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Prologue

Within the scope of this work, studies and relevant investigations for the development of a
novel anastomosis procedure and a patient-adaptable, single-use endoscopic manipulator were
summarized. This comprised a meta-analysis of state of the art anastomosis techniques,
biomechanical investigations of the colon, the examination of fundamental technologies to
enable complex surgical manipulation tasks purely endoluminally, the development of a
comprehensive approach for the endoscopic anastomosis application device, using additive
manufacturing, and the development of a validation environment. Relevant publications are
referenced at the respective passages in the text.



Abstract

Motivation: The creation of anastomoses following resective interventions is one of the core
challenges in abdominal surgery. Surgeons can choose from a considerable range of different
techniques and devices, all of which still show similar complication rates and shortcomings,
especially with respect to the intraoperative trauma. To enhance patient care, a novel procedure
to create the ideal anastomosis was derived by means of a systematic literature review, and a
patient-adaptable, endoscopic single-use anastomosis device was developed. Key challenges of
endoluminal manipulation were addressed, including grasping and approximating the bowel
endings in an inverted manner, adapting the device size to the patient’s anatomy, forming the
anastomosis by closing a compression implant and detaching the implant endoscopically.

Methods: The development process followed the VDI guideline 2221 for the “Design of
technical products and systems”. Biomechanical investigations of the colon were performed on
porcine samples to determine procedure relevant parameters and requirements for the implant
closing process, and derive design guidelines for the device. The knowledge gained was
translated into the design of competing prototypes, which were experimentally assessed by
evaluating the interaction with porcine colon tissue. Solution principles were integrated into a
combined applicator concept, which was examined with regard to its ability to meet the
mechanical challenges outlined.

Results: In order to enhance manipulation freedom, and to grasp and approximate the bowel
endings in an inverted manner, the final applicator comprised two units. An aboral entity, which
was free to move along the endoscope shaft, and an oral applicator head, which was fixed just
below the steerable tip by a friction locked mechanism with a holding force of

mean = 54.8 + 2.0 N to withstand the forces occurring during navigation throughout

oral fixation
the colon (~11.6 N for axial push and ~10.7 N for axial pull movements [1]). All components
were realized according to an over-the-tube design, using a conventional endoscope as carrier
and as visualizing system. Suction air channels were integrated into the applicator, allowing to
establish a holding force of 2.0 N orally and of 1.6 N aborally. A two stage telescope hydraulic
unit, incorporated into the applicator body, proved to be the most suitable solution to configure
the implant in three different device diameter configurations. Implant mounts were assembled
to the hydraulics by scissor joints, enabling parallel orientation of compression faces and a fixed
distance between the implant halves in all configurations. A maximum realizable expansion
force of 41.7 N was determined and with respect to the counteracting bearing forces of 128.3 N,
rules for an optimized implant suspension were deduced to reduce leverage effects. Axial
congruence between the oral and aboral applicator and implant units was achieved by a shap
connection with a closing force of F&o2" 5sure= 15.2£1.0 N. For the implant closing process,
biomechanical investigations showed that among the groups compared, neither variations in
piercing body trajectory velocities (v= 5, 10, 15 mms™1), nor accelerations (a= 5, 10,
15 mms~2), nor variations in tissue fixation point arrangements had a statistically significant



effect on the forces required to pierce colon tissue. However, for the implant design it has to be
considered that an increase in spikes (4, 8, 12) resulted in a statistically significant increase in
piercing forces (6.4£1.5 N, 13.6£1.4 N, 21.7£5.8 N). Comparing the measured holding force
of the snap connector Fg 27" o1aing= 43.613.9 N to the required maximum piercing forces of
~28 N from the biomechanic investigations, it is concluded that the connection provides
sufficient abutment. With respect to the implant closing process, a hydraulic overtube unit was
developed, which proved to be a feasible approach to establish appropriate closing forces and
pierce through the tissue in the compression zone.

Conclusion: It can be summarized that within the scope of this project, solutions were found
to overcome key challenges of endoluminal manipulation tasks. These concepts were then
translated into an applicator design to form the ideal, endoscopic colon anastomosis.
Biomechanical investigations allowed to derive design guidelines for force-efficient,
endoscopic implant closure processes, that can be applied to anastomosis procedures, but can
also be transferred to alternative interventions. The device establishes a novel approach to cope
with the challenge of endoscopic force application in flexible instruments, showing promising
results to overcome the problems of conventionally used Bowden wires.
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Motivation

Surgery, as an academic discipline, evolved about 150 years ago [2]. Always in focus, is the
preservation of life and the increase in the quality of human life. Since the 1990s, a rapid and
continuous trend has started to characterize modern surgery, which aims at minimizing surgical
trauma. Ever since, the advantages of trauma reduction have been proven scientifically in
various studies. Shortened hospitalization, accelerated convalescence, less pain and medication,
improved cosmetic results as well as reduced impairment of immune system and pulmonary
function result not only in physical and psychological benefits for patients, but also in economic
benefits for the healthcare system [3].

While laparoscopy, allowing resections and interventions on organs purely via a few small
incisions, was only the first step, more elaborated approaches have evolved subsequently. As a
common principle all of them aim at reducing the number of access sites to only one, while
using artificial transabdominal or natural orifices. In this context and as a motor for further
trauma reduction, flexible endoscopy has matured tremendously and has become of central
interest. In this regard and to completely avoid external incisions, endoscopy shifted from pure
diagnostic applications to the performance of smaller therapeutic interventions. Fundamental
prerequisite for the translation of surgical procedures to flexible endoscopic interventions, is
the development of potent auxiliary instrumentation to overcome the surgical challenges,
resulting from limited access possibilities. Despite significant advances and technical
innovations that were introduced to routine practice, most procedures still need to be performed
transabdominally and with rigid instruments, either via an open or laparoscopic approach. This
inability of endoscopy was intensively discussed during the NOTES era, initiated in 2004,
which led to a consensus conference to identify the existing barriers for more advanced
endoscopic surgery. Here it was derived that technical solutions for even more complex
endoluminal tasks, such as relevant for the formation of anastomoses, would be required to take
the next step in endoscopic surgery. [4]

The goal of the research herein presented was to develop and examine fundamental
technologies to enable complex manipulation tasks purely endoluminally, with a special focus
on the establishment of gastrointestinal anastomoses. Therefore, the colonic environment was
biomechanically characterized with respect to procedure relevant parameters [5]. The
knowledge gained was translated into the concept and design of an endoscopic device to
provide an instrument for the creation of a patient adapted, scalable anastomosis in the colon.
As single-use products hold advantages in terms of sterility, licensing and economic
implementation, all concepts were designed for the producibility with polymers. Using additive
manufacturing opened up new possibilities, providing a broad range of task optimized
materials, allowing to fabricate miniaturized, filigree and complex geometries, and enabling
highly function integrated monolithic structures.



Background

2.1 Anatomy: Basics of the gastrointestinal tract

The gastrointestinal tract represents one major part of the digestive system and extends from
the end of the pharynx to the anus [6]. It is divided into the esophagus, stomach, small intestine
and large intestine. In its entity these organs are responsible for the transportation and digestion
of food and for the removal of waste products [6, 7]. The patency and integrity of the
gastrointestinal tract is therefore of specific importance for the absorption of nutrients [7] and
for the energy supply of the organism.

Each segment is specialized to correspond to dedicated requirements, as, for example, for
transport (esophagus), for resorption (small intestine) or for the thickening of stool (colon). The
stomach (gaster) is followed by the small intestine, which has an average length of about
5 — 6 m. In the large intestine, water is removed from the chyme over a period of 25 to 30 hours
before it is stored in the rectum, until it is excreted through the anal canal (canalis analis), which
ends in the anus. [7] As the research presented herein was strongly focused on the colon, this
anatomical region will be explained more in detail in the following.

Colon: The colon is divided into seven segments. The caecum extends to about 7 cm below the
ileocolic junction (valva ileocaecalis). The appendix (appendix vermiformis) is attached to this
part of the colon. The ascending colon (colon ascendens) (I= 15 cm) begins above the ileocecal
valve and extends to the lower boarder of the liver. The ascending colon is fixed to the
retroperitoneum and thus keeps its position more or less stable. Here it may cause an impression
to the right lobe of the liver (impression colica) by contact with the so-called flexura colica
dextra (or hepatic flexure). This flexure also represents the transition to the next part of the
colon, the transverse colon (I= 15 — 25 ¢m), which lies within the peritoneal cavity and
extends across the abdomen to the left colonic flexure. Both, the right and left flexures are held
in position by ligaments. The transverse colon is fixed to and supplied by the mesenteric root.
It has a varying length, depending on the individual constitution, which determines the patient
specific mobility and flexibility of this section. Via the gastrocolic ligament, it is connected to
the large curvature of the stomach. Irrespective of that, the left flexure can differ individually
in its exact localization. From the left colonic flexure, the colon transits to the descending colon,
which may have a length of about 15 cm and which, just as on the opposite side, is fixed to the
retroperitoneum. At the site where the colon loses its retroperitoneal fixation to run free into
the peritoneal cavity, it is labeled sigmoid colon. Most often, this point is found at the height of
the iliac crest. The length of the sigmoid colon varies significantly and is subject to individual
and age-dependent variations, as to its location. It can measure between 30 - 45 cm in length.
Due to its unfixed localization, also the sigmoid colon possesses a mesentery. [7] Figure 1
illustrates the segments of the Colon.
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Figure 1 lllustration of the human colon and anatomical segments.

The mesentery, best to be found at the transverse and sigmoid colon, but existing in any part of
the colon, is a connective peritoneal duplication, which contains the blood vessels and the
lymphatic tissue (nodes and vessels). As mentioned before, it is fused to the posterior abdominal
wall along the ascending and descending colon. Thus, these segments are labeled
retroperitoneally fixed. Along the transverse and sigmoid colon, the intestine runs
intraperitoneally, allowing for nearly free range of motion. This unfixed position eases colonic
surgery, but complicates colonoscopy sometimes. [8]

2.2 Basics of anastomosis formation in the colon

The term “anastomosis” refers to the reconnection of two hollow organs after the resection of
a pathological segment, to restore continuity of the digestive system. Colorectal resections are
performed at a high frequency and for different reasons, such as cancer or inflammatory
diseases. In 2008, there were approximately 2.1 million new diagnoses of colorectal carcinoma
worldwide [9], with a high percentage of them requiring surgery. As for diverticular disease,
only in the US, more than 22.000 surgical resections are conducted per year, for instance in
2005 [10]. Considering various other indications, it can be assumed that globally more than 1
million individuals have to undergo colon resection every year.

The procedure of anastomosing two intestinal residual endings after the resection of pathologic
tissue is one of the core competences of visceral surgery. In most patients, colonic anastomoses
are still performed at least partially open, and techniques vary widely depending on the
operating surgeon's preferences and the accessibility of the anastomosis site.

Variations exist in terms of bowel lumen configurations (side-to-side, end-to-side, end-to-end),
bowel wall contact (such as inverting, everting, butt-to-butt), and the type of instrumentation
used (hand suture, linear or circular stapler, compression implant). A complication-free
anastomosis technique and subsequent tissue healing is of essential relevance for the successful
convalescence of the patient.

In side-to-side anastomoses, the intestinal stumps are each permanently closed at their ends by
means of staple sutures, laterally adjusted and fixed to each other. The new lumen is then



artificially cut into the legs, which are subsequently or simultaneously connected to ensure
patency.

In the end-to-side configuration, one hollow organ stump is attached to the limb of the second
stump. Again, an artificially created incision is cut into the limb side while the other ending's
opening is directly attached to it, leaving a portion of the occluded stump protruding from the
connection zone. In the end-to-end connection, both intestinal openings are directly connected
in axial alignment.

The bowel wall contact describes which layers of the intestinal stumps are connected to each
other. While for butt-to-butt anastomoses the entire wall cross-section is brought into contact,
everting anastomoses imply the outward reversion of bowel margins, so that only the mucosal
layers are attached to each other. Finally, the inverting attachment brings the outermost layers,
the serosa, into contact by folding bowel margins towards the lumen center.

2.3 Influence of bowel wall layers on anastomotic healing

The bowel wall anatomy and physiology significantly influences the colonic healing behavior
in regions of rejoined intestinal margins [11], which has to be taken into consideration when
choosing an anastomosis configuration.

In general, the hollow organs of the gastrointestinal tract represent muscle tubes, which all have
a similar wall layering in common. Variations result from the segment’s individual function
within the digestive process. From the inside to the outside, the intestinal wall consists of the
mucosal layer, followed by the submucosal layer, the main muscular layer (in general two
overlaying layers) and the serosa [7].

The mucosal layer consists of epithelium, lamina propria (loose connective tissue containing
collagen, elastic fibers, capillaries, nerves and immune cells, such as macrophages) and the
muscularis mucosa (a thin layer of smooth muscle cells) [7]. Healing of the mucosal layer in
the anastomosis happens via migration and hyperplasia of the epithelial cells, which seals the
defect against the digestive products inside the lumen. Completion of sealing can be achieved
within 3 days, if the bowel wall layers are directly brought in contact, while mucosal eversion
and inversion delay the process. [11]

The adjacent submucosal layer is a shifting layer, which consists of loose connective tissue, a
dense network of blood and lymph vessels, nerve fiber bundles, ganglion cells, glands and
lymph follicles [7]. It contains the majority of collagen and determines the tensile strength of
the intestinal lumen. In the context of anastomosis formation, it is largely responsible for
anchoring the sutures in the intestinal lumen to be rejoined. [11]

The muscularis propria consists of smooth muscle cells, which are intermixed with a network
of collagen. It comprises two different muscle layers, the inner circularly oriented muscle layer
(stratum circulare) and an outer, longitudinally oriented muscle layer (stratum longitudinale).
The connective tissue between the muscle layers contains a nerve network and ganglion cells.



