The force sensor is attached by an M3 bolt through
the central hole in the support plate. These supports are
3D-printed using a FDM-printer (Ultimaker).

5.3.2. Suction surface

During the experimental validation, only the suction sur-
face including the suction tips from the final design are
used since only performance is tested. This means that
the rotation of the suction surface is not required during
testing. For that reason, the suction surface is modified for
experimental validation. The axis is removed and a new
attachment hole is made in which a wire is attached to
the force sensor which is attached to the linear stage. The
suction surface is 3D-printed by a SLA-printer (Formlabs
3B) with a layer thickness of 0.1 mm. SLA 3D-printing
was chosen because it results in precise and airtight prints,
which FDM printing does not guarantee. On the distal
side of the suction surface, cut-outs are made in which
the suction tips fit. The number of cut-outs corresponds
to the number of suction tips that are used. In total 3 suc-
tion surfaces are printed; using 1 suction tip, 3 suction tips
and 4 suction tips. The exact dimensions can be found in
Appendix I (Figure 73,74,75).

5.3.3. Suction tips

The experimental validation consists of 3 different suction
surfaces containing different number of suction tips. A
suction surface is printed for the use of 1, 3 and 4 suction

tips. For these suction tips, different molds are printed.
The dimensions of each suction tip can be found in Ap-
pendix I (Figure 76, 77, 78).

5.3.4. Suction chambers

4 syringes (INJECTOMAT 50 ML standard) are used as
suction chambers during the experimental validation (Fig-
ure 43). By pulling the syringes, the volume increases and
thus a negative pressure is generated. A silicone suction
tube with an inner diameter of 2 mm is attached to the nee-
dle of the syringe. This other end of the silicone tube is
attached to each hole of the suction surface. An extra sil-
icone layer is placed in this hole to ensure the connection
is airtight. The syringes must be mounted on the table
in order to be able to pull all 4 syringes simultaneously.
This mount and corresponding pulling handles (Appendix
I Figure 82, 87) are 3D-printed using FDM printing with
an Ultimaker with a line thickness of 0.2mm and an infil
of 20%. As a result of the large dimensions of this mount,
FDM printing is chosen for its shorter printing time.

Figure 43: The linear stage including custom 3D-printed support to hold
it upright and stabilize it. This support also contains a slot in which the
container of the gelatine phantom tissue is placed.
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Figure 44: Multiple steps on how the curved gelatine mold is used. A: The top mold is placed into the curved bottom mold. The solved gelatine (in
warm water) is poured into the hole in the top mold. Gelatin is placed in the fridge for at least 4 hours. B: The bottom (curved) mold is removed
gently by cutting the edges of the gelatine with a knife. C: The gelatine is placed inside the gelatine container slot of the support of the stage.

5.3.5. Data acquisition

Between the linear stage platform and the suction surface,
a load cell is placed (FUTEK, model FLLSB200). This
load cell measures the pulling force that is required to
pull the suction surface from the tissue. The load cell
is attached to the linear stage platform with an M3 bolt.
On the bottom part of the load cell, an M3 screw hook is
connected. A looped wire around this screw hook and the
hole in the suction surface connects the load cell and the
suction surface. This wire assured that the suction sur-
face could move freely and that the load cell is not rigidly
connected to the suction surface. To measure the vacuum
pressure in each suction chamber, a pressure sensor with
a range of 0-115 kPa is used (NXP, model MPX4115AP).
The pressure sensor is connected by 6mm diameter tub-
ing (FESTO PAN-6X1 6mm). However, due to a world-
wide semiconductor shortage during this research, only 3
pressure sensors could be collected. Each suction cham-
ber is connected to a three-way valve (Figure 43). This
three-way valve connects the pressure sensor and the suc-
tion tube to the suction chamber. To be able to connect the
pressure sensor to this three-way valve, a connecting Luer
lock piece is 3D-printed using the SLA printer (Appendix
I). The load cell and the pressure sensors are connected to
an analogue signal converter (CPJ RAIL, SCAIME) and
a 30 Hz sample rate data acquisition unit (NI USB-6008,

National Instruments Corporation)

5.4. Experimental protocol

Gelatine was used as phantom tissue that resembles the
stiffness of 3 types of tissues. This gelatine was poured
into the gelatine holder which is shown in Appendix I
(Figure 81). This 3D-printed gelatine holder contains
grooves to prevent the cured gelatine from pulling out
during the experiment. This mold only functions for the
flat phantom tissue. To cure gelatine in the desired 80 mm
diameter curvature and the 200 mm curvature, a top and
bottom mold are made (Figure 44A). The bottom molds
(Appendix I: Figure 84 and Figure 85) are designed with
the correct curvatures. On top of this, a top mold is
placed (Appendix I: Figure 86). This mold has a hole
in the middle in which the gelatine can be poured. This
part also contains grooves to fix the gelatine when this is
cured. After curing, the curved bottom mold is removed.
The remainder is shown in Figure 44B. This mold is
placed into the corresponding slot in the stage support
and can now be used for the experiments (Figure 44C).

Since gelatine degrades over time, the used gelatine
is created at least one day before testing. The amount
of gelatine used depends on the stiffness of the phantom
tissue. In the second test, tissue stiffness varied between
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Table 1: Tissue stiffness of tissue types that can be encountered during
MIS including the corresponding percentages of gelatine solved in wa-
ter.

Tissue type Stiffness Percentage gelatine

Kidney/Brain 5 kPa 5 wt%
Liver/intestine 20 kPa 13 wt%

Skel. muscle/intestine 35 kPa 18 wt%

5 kPa, 20 kPa and 35 kPa. To cure the gelatine with a
certain stiffness, the amount of gelatine used per unit of
water can be varied. Tabel 1 gives an overview of how
much percentage of the total volume should consist of
gelatine. The correct gelatine surface is placed into the
gelatine holder slot of the support.