Both muscle tubes collaborate for peristalsis, which is the typical movement of the intestinal
wall and which causes the transport of the intestinal content. Peristalsis requires a well-balanced
contraction of the two muscle layers, which is controlled by the enteric nervous system. [7]

For segments that lie within the abdominal cavity, the muscle tube is covered by the serosal
layer, consisting of the visceral peritoneum, which is a single-layered flat epithelium
(mesothelium). [7] Good serosal apposition in an anastomosis enables gas and fluid tight
closure within the first few hours after formation by fibrin exsudation, to minimiz the risk of
leakage [11, 12]. Segments that run outside the abdominal cavity are covered by the so-called
adventitia, which is a loose layer of connective tissue that connects the organs with surrounding
structures of the organism. [7]

2.4 Overview of anastomosing techniques: ldentification of a feasible
approach towards an endoscopic anastomosis device

In general, three different techniques to reconnect the bowel lumen and restore continuity can
be differentiated, namely hand suturing, stapling or compression implants.

Hand-suture represents the classical anastomosis method and is primarily used in open
surgery. Absorbable or non-absorbable suture materials can be used to sew bowel endings
together [13-16]. Generally, the design of the hand seam is determined by the number of rows,
the layering, the suturing technique and the adaptation technique [16, 17].

However, most surgeons apply running sutures, while interrupted sutures are reserved for
complex situations and in narrow regions, such as the lower pelvis or the esophagus. Hand-
suture anastomoses require a certain level of experience and represent one of the main skills
young surgeons have to acquire during their training. Nevertheless, anastomotic leak is still one
of the main complications after resective surgery and accounts for almost 10% of revisions. For
this reason, alternative techniques which are less dependent on the surgeons’ expertise were
attracting the innovative spirit of both physicians and engineers.

With the beginning of laparoscopy in the 1990s, alternative principles for anastomoses were no
longer only nice-to-have, but would become decisive, since the reduction of the access trauma
and the impaired exposure of the surgical site made hand-sewn anastomosis almost impossible.
This alternative to hand-sewn anastomosis had to reduce the complexity of intra-abdominal
manipulation and the demands on dexterity.

Accordingly, assistive instruments, so-called stapling devices, were developed and
manufactured, which also allowed for a higher standardization of surgical outcomes. Since then,
stapling systems became increasingly important and quickly developed into the most
commonly used anastomosis technique [12, 16, 18].

Releasing the applicator, U-shaped titanium clamps that are pierced into the readjusted
intestinal stumps, are cold formed into a B-shape, permanently compressing the tissue in



between [12]. Depending on the number and arrangement of the staple seams, 2- and 3-row
linear, transverse and circular staplers, available for both open surgery and laparoscopic
procedures, can be distinguished. [16] Furthermore, pure stapling devices can be confined from
stapler-knife combinations in so-called GIAs (Gastrointestinal Anastomosis) [12]. Using linear,
multi-row staplers with a knife, the intestine can be cut while simultaneously closing the lumina
linearly at multiple points. In this way, two separated but firmly closed intestinal segments are
obtained. [12]

Circular staplers consist of a main body with a staple cartridge and a removable counter-
pressure plate. Two tissue parts can be connected in the form of an inverting or everting
anastomosis [12], while simultaneously punching a lumen inside the circular staple suture with
an integrated annular knife, to ensure patency. Adaptation to different intestinal lumen
diameters is enabled by a selection of systems in different diameters (21 - 34 mm) [12] or
lengths (e.g. 30 — 90 mm). Staplers in general feature a rigid body and vary according to their
diameter and length to be used in open or laparoscopic surgery.

Compression implants complete the techniques for anastomosis formation. One implant half
is inserted into each of the intestinal lumina. This is done either by multi-port laparoscopy,
endoluminally or using hybrid techniques combining both approaches. Upon fusion of the
implant halves, the tissue in between is subjected to permanent compression. Depending on the
implant design, a compression gradient is induced. The innermost tissue circle becomes
necrotic, while in the direct vicinity tissue healing is stimulated and promoted. As a result, the
necrotic region is excreted together with the implant via natural digestion after one to two weeks
(depending on the system), while in the healing zone the intestinal layers grow together and
build a permanent connection. The size and shape of the implants determine the immediate
postoperative patency through a central opening. [19-21]

State of the art

3.1 Comparison of techniques and identification of shortcomings

Besides postoperative patient safety, which is assessed primarily by the risk of leakage and
secondly by the rate of obstruction, reoperation, mortality and wound healing complications,
other aspects, such as technique standardization, associated intraoperative trauma, device
complexity and usability are important aspects to be considered when rating anastomosis
procedures [22-26]. This comparison supports delimitation of possible development
approaches and technologies, which have to be feasible for the integration into an endoscopic
system.

A review and meta-analysis was performed in terms of the research project, to compare the
techniques with respect to the associated trauma and their potential for further trauma
minimization. [27] The review was based on the methodology of the preferred reporting items
for systematic reviews and meta-analyses (PRISMA) guidelines. Controlled and uncontrolled



clinical trials from their inception up to and including December 2021 were extracted from
three electronic databases, MEDLINE, Scopus and Cochrane Library. Only data rendered in
German and English language was considered. The following keywords were used in
association with the Boolean operators AND and OR to perform the search: ‘colorectal
surgery’, ‘comparative studies’, ‘surgical staplers’, ‘sutures’, ‘compression anastomosis’,
‘anastomosis ring’. In addition, reference lists and reviews were processed to identify missed
studies.

The systematic meta-analysis revealed only a statistically significant superiority of hand-suture
over stapling anastomoses with respect to the occurrence of obstructions. For the other
assessment criteria there were no statistically significant differences for colorectal anastomoses
between any of the groups [27]. Comparable results were found by other research groups, such
as Slesser et al., who were unable to identify any differences in the incidence of leakage or
mortality in a meta-analysis of 10 randomized controlled trials comparing compression versus
conventional (hand-suture or stapler) colorectal anastomoses [28].

Thus, criteria such as the potential for procedure and outcome standardization, as well as the
techniques’ and devices’ applicability in regions with a lack of manipulation space as a measure
for the usability via minimal (amount and size) incisions, become even more important. In other
words, and due to the missing superiority of any of these techniques in terms of postoperative
outcome, the aspect of how the anastomosis can be established is more critical than that of how
it performs. Of note, this is just about what already paved the way for mechanical anastomosis
[22].

All techniques still show significant shortcomings. This applies first and foremost to the hand-
suture anastomosis. Most problematic here, is its time intensity, the susceptibility to errors and
the long training phases for surgeons. Wound healing capabilities in anastomoses significantly
depend on the tissue compression, which must not restrict adequate blood supply and sufficient
oxygenation. As anastomosis compression is related to the suture tension, the quality of hand
suturing is highly dependent on the surgeon’s level of expertise.

However, there is still the question, whether stapling anastomoses are really the better option.
Staplers indeed allow for an anastomosis formation, which is less dependent on the surgeons’
individual skills and save operating time. Nevertheless, even if the meta-analysis does not
reveal a clear superiority of one or the other technique in general, a correlation between staple
lines and the susceptibility to stenosis formation was identified also by others [23, 24, 29].
Polese et al. specifically identified the staple-suture as one of the most critical risk factors for
anastomosis stenoses in their study [24]. Additionally, various groups have identified an
increased risk of anastomosis leakage associated with an increasing number of stapler releases
[30-33] and an increasing stapler device diameter (for circular anastomoses) [30].



More relevant and even critical in terms of further reducing the interventional trauma, as for
example by using natural orifices for access, become technical aspects of stapled anastomoses,
or the high forces required to enable plastic deformation of staple seams [34].

Even though other approaches, such as the use of mechatronic devices, or motorized stapler
systems, aim to overcome this problem, demonstrating easier intraoperative handling and
reduced malformation of staples in most recent evaluations [35, 36], these systems still have
rigid bodies. Therefore, this technology is limited to the transabdominal application apart from
anastomoses in the lower sigma or rectum. This accounts also for most of currently available
compression anastomosis devices.

Endoluminal stapling or compression anastomosis in higher parts of the colon would require
flexible device solutions. Due to the lack of miniaturized, potent mechanisms to either transmit
forces along flexible shafts, or apply them directly at the endoscope tip, these approaches are
not applicable in higher regions of the colon up to today. Furthermore, the available instruments
lack visual components and thus control, which is why the advancement through the colon
requires a skilled operator and is only possible if a sufficient lumen width is available.

The approximation of anastomosed colon endings demands direct accessibility and complex
manipulation from the outside for the available devices. Both, the counter pressure plate for
stapler anastomoses and the compression segments for compression anastomoses, must be tied
into the intestinal segments, which usually requires an additional cut in the abdomen increasing
the trauma.

However, it seems that the principle of a two-part implant holds the potential for a highly
standardized and intuitive lumen reconnection, by reducing the complexity of intraabdominal
manipulation (compared to hand suture) and using force-efficient implant designs and closure
mechanisms (compared to cold metal forming during stapling). This could bring about a
significant step towards enabling endoscopic anastomosis formation via natural access routes.
With respect to stenosis occurrence, the expulsion of the compression implants deserves
particular notion, leading to a foreign body free healing process and less scarring.

Even though the number of patients with compression implant anastomoses included in
available studies is low and thus the evidence of compared postoperative outcomes is limited,
results published to date are at least promising. [27]

3.2 Detailed description of compression anastomosis implants and
procedures

Decisive for the design of a manipulator is the way of how force must be induced to close an
implant and how compression is applied. Assessing available technology in the field of

compression anastomosis implants, systems can be classified into form-fit, shape-memory and
magnet based devices. With respect to the overarching goal of developing an end effector unit



for the endoscopic creation of scalable anastomoses, a focus is set on this kind of application
and respective procedures.

3.2.1 Form-fit based compression anastomosis devices

Form-fit based systems rely on plug-in mechanisms to connect the two compression implant
halves, which are inserted into the intestinal endings after resection. The AKA-2 (Seidel
Medipool, Friedrichsthal, Germany) [37, 38] is an early example, not being clinically available
any more. The implant was applied in open or laparoscopic intervention, piercing through the
tissue to prevent it from slipping out of the compression zone, forming an inverting end-to-end
anastomosis. A circular blade cut a lumen within the implant rings for immediate intestinal
patency and stool passage [37]. The Valtrac™ BAR (invented by Sherwood-Davis & Geck,
St. Louis, MO, USA) is a biodegradable compression anastomosis system which is currently
still available on the market at Medtronic Principal Executive Office, Minimally Invasive
Therapy Group, Minneapolis, MN, USA [39, 40]. Introducing one ring into the aboral and the
other one into the oral open bowel residual, the implant halves are fixed to the bowel wall via
purse-string sutures [39]. The implantation can either be conducted in laparoscopic incisions or
transanally with a rigid 20 cm long applicator [41]. The CARP® method (Carponovum AB,
Halmstad, Sweden) using the compression implant RapAn® enables seamless end-to-end, side-
to-side and end-to-side anastomoses, as well as the possibilities for measuring the compression
pressure between the connected intestinal endings during the surgical intervention and the
examination of the anastomosis integrity in the postoperative course [21, 42]. Depending on
the configuration type and anastomosis location, there are different application devices
available, all of them requiring free access to the intestinal endings [21, 42].

3.2.2 Shape-memory based compression anastomosis devices

Shape-memory based devices exploit the temperature-dependent behavior of the Nitinol alloy,
made from nickel and titanium, for pressure application. The metal is formed at high
temperatures into the shape it is supposed to adopt when it is inserted into the body and reaches
body temperature. By cooling the system below 0°C the alloy changes into the martensitic phase
and becomes supple [43, 44].

The CAC™ (NiTi Alloys Technologies, Ltd., Netanya, Israel) [45], formerly clinically
available, consisted of two elliptical coil windings forming an opening angle of approximately
30° in the initial state at 0 °C. The implant allowed the formation of side-to-side anastomoses
[38]. The implant was inserted in open configuration, through the abdomen and laterally into
the bowel limbs at the operation situs, with a pincer-shaped device of about 10 cm length [41].
Nudelman et al. demonstrated hand-assisted laparoscopy as application technique for the
CAC™ in 2004 [46]. When the body temperature was reached, the alloy changed from the
martensitic to the austenitic phase and the implant adopted its predetermined geometry with an
opening angle of 0°. By means of the clip applicator, the implant was closed and exposed the
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tissue to a uniform pressure [41, 43, 44], leading to tissue necrosis after approximately seven
days [15].

The ColonRing™, also known as CAR™ (novoGI Inc., formerly NiTi Surgical Solutions Ltd.,
Netanya, Israel), relied on the shape memory alloy Nitinol as well, and, just as the CAC™ is
not in clinical use any more. The CAR™ consisted of a polymer ring and a metal ring, the latter
containing Nitinol band springs and spikes at equidistant intervals [47]. Due to the limited reach
of the rigid applicator, the CAR™ was mainly used for anastomosis after rectal resection (LAR)
and was applied in a procedure similar to the formation of an end-to-end anastomosis using a
circular stapler or the AKA-2, using an anvil protruding from the oral stump, and a mandrel,
punched through the rectal stump. Connecting the mandrel and anvil via a rotation of the
turnstile in the handle [44] and closing the implant parts, the bolts penetrated the intermediate
tissue and plunged into the polymer ring, fixing the tissue and preventing axial movement with
uniform radial and longitudinal compression pressure provided by the Nitinol ring.
Simultaneously with the connecting procedure, a circular lumen was achieved by means of an
annular blade in order to restore immediate intestinal patency [44, 47].

3.2.3 Endoscopic compression anastomosis devices

Flexible robotics and endoscopic devices have been important drivers in recent research to
further reduce trauma in visceral surgery. Flexible endoscopes comprise a long polymer coated
shaft, which contains the optical components and image transmission is achieved either by
objective lenses, glass fibers or chip on the tip solutions (video endoscope). Bowden wires,
which are guided through the endoscope shaft, are controlled by two wheels at the handle, to
bend the tip in two axes and navigate the endoscope throughout the curvatures and flexures of
the colon. The endoscopes have working channels to insufflate the colon with gas, flush water
or insert instruments to perform therapeutic interventions, such as biopsies. [48] Both, length
and diameter of flexible endoscopes may vary with respect to the field of application
(colon/stomach) [49]. They can have a length between 800-1600 mm and a diameter in the
range of 5.9 - 14.8 mm [48-50].

Magnet-based implants, which are the last category of compression implant systems, are the
only devices available that already allow endoscopic application.

Two magnet-based compression implants are currently in a pre-clinical market phase. In recent
years, numerous magnetic implants for different applications and indications in the entire
gastrointestinal tract have been tested in animal and human studies. Magnetic systems are
particularly suitable for endoscopic applications due to their mutual attraction of magnetic
components allowing for force-saving connection of intestinal endings and to close the implant.
In the following, only systems with a certain degree of product-maturity are described, which
have been proven to be feasible for the generation of intestinal anastomoses in humans.
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The self-aligning, ring-shaped Magnamosis™ implant (Magnamosis, Inc., San Francisco, CA)
comprises two neodymium-iron-boron magnet rings, available in two different magnetic
strengths, N35 and N50, which are encased by a medical grade polymer e.g. polycarbonate [19,
51-54]. The implant can be inserted by open, laparoscopic or endoscopic surgery via natural
orifices [52, 54, 55], primarily intended to create side-to-side anastomoses. The first-in-human
pilot study took place in 2017 [19]. The endoscopic application technique for Magnamosis™
is called “rendez-vous technique”, and was conducted in an experimental animal trial in pigs.
Two flexible endoscopes are used, one of which is introduced transorally, and the other one
transanally. The Magnamosis™ implant halves are held with a snare during transportation, and
joined at the anastomaosis site due to their mutual attraction force. In the last step, the endoscopes
are withdrawn. [56]

IMAS (Incisionless Magnetic Anastomosis System, GI Windows, West Bridgewater, MA,
USA) is the second magnetic compression anastomosis implant, which was designed for
transoral, endoscopic delivery. Machytka et al. performed the pilot clinical evaluation of IMAS
in 2017 [20]. Similar to its predecessor SAMSEN (Smart Self-assembling Magnets for
Endoscopic Surgery), the implant consists of neodymium-iron-boron magnets, which are
encapsulated by a biocompatible shape memory Nitinol exoskeleton. This enables the implant
to fold to a predefined configuration at the anastomosis site (IMAS: octagonal [20] and
SAMSEN: square shape [57]). For transportation, the magnetic elements are positioned within
the working channel of an endoscope, configured as a linear chain, and are delivered to the
anastomosis site under fluoroscopic and endoscopic visualization. By means of a specific
overtube system, and via two tiny incisions, one in the stomach and the other in the small bowel,
the magnets are deployed into the corresponding intestinal lumina. For this, the linearly
arranged magnets are pushed out of the channel into the small intestine and self-organize into
the predefined configuration upon release. The procedure is repeated for the stomach. The two
resulting octagons align to each other to form the anastomosis, compressing tissue in between
them [57].

3.3 Shortcomings of existing endoscopic anastomosis techniques

Magnamosis™ and IMAS were the first to combine the compression anastomosis approach and
technology of flexible endoscopy, to evolve a novel, micro-invasive alternative to conventional
procedures. Creating side-to-side anastomoses, they allow for the apposition of the serosal wall
layers, which is favorable with respect to the avoidance of anastomotic leakage (2.3 Influence
of bowel wall layers on anastomotic healing). [11]

However, there are still major concerns and drawbacks for both techniques, which need to be
solved. Bilateral access to the anastomosis sites, purely via natural orifices, is complicated and
time consuming in humans. The small intestine has a length of 5 - 6 m, which is why it cannot
be passed easily with flexible standard endoscopes. Tools such as double balloon or spiral
overtubes are needed, requiring high levels of dexterity and experience of the physician.
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Due to the one-sided access, IMAS offers a solution to this problem. However, side-to-side
anastomoses require the permanent closure of intestinal stumps that remain after  bowel
resection. Closure can either be achieved by suturing or by stapling. While hand suturing is
time consuming, leading to prolonged anesthesia times, using staple sutures is expensive and
both techniques induce inflammation and scarring due to foreign material reactions [15].
Furthermore, closure of the intestinal stump requires an additional surgical step, which again
increases the trauma. In other words, it makes things more complicated than they need to be.

End-to-end adaptation, in contrast, is the most natural configuration type with respect to
restoring intestinal function and motility. No additional staple suture material is required to
permanently close the remaining endings. However, an end-to-end approximation is usually
only considered appropriate if both lumina are approximately comparable in size, and have a
sufficiently large diameter to prevent stenosis [16]. In case of large lumen diameter discrepancy,
special challenges may arise with respect to endoluminal manipulation, as excess tissue
complicates the handling and neat approximation of bowel lumina, increasing the risk of
protrusions and leakage. The diameter significantly varies for different segments of the colon
(sigmoideum, descendens, transversum, ascendens) [7] and also individually from one patient
to the other (depending on factors such as sex, age, pathology) [58]. In very narrow lumina,
insertion of anastomosis devices can become even impossible. Thus, size adaptability of the
anastomosis system would be desirable, to address both, the requirements during secure
instrument navigation throughout the colon [59] and restoring lumen width of appropriate
diameter at the anastomosis site [16].

Based on this knowledge, design guidelines and the relevant procedure steps to create an ideal
anastomosis were derived. The lack of suitable mechanisms to realize basic, key tasks of
endoluminal manipulation was addressed by the development and assessment of respective
principles and prototypes. The most promising solutions were then integrated into the scalable,
endoscopic manipulator, enabling patient-adaptable, inverting end-to-end anastomosis.

3.4 The ideal anastomosis procedure

The overall concept is based on a compression anastomosis implant approach, due to the
advantages derived in chapter 3.1 Comparison of techniques and identification of shortcomings.
The manipulator is required to carry and deliver the implant that supports the restored lumen
continuity throughout the healing phase. To endoluminally create an end-to-end anastomosis,
starting from two open bowel endings after resection of a colon section, an instrument must be
transanally introduced and axially positioned within the oral and aboral lumina, that allows to
reliably grab, drag and approximate the two colonic endings. Thus, the device must comprise
two applicator entities, which can move relatively to each other, and allow visualization of the
navigation path and operation site. To achieve a leakage-proof end-to-end anastomosis, the
bowel margins have to be inverted and uniformly folded into the implant compression zone
[11].
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As large variations in patient constitutions, between individuals as well as between colonic
segments may occur with respect to the lumen diameter, an adaptation to different anatomies is
desirable to prevent obstructions. Thus, a scaling feature is integrated that enables expansion of
the anastomosis implant, supported by the platform. The applicator must allow axially and
radially congruent configuration of the implant halves, which means that the implant diameters
must be of same size, and mating implant elements must be maintained aligned throughout the
closure process. By using an implant with a closure mechanism, that pierces through the bowel
wall and form-fittingly protrudes into an opposing arranged implant half, tissue can be
prevented from slipping out of the compression zone and the compression gap can be adapted
to the tissue thickness to adjust the healing pressure. Respective piercing and coupling forces
must be applied by the applicator. In the last step, the implant must be deployed from the
applicator, which is collapsed and retracted from the surgical site. Figure 2 shows all relevant
procedure steps and indicates corresponding research questions (RQ), which arise from the
challenges of endoluminal manipulation.

Of note, the scope of this research project comprised only the manipulator and not the implant,
which was to finalize by a research partner. Explicitly, the implant development was conducted
in cooperation with the Institute for Medical Materials and Implants and is part of another
thesis. However, in the beginning of the project, it was defined that the implant will comprise
four rigid and four expanding segments. These central elements were used as precondition for
any further applicator design specification, dimensioning and feature integration.

Positioning
Implant within

RQ ) detachment oral/aboral

lumen

Expansion RQc)

Bowel margin
inversion &

grasping

Approximation of
bowel endings

Figure 2 Process diagram of the endoscopic anastomosis procedure with assigned research questions
(RQ). Research question a), addresses the (biomechanical) characterization of the anatomical
environment (colon), to determine procedure relevant design guidelines. Research question
b) focusses on the development of mechanisms to endoluminally grab, manipulate and adjust
colon edges in an inverted manner. Research question c) addresses the development of
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expansion mechanisms to support congruent implant and applicator scaling of oral and aboral
units. Research question d) focusses on the development of force application mechanisms to
pierce tissue and close an implant while maintaining axial congruence. Research question e)
addresses the development of a power-efficient, endoluminal implant detachment mechanism.

In order to enable the formation of the ideal anastomosis, the following technical key issues
(research questions) were defined and addressed within the scope of this work.

a)

b)

d)

During endoscopic manipulation, instruments mechanically interact with colon tissue.
The occurring forces must be known in order to design and dimension novel devices
appropriately. Thus, the biological environment must be characterized with respect to
procedure relevant parameters. Questions in focus are: How powerful the manipulator
needs to be, to pierce through two bowel wall layers, which design parameters influence
the piercing process and which system dimensions have to be addressed?

Inverting the intestinal wall to achieve serosa-to-serosa contact has been proven to
reduce the risk of leakage [11]. Furthermore, end-to-end anastomosis appears to be the
favorable configuration type, as it saves time and material. So, a solution is needed, to
endoluminally grab and manipulate bowel tissue. The principle must allow relative
movement between oral and aboral applicator heads to adjust colon edges in an
inverted manner.

The most commonly used technique (stapling) shows increased susceptibility to stenosis
formation [23, 24, 29]. By adapting the implant size to the native bowel diameter, the
entire lumen can be used for the anastomosis to ensure permanent and unhindered stool
passage. Thus, the applicator must integrate an expanding mechanism, that supports
implant scaling by applying radial forces. As the principles of force transmission along
the flexible platform shaft in conventional endoscopy are inefficient [59] and may lead
to deflections [4, 59-61], mechanisms are examined to enhance abilities of force
application at the endoscope tip, where the endoluminal manipulation task needs to be
performed. The expansion unit must further allow for congruent scaling of both
applicator units, as wells as for a complete and controlled collapse after implant
delivery. Parallel orientation of the implant compression faces and equivalent distance
between implant halves mounted on the applicator arms must be maintained, to
distinctively control implant closure in all size configurations.

An implant supports the reconnection at the anastomosis site during the healing phase.
This implant has to be closed by the applicator, while simultaneously piercing through
the tissue. The device must ensure axial congruence of the implant halves throughout
the process.

The implant has to be carried by the applicator during endoscopic navigation. After the
implant has been delivered, the applicator must be retracted from the bowel. Therefore,
the implant has to be detached from the applicator at the anastomosis zone. A power-
efficient solution is needed, to depose the implant from the manipulator.
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With respect to current efforts in flexible endoscopy to provide single-use solutions in order to
reliably prevent cross-contamination between patients [62], all prototypes developed within the
scope of this work were designed to be producible from polymers, to allow future integration
into single-use medical products. Using additive manufacturing allowed to choose from a broad
range of task optimized materials, to fabricate complex, miniaturized geometries and to design
highly function integrated, monolithic components.

Material and Methods

4.1 Anatomical and mechanical characterization of colon tissue

During abdominal organ manipulation, high forces occur [63]. In endoscopic interventions,
applying forces at, or transmitting them to the endoscope tip is challenging, as the flexible shaft
is prone to buckling under load [60, 61], and despite the complex colon anatomy and curvatures,
force application behavior - efficiency, as well as instrument responsiveness and accuracy -
must be consistent and predictable for arbitrary shaft lengths and shapes. Mechanically complex
surgical tasks, such as the reconnection of two hollow organs including piercing through tissue
layers, therefore present special technological challenges for the development of instruments.
Thus, biological and mechanical properties of the colon were assessed, to clarify basic design
requirements and dimensioning guidelines for the novel system and force transmission unit.

According to literature, piercing forces are influenced by the type of fixation [64-66], the
surface tension of the tissue, the tip geometry [67] and number [68], as well as the trajectory
velocity and acceleration [69, 70] of the tissue piercing bodies. In the study presented, piercing
force data was collected for different design specifications of future system components
(anastomosis manipulator and implant). Thus, the spike amount and configuration of piercing
bodies were chosen and altered with respect to the future implant. Furthermore, the influence
of closure trajectory variations in velocities and accelerations, and of alterations in tissue
fixation point locations were assessed. [5] In addition, colonic lumen diameters and tissue wall
thickness were measured. [5]

4.1.1 Setup design

The experimental setup to determine the piercing forces, illustrated in Figure 3, comprised a
Sauter FH 100 calibrated force gauge (Kern & Sohn GmbH, Sauter, Balingen, Germany),
which was fixed onto a slide, translationally (1 DOF) movable along a guide rail. The
movement was actuated by a wedge toothed belt, tensioned onto two gears, of which one was
driven by a stepper motor (StepSyn Type 103H7126-0740, Sanyo Denki Co., LTD.,Japan).
Two identical tissue fixation entities (applicator dummies) were mounted on the centering rail,
facing each other in 4 mm distance. A disc with spikes, arranged symmetrically in segments
(implant dummy), was attached to the force gauge. Motor speed and acceleration were
controlled by an Arduino CPU (Arduino Uno) with a motorshield (Arduino Motor shield Rev3)
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. steps ..
in terms of — To ensure sufficient power supply, an external power source was connected

and powered with 5 V. [5]

Figure 3 Experimental setup to measure forces required to pierce colonic tissue. A force measurement
gauge (3) was mounted on an axially moving sleigh (4), that glides within a square ITEM profile
(25 x 25 mm) (5). The movement was actuated by a wedge toothed belt, tensioned onto two
gears, of which one was driven by a stepper motor (6). Two opposing assembled specimen
holders (1) were mounted on a centering rail. A disc with spikes (2) was attached to the force
gauge. (Figure adapted from Steger et al. [5])

Design variations and parameters: In the following, all tissue fixing and piercing entities,
including their variations in design are described. Furthermore, the assessed piercing body
velocities and accelerations are specified. These were investigated to find out whether and to
what extent the way of axially approximating two implant halves has an influence on the
required closing forces and device stability. Findings were transferred to the design and
selection of possible force transmission mechanisms (e.g. abrupt/smooth closing process).