After this, the suction surface is connected to the
force sensor using a wire. This wire is untensioned at
the start of every measurement as this prevents premature
tension before measuring. Subsequently, the sensors are
calibrated. The vacuum sensors are calibrated on the
air pressure of the room the tests are performed. The
force sensor is calibrated in a way that the weight of
the suction surface and wire are subtracted. The suction
tubes of the suction surface are connected to the syringes.
This is achieved by sliding the tubes onto the syringe
needles. Next, the suction surface is slightly pressed
onto the gelatine. While pressing, the syringes are pulled
backwards until the desired pressure is achieved (50
kPa) and is kept in place at that point. The air pressure
and suction force are monitored live in LabVIEW 2018.
Subsequently, the linear stage, which is controlled by a
laptop using Q-Programmer software, moves upwards
with a constant speed of 800 revolutions per second.
Table 2 & 3 give an overview of the performed tests and
the different substrate conditions. Every test is performed
5 times. In total, 105 tests are performed.

5.4.1. Data analysis

The experimental data is analyzed as follows. The Lab-
VIEW data is saved and converted into Excel where the
data is converted into attachment force versus time graphs
and corresponding vacuum pressure versus time graphs.
These graphs show behaviour of the vacuum pressure per

Table 2: Test protocol of Experiment 1. These tests are performed on
different curved gelatine substrates with a stiffness of 20 kPa. The dif-
ferent curvatures that are used are flat, 200 mm and 80 mm. 5 tests per
condition are performed.

1 suction 3 chambers 4 chambers

flat flat flat
200 mm 200 mm 200 mm
80 mm 80 mm 80 mm

Table 3: Test protocol of Experiment 2. These tests are performed on a
200 mm diameter curved gelatine surface. The amount of suction tips
and gelatine stiffness is varied during these tests. 5 tests per condition
are performed.

1 chamber 3 chambers 4 chambers

5 kPa 5 kPa 5 kPa
20 kPa 20 kPa 20 kPa
35 kPa 35 kPa 35 kPa
rigid rigid rigid

suction tip during pulling. An example of these graphs is
shown in Figure 45. In the upper graph the output of the
vacuum sensors are shown over time. The graph starts at
a vacuum pressure of 50 kPa. In the graph below the at-
tachment force is plotted over time. First, the wire which
is attached to the force sensor tightens and does not in-
fluence the attachment force. These graphs can be used
to analyze leakage in a certain suction tip. From these
graphs, maximum attachment forces are extracted which
are reported in a separate excel sheet. The data is ana-
lyzed using a one-way ANOVA test to test if there are
significant differences in maximum attachment force us-
ing different substrate curvatures or stiffness. This test is
also used to test the differences when a different amount
of suction tips is used for the same curvature or stiffness.
The data differs significantly when the p-value is less than
0.05.

5.5. Results
5.5.1. Experiment 1: Varying curvature

The first experiment used different curvature diameters
as independent variable with a stiffness of 20 kPa. The
results show a higher mean attachment force on flatter
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Figure 45: Graphs used when analysing the data from each test. The up-
per graph is the result of the vacuum pressure sensors. Vacuum sensor 1
and vacuum sensor 3 always represented the two outer suction tips (also
when using 4 suction tips). The lower graph represents the attachment
force against time. From this graph substrate detachment can registered
when substrate detachment occurs.

curvatures with the highest on complete flat. This
also means that when the curvature diameter decreases
(gets more steep), the mean attachment force decreases.
Furthermore, more suction chambers & tips also result
in higher mean attachment forces in combination. The
mean maximal attachment force are plotted is suction tip
in Figure 46.

The average maximum attachment force including stan-
dard deviation per curvature is shown in Table 4. A one-
way ANOVA test shows the difference between maximum
attachment forces on different curved phantom tissue.
This test is performed for 1 tip/chamber, 3 tips/chambers

Figure 46: The mean maximal attachment force of a different amount of
suction chambers versus different tissue curvature diameters on gelatine
of with a stiffness of 20 kPa.

Table 4: Average maximum attachment force including standard de-
viation in different substrate curvatures with a stiffness of 20 kPa and
amount of suction chambers.

1 chamber 3 chambers 4 chambers
flat 1,4 ± 0,37N 2,7 ± 0,4N 3 ± 0,3N

200 mm 1,3±0,34N 2,6 ± 0,2N 3 ± 0,15N
80 mm 0,28 ± 0.15N 2,44 ± 0,3N 2,78 ± 0,24N

and 4 tips/chambers; [F(2,15)= 32.0584, p=3.83e-6],
[F(2,12)=0.646, p=0.5415], [F(2,12)=0.2918, p=0.2918].
This shows that the differences between attachment per-
formance only when using 1 suction tip are significant.
When using 3 or 4 suction tips, the maximum attachment
force does not differ significantly when changing the
tissue curvature (p-value larger than 0.05). Subsequently,
another one-way ANOVA is performed to examine if
there is a significant difference when a different amount
of suction tips is used on the same curved substrate. For
respectively flat, 200 mm diameter and 80 mm diameter;
[F(2,12)=27,1196, p=0,00003535], [F(2,12)=56,2058,
p=8,052e-7], [F(2,12)=194,2111, p=7,244e-10]. This
means that using more suction tips on the same curved
substrate increased performance significantly.

5.5.2. Experiment 2: varying stiffness

In experiment 2 the gelatine substrate is varied in stiff-
ness. The curvature of this substrate is fixed on 200
mm diameter. Figure 47 gives an overview of the per-
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Figure 47: The mean maximal attachment force of a different amount of
suction tips & chambers versus different tissue stiffness on gelatine of
with a curvature diameter of 200 mm.

Table 5: Average maximum attachment force including standard devia-
tion for different tissue stiffness and amount of suction tips & chambers

1 chamber 3 chambers 4 chambers
5 kPa 1,6 ± 1,43N 2,62 ± 0,34N 3,12 ± 0,27N

20 kPa 1,32±0,34N 2,58 ± 0,25N 3 ± 0,16N
35 kPa 1,14 ± 0,11N 2,32 ± 0,3N 2,66 ± 0,42N
Rigid 0,94 ± 0,27N 0,7 ± 0,28N 0,58 ± 0,37N

formance of each amount of suction tips/chambers on
these different stiffnesses. Table 5 represents the mean
of each test with the corresponding standard deviation.
A one-way ANOVA test shows if there is a significant
difference between different substrate stiffnesses within
the same used amount of suction tips/chambers. For re-
spectively 1 suction tip/chamber, 3 suction tips/chambers
and 4 suction tips/chambers; [F(3,16)=5,4537, p= 8,9e-
4], [F(3,16)=48,8973, p = 2,781e-10], [F(3,16)=68,6732,
p=2,35e-10]. This means that within the same amount
of suction tips, the results when changing substrate stiff-
ness differ significantly. To see if there is a signif-
icant difference using the same substrate stiffness but
using a different amount of suction tips, another one-
way ANOVA is performed. Using different amounts
of suction tips resulted for respectively 5 kPa, 20
kPA, 35 kPa and solid; [F(2,12)=34,0984, p=1,1e-5],
[F(2,12)=56,2058, p=8,052e-7], [F(2,12)=33,73, p=1,2e-
5], [F(2,12)=1,7379, p=0,2173]. This means that there is
a significant difference when using a different amount of
suction tips on the same substrate. However, this is not

the case when a solid surface is grasped.

6. Discussion

6.1. Performance
This design study resulted in a suction grasper with a
stiff suction surface for MIS using multiple suction tips
and chambers. The use of a stiff suction surface prevents
unwanted deformations like inward slip that result in
leakage. After inserting the instrument through a trocar
with an inner diameter of 10 mm, the surgeon can rotate
the suction surface to enlarge it. Maximum attachment
force was the main measurement during experimental
validation. Since a solid suction surface is used, it is
hypothesized that a stiff suction surface is prone to
leakage on the outer sides of the suction surface. This
is due to when the surface of the tissue is curved, the
surface can not deform and will not be able to correctly
seal this surface. Therefore, experiments are performed
on different tissue curvatures and different stiffnesses to
examine how this suction surface performs. The maxi-
mum measured attachment force of the suction surface is
3,12 ± 0,27N. This does not meet the requirement of 5 N
(R2). While theoretically this requirement should be met,
the lower attachment forces can be explained. Since the
suction surface is solid it can not deform to the surface
of the tissue. To enhance sealing with the tissue, silicone
suction tips are used. In order to fit through the shaft of
the instrument, the suction tips are shaped like a small
rectangle. Because of this, the edges of the suction tips

Figure 48: The mean maximal attachment force of a different amount of
suction tips & chambers versus different tissue stiffness on gelatine of
with a curvature diameter of 200 mm.
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are thin (1 mm). These thin edges are prone to leakage
since they collapse when compressed which results in
leakage. Regardless the centered suction tips seal for a
longer period of time compared to the outer suction tips,
leakage occurs before full suction tip potential could be
reached. However, the results clearly state that using
multiple suction chambers compared to using only a
single suction chamber with a similar shaped suction tip
increase attachment performance significantly. Figure 51
shows the ability of the suction surface on objects with
different shapes, sizes and textures.

During experiment 1 it was noticeable that if one
suction chamber is used instead of using multiple, the
maximum attachment force significantly decreases. This
can also be seen when looking at Figure 46 and Table 4.
When the suction surface with only 1 suction chamber
is pulled from the tissue, the outer edges are quickly
exposed which resulted in total vacuum loss. Especially
with steeper curvatures like 80 mm diameter, this results
a low mean attachment force of 0,28N. When using a
steep curvature like 80 mm diameter, the suction surface
had to be pressed into the gelatine substrate in order to
seal all suction tips. However, the gelatine deformed back
to its initial shape quickly after this pressure is released
(Figure 48).

The use of one suction chamber resulted in early
leakage resulting in a low attachment force. The use of
4 suction chambers compared to the use of 3 suction
chambers, resulted in slightly higher attachment forces.
During testing, it was noticeable that the most centred
suction tips hold their sealing and attachment force
longer than the outer suction tips. This can also be
seen when looking at the vacuum pressure graphs of the

Figure 49: Tissue stretches when being pulled. When tissue reaches
maximum elongation, detachment at the outer suction tips occurs. After
this, the centered suction tips detach.

suction tips. The suction surface with 4 suction chambers
performed better compared to the suction surface with 3
suction chambers (on average 0,3N), although the total
effective suction area of the suction surface with 3 suction
chambers is larger compared to the suction surface with
4 suction chambers which should lead in a higher total
suction force (Equation 1). Two causes can be found in
this experiment. Firstly, the transformation of the gelatine
back to its initial curvature results in leakage at both of
the outside suction tips. This means that only 1 chamber
is still effective for the suction surface with 3 chambers
and 2 chambers are still effective for the suction surface
with 4 suction chambers. This means that, just before
detachment, the total suction area using 4 suction tips is
larger compared to using 3 suction tips (Figure 32) which
results in a larger attachment force. Secondly, the phan-
tom tissue in experiment 1 has a stiffness of 20 kPa. This
means that it slightly stretches more compared to the 45
kPa stiffness when it is being pulled. The phantom tissue
deformation increases the chance of tissue detachment,
especially on the outer suction tips (Figure 49). That
4 suction chambers show higher performance on steep
curvatures compared to using only 3 suction chambers
can also be seen from the vacuum pressure and force
graphs (Figure 50). 4 suction chambers are able to exert
an attachment force for a longer time, which results in a
higher attachment force.

During the experiment 2, the tissue stiffness was
varied to examine if this affects the attachment force
when using a solid suction surface. Figure 49 shows how
substrate tissue reacts when it is being pulled when it has
lower stiffness. Results show that the lower the stiffness,
the higher the maximum attachment force (Figure 47 and
Table 5). This can be explained by the fact that less stiff
tissue stretches more and shapes to the suction tip for
better sealing. Using 4 suction chambers significantly
increases attachment force compared to using 3 suction
chambers. The 2 centered suction tips were able to
maintain a longer attachment force compared to the 1
centered suction tip when using 3 suction tips. This
can be explained by the fact that there are two central
located suction tips that grasp the tissue instead of only
one. When one fails, the other central located suction tip
can still hold on to the tissue. Adding to this, the two
central suction tips combined have a larger surface area
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Figure 50: Comparison of 3 suction tips versus 4 suction tips when testing at gelatin tissue of 80 mm curvature and 20 kPa stiffness. Left: suction
surface with 3 suction tips and suction chambers. Right: suction surface with 4 suction tips and chambers. The two centered suction tips are able to
adhere longer to the substrate which results in a higher attachment force.

compared to the single centered suction tip (Figure 32).

6.2. Limitations
6.2.1. Device limitations

The designed prototype demonstrates the rotating mecha-
nism of the suction grasper. After using the prototype and
after testing the suction surface some limitations showed
up. The main limitation of the instrument is that despite
the v-grooves at the axis, the cable randomly slips when
the rotation of the suction surface is resisted. However,
the tensioning mechanism increases the friction, the
friction between the 3D-printed axis and the nylon wire is
not large enough. Adding to this, the device will be used
in an environment where it gets lubricated with bodily
fluids. This will only decrease the friction coefficient
between these two parts.