The fixing entities were designed with respect to the central task of grabbing and manipulating
bowel tissue endoluminally. Using suction to atraumatically fix tissue to an endoscopic device
showed promising results in prior research projects [71]. Thus, the approach was transferred to
the endoscopic anastomosis device and different fixation point arrangements were investigated
to determine the effect of tissue tensioning on piercing forces.

The design of piercing bodies and locations of spikes were chosen with respect to the future
implant design, comprising four closing segments with spikes, as well as four expanding
segments without. The goal was to determine whether the amount of spikes has an influence on
the required piercing forces. For the anastomosis implant, the sweet-spot between a sufficient
tissue fixation and implant retention force, and minimized piercing force must be achieved.

Figure 4 provides an overview over all parameter sets assessed within the study. For each
parameter set, experiments with n=5 samples were performed. [5]
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Figure 4 Overview of 54 tested parameter sets, which were tested with a sample size each of n=5
(nw:ai=270). A total of three tissue mounting entities with different fixation point configurations
(Vac 1,Vac 2, Vac 3), three piercing bodies with different amounts of spikes (4, 8, 12 spikes),
and six trajectories with constant velocities (5,10,15 ms—m) and accelerations (5,10,15 ":—;n) were

tested. (Figure adapted from Steger et al. [5])

In addition, colonic lumen diameters were measured to determine the required applicator
dimensions and the extent of device expandability. Furthermore, the variation in tissue wall
thickness was determined to approximate an adaptation range of the implant gap. [5]

4.1.2 Investigated design parameters

4.1.2.1 Tissue fixation

Each specimen holder featured openings through which the implant tips were passed and
suction surfaces to atraumatically fix the tissue [72].

The sample holder was designed mimicking the way of how the implant would be mounted
onto the applicator device. This configuration determined the relative position of spikes and
fixation points to each other. One holding entity had an outer diameter of 35 mm (chosen in
orientation to other colonoscopy devices [73]) with a total suction area for all entities of
~130 mm?, which was chosen with respect to space requirements of a preliminary implant
dummy. A fixation force per side of Fy;yqrion = Ap * A = 10.4 N (Ap: Difference between
atmospheric and system pressure; A: surface of suction area) could be achieved, by connecting
a suction pump to each of the specimen holders (maximum pressure: - 80 kPa related to
atmospheric pressure). Three variations of suction surface configurations (Figure 5) were
investigated to assess whether number and arrangement of tissue fixation points effect the
penetration process/force to deduce information for the design of the implant holders in the
future applicator. Fixation point configurationl (Vacll) comprised suction surfaces exclusively
in the center of the specimen holder (respectively implant). For fixation point configuration2
(Vac2l) they were split and located on both sides of the frontal spike apertures (respectively the
closing segments of the implant) and for configuration3 (Vac2A) they were located towards the
lumen center at the frontal face and on the sheath. [5] All fixation entities assessed are illustrated
in Figure 5.
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4.1.2.2 Spikes

The piercing bodies, with a diameter of 26.5 mm (to fit through the apertures of the holding
entities), comprised four equidistant segments arranged symmetrically on a plate. Each segment
engaged 36° of the ring body. This resulted in an arc length segment of approx. 8.3 mm. The
piercing bodies were dimensioned with respect to the future implant design, of which the
closing segments must be minimized to provide sufficient space for the intermittent expanding
segments. These must allow for a multiplication of the initial diameter. Every segment

comprised one to three spikes, resulting in piercing body configurations of four, eight and
twelve tips in total.

For configurations with four spikes, one needle was applied centrally on each segment. For
eight spikes, two tips were positioned on one segment with an offset to the center and a distance
of 18° in between. For twelve needles, one spike was located in the segment center and two
others in 14° distance to both sides. The tip geometry was designed according to Okamura et
al.,, who detected lowest penetration forces for a triangular/tetrahedral tip shape [67].
Accordingly, the resulting needles had a tip angle of 15°, a length of 20 mm and a diameter of
1.7 mm. The needles had to be of sufficient length to compensate for indentation typically
occurring in viscoelastic biological tissue. All piercing bodies and specimen holders were 3D-
printed using a Formlabs2 (Formlabs GmbH, Berlin, Germany) printer from standard White?
or Clear resin.?[5] All piercing bodies assessed are illustrated in Figure 5.

! Formlabs; https://formlabs-media.formlabs.com/datasheets/1801089-TDS-ENUS-0P.pdf; last accessed May 7, 2022.

2 Formlabs; https://formlabs-media.formlabs.com/datasheets/Clear_Resin_Technical.pdf; last accessed May 7, 2022.
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Figure 5 Image of the piercing force measurement setup with detailed specification of speciment holder
designs and piercing bodies. lllustrations a) - ¢) show the fixation point configurations:
configuration1l comprised suction surfaces (3) exclusively in the center of the specimen
holder, for configuration2l they were located on both sides of the frontal spike apertures (2)
and for configuration2A they were located towards the lumen center at the frontal face and on
the sheath. To all specimen mounts, the suction pump was connected via the tube nozzle (1).
Image d) shows three piercing bodies with 4, 8 and 12 spikes, and e) illustrates a cross
sectional view of the piercing bodies protruding through the holding entities. (Figure adapted
from Steger et al. [5])
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4.1.2.3 Trajectory

The selection of trajectory velocities and accelerations was specified in orientation to related
examples from the literature [69], technical feasibility for the integration into the applicator and
patient safety. By variation of motor velocity and acceleration, three constant axial velocities
of vy =5mms™!, v, =10 mms~! and v; =15 mms~! and three constant axial accelerations
ofa; =5mms~2,a, = 10 mms~2,a; = 15 mms ™2 were examined, for which final velocities
of 125 mms™1, 17.7 mms~! and 21.6 mms~! were achieved when reaching the piercing
plane. The corresponding Arduino script motor velocities were 4 rpms™1, 8 rpms~! and
12 rpms™1, and the motor accelerations 10 rpms~2,100 rpms~2and 150 rpms~2.

4.1.3 Sample preparation

Pig colon samples were obtained day-fresh from the local butcher, cooled and kept moist during
the day until use. Fat tissue was removed and the colon was cut perpendicular to the taenia
libera into tubular segments of approximately 30 mm length. For each parameter set, five
sample pairs were prepared and stored in two kidney shells, covered with bandages soaked with
saline (NaCl 0.9) [66] and numbered according to the sequence in the experimental procedure.
The remaining specimens prepared were stored in a cooled box. [5]
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Before the experiment, each specimen was draped flat on a base plate to measure half of the
circumference, uy s = g in the center of each probe. The respective diameters were calculated

by D = 2 * % subsequently. The pierced tissue thickness of each specimen pair was assessed
by means of indirect optical measurement. [5]

4.1.4 Experimental preparation

The script specifying the trajectory was uploaded to the Arduino board prior to each parameter
set. One of the prepared bowel segments was mounted onto each of the specimen holders, so
that the fixation surfaces were inside the sample lumen. The open bowel endings were adjusted
along the circumference until all channel apertures were fully covered and a stable suction force
could be established. The compression forces occurring during tissue piercing were recorded
over time with the FH 100 (Kern & Sohn GmbH, Sauter, Balingen, Germany) calibrated force
gauge, using Matlab. After each trial, the specimens were replaced. [5]

4.1.5 Statistical analysis

To investigate the influence of the number of spikes, of different fixation point arrangements
and trajectories, the received results were statistically analyzed. Therefore, the Gaussian
distribution of each parametric set was checked with the Shapiro-Wilk test based on a
significance level of ay = 0.05. A parametric three-way ANOVA (A) as well as the non-
parametric KRUSKAL-WALLIS (KW) test were used, whereby the H, hypotheses were
rejected with respect to a significance level of a xw = 0.01667 for both tests. [5]

4.2 Development and evaluation of solutions to enable basic endoluminal
manipulation tasks

The development process of the patient-adaptable, endoscopic single-use anastomosis device
followed the VDI 2221 guideline for the “Design of technical products and systems”. Based on
the definition of the overall procedure/task of the device and basic requirements, the process
was split up into the required key functions with respect to endoluminal manipulation, that have
to be fulfilled or executed by the system. Competing solution principles to realize the defined
functions were developed (shown in "morphological boxes™) and their feasibility was
comparatively examined with respect to the requirements based on literature and experiments.
In the next process phase, all selected modules were refined, integrated into the final product
architecture and the results were evaluated with respect to the goals defined at the beginning.
This included calculations, simulations and tests.

In order to enable visualization of the navigation path and intervention site in a cost effective
way, an over-the-tube design, which can be mounted on conventional flexible endoscopes, was
chosen. This allowed to avoid integration of high-priced modules such as fiber optics, imaging
units, related electronics, and components for insufflation or aspiration.
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Figure 6 shows the morphological box for the research questions addressed concerning
endoluminal manipulation (RQs b) — ) from chapter 3.4 The ideal anastomosis procedure),
with the developed solution concepts.

Principles of endoscopic manipulation

Tissue grasping, Bowel lumen expansion Bowel lumen expansion by vacuum channel
inversion and without vacuum channel expansion
applicator expansion expansion

Balloon Hydraulics with springs
& e

-

v
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¥
=
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Applicator closing unit Springs Hydraulics

Implant detachment Electromagnets

Figure 6 The morphological box includes the basic research questions of endoscopic tissue
manipulation and shows the solution principles assessed within the scope of this thesis.
Prototypes to realize tissue inversion, manipulation, applicator expansion, tissue piercing,
implant closure and implant detachment were tested. All approaches were developed and
designed for the integration into endoscopic overtube manipulator platforms.

All system components were manufactured by 3D printing using the SLA printer Formlabs
(Formlabs GmbH, Berlin, Germany) Form2 or Form3B. The material was chosen with respect
to the functional requirements.

The functionality of the prototypes was investigated and comparatively evaluated in interaction
with porcine colon tissue, which was obtained day-fresh from the local butcher and prepared in
pieces of comparable size (~ 50 mm length, ~ 45 mm diameter). For all samples, adipose tissue
was largely removed to provide comparable conditions to mobilized bowel endings during state
of the art anastomosis procedure.

4.2.1 Design and test methods: Grasping/ inversion of colonic margins and
patient adaptation (Theses b, c)

In flexible endoscopy, limited space and lack of direct access pose special challenges for the
physician with respect to endoscopic bowel manipulation. Significant variations in lumen
diameters between colonic segments and patients make this even more difficult. To support the
dissemination of interventions conducted endoscopically and simplify the performance for
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physicians, it is necessary to find ways how to conveniently and reliably capture and manipulate
bowel endoluminally and adapt the platform size to the patient individual lumen diameter. With
respect to the task of anastomosing, additional challenges arise such as inverting bowel margins
over the implant edges into the compression zone, adapting bowel diameter for congruent
apposition and approximating endings in end-to-end configuration.

As it was observed during prototypic testing and in prior research projects, the use of suction
forces allowed atraumatic fixation and did show promising results for grabbing and
manipulating bowel [71]. It was further observed that the intestinal endings turned inwards, to
the lumen center, when the tissue was expanded. By positioning suction surfaces in the center
of an implant, arranged around the entire circumference of the endoscope, it was possible to
completely cover the compression zone with tissue.

However, the question remained, whether these holding entities need to be expandable together
with the implant to approximate them to the colon wall, or whether the inverted intestinal
endings reach far enough into the center to cover the channel outlets.

Two types of prototypes were designed and tested:

a. Expanding the colon to dilate and invert colonic endings to the suction surface, without
adjusting the suction channels to the bowel wall.

b. Expanding the colon to dilate and invert colonic endings to the suction surface, by
adjusting the suction surfaces towards the bowel wall.

The respective approaches are illustrated in Figure 7.

The expansion was driven either by balloon dilatation or by the actuation of a hydraulic unit.
The stereolithographic process allowed to produce units with integrated air channels. Clear and
White Resin were utilized, which are two of the standard materials of Formlabs (Formlabs
GmbH, Berlin, Germany), used for parts free of critical loads. Due to its transparent design,
Clear Resin allowed to ensure that suction channels are free of resin for an unhindered flow of
air [74]. White resin captured smooth surfaces, being especially suited for low-force
applications [75].
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Figure 7 Extract of the morphological box showing approaches to realize tissue grasping and inversion
of intestinal edges to uniformly prepare the tissue in the implant compression zone. The
expansion was driven either by balloon dilatation or hydraulic actuation.

Test setup: The experimental setup consisted of a Poly(methyl methacrylate) (PMMA) tube
bisected along the longitudinal axis, which was fixed to a PMMA plate via a threaded rod. The
tube was held in a horizontal configuration by a pipe clamp and the prototypes with mounted
intestinal samples were inserted. The intestine was positioned to protrude beyond the applicator
arm edges by approximately ~1.5 cm. By this means, the orientation and conformation of the
intestinal tissue within the abdominal cavity was simulated. This was particularly important in
order to investigate whether gravity can be overcome without further auxiliary means, for the
gut segments hanging down towards the base plate (resp. within the abdominal cavity towards
the dorsal wall).

All concepts were compared with respect to their potential to invert colon margins over the
implant edges into the compression zone, enable uniform apposition of the bowel margins along
the entire circumference of applicator and implant, and provide sufficient grip to drag and
manipulate tissue. The bowel had to be inverted and draped over the implant face without
wrinkles or bulges. Comparable tissue portions with respect to the amount and weight of
overlapping tissue were ensured by determining the specimen diameter.