The instrument is not prototyped with the correct
shaft length. This means that the shaft length of the
prototype is not tested with a shaft length of 30 cm.
Because of the maximum dimensions of the used SLA
printer, the prototype is printed with a shaft length of
12 cm. The eventual design consists of a 35 cm shaft.
Through this shaft, long and thin-walled suction tubes
connect the suction surface and suction chambers. These
suction tubes however are prone to buckling. This
however can be solved by using thin-walled steel tubes
instead of silicone tubes, or 3D-print air channels inside
the shaft of the instrument.

6.2.2. Experiment limitations

The experimental validation gave insight into the suction
capacity of the instrument. However, several limitations
can be noted. Firstly, the number of tests that are used
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Figure 51: Testing the suction surface on different object characteristics. Texture of the objects are varied. A: Cherry tomato, B: Banana without
peel, C: Kiwi, D: inside of a sliced kiwi, E: Cherry tomato wrapped tightly with a sandwich bag to mimic a membrane

to describe the suction capacity of the instrument was
restricted. A larger sample size is needed to validate the
outcomes to produce more precise conclusions. Another
limitation during this experimental validation was the
use of syringes as suction chambers. 4 syringes were
used at the same time during the validation of the suction
surface with 4 suction tips. These syringes are pulled
simultaneously to generate a negative pressure. Despite
3D-printed pullers (Appendix I Figure 87) are used
to generate a negative pressure, it was not possible to
exactly pull each syringe to a negative pressure of 50
kPa simultaneously. Also, not enough vacuum sensors
are used to measure when 4 suction chambers are used.
Because of a worldwide semiconductor shortage only 3
pressure sensors could be used. Since leakage does occur

most often at the outer suction tips, it is chosen to only
use 1 pressure sensor in the 2 centered suction tips when
using 4 suction tips.

Gelatine substrate is used to mimic human tissue.
This is performed by varying the stiffness and curvature
diameter between the range of human tissue that can be
found during MIS. Despite stiffness and tissue curvature,
other variations in tissue surface can be found. For
example, bowel tissue contains a membrane that might
interact differently with the suction surface compared
to gelatine tissue [34]. For that reason, a single test is
performed by wrapping a thin plastic sandwich bag over
the gelatine substrate to mimic this membrane and around
the grasped cherry tomato (Figure 51). This increased
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the maximum attachment force compared to grasping
gelatine substrate, since the membrane is getting sucked
into the suction tip sealing is enhanced. However, more
profound testing should give better insights.

The wire that is used to tighten the force sensor and
the suction surface during testing is attached to the
centered hole of the suction surface. From testing, it
became clear that if a suction tip at one side leaks and
detaches, the suction surface rotates around the centered
hole to the side that still is adhered to the tissue. This
results in an increase of shear forces between the suction
tip and the gelatine tissue.

6.3. Experiment recommendations
The experimental validation in this thesis solely focused
on the attachment performance of the suction surface. Fu-
ture research should validate the performance of the use
of the complete instrument. This will give more profound
insights into how the instrument could be used by the sur-
geon. Furthermore, in future testing, the suction surface
should be attached through holes on both ends to prevent
surface rotation. Lastly, it would be interesting the test
the performance of this suction tip on tissue that mimics
real human tissue more precisely than gelatine substrate.
However the gelatine substrate did a good job mimicking
stiffnesses and curvatures, the different textures of the or-
gans and other human tissue were hard to implement. This
will also evaluate how the suction surface performs when
in an environment covered with e.g. blood. Also, the
suction surface attachment membrane in this test is per-
formed on gelatine and a tomato covered with a thin plas-
tic bag. This recreates the thin layer of the membrane suf-
ficiently but is not as delicate as a real membrane. These
additional experiments will further improve the validation
of this instrument.

6.4. Design recommendations
6.4.1. Suction surface rotation

For the instrument, a number of development steps are
recommended in this section to further increase the per-
formance of this instrument. First, the design of the rota-
tion mechanism must be improved in order to prevent slip

while rotating the cables. When slip occurs, the suction
surface can not be rotated and the instrument can not be
used. In section 6.2.1 it is mentioned that when the cable
and instrument are used in lubricated environments, the
cable tends to slip. The goal of the designed mechanism is
to rotate the suction surface to an open and closed configu-
ration, which works. However, when a moment is applied
to the suction surface, the cable does not exert enough
friction to counter this moment. To further develop the
instrument, this would be a helpful feature when grasping
or stabilizing tissue during MIS. Cable slip is prevented
by increasing the friction between the cable and the axis.
Rubber in combination with a solid material or silver on
silver gives high friction coefficients [35] [36]. However,
these friction coefficients are based on the fact that both
materials are dry. It is not guaranteed both materials will
remain dry during surgery. Since the suction surface only
rotates on one plane, solid beams can be used to rotate
the suction surface. This way slip is not possible. How-
ever, solid beams were considered in the designing phase
during this thesis, but then dimensional issues were deci-
sive to choose a mechanism based on cables. Appendix
J proposes an idea with solid beams attached to hinges

Figure 52: A cross sectional view of the suction tip when it is grasping
human tissue. A: The effective suction area and thus the suction force
decreases when tissue blocks the suction tube outlet. B: When a mesh is
placed between the suction outlet and the suction tip edges, tissue is not
able to block the suction outlet. C: Membranes at the suction tip edges
improve sealing and block air passages towards the suction chamber.
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are used to rotate the suction surface. Lastly, the sliding
mechanism using the handles and the spring of the final
model is not validated using a prototype. This prototype
will give insights into ergonomics and functionality.