Secondary assessment criteria to compare the expansion mechanisms were the feasibility to
allow a controlled dilatation, congruent configuration of the oral and aboral components, and a
complete collapse. Crucial features were the integration of feedback about the degree of
expansion, as well as locking the expansion state.

4.2.1.1 Expansion of colon without adjusting the suction channels to the bowel wall

Prototype 1 (see Figure 8) was designed to assess, whether the colonic margins can be folded
inward, to the lumen center, where the suction channel outlets were positioned. The expansion
to achieve the sleeve effect, was realized by balloon dilatation, but could also be achieved by
an alternative technique.

The prototype (see Figure 8) comprised a hollow cylinder of 25 mm diameter to account for the
tubular geometry restrictions of the overtube design. It further included a circularly running
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offset, proximate to the vacuum channel outlets, where the implant dummy was mounted. Four
outlets at the front face of the prototype body ran inside the cylinder and merged into a common
port on the opposite side, where a suction pump was connected. To allow for uniform
expansion, a medical grade balloon (conventionally used for fecal drainage (ConvaTech
FlexiSeal Signal, ConvaTech Inc., Greensboro, USA)) was mounted centrally to the prototype.
The balloon was expanded using a syringe, inflating a maximum infill volume of 45 ml and
resulting in a maximum diameter of ~55 mm.

~

{/

Figure 8 Detailed description of the prototype used to assess the concept of expanding colon to invert
bowel margins towards the suction channel outlets in the center, without adjusting the suction
channels to the bowel wall. lllustration a) shows the CAD graphics with the central suction port
(1) that connects the prototype to the pump. The inflow splits into four channels which form
suction surfaces at the front side (3). The front surface contains an offset (4) on which the
implant can be mounted. lllustration b) shows the additively manufactured prototype with the
balloon (5), which was inflated to invert the colon margins.

4.2.1.2 Expansion of colon by adjusting the suction channels to the bowel wall

For the second approach, the applicator entity was designed, to expand the lumen by dilating
implant mounts with integrated suction channels, towards the bowel wall. It was investigated,
whether decreasing the distance between the channel outlets and the tissue, would simplify
inversion of the bowel margins and allow to uniformly cover the suction surfaces. Expansion
units based on different actuation principles were designed and examined with respect to
implant scaling capabilities. All components were developed to position the force application
feature directly at the endoscope tip.

Design of a platform expansion unit to support implant scaling (Thesis ¢):

Two different mechanisms to realize a controlled expansion of the applicator platform were
developed (see Figure 9).

The application of forces is one of the biggest challenges for the development of endoscopic
platforms [59, 61, 76-78], as the endoscope shaft is too flexible to effectively establish
abutment [61].
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Bowel lumen expansion by vacuum channel expansion

Balloon Hydraulics with springs

Figure 9 Extract of morphological box, showing approaches of different applicator expansion
mechanisms tested and compared.

Applicator expansion based on balloon dilatation:

Prototype 1: The first expansion mechanism was based on an inverse umbrella approach,
allowing to unfold four hollow applicator arms (see Figure 10). These were suspended from a
ring via hinge joints. A balloon (Enteroscope Balloon BS-4 from Fujifilm (FUJIFILM Holdings
Corporation, Tokyo, Japan)) was positioned in the center of the applicator arms, pushing them
radially outwards during expansion. To retract the dilatation, a rebounding element (rubber
band/springs) was integrated into eyelets at the upper edges of the applicator arms, connecting
and contracting the arms. Due to the lack of standard balloon systems in smaller dimensions
(required: 25 x 25 mm), the prototype was adapted to the available balloon size (35 x 35 mm
instead of 25 x 25 mm), for a preliminary proof of concept. In maximally expanded
configuration, the prototype had an outer diameter of ~50 mm (circumference along the implant
mounts).

Figure 10 Detailed description of the prototype used to assess the concept of expanding the applicator
blades with integrated suction surfaces (1) by a balloon (2) to the colon wall. The blades
contained a recess (4) to mount the implant. Applicator collapse was achieved by an integrated
elastic retraction band (3). lllustration a) shows the CAD graphics and b) the assembled
prototype.

Applicator expansion based on hydraulics:

Prototype 2 (see Figure 11): The second prototype comprised a single-acting telescopic
hydraulics [79], for which the axial piston displacement was converted into a radial expansion
via articulated lever arms.
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One mounting ring each was fixed to the bottom of the hollow cylinder and to the cover of the
piston. The applicator arms were attached to the lower mounting ring and the lever arms were
suspended from the piston. The applicator arms were configured to realize a maximum
expansion for non-actuated piston (hub = 0 mm (i.e. negative relative internal pressure)),
whereas the arms were attached to the cylinder wall when the pressure was maximized
(hub = max. expansion).

The ring-shaped telescopic hydraulics had a total diameter of ~30 mm (including applicator
arms) in the minimized state and a diameter of ~49 mm in the maximized configuration. To
seal the piston against the cylinder wall, O-rings with a diameter of 12.5 mm and a rope
thickness of 1.5 mm were used on the inside and O-rings with a diameter of 18.5 mm and a
rope thickness of 1.5 mm were used on the outside. Liqui Moly Silicone Fat (LIQUI MOLY
GmbH, Ulm-Lehr, Deutschland) was used to improve the gliding properties of the 3D printed
hydraulic partners.

Four tension springs were mounted between the piston and base plate of the hydraulic cylinder.
The springs were maximally elongated for the maximum hub, thus when the applicator diameter
was minimal. The springs’ contraction forces supported the expansion process.

Figure 11 Detailed description of the prototype used to assess the concept of expanding the applicator
blades with integrated suction surfaces by hydraulic actuation to the colon wall. lllustration a)
shows the CAD graphics of the hydraulic expansion unit, comprising a cylinder (1) and a piston
(2). Applicator blades with suction surfaces (3) and a recess (7) to mount the implant were
assembled by lever arms (4) in two mounting rings, one at the bottom of the cylinder (6) and
one at the top of the piston (5). Springs (8) were integrated to support a smooth expansion
process. lllustration b) shows the assembled prototype.

To ensure smooth operation of the hydraulic units without air related disturbance [80], bleeding
valves were integrated into all hydraulic units. A M2 thread was cut into the socket of a core
hole in the cylinder and sealing was achieved by means of an O-ring (1.5 x 1 mm, NBR, 70A)
(Landefeld Druckluft & Hydraulik Gmbh, Kassel, Germany), which was pressed against the
flange by screwing in a flat head screw (M2 x 5 mm, stainless steel). Feasibility of the vent
valves was assessed by applying a pressure of 3 bar and testing the cylinders for water tightness.
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4.2.2 Design and test methods: Applicator integrated implant closing unit
(Thesis d)

In anastomosis procedures, the implant supports the restored intestinal continuity during the
healing phase, it ensures leakage free connection and establishes uniform tissue compression.
An implant, which is closed by locking one half into the other, simultaneously piercing through
the tissue located in the compression zone, allows to reliably fix the bowel between the implant
halves and to adapt the compression gap to the tissue thickness. Therefore, two actuation
principles were assessed.

e Actuation via springs (prototype 1)
e Actuation via hydraulics (prototype 2)

The endoscopic closing unit (see Figure 12) must further ensure axial congruence of mating
implant parts throughout the closing process. To axially align the implant coupling elements
and realize an abutment for the closing forces, a snap mechanism, connecting oral and aboral
applicator units, was developed.

An estimation of the required piercing forces, and an evaluation of parameters mechanically
influencing the process, was performed in chapter 4.1 Anatomical and mechanical
characterization of colon tissue .

The force transmission units including the connector were manufactured from White Standard
Resin with the Form2, due to its smooth surfaces properties and to enhance gliding properties
of the relatively moving parts [75].

Applicator closing unit

Springs Hydraulics

Figure 12 Extract of morphological box, showing approaches tested and compared for the applicator
closing unit, including tissue piercing with the compression anastomosis implant. Prototypes
with a spring-based and a hydraulic-based mechanism were investigated and compared.

Test setup: Both mechanisms were evaluated with respect to their capabilities to pierce through
two layers of tissue. To axially align the implant coupling elements and realize an abutment for
the implant closing forces, one implant dummy half was mounted on each side of the applicator
unit, one on the male and one on the female unit of a snap-fit connector.

The aboral implant comprised 12 color-marked tips, arranged in four groups of three directly
adjacent peaks. The oral implant half was a ring with holes to receive these spikes. A colon
sample was pulled over each applicator unit, the snap-fit was connected and the implant halves
were closed.
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Assessment criteria for the closing mechanism were:

1. The ability to keep the implant halves aligned in axial congruence during the closing
process
2. The ability to provide enough power to pierce through two layers of colon tissue

Secondary assessment criteria were the mechanisms’ feasibility to allow for an adaptable and
controlled closure process.

The implant was made of Clear Standard Resin, to verify whether the spikes have entirely
pierced through the tissue.

4.2.2.1 Actuation via springs

Prototype 1: For the first mechanism the axial force was applied by releasing a precompressed
spring (Figure 13). The core of the assembly was a hollow cylinder, which ended with the male

part of a snap-lock. The spring, with a spring constant of k= 4.7 % was precompressed

between a disc that was fixed to the core (initial length: L,= 15.8 mm, compressed
length: L,,= 8.1 mm) and a retainer clamp. The retainer consisted of a ring and two opposing
arranged cantilevers with small hooks at the ends. These cantilevers were radially pressed to
the disc by a safety ring. The female counterpart, with the mounted oral implant half, was fixed
to the endoscope.

For the experiment, male and female connector parts were assembled. The securing ring was
pulled back via attached wires. Upon release, the retainer with mounted aboral implant half,
snapped forward being axially guided along the core shaft by a groove nose guidance to prevent
torsion and tilting. For this mechanism, the transmissible force depended on the maximum
spring force and its initial compression. This was derived from the spring constant k, the initial
length L, and the maximum compressed length L,,.

(I): FSpring =k (LO - Ln)

Figure 13 Detailed description of the prototype used to assess the concept of closing a compression
anastomosis implant by releasing a spring (1) that is precompressed between a retainer clamp
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(2) and the core (3). The retainer, with a recess to mount the aboral implant, is released by
pulling the safety ring (4) back. The aboral unit is connected to an overtube (5), while the oral
counterpart (6) is attached to the endoscope. lllustration a) shows the CAD graphics and b)
the assembled prototype.

4.2.2.2 Actuation via hydraulics

Prototype 2: The second approach was based on hydraulic actuation (Figure 14). A hollow
cylinder was designed, closing with the male connector. A piston was assembled to move
axially within this cylinder, carrying the aboral implant half. The hydraulic unit had a pressure
active surface area of ~146 mm?. Piston and cylinder were sealed by O-rings with a diameter
of 12.5 mm and a rope thickness of 1.5 mm on the inside and O-rings with a diameter of
18.5 mm and a rope thickness of 1.5 mm on the outside, using Liqui Moly Silicone Fat (LIQUI
MOLY GmbH, Ulm-Lehr, Deutschland) to enhance the gliding properties between the 3D
printed hydraulic partners. The female counterpart with the oral implant half was fixed to the
endoscope.

The experiments were performed by actuation of the hydraulic unit with water, pushing the
aboral implant mount towards the oral one. Based on the pressure active surface area and the
pressure applied (~2 bar), neglecting frictional forces and losses, the maximum realizable force
was derived by equation (I1).

(I I): thdraulics = Aphydraulics * Ahydraulics

[« ] @
Figure 14 Detailed description of the prototype used to assess the concept of closing a compression
anastomosis implant by the actuation of a hydraulic unit, which consists of a cylinder (1) and

piston (2) with a recess to mount the aboral implant. The aboral unit is connected to an

overtube (3), while the oral counterpart (4) is attached to the endoscope. lllustration a) shows
the CAD graphics and b) the assembled prototype.

4.2.2.3 Snap connector for axial congruence of applicator units

Before the closing unit is actuated, the axially congruent positioning of the applicator heads and
implant halves must be secured. Since there is only a limited range of motion available due to
the endoluminal access route, and the handling, as well as transmission of movements pose
great challenges for physicians in terms of dexterity [81], platform features must be kept as
simple as possible. For this reason, a snap connector interface between oral and aboral
applicator units was integrated. This was closed by feeding the aboral applicator head with the



30

male connector axially forward, into the opposing positioned female part. As axial force
transmission around flexures and due to large surface contact between endoscope and bowel
wall might be challenging, the snap connection design was optimized with respect to
smooth/force-minimized closure on the one hand, and providing sufficient abutment (holding
force) to pierce two layers of colon tissue during implant closure on the other hand.

Test setup: Thus, the joining and holding forces of the snap connection design were determined
experimentally. A FH500 digital force gauge (Kern & Sohn GmbH, Balingen, Germany) with
a cylindrical force transducer plate was fixed to a square ITEM profile (25 x 25 mm) and
mountings, holding the male and female connector geometries, were axially guided within the
ITEM profile.

Maximum values of the joining force were measured while pushing the male connector into the
female counterpart, pressing it against the force transducer (see Figure 15 a). For the
determination of the holding forces, the mount was clamped between the measurement gauge
and the transducer (see Figure 15 b). The male connector was pulled back and the retraction
force was measured until release or failure of the snap fit occurred.

The connector was manufactured from Standard Clear Resin. The printing orientation was
orthogonal to the load direction. The closing and holding forces for the connector pair were
measured in n = 3 trials. Each trial was performed with a novel sample.

Figure 15 lllustration of the test setup to determine the a) closure and b) holding forces of a snap
connector design, which is required to ensure axial congruence between applicator units
during implant closure. A FH500 digital force gauge is fixed to a X-shaped ITEM profile. It
comprises two holding units (3, 4), to which male and female snap connector parts (1, 2) are
attached and axially guided on the profile. A cylindrical force transducer is attached to the
measurement gauge. The measurement gauge is pushed forward (5) (locking male and
female connector units) or pulled back (6) (unlocking male and female connector units) to
measure closure and holding forces.