6.4.2. Suction tip optimization

During testing it became clear that the suction tips can be
improved to further increase performance. Firstly, when
tissue consists of a membrane or tissue stiffness is low, it
sometimes gets sucked into the suction tip (Figure 52A).
This decreases the effective suction area since the mem-
brane seals the suction opening of the suction tube inside
the suction tip. This can be prevented by using a mesh that
covers the suction outlet of the suction tip (Figure 52B).
If the mesh is placed between the suction outlet and the
contact surface of the suction tip, the tissue can slightly
be sucked into the suction tip (which increases sealing)
but is not able to close to decrease the suction area by
sealing the suction outlet. Another issue that occurred us-
ing these suction tips is that the edge of the suction tip
caused leakage not wide enough. The dimensions of the
suction tips including the edge thickness were chosen as
a trade-off between edge thickness and the suction area
within a fixed surface area (Figure 32). Another option to
increase sealing is to add thin flexible membranes on the
outer edges of the suction tip (Figure 52C). This mem-
brane forms to the surface of the suction surface and de-
creases the chance of air pathways forming towards the
suction chamber [6] [37]. If the membrane is thin and
flexible, it does interrupt rotating the device to a closed or
open position. Lastly, the suction tips can be improved to
prevent shear movement between the tissue and the suc-
tion tip. This can be achieved by placing micro-structures
on the edges of the suction tip that increase the friction co-
efficient. These can be found on a variety of fishes or the
octopus that are able to clamp themselves on e.g. rocks
using biological suction discs [12] [38] [39] [40].

6.4.3. Suction chambers

Furthermore, the suction chambers should be developed.
The syringes were used only for experimental validation.
Vacuum pressure can be actuated manually or automati-
cally. The advantage of using manual actuation is that the
suction chambers can be attached to the instrument, for

example using a hand-actuated pump [41]. This means
that the instrument itself is not connected to an external
pump by suction tubes which enhances the mobility of
the surgeon using the instrument. The downside of us-
ing manually actuated suction chambers on the instrument
is that it takes force to reach a negative pressure of 50
kPa, which destabilizes the instrument while inside the
patient’s body and is hard for the user to achieve. Be-
cause multiple suction chambers are required, the surface
area of the suction chamber becomes small which results
in a high required force 1). However, a new handle de-
sign compared to the KIWI vacuum pump (Appendix A
Figure 55) offers a solution. This instrument enables the
surgeon to squeeze the handle multiple times using sili-
cone valves to build up negative pressure using a one-way
air outlet. The suction tubes can also be attached to an au-
tomated vacuum system which is placed in the operating
room. The vacuum pump automatically sucks air away
until a sufficient amount of suction tips are sealed and
reach a negative pressure of 50 kPa. Appendix K elab-
orates on different vacuum generation systems. However,
these automated vacuum systems can not be used for MIS
since it sucks air and gasses away from the peritoneum.
Appendix K also proposes a schematic design of an auto-
mated plunger system to generate a negative pressure in
a closed system in which air can not transfer to the atmo-
sphere. Lastly, an additional design process is required for
tissue detachment of the suction tips. It should be exam-
ined if equalizing the vacuum pressure with the environ-
mental pressure is enough to detach the tissue correctly
before retracting the instrument from the patient’s body.

7. Conclusion
The goal of this thesis was to design a suction-based
grasper for MIS using a stiff suction surface while min-
imizing the consequences of leakage. The suction sur-
face of the instrument is able to fit through a trocar of 10
mm but must be able to increase its suction surface once
it is inside the patient’s body. To achieve this, a single
central-located rotational hinge is used to rotate the stiff
suction surface. Multiple suction chambers connected to
multiple suction tips are used to minimize the chance of
tissue loss when leakage occurs. The silicone suction
tips are attached to the rotational suction surface which
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increases sealing between the suction tip and the tissue.
To ensure patient safety, the suction surface is covered by
an outer shaft while inserting the instrument into the pa-
tient’s body. To provide insights into the performance of
the suction surface using a different number of chambers
and substrate characteristics, experiments are performed.
Since a stiff suction surface is used, it is hypothesized that
varying tissue stiffness and tissue curvature influence seal-
ing. This experimental validation showed a maximum at-
tachment force of 3,12 ±0,27N using 4 suction tips on a
gelatine substrate with a stiffness of 5 kPa. The use of
multiple smaller suction tips connected to multiple suc-
tion chambers significantly increases attachment perfor-
mance compared to one larger suction tip connected to
one suction chamber. To conclude, this design introduces
a base for future research in developing a multiple-suction
chamber grasper using a stiff suction surface.
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Appendices
A: Commercially available suction grippers for grasping human tissue

Several suction based grippers to grasp human tissue are currently on the market. However, none of these suction
grippers are used for MIS. For that reason, suction grippers that are used to adhere to human tissue during surgery
are mentioned in this section. Medtronic, one of the current market leaders in medical innovation and technology,
designed the OctopusTM Heart Stabilizer to stabilize the beating heart during an open-heart coronary bypass surgery
(Figure 53) [16]. This surgery restores blood flow to the heart muscle by redirecting blood around a section of a
blocked artery. Due to cardiac motion, the suturing of the anastomosis is jeopardized. For that reason stabilization
is key. The instrument has a flexible, but stable shaft that can be positioned to approach the tissue from every angle.
When the required position is acquired, the arm can be locked into this position. The suction head is split into two
arms. These arms consist of four or five suction tips with an internal diameter of 6mm [4]. The arms are attached to
two separate suction tubes which are connected to a vacuum pump. These two suction hoses enable the two arms to
use separate vacuums to grasp tissue.Suction is activated and the suction tips are able to generate a negative pressure
of 53 kPa [4]. This means that each suction tip generates a suction force of 1.5N under perfect conditions. However,
sometimes the devices fails to maintain vacuum pressure with the tissue at one of the suction tips [5]. This is due to
the fact that the suction tips do not fully enclose the heart tissue (Figure 4). When this occurs, vacuum pressure in
the other suction tips will be lost since the same suction chamber is used. To compensate for this, the surgeons in
this research, used continuous sucking of the vacuum pump. However, this results in continuous sucking of the heart
tissue and tissue or blood surrounding this leaking suction tip. This is not desirable. The instrument by Medtronic
is currently the market for open-heart surgery. Estech [bertolero˙tissue˙2006] and Terumo [sharrow˙devices˙2004]
also designed comparable suction graspers with the same function.

In combination with the OctopusTM Heart Stabilizer, Medtronic offers the StarfishTM Heart Positioner (Figure
54) to further improve beating heart surgery. This device uses the same suction technology but is able to position
and hold the beating heart in an orientation which is beneficial for the surgeon. After positioning the heart with the
StarfishTM, the OctopusTM can be placed at the location of the targeted artery. The suction tip of the StarfishTM is
made from flexible silicon and is shaped to the apex of the heart to create sufficient sealing. Only a single suction
surface is used. Because of the large suction surface, the suction force can be distributed.