31

Prototype: The snap connector was designed according to rules given by Bonenberger [82].

T = Beam thickness at the wall

T, = Beam thickness at the retainer
Ly = Beam length

T,y = Wall thickness at the beam

Y =Retention face depth

B =Retention face angle

a = Joining angle

R =Retention face curvature

4T, = 0.6 mm

Tw = 2mm

Figure 16 Schematic drawing of the basic snap design, respective adjusted parameters and the chosen
dimensions. The design was adapted according to the rules of Bonenberger [82].

Holding forces (force that must be applied to loosen the connection) were maximized by
choosing a retention face angle of g = 90° and adding a concave profile beneath the hook
(R =1 mm). To minimize the joining force, joining angle alpha was selected as pointed angle
of a =25°. For the ratios between beam length, thickness, depth and the retention face depth,

the rule 5*T, < L, <10*T, was applied, while for stiff materials the ratio ;—b must reach a
b

multiplier of 10. Accordingly, we chose L,=5.3 mm and T}, = 0.6 mm to achieve the desired
effects. The beam width was T;= 7.5 mm and the retention depth length, following the rule
Lp

e 56Y<T,or ;—b ~10 & Y =T, was determined to be Y= 1 mm. The female connector
b b

was designed as the negative counterpart of the male part. [82]

4.2.3 Design and test methods: Endoscopic implant detachment using
electromagnets (Thesis e)

In endoscopic procedures, implants are often used to close defects within the bowel wall or on
other organs of the abdominal cavity. While the implants have to reliably attach to the
endoscope during endoluminal navigation, they must be released on demand at the site of
application. For the anastomosis device, the applicator must be collapsed and retracted from
the bowel after the anastomosis has been formed. A force- and space- saving mechanism has to
be identified, that allows to keep the implant reliably attached during navigation, and detach it
from the applicator after delivery.

Implant detachment

Electromagnets

Figure 17 Extract of morphological box, showing the approach investigated to detach an implant at the
anastomosis site, integrating electromagnets into an endoscopic device.
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A concept based on electromagnetic interaction of applicator and implant was developed.
Experiments were conducted with a prototype that comprised two applicator units, including
each four electromagnetic coils, which were used to carry the magnetic implant halves.

Test setup: Implant detachment: The goal of this experiment was to assess, whether it is
possible to create electromagnets in a magnitude that can be integrated into an endoscopic
device, but strong enough, to detach an implant despite the counteracting forces resulting from
mechanical interaction between the components and with the colon tissue.

To conduct the experiments, an applicator prototype was built, which comprised two units, each
of which included four electromagnetic coils and carried one implant half. The prototype was
mounted onto a horizontally running axis, which was fixed to a PMMA plate by means of a
threaded rod. The experimental setup is shown in Figure 18.

Figure 18 lllustration of the experimental setup to assess functionality of an electromagnetic implant
detachment mechanism. lllustration a) shows an applicator prototype consisting of an oral (1)
and an aboral (2) unit with electromagnetic coils (3). An overtube (6) is connected to the aboral
unit to facilitate the handling. The mounted implant prototype comprises an oral half with
permanent magnets (4) and an aboral half with soft magnetic elements (5). lllustration b)
shows the oral applicator and implant unit with permanent magnets. lllustration c) shows the
aboral applicator and implant unit with soft magnets.

Tissue segments of approximately 6 cm length with closed endings (to fully cover the implant
compression faces) were pulled over each of the applicator heads (see Figure 19). Under these
conditions, the oral and aboral implant halves were connected across the clamped tissue by
pushing oral and aboral applicator units together. The closure was performed only by magnetic
attraction of integrated elements here.

The oral implant half was decoupled from the oral applicator by means of a pulsed current.
Subsequently the same procedure was performed for ejecting the aboral implant.
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Figure 19 lllustration of the test setup comprising the applicator (1) with electromagnets and with the
magnetic compression implant (2). Two samples of colon tissue are pulled over the prototype
to assess tissue induced interaction forces during the detachment process.

Electromagnetic heating assessment: Even though electromagnets are an increasingly
recognized tool in visceral surgery, their integration in minimally invasive instruments is still
considered critical, especially for intracorporeal use. Concern has to be given in respect to
electric and electromagnetic compatibility with surrounding organs and in regard to temperature
increase which results from resistance-based heating of the coils [76, 83] during operation of the
electric components. Typical operation modes were defined with respect to different application
scenarios during endoscopic procedures [84] and for the special case of anastomosis formation.
These comprised either short repellent impulses (i.e. for the detachment of magnetic implants/
maximum amount of admissible de-/reattachment cycles), or a continuous operation (i.e. for
traction of tissue portions/ exposure of dissection site) [84].

The corresponding experimental setup is shown in Figure 20. Temperature measurements were
taken only on the electromagnets of the aboral side, due to their higher resistance (larger
coil —» longer wire) and therefore more critical heating characteristics. For this means, the tip
of a thermometer (CPO11A, Habor, Shenzhen Xintuo Supply Chain Ltd., Shenzhen, China),
with a measuring range between -50°C to 300°C and an accuracy of 0.1°C, was brought into
contact with the shell surface of one of the electromagnets. The position was fixed using a tape
(Durapore™, 3M™, Saint Paul, USA) to ensure permanent contact between the prototype and
the thermometer throughout the entire experiment duration.

Electromagnets were operated in two different modes, including pulsed as well as continuous
current supply modes. The resulting temperature rise of the coils was measured.

e Impulses - Temperature development for pulsed coil powering: The heat development of the coils was
investigated for automatically switching on and off the electromagnets. The coils were powered six times
for one second each, to simulate the short repellent impulse for implant detachment and to investigate the
system behavior for repeating pick-up and disconnection cycles. A three-second pause was maintained
between each pulse. The initial (T;,;;) and the maximum temperatures (T,,,,) Were recorded, as well as
after each individual impulse X (Tye[o;7))- The experiment was performed with an initial coil temperature
equal to room (Tipie = Tyoom=~23.0°C) or body temperature (about Tjn;e = Tpoq, =~37.0°C). Both sets of
experiments were repeated n = 5 times.

e Continuous operation — Measurement of powering duration and maximum temperature: The
temperature development of the coils was investigated in consequence to continuous power supply, starting
from the coil temperature Tin;r = Tpoq,=37.0°C, to define threshold values for tissue manipulation
durations or automated system shutdown functions. Subsequently, the coils were powered until the
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thermometer indicated a rise in temperature of 1°C (T.,,=38.0°C). The electromagnets were switched off
and the power supply duration was measured, as well as the maximum temperature (T,,,,) reached. The
experiment was repeated n = 10 times.

Between all test sets, it was ensured that the coils cooled down until they reached to their
respective initial temperature (T;.oom OF Thoqy) to provide equal and comparable preconditions.

The results from the heating assessment were used to calculate design guidelines with respect
to the wall thickness of a heat shielding encapsulation.

Figure 20 a) Overview and b) detailed zoom of the experimental setup to measure the heat generation
of the electromagnetic coils using a thermometer (1). c) Current is provided by an external
power supply (2), controlled and triggered by a control unit (3).

Prototype: In the following, the prototype is described, which comprises an applicator
(consisting of two separate units) and a two-part implant. The implant on the oral side
comprised four cubic N52 magnetized neodym magnets® (EarthMag GmbH, Dortmund,
Germany) with a side length of 5 mm, being encapsulated in a polymeric sheath of 0.6 mm wall
width. Four mild steel screws* with a standard M4 thread were used as soft magnetic elements
on the aboral side.

In the oral applicator unit, the electromagnetic coils included a monolithic core, whilst in the
aboral applicator head, the cores were split in two parts. One of these two elements was
anchored in the coil, and the other one protruded from the implant into the electromagnet (see
Figure 21 (6)). This hull like structure supported the reliable attachment of the implant to the
applicator during navigation through the colon.

3 Magnet shopNeodym Magnets 5x5x5 mm NdFeB N52; https://www.magnethandel.de/neodym-magnete-5-5-5-mm-n52#tab-
description; last accessed May 7, 2022.

“Re-In Retail International GmbH 803588 Combi-Screw-Sortiment 3000 parts;
https://www.voelkner.de/products/74881/803588-Kombi-Schrauben-Sortiment-3000-Teile.html; Product sheet:
https://asset.re-in.de/add/160267/c1/-/de/0008035881N01/IN_803588-Kombi-Schrauben-Sortiment-3000-Teile.pdf; last

accessed May 7, 2022


https://www.magnethandel.de/neodym-magnete-5-5-5-mm-n52#tab-description
https://www.magnethandel.de/neodym-magnete-5-5-5-mm-n52#tab-description
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Figure 21 Schematic illustration of the electromagnet-based anastomosis device, comprising applicator
units (1, 2), implant dummy halves with magnetic elements (4, 5), endoscope overtube (7),
electromagnets (3) to control implant de- and attachment, as well as split electromagnetic
cores (aboral applicator) (6), positioned within aboral and oral colon lumina. (8) indicates the
insertion direction.

The coil bodies of the oral and the aboral implant carrier units had a maximum length of
l:0:1=15.0 mm (winding length of 13.0 mm). The diameter of the oral polymeric coil bodies
was @5°%, = 4.6 mm and of the aboral coils @5%%,,, = 6.4 mm. For the electromagnetic cores,
soft magnetic mild steel screws* with a standard M3 thread in the oral applicator and standard
M4 thread in the aboral applicator  (magnetic  permeability  range
Brmin = 100; w, .= 800 —2000) [85] were used. On the aboral side, one third of the
entire core length protruded from the implant, and two third were integrated in the
electromagnetic coil.

All coils were spooled clockwise from bottom to top with an enameled, 0.3 mm diameter copper
wire (Conrad Electronic SE, Hirschau, Germany). The coils comprised 100 windings and were
operated at 24 V direct current (3 A). All coils of each of the two applicator heads were
connected in series. A control unit was designed with the help of an Arduino™ micro-
controller board circuit (Arduino™ Uno SMD R3, Italy) and a laboratory power supply
(HM305, Hanmatek, Shenzhen, China) unit. By these means the electromagnetic coils of the
oral and aboral applicator heads were switched on separately for accurately adjustable time
periods. Furthermore, the electrical current flow was inverted for the aboral side, attracting or
repelling the respective implant half.

The implant halves and coil bodies were manufactured with the Formlabs2 stereolithographic
process (Formlabs GmbH, Berlin, Germany) from the material “Tough 1500°. This resin was
used for filigree components of the prototype, due to its lower tensile modulus compared to
standard resins, and therefore higher flexibility and decreased risk of breakage [86]. The
implant carrier units were printed with the Formlabs3B (Formlabs GmbH, Berlin, Germany),
using “Clear standard resin”, which is a material designated for components affected by low
mechanical loads, but high accuracy requirements [74].

4.3 Final design approach and mechanical assessment

Finally, a comprehensive approach for the final applicator system was derived from the results
of the subsolution testing. In addition to the basic investigations with respect to endoscopic
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manipulation, a mechanism to fix the oral applicator unit to the endoscope shaft was developed.
Furthermore, a concept to keep implant compression faces of both halves aligned in parallel in
all size configurations of the applicator was derived.

Holding, closing and expansion forces were evaluated for the manipulator concept and
compared to the requirements defined for the creation of the ideal anastomosis.

4.3.1 Design and test methods: Handling concept of final applicator prototype

4.3.1.1 Fixation of oral applicator unit to the endoscope

For the task of endoscopically anastomosing two colonic lumina, the bowel edges have to be
approximated. Therefore, relative movement between both applicator units must be enabled.
While the aboral entity is pushed, pulled and rotated by the physician via a handling platform
(i.e. overtube structure, which is not further specified within the scope of this work), the
opposing entity must be fixed to the endoscope, so its position can be controlled by
manipulating the endoscope. Axial forces during endoscopic navigation can be high due to
friction between tissue and endoscopes, or with respect to obstacles such as flexures, haustres,
etc. The fixation mechanism must withstand these forces to maintain the position of the oral
applicator unit during endoscopic navigation.

Test-setup: Thus, the holding force of the developed mechanism was experimentally
determined, by a FH500 digital force gauge (Kern & Sohn GmbH, Sauter , Balingen, Germany),
mounted on a square ITEM profile (25 x 25 mm), which was fixed on a workbench to prevent
slipping. A prototype of the locking mechanism with two eyelets that were symmetrically
arranged around the central endoscope axis was positioned on a 13801PKS gastroscope (Karl
Storz, Tuttlingen, Germany) about 10 cm behind the flexible endoscope tip. A surgical suture
material was threaded through the eyelets of the cap and the resulting loop was connected to
the hook-shaped force transducer of the measurement gauge (Glyconate monofil 5/0 70 cm,
AESCULAP AG & Co. KG, Tuttlingen, Germany).

The endoscope was pulled back along its longitudinal axis, away from the force measurement
gauge until slippage occurred between the adapter and the endoscope, or the sewing material
was torn. The maximum force measured in each trial (n=5) was recorded.

Prototype: The friction lock principle, chosen to attach the oral applicator head to the
endoscope, comprised eight symmetrically arranged cantilevers that were flexibly connected to
a threaded body via pliable film joints [87, 88] (see Figure 22 a). The droplet-shaped cap was
designed to support transanal insertion and navigation, and comprised the mating counterpart
to the corpus. The inclination angles of the outer cantilever surfaces and the inner cap surface
were identical with 80.0°. The film joints were compressed towards the endoscope by means
of a screwed on cap (see Figure 22 b). By mounting the cap onto the corpus with film joints,
the axial tensile force introduced by means of the thread, was converted into a radial clamping
force.
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Figure 22 Mechanism to fixate the oral unit to the endoscope. The unit comprises film joints (1), which
are compressed to the shaft by a screwed (2) on cap (3) a) Core with symmetrically arranged
pliable film joints b) Cross sectional view through the core with the mounted cap.

Film joints
For the film joints, used in the oral screw fixation cap a standard geometry according to Kunz
et al. was chosen [88].

As film joints require materials with high ductility, easy deformability and high flexural fatigue
strength [87], polypropylene (PP) is commonly recommended in literature [89]. As an
equivalent to this thermoplast, Tough1500 Resin was selected, as it provides similar mechanical
material properties [86].

AaC

Figure 23 Schematic drawing of the film joint, modified from Kunz et al. [88], used for the screw
attachment of the oral applicator unit, with corresponding measures to calculate dimensions.

The film joint was dimensioned according to Erhard, who gave a correlation for the required
tapered section length L [mm], depending on the tapered section thickness h [mm] [89].

h*xAaxS
2%Eq
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The geometry specific maximum elongation ¢, [%] of bent Polypropylene joints was used, as
no respective values for Tough1500 exist up to today (e,= 60% after 10* load cycles). [89] The
film thickness h = 0.7 mm was chosen with respect to accuracy limitations of the printing
process and to achieve a maximum bending angle of Aa = 90°. Since the number of bending
cycles for the application was assumed to be less than 100 cycles, a safety factor of S<1 was
used [88].

0.7 MmMs——x90°+1

L= 180 =0.9mm
2%0.6

The length L of the tapered cross-section was dimensioned to 1 mm. To minimize notch
stresses, the transition to the middle segment was formed with a radius r; = 1.0 mm on one side,
and of r,= 1.5 mm [89] on the other side. The bending of the joint was performed in the direction
of the larger radius [88].
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Thread

The thread design was optimized according to recommendations of Formlabs 3D-printing
guidelines. Using Standard Resins and a semicircular thread profile (screw and nut),
engagement and wear properties were enhanced. Tough1500 Resin was used due to its
decreased tensile modulus compared to standard resins, allowing higher flexibility and
optimized bending properties of the film joints [86].

4.3.1.2 Manipulation of tissue with final applicator prototype

To approximate the tissue, it must be grabbed by the applicator and adhesion must be sufficient
to drag the tissue.

Establishing a suction force between applicator and the bowel wall allowed to invert, grab and
manipulate colon lumina in preliminary experiments.

Thus, the approach was integrated into the final device design and channel geometry was
adapted to provide enough space for the latest implant geometry. Channel outlets of the
applicator claws, protruding from the center, were arranged in an interdigitating sequence.

Each applicator blade of the final prototype comprised two vacuum channels, which were
connected via Polyurethan tubes (outer @= 3.0 mm; inner- @= 2.0 mm) (ESSKA.de GmbH,
Hamburg, Germany) to a suction pump (Medela Basic Absaugpumpe, Medela Medizintechnik
GmbH & Co. Handels KG, Dietersheim, Deutschland). The planes of the channel outlets were
aligned with the front surface of the respective implant half, to establish a stable suction and
adhesion of the intestinal tissue.

The realizable total suction force was calculated for every applicator blade to estimate realizable
forces for pulling, pushing and manipulating tissue.

Figure 24 Suction channel outlets (1, 2) of aboral (a) and oral (b) applicator arms protruding from the
center are arranged in an interdigitating sequence to provide sufficient space for the latest
implant geometry and respective features.
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4.3.2 Design and test method: Patient adaptation of final applicator prototype

Patient adaptation comprises both, the platform expansion to adjust to the lumen diameter, and
the adjustment of the implant compression gap to the tissue thickness, which influences the
compression pressure and determines the anastomosis formation with respect to tissue healing
and necrosis. In order to be able to close the implant in a controlled manner, it is crucial to
maintain parallel implant compression faces and an equal distance between them for all size
configurations.

4.3.2.1 Implant mounting by scissor kinematics

The implants were mounted on the applicator blades, which were assembled to the hydraulic
units by means of scissor joints. The mechanism comprised two opposing arranged fixed
bearings, and two loose ones, being X-wise connected via rigid struts. On the endoscope side,
the fixed bearings were attached to the applicator’s cylinder core wall, oriented towards the
upper applicator blade edge, as well as on the blade side, where the eyelet was fixed close to
the implant suspension. The loose bearings were oriented away from the implant (see Figure
25 a), one eyelet being attached to the hydraulic piston and one eyelet to a trapezoidal slide,
axially gliding within the groove of the applicator arm (see Figure 25 b, ¢). When the expansion
hydraulics were actuated and the floating bearing was pushed towards the respective fixed point
on the same side, the opposing loose bearing in the applicator arm moved accordingly by the
same distance. Both applicator heads had an outer diameter of 33.1 mm in the unexpanded
configuration, of d; =46.8 mm in first expansion stage and d, =51.5 mm in second expansion

stage.
‘é
'
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Figure 25 lllustration of the X-kinematics, mounting the applicator arms (with suction channels) onto the
applicator unit. a) Minimized configuration of the aboral applicator unit: Connection of
applicator blades to the hydraulic expansion unit via scissor joints. The mechanism comprises
two loose bearings (1, 2) and two fixed bearings (3, 4). b) Expanded configuration: The joints
are cross-wise connected by struts (5). By actuation of the hydraulic piston, the loose bearing
at the endoscope moves upwards, towards the respective fixed bearing. Due to the
geometrical constraint, the opposite loose bearing moves upwards by the same distance. c)
Detailed illustration of the loose bearing in the applicator blade (2), which comprises a
trapezoidal slide (6) gliding in a groove (7). Tube holes (8) enable the connection of the blade
to a suction pump.
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4.3.2.2 Modeling expansion & bearing forces

The expansion forces were modeled for these kinematics, to determine the feasibility of the
approach with respect to the task of expanding an implant.

m
g
o

-
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b 2

Figure 26 Mechanical model of one applicator arm and X-kinematics. a) Illustration of one applicator
arm in the CAD model and designation of joints b) Simplified model representing mechanics
of X-kinematics and respective joints.

The maximum force per hydraulic entity was calculated by equation (11).

One applicator arm suspension was modeled (see Figure 26) by reducing the expansion

hydraulics to the bearing points and externally exerted forces. A and C are loose, and B and D

are fixed joints, facing each other respectively and being X-wise connected by struts of length
AD _ CB

L= =5 F,.p, represents the force acting on the applicator blade at the implant mount

position during dilatation , which is located in distance BF from bearing B. AB describes the
distance between the fixed joint B and the floating bearing A. While the length of section BF
remains constant, length AB is shortened during the expansion process (AB = max for
unexpanded applicator, AB = min for maximally expanded applicator). ¢ describes the angle
between the strut and the axis running through the joint, orthogonally to the stroke direction.
The angle ¢ is maximal, when the applicator is not expanded and vice versa minimal, if the
scissor joint is maximally expanded. The angular range of ¢ is measured in the CAD model for
both expansion stages.

For the first hydraulic cylinder (1% expansion state) ¢, runs between ¢, = [39.6°,77.4°].
For the second hydraulic cylinder (2" expansion state) ¢, runs between ¢, = [ 15.9°,39.6°].

Complementary to this, leverage effects and respectively occurring bearing forces in A were
assessed to evaluate the suitability of the implant mounting position.
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For the calculations of this chapter, the weight force, as well as dynamic effects of acceleration
and inertia were neglected with respect to the low mass and velocities of motion. As the oral
and aboral hydraulic units had identical dimensions, with arms symmetrically arranged around
the circumference and identical bearings, it was assumed that the resulting hydraulic force is
equally distributed on all four applicator arms. Thus, modeling was performed on a single
applicator blade unit and transferred to the remaining arms thereafter. In the mechanical model,
it was assumed that the actuating hydraulic force Fryqr results in a well aligned elevation of the
joint points A and B and that the expansion force Fexp acts perfectly perpendicular to the stroke
direction of the expansion hydraulics. Friction forces between the gliding partners in the
expansion hydraulics were neglected.

4.3.3 Design and test method: Anastomosis formation unit of final applicator
prototype

To form the anastomosis, the applicator must approximate the two bowel endings and allow to
apply forces high enough, to pierce through the compressed tissue layers and connect the
mounted implant halves.

Therefore, another hydraulic entity was designed. To assess whether this approach is feasible
to realize the required forces [5], which were determined in the preliminary biomechanical
investigations, the capacity of the hydraulic closing unit was modeled and calculated.

Modeling the closing process, it was assumed that forces of equal magnitude apply on each of
the four arms, acting along the joint axis AB. As the arms are symmetrically arranged on the
applicator, it was assumed that the hydraulic force is also distributed uniformly over all arms,
respectively contact points. Friction forces between the gliding partners in the closing unit
hydraulics were neglected.

.
Faxial hyd

Oral entity

—* Faxial hydr 5 Z * Felosure

4 Aboral entity

Figure 27 Model of the implant closing forces applied by the final applicator.
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Results

5.1 Biological and mechanical characterization of colon tissue: Derivations
for an endoscopic applicator closure unit

In the following, the results of the biomechanical investigations are described. One aspect was,
to determine the influence of piercing trajectory velocity and acceleration.

For the three different velocities v= 5, 10, 15 mms~! and accelerations a= 5, 10, 15 mms™2
investigated, the original assumption according to F = m*a and F&t = m*&v was that higher
forces occur at higher velocities and accelerations. This in turn would lead to stricter stability
requirements, for mechanisms with increased closure velocity/acceleration. Thus, H, postulated
that there is no difference in occurring insertion forces for groups vy, v,, v3, a4, a, and az. Hy
was approved with a p-value, of 0.513 and a p- valuey, of 0.236, which means that there was
no significant variation in piercing forces observed with respect to the assessed velocity and
acceleration groups.

As suction forces established to be a valuable tool to grab and tract tissue [71], the influence of
the way how tissue is attached to the applicator was investigated. Thus, the suction channel
outlet surfaces were arranged in three different design configurations, to stretch tissue across
the spike openings in different ways. It was assumed that with increasing the specimen tension
of spanned tissue, the indentation of the specimen can be reduced, allowing to puncture the
colonic tissue in the compression zone. Based on the available literature it was further assumed
that an increased surface tension would lead to an increase in piercing force [90, 91]. The second
H, was therefore: There is no difference in occurring insertion forces depending on the
arrangement of fixation points (different vacuum configurations used). The ANOVA test
revealed a p-value, of 0.501 and the KRUSKAL-WALLIS test a p- valuegy, of 0.845, which
means that among the groups compared, the fixation point arrangement did not show a
statistically significant effect on the forces required to pierce the tissue.

Finally, increasing the amount of spikes, a more secure fixation of tissue in the compression
zone can be achieved and the holding forces between implant halves can be increased. At the
same time it was assumed that this would lead to increased piercing forces. The third H, was:
There is no difference in occurring insertion forces depending on the amount of spikes (4, 8, 12
spikes). With p- values, ky of < 2e-16 for ANOVA and the KRUSKAL-WALLIS test, this

hypothesis was rejected with respect to a4k, =0.01667. The results showed a statistically

significant increase in piercing forces with an increasing number of tips. Average forces of
about 6.4+ 1.5N,13.6 £+ 1.4 N, 21.7 £ 5.8 N for 4, 8, 12 tips were measured.[5]

The 5th and 95th percentiles of the sample diameters were deduced to be in a range between
24.1 mm to 40.1 mm (n=540 samples) and the 5th and 95th percentiles of tissue thickness of
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two layers, as compressed between the implant halves, were in a range between 2.8 mm to
4.8 mm (n =270 sample pairs). [5]

5.2 Results of task specific solutions to enable endoluminal manipulation

5.2.1 Results: Grasping/ inversion of colonic margins and patient adaptation
(Theses b, ¢)

5.2.1.1 Expansion of colon without adjusting the suction channels to the bowel wall

Prototype 1 (balloon expansion): Figure 28 displays the deflated and expanded balloon
covered with tissue. In the inflated configuration three regions were identified (see Figure 28 b).
In area 1, the maximum diameter of the balloon in expanded state can be observed. The bowel
was stretched and followed the geometry of the expanding device. In area 2, the bowel detached
from the balloon, but folded towards the lumen center anyway. In region 3, the contraction
dissolved. At the lowest point, tissue was hanging downward, as expansion of the intestine did
not cause sufficient inversion to adjust the colon to the suction surfaces along the entire
applicator circumference.

Figure 28 Images showing the results gained by balloon expansion, to assess the concept of expanding
the colon to invert bowel margins without adjusting the suction outlets towards the wall. While
image a) shows the situation with the deflated balloon, image b) corresponds to the expanded
situation. In the inflated configuration, three regions are identified. In area (1), the balloon is
maximally expanded. The bowel is stretched and follows the geometry of the balloon. In area
(2) the bowel is detached from the balloon, but still folds towards the lumen center. In region
(3) the contraction dissolves. At the lowest point, tissue is hanging downward (4), as expansion
of the intestine does not cause sufficient inversion to adjust the colon to the suction surfaces
along the entire applicator circumference.

Although the desired effect of shaping the bowel by expansion was achieved, some negative
aspects were noticed. First, and although the balloon expanded uniformly, the bowel margins
could not be turned sufficiently towards the center, so that no stable suction force and no reliable
connection to the applicator was established. This holds specifically true for the tissue at the
lowest point of the balloon (lower border), for which the expansion of the intestine did not cause
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sufficient inverting force to overcome gravity. When the margins were adjusted to the frontal
face manually, the excess of tissue still led to significant folding and protrusions, resulting in
an heterogeneous coverage of the implant by tissue (see Figure 29).

5.2.1.2 Expansion of colon by adjusting the suction channels to the bowel wall

Design of a platform expansion unit to support implant scaling (Thesis c):

In comparison to the latter prototype, expanding the vacuum channel outlets towards the
intestinal wall allowed to fully cover open spaces with tissue, establish stable suction and
adherence, and to reliably grab and manipulate the bowel (balloon and hydraulics) (see Figure
29). It was most efficient in avoiding folding and protrusions of the tissue in the implant
compression zone to reduce the risk of anastomosis leakage.