Figure 53: OctopusTM provides stabilization of the heart during an open-heart surgery
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Figure 54: StarfishTM provides stabilization of the heart during an open-heart surgery and is able to assist the OctopusTM with a larger suction force.

Figure 55: The KiwiTM [41] Vacuum Delivery System

The KiwiTM Vacuum Delivery System [41] (Figure 55) is a suction tip that used to help guide the baby out of
the birth canal. The suction tip is placed between the anterior and posterior fontanelle, which is called the flexion
point. Because the baby’s head is still soft, it deforms slightly due to the pressure it receives during vaginal birth.
When a vacuum extractor is used, the head also deforms slightly due to negative pressure and gets slightly sucked
into the suction tip. This is called Chignon [42] and improves the sealing. This is, to a certain extent, not harmful
for the baby [43]. The device is able to create a vacuum up to 0.8 bar (80 kPa), which is an optimal balance between
damaging consequences of Chignon and generating suction force. Combining this with a large suction surface of
50mm creates a large suction force up to 245 N. The suction tip itself is made from hard plastic and relies on the
chignon effect to create sufficient sealing. The inside of the suction tip is a soft and spongy material. The suction
force is generated manually. This can be done by pressing down the pump mechanism with the palm of the hand.
Air is stored in the handle and is pushed out by a piston when the handle is pressed down. Because the in contains a
one-way valve, air molecules can only be pushed out. This way, a vacuum can be created.

All these instruments consist of a single suction tip or multiple that are actuated by a single vacuum source.
Once the suction tip fails to create vacuum or leakage occurs, the device fails to grasp the tissue.
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B:Working principle of vacuum
Vacuum, also called negative pressure, is a space with less air molecules compared to the atmospheric pressure.
Atmospheric pressure typically has a value of 100 kPa or 1 bar [44]. The air molecules of the closed space are sucked
away using a vacuum pump. Figure 56 explains how the pressure of this space decreases. When an airtight container
is sealed, there is a certain amount of air molecules inside that container which are in relation to the atmospheric
pressure (Figure 56A). These air molecules collide with each other and with the wall of the container which result in
a force perpendicular to the inner surface of the closed container.

Subsequently, air molecules are sucked away from container B. This decreases the collisions of the air molecules
with each other and thus the resultant force on the inside walls. If the atmospheric pressure stays the same, a pressure
difference (∆ p) occurs between containers A and B. In this case, the air molecules exert a smaller force on the inside
wall compared to the atmospheric air molecules on the outside wall [45]. According to equation 1, when the pressure
difference increases and the surface area stays constant, the suction force also increases. Figure 57 describes the

Figure 56: Schematic overview of the air molecules in container A (left) compared to container B (right). The air molecules are figured as blue
dots. The direction in which the air molecules are moving are depicted as black arrows. The size of both containers A and B are the same.

Figure 57: Working principle of a suction tip. The air molecules are depicted as blue dots and move in random directions. (A) The atmospheric
pressure (Atm) and the pressure inside the suction tip are equal, therefore the situation is in balance and no resultant forces are exerted. (B) The air
inside the suction tip is sucked away and thus the inside of the suction tip has a lower pressure compared to atmospheric pressure. Because of this
the air molecules of the atmosphere press onto the suction tip (the black arrows) and generates a suction force.

working principle of a suction tip. In Figure 57A the suction tip is fully sealed with airtight material (blue). The air
pressure inside the suction tip is equal to the atmospheric pressure, so there is no force difference on the outside and
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Figure 58: Different surfaces of grasped materials. Left: A level smooth suction surface has good sealing capability and maintains vacuum. Middle:
An uneven surface causes an incorrect seal of the suction tip. Right: The grasped material is porous. When the suction tip sucks air, it sucks through
the pores of the material which causes flow of atmospheric air inside the vacuum.

inside walls of the suction tip. Subsequently, the air is pumped out of the suction tip (Figure 57B), creating a drop
in absolute pressure of the remaining air inside the suction tip which is called a partial vacuum (a perfect vacuum
that contains no particles at all can only be achieved theoretically) [44]. Because the outside pressure is still the same
(atmospheric pressure) this pressure difference results in a resultant force onto the suction tip [6]. This explains the
adhesive function of the suction tip. An essential part of using a suction tip is that it seals the suction chamber of
the cup perfectly, otherwise leakage occurs. Molecules always move from areas with a high concentration to an area
containing a lower concentration in order to equalize this concentration difference. When the suction chamber of the
suction tip in Figure 4B contains almost no air molecules, the atmospheric air molecules tend to flow inside. The flow
of atmospheric air molecules through openings in the sealing of the suction chamber is called leakage [6]. Because
of leakage, the pressure inside the suction chamber equalizes the atmospheric pressure and no pressure difference can
be maintained [46]. The type of surface of the object which needs to be grasped has a large influence on the sealing
(Figure 58).

If the surface is uneven and the suction tip is not flexible enough to compensate for this, there is an increased risk that
air openings will form in the sealing of the suction tip and atmospheric air molecules equalize the air pressure inside
the suction chamber. To seal the pressure in the suction chamber, the walls of the suction chamber and the grasped
tissue must be airtight. When material is grasped which is porous like spongy or skeletal materials, atmospheric air
molecules move through air passages inside the grasped materials’ surface (Figure 58) [46]. This will also result
in leakage and a reduction in pressure difference. When the grasped material does not cause leakage as depicted in
Figure 58, shear movement between the suction tip and the grasped tissue is the main cause for leakage [12], [13].
When the tissue is pulled, the suction tip slips inwards. The slip decreases the contact surface of the suction tip and
also deforms the suction tip which increases the chance of formation of air passages in the sealing, which will cause
leakage [14].

Leakage is a highly important aspect of maintaining vacuum pressure. This is especially important for grip-
pers that rely on consistency like the suction grippers used during surgery [3]. To ensure the desired suction force is
generated and maintained to grasp human tissue, leakage should be prevented or compensated.
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C: Suction graspers designed for MIS from literature
Because suction instruments in Appendix A are not designed for MIS, this enables the instruments to have large
suction tips which are able to generate large suction forces. However, when focusing on MIS, these are not usable.
On the current market, no suction grippers suitable for MIS can be found. This identifies the development of suction
grasper designed for MIS as a promising market gap. In literature however, transformable suction tips designed to
grasp human tissue can be found.

Osaki et al. [10] designed a transformable lung positioner for thoracoscopic surgery that is able to transform
into a triangle while inside the thoracic cavity (Figure 59). The initial form of the instrument is a tube with a diameter
of 12 mm in order to fit through trocars with a comparable inner diameter. The part that is inserted into the patient’s
body (pictured in yellow) is made of three rigid links with three revolute joints that can rotate 70°. Each link has
a suction opening that can generate vacuum separately of each other. A cable (pictured in red) is placed through
the shaft towards the most distal joint. This cable can be pulled and due to the revolute joints and the location of
attachment, the links transform into a triangle shape.

Figure 59: The transformable device of Osaki et al.[10] It is able to bend like a finger by tensioning cables

Each link contains its own suction tip (Figure 60). These suction tips are connected to separate pneumatic
tubes. These tubes are connected to a vacuum pump. Osaki et al. [10] thought of a configuration where the final link
is only connected to the associated pneumatic tube when in triangle form (Figure 7c). A silicon rubber film seals the
connecting area of the final flow path connection. Osaki et al. [10] performed experiments to evaluate the gripping
capability of the suction device. Each sucker is compared to a sucker that is directly connected to a pneumatic tube.
A weight is attached to each sucker and 40 kPa is applied. Measured suction forces of suckers 1,2 and 3 were 2.75
N, 2.8 N and 2.75 N in perfect conditions. This means that the suction tips were directly attached to vacuum pump
without the instrument. However, leakage using the instrument is not measured. The device is designed to grasp a
single lung, which requires 4.9N of suction force to pull it up. When pork meat was used as tissue, the three suckers
were able to generate an average suction force of 1.91 N. This loss of suction force is caused by a lot of leakage at the
suction tips.

Another laparoscopic suction device, designed by Takayama et al. [11], uses cables to transform the finger-
like suction tips into the desired position (Figure 61). The device consists of a three finger-like parts that function as
suction tips. The suction tips are attached to three separate cables. In order to fit the suction tips through the trocar,
they are lined up in series (Figure 61a). The device is inserted in the trocar (Figure 61b). When the main unit passes
the trocar the suction tips start to hang (Figure 61c). Subsequently, the cables are tightened by a pulley and the suction
tips line up as in Figure 61d. The cable tension is locked and the suction tips are transformed to a firm surface. To
dismiss the device from the patient’s body, the cable tension is released. This causes the suction tips to hang loose
again. When the cables are shortened, the suction tips are able to move through through the trocar one by one (Figure
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Figure 60: The transformable device of Osaki et al. [10] It is able to bend like a finger by tensioning cables

Figure 61: The transformable device of Takayama et al.[11] It uses loosely finger like suction tips that can be re-arranged by tensioning the cables
while inside the human body

Figure 62: Results of suction force measurements of the transformable device of Takayama et al. [11]
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61a).

Takayama et al. [11] conducted an experiment where the suction force can be determined per finger part (Fig-
ure 62). A negative pressure of 41 kPa is used to grasp pig liver. The suction force in vertical and horizontal direction
was measured. The mean suction force over 5 experiments was 1.2N for the vertical direction and 2.8N for the
horizontal direction (Figure 62).

However, the working mechanism described in Figure 61 will cause problems when using it during surgery.
The device is inserted into the human abdomen where there is not much space. Also it is uncertain that the suction
tips will line up perfectly each time in this surgical environment. These wires can get entangled with each other or
get stuck in tissue which it may damage. For that reason, loose wires are not preferred inside the human body for this
thesis. The patents of Osaki [10] and Takayama [11] are designed for usage in MIS. However, the working principle
of these concepts seem not ideal during surgery. Leakage, safety and use of loose parts are the main disadvantages of
these concepts and should be taken into account designing a novel suction grasper.
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D: Rendered images of final design

Figure 63: Render of the final design with the non-label colors. The outer suction tube to the vacuum pump bundles the three suction tubes from
the suction surface.
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Figure 64: Render of the final design with the non-label colors.
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Figure 65: Zoomed render of the suction surface and the shaft.
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E: Testing the push - pull and the tensioning mechanism
In this figure the push and pull mechanism can be demonstrated. Once the user twists the upper part of the instrument,
the pin in the railing bracket alligns with the vertical section (middle figure). Now the user can press the upper part
into the shaft (right).

Figure 66: The 3D-printed proof of principle for the push - pull mechanism and the tensioning mechanism.
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F: Cable buckling

Figure 67: Cable buckling after tensioning using the prototype. The buckling prevented the cable from moving around the axis.

51



G: Tensile test of metal thread in silicone mold
Different kind of silicone are tested on tensile force until it fails or until the steel wire slips out of the silicone. This
is an essential part of Concept 1 since this concept depends on the connection between the steel wire and the silicone.
Molds were printed using the Ultimaker. In these molds silicone is poured. After this, the steel wire is placed in the
correct depth. When the silicone is hardened, the tensile tests can be performed 68. The results of the tensile test are
noted in figure 69.

Figure 68: A: The steel wire placed into silicone. B: The silicone is hardened with the steel wire in it. C: A spring scale is placed around the steel
wire. The mold is fixed and the tensile force is measured and noted.

Figure 69: Graph of the tensile test on different kinds of silicone of Smooth On.
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H: Determination of tissue curvatures using 3D-models
To assess the diameter of the circle that is similar to the curvature of organs that can be found in the human body during
MIS 3D-models are used. This technique is used since data of these curvature diameters are not found in literature.
The 3D-organ models are downloaded from several websites and are rated on precision on dimensions which can be
found in literature. After this, the surface

Figure 70: Diameter of the curvature of the gallbladder

Figure 71: Diameter of the curvature of the liver viewed from the top.
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Figure 72: Diameter of the curvature of the stomach

I: Technical drawings
In this appendix the following techincal drawings are presented:

• Suction surface (1 tip) for testing

• Suction surface (3 tips) for testing

• Suction surface (4 tips) for testing

• Suction tip (for single tip surface)

• Suction tip (for 3 tips surface)

• Suction tip (for 4 tips surface)

• Support stage

• Stage connector

• Gelatine container

• Syringe holder

• Connector Luerlock to 4mm tube

• Mold for 80mm diameter curvature

• Mold for 200mm diameter curvature

• Top part for curvature molds

• Syringe puller
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Figure 73: Suction surface designed for experimental testing designed for 1 suction tip
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Figure 74: Suction surface designed for experimental testing for the use of 3 suction tips

56



Figure 75: Suction surface designed for experimental testing for the use of 4 suction tips
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Figure 76: Suction tip for the suction surface with one suction chamber
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Figure 77: Suction tip for the suction surface with 3 suction chambers
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Figure 78: Suction tip for the suction surface with 4 suction chambers
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Figure 79: Support of the linear stage that holds it upright
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Figure 80: The base plate that is connected to the moving stage. The force sensor is connected to this base.
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Figure 81: This container holds the gelatine that is used during testing. During curing, a mold is placed on top this container with the correct
curvature. This mold is then removed.
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Figure 82: This print functions as holders for the syringes. The syringes fit on the extruded parts. Once the syringe is pulled horizontally, it stays in
position. The holders lock onto the desktop

64



Figure 83: This piece is attached to the 3-way valve using a corresponding female luer lock attachment. A tube with an inner diameter of 4 mm can
be placed on the other end.
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Figure 84: This mold is used to pour in the gelatine to create cured gelatine in a 80 mm diameter curvature
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Figure 85: This mold is used to pour in the gelatine to create cured gelatine in a 200 mm diameter curvature
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Figure 86: This mold is placed on top of the curvature molds. Gelatine is poured through the hole on the bottom of the mold. The curvature molds
are removed after curing and this mold is used during experiments.
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Figure 87: Syringe puller. This 3D-printed part can be placed on top of two syringe handles. Two syringes can be pulled at the same time.
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J: Concept alternative for cable actuation
The following surface rotation concept direction is proposed. Instead of using cables, small steel beams (blue) attached
to hinges (black). Left: once the surgeon pushes the mechanism, the surface opens. Once the surgeon pulls, the system
closes and is able to go through the shaft or the trocar.

Figure 88: Concept using solid beams instead of cables to rotate the suction surface.
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K: Methods on vacuum generation
Manual vacuum pump
A kiwi system can be integrated inside the handle of the instrument. The upper handle can be compressed towards
the lower handle. Because of this, air gets squeezed out of the upper handle through the right blue silicone valve. The
left silicone valve is connected to the lower handle. This valve is able to let air go from the lower handle to the upper
handle only. This way, vacuum pressure of the lower handle can be built up by squeezing the upper handle multiple
times. A custom version of this system needs to be designed to be able to use it with multiple suction chambers.

Figure 89: A schematic intersection of the KIWI manual hand pump.

Advantages:

• Handle integration. This means that no external tubes are required.

Disadvantages:

• Since multiple suction chambers are required, the dimensions of these should reduce to still be able to fit the
handle inside the palm of the hand. If the surface of the suction chamber reduces, the pressure should increase to
still maintain the same suction force (Equation 1). Because of this, the user must squeeze the handle with more
force which makes it hard to use and destabilizes the instrument.
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Using a vacuum generator
A vacuum generator is a device that uses compressed air to generate a vacuum. It uses the Venturi-effect. Because
compressed air travels through the smaller nozzle, the velocity of this air increases (Bernoulli effect). As the
compressed air leaves the nozzle and starts to expand, a vacuum is created at the expanded site (white). This draws
air molecules from the suction chamber and objects can be lifted.

Figure 90: Schematic representation of the working principle of a vacuum generator.

Advantages:

• Small dimensions, can easily be placed in the operating room close to the instrument.

• Low cost

Disadvantages:

• Needs a constant airflow of compressed air to create a negative pressure. For that reason, a compressor is required
in the operating room.

• Since a constant airflow is used, air is constantly sucked out of the suction chamber. If the suction tip does not
seal correctly, the air gets sucked out of the human body instead. Since MIS depends on a pneumoperotineum,
the gasses used for this are also sucked out.

• The constant flow of compressed air generates noise.
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Use of an automated vacuum pump
A vacuum pump removes air molecules from the suction chamber. This is done using an eccentrically mounted rotary
impeller with blades (A). The size of the suction chamber varies with the rotation of the impeller (B). Up top the
volume is larger compared to the lower sections. This causes the pressure to drop creating a partial vacuum. The air
is drawn in, compressed and expelled through the outlet at the right.

Figure 91: Schematic representation of the working principle of a vacuum pump. Air gets sucked in from the left, travels clockwise inside the
suction chamber (B) and leaves the pump through the suction outlet on the right.

Advantages:

• Able to generate high vacuum

• No compressed air is required

Disadvantages:

• Vacuum pumps are large. For that reason it is difficult to place the pump close to the operation table.

• Air and thus the pneumoperitoneum gasses are still sucked away when the suction tip does not seal correctly.
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Automated volume expansion mechanism:
An idea that does not depend air that gets sucked away and operates as a closed system is the idea of enlarge the
volume of the suction chamber. When this happens, the pressure in the suction chamber and thus the suction tip drops.
Because the pressure inside is lower compared to the ambient pressure, a partial vacuum is created. This method is
used with octopus suction pads. The octopus uses muscles to enlarge the volume of the chamber (Figure 92). Thus,
no air is lost during this process.

Figure 92: Schematic representation of the working principle of a suction tip of an octopus.

This system can mechanically be build with the use of plungers. This mechanisms works similar compared to the
syringes used during this thesis. By pulling the plunger, the volume of the suction chamber enlarges and a negative
pressure is created that results in a suction force. Once the suction tip does not seal correctly, the air from the
pneumoperitoneum gets sucked into the suction chamber. However, because the system is closed, this air is not
exported into ambient air. This minimizes the pressure changes inside the pneumoperitoneum. A motorized system is
required that pulls the plungers automatically by only pushing a button to relieve the user from pulling the plungers
manually. A mechanical plunger system is represented in Figure 93. A button is placed on the upper handle of the
grasper that controls the power output of the system. This motor rotates the gears that translates up and down. A
sealed plunger is attached to this system which also translates up and down, enlarging and decreasing the volume of
the suction chamber.
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Figure 93: Schematic representation of an example to generate vacuum in a closed system. The suction chamber is able to enlarge in order to reduce
the internal pressure (Pi) compared to the atmospheric pressure (Pa).
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