Figure 29 The illustration shows the results gained by expanding colon without adjusting the suction
channels to the bowel wall (imaage a) ) vs. expanding colon by adjusting the channels to the
wall (balloon and hydraulics) (image b) ). While large protrusions (1) occur in the first approach,
the second approach allows to fully cover open spaces with tissue (2), establish stable suction
and adherence, and to reliably grab and manipulate the bowel.

For the applicator arm expansion mechanism, both approaches (balloon and hydraulics)
allowed isolation of the force application to the applicator end-effector unit. With respect to the
future integration of the unit into endoscopic devices, this holds the potential to avoid power
losses along transmission paths.

Prototype 1 (Balloon mediated expansion mechanism): The filling volume of the balloon
allowed to determine the degree of expansion, which is required to enable congruent dilatation
of two units. However, this was less accurate than a fixed end stop, as the balloon’s material
flexibility also allowed over-expansion beyond the targeted diameter. The flexibility of the
balloon further restricted the maximum transmissible forces to expand an implant, and showed
susceptibility to a varying elasticity of the colon, resulting in expansion irregularities.

Prototype 2 (Hydraulic unit with springs): For the hydraulically driven unit the expansion
was controlled and distinctively constrained by the maximum hub. Hydraulic actuation allowed
to lock the expansion stages and to completely collapse the expanded configuration after
dilatation.
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However, operating the hydraulic unit in an inverted mode, i.e. expanding the applicator by
drawing negative pressure, reduced efficiency of the unit. Integrated springs, which were
maximally tensioned in minimized applicator head configuration, supported to smoothen the
expansion process, but increased the forces required for collapsing the system.

The integration of vent valves allowed to significantly enhance the efficiency of the
hydraulically actuated prototype [80], which allowed smooth and reproducible actuation and
retraction of the piston to collapse expanded configuration. They were tight up to a pressure of
3 bar.

5.2.2 Results: Applicator integrated implant closing unit (Thesis d)

5.2.2.1 Actuation via a precompressed spring vs. hydraulics

By actuating the mechanism, the implants were advanced with the spikes penetrating the tissue.
Subsequently and with completion of closure, the spikes were sunk into the receiving
counterpart on the oral applicator unit. The success of closure and a complete penetration of
spikes was visually verified.

W T S——  —

Figure 30 Experimental evaluation of force application mechanisms to close the implant. Left column:
Hydraulic implant closure mechanism, Right: Spring based implant closure mechanism. a) &
b) The applicator prototypes with mounted implant dummies (black marked spikes) are shown.
c) & d) One colon sample each is pulled over the implant halves. e) & f) The pierced colon
samples are pulled back to control entire immersion of the piercing bodies in the receiving
implant half.

The spring and hydraulic based mechanisms were able to apply closure forces of:

N
FPTototype — 47 (15.8 mm — 8.1 mm) = 36.2 N
mm

spring
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rototype
FY aronntiee = 0.2

Mydrasics = 02 — * 1460 mm* = 29.2 N

Both mechanisms, allowed to successfully pierce through two layers of colon tissue (see Figure
30).

5.2.2.2 Snap connection of applicator units

For the closing forces of the snap connector a mean value of Fg 7" osre= 15.2 £ 1.0 N, and
holding forces of Fp a5 ho1aing= 43.6 £ 3.9 N were measured.

5.2.3 Results: Endoscopic implant detachment using electromagnets (Thesis e)

Implant detachment

The use of electromagnets in endoscopic procedures, to deliver implants to defects within the
abdominal cavity or bowel, was investigated with respect to its feasibility (size, power) for
integration into novel platforms. The implant dummy halves were connected while being
mounted to the applicator. The oral and aboral implant halves were subsequently decoupled
from the applicator by consecutively actuating the electromagnets with a pulsed current,
resulting in a magnetic repulsion force. The detachment of the closed implant from the oral and
the aboral applicator units was reproducibly successful.

Electromagnetic heating assessment

Special concern was given to the resistance-based heating of the coils.

Impulses - Temperature development for pulsed coil powering: The development of the
absolute coil temperature (Figure 31) was evaluated with respect to the number of impulses. A
continuous increase in coil temperature with increasing number of pulses was observed.
Temperature recording time step x = 0 corresponded to the initial coil temperature (Ty = Tin;t),
which was either room (T}%5,,, =22.9 + 0.5°C) or body temperature (ngdy =37.01£0.0°C).
Temperature measurements (T, ) were repeated every 4 seconds, thus after 1, 5,9, 13, 17, 21 s.
Furthermore, the maximum coil temperatures (T; = T,,4,) reached with a certain time delay

(~2 s) after switching off the coils were recorded. Averaged over all 5 trials per single set, coils

1s

heated up to a maximum temperature of Tpax,., .

= 28.4 £+ 0.8°C starting from room

1s
aXpod

temperature (Tyoom ), and of T, y:41.6 + 0.1°C for starting at body temperature (Tpoqy )-



47

& RT: Power: 6*1 [s]: Pause: 3 [s] o BT: Power: 6*1 [s]; Pause 3 [s]
T T T T T T T T | T T T T T T T T
I O Mean v;llucl I O Mean v;nlucl
45 45
40 40 " e
4-}"'?-’“
o—60——0 e -
35 35
&30 - S0t
w 2 o
5 ’ 5
25| - Z 25
5 | S 5
520 5 20
- =
15 15
10 10
5 5
0 R : 0 NEEPRY, \
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Temperature recording time step Temperature recording time step

Figure 31 lllustration of electromagnetic coil temperature evolvement with respect to an increasing
number of implant detachment cycles (= power supply impulses). Measurements at eight time-
steps (Txefo;7)) Were performed: initial coil temperature (T,), temperature after each of 6 pulses,
and the maximum coil temperature reached after a time delay of ~2 s (T, = Ty,,4,) (time steps
for measurements Ty¢[o,; # time steps to measurement T,). For each protocol, n =5 trials

were performed. Magenta circles and linking line indicate mean values of all measurement
sets at temperature recording time x. Left: starting from room temperature T,y =
22.9 +£0.5°C, right: starting from body temperature Tj,4, =37.010.0°C.

Continuous operation — Measurement of powering duration and maximum temperature: To
derive permanent operation related effects (such as for proper traction of tissue portions and
clear exposure of dissection site), the admissible duration of power supply to rise the coil
temperature by 1.0°C (starting from the body temperature (Tpo4, = 37.0°C)) was assessed. A
mean operation duration of 8123.6 +1427.6 ms was measured to heat up the coils by 1°C,

while a mean maximum final temperature of Tmaxg‘;’;’;”"”s =44.1 +1.5°C was determined over

all test cycles n = 10.

Thermal shielding: The results from the heating assessment were used to calculate the required
isolation width of a heat shielding encapsulation. Therefore, the admissible inner and outer wall
temperatures had to be defined. With respect to safety-critical dimensioning, the maximum

mean measured coil temperature Tmang)’;’;"ousz44.l +1.5°C was rounded up to

Tinner wau =~46.0°C. The admissible outer wall temperature of the application device was set
to Tyyuter wan = ~37.0°C (to obviate tissue damage also in case of direct applicator wall
contact).
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During heat transfer through a wall, different phenomena, namely convection, radiation and
conduction, occur [92]. For a first approximation, the problem was simplified assuming direct
contact between coil and encapsulation wall. Convection, radiation, and interfacial heat transfer
phenomena were neglected for the time being. Furthermore, the polymer wall was assumed to
be isotropic with respect to heat conduction properties. A current-carrying conductor, supplied
by a continuously uniform energy, reaches a state of equilibrium at an elevated temperature, in
which the heat transfer rate (Q) corresponds to the electrical power (P,;) absorbed [equation
V]. Although the maximum temperature was measured directly after the coil had been
deactivated, thus P, being 0 W, an enduring, continuous power of Py = 3 [A] * 24 [V] at
46.0°C was assumed for the calculations. This approach was chosen to avoid under
dimensioning of the heat shielding entity. Furthermore Q was assumed to be steady. By using
the equation for heat transfer through a cylindrical wall [equation VI] [93] derived from
Fourier’s heat equation [equation V] [93], a required wall thickness Ar =1, —r; was
calculated, with Q representing the amount of heat transferred over a certain time, A being the

cross-sectional area and k the material specific conductivity, with k € [0.1%; 0.5 %] for
most polymers [93]. For the calculations, the upper limit value for safety reasons k = 0.5 %

was used. L is the cylinder length active for heat conduction with L =15.0 mm, AT the

temperature gradient over wall thickness with T; =46.0°C and T, = 37.0°C,

6.4 [mm]+0.3 [mm]*6
2

a wire diameter of 0.3 mm) and r, the outer encapsulation wall radius. Inserting all variables
into the equations yields:

r = = 4.1 [mm] the outer coil radius (including 3 layers of windings with

(IV):Qzﬁz—k*AQ*i—:z —Z*km"Li—:

0 - dr =—2knL [,* dT
Q * (In(ry) — In(ry)) = —2knlL (T, — Ty)

(V): Q=Py=Uxl

_ 2kmL (T]_ —Tz)

InG)

(V1): P = Q

Solving for r, led to the following equation and a required shielding wall thickness of
0.024 mm.

2knl (T1—Ty) 2*0-5[%]*n*15[mm]*(9.0 KD
r,=rx*xe Pe =41 [mm]* e 24 [V]+3[A] =

4.1 [mm] * €589*107° = 4,124 [mm]

Ar =1y, —r; =4.124 [mm] — 4.1 [mm] = 0.024 [mm]
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5.2.4 Resumé

The following findings emerged from the research for suitable mechanisms to realize basic, key
tasks of endoluminal manipulation (see Table 1). The most promising solutions were applied
to the development of a novel patient-adaptable, single-use, endoscopic device to allow the

creation of inverting end-to-end anastomosis.

Thesis

Result

Characterization of the biological environment
with respect to procedure related tasks:

e How powerful needs the manipulator to be, to
allow for closing a bowel piercing anastomosis
implant?

Piercing colon tissue with implants of 4, 8, 12
spikes required average forces of about 6.4 + 1.5
N, 13.6 + 1.4 N, 21.7 + 5.8 N. Thus, a minimum
force of 28 N should be feasible.

e Looking at the required piercing forces, which
design parameters influence the implant closing
process?

Among the groups compared within the scope of
this work, the variations in piercing velocities v
=5, 10, 15 mms~?! and accelerations of a = 5,
10, 15 mms~2 did not show a statistically
significant difference in piercing forces.
Between the groups compared within the scope
of this work, there was no statistically significant
difference of piercing forces observed with
respect to variations in the fixation point
arrangement.

The piercing forces increased statistically
significantly with increasing number of implant
spikes.

e  Which order of magnitude should be considered
for the development of the endoscopic system
components?

The outer device diameter should cover a range
between 24.1 mm to 40.1 mm.

The implant compression gap should cover a
range between 2.8 mm to 4.8 mm.

Finding a mechanism to endoluminally grab,
manipulate and to adjust colon edges in an inverted
manner:

Using suction forces allowed to reliably grab and
manipulate bowel.

Adjusting vacuum channel outlets, integrated
into the implant mounts of the applicator,
towards the intestinal wall, allowed to invert,
and grab tissue margins, by covering air channel
outlets with the bowel wall.
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Finding a mechanism to adjust the manipulator
platform to a patient individual lumen diameter
considering the following features:

e Apply radial forces at the endoscope tip to
support implant scaling

e Allow congruent expansion of both applicator
units

e Enable a complete and controlled collapse after
implant delivery

Hydraulic units allowed consistent behavior in
terms of force application for arbitrary shaft
lengths and shapes, as well as controlled and
distinctively ~ constrained  actuation  and
expansion by limiting the maximum hub.
Hydraulics were less susceptible to local
variations in tissue compliance (affecting the
expansion behavior of the intestine), than the
balloon based expansion mechanisms.

The integration of bleeding valves into the
hydraulic  units, fabricated by additive
manufacturing, allowed to avoid air related
disturbance of operation (smoother and
enhanced actuation and retraction reponse).

e Ensure parallel orientation of the implant
compression faces and equivalent distance
between implant halves in unexpanded state, and
for both expansion configurations

Assembling applicator arms by scissor joints to
the hydraulics, allowed to realize parallel
orientation of the mounted implant compression
faces and to maintain a fixed distance between
the implant halves for both expansion states.

Finding a mechanism to close an implant
considering the following features:

e Enable the application of forces at the
endoscope tip to pierce tissue

Hydraulics and spring based approaches, both
allowed to successfully pierce through two
layers of colon tissue and close a dummy
implant with twelve spikes

Hydraulics allowed more distinctive control and
application of axial forces during the closing
process, encouraging the use of an implant with
a compression gap that is adjustable to the
patient specific tissue thickness.

e Ensure axial congruence of the implant halves

A snap connection between the oral and aboral
endoscopic applicator units can be a space and
force saving mechanism to freeze relative
orientation to one another and support axial
congruence during the implant closure process.

Finding a power-efficient mechanism to detach an
implant from the manipulator:

The integration of electromagnets into an
endoscopic anastomosis device allowed to
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reproducibly detach an implant from the oral and
the aboral applicator units.

e Risk assessment revealed that heating effects
related to continuous and pulsed operation
scenarios may be shielded effectively by
polymeric isolation to avoid tissue damage.

Table 1 The table summarizes the findings focusing on the realization of basic key issues of endoluminal
manipulation, related to the task of endoscopically anastomosing two colon endings.

5.3 Design of a scalable, single-use endoscopic device for the creation of
inverting, end-to-end anastomoses
A concept for a 3D-printed endoscopic, scalable end-to-end anastomosis device was derived,

prototypically realized and mechanically evaluated with respect to relevant tasks of endoscopic
anastomosis formation (see Figure 32). The prototype is illustrated in Figure 33.

Figure 32 Schematics of the final concept of a single-use, scalable, endoscopic anastomosis applicator
unit for single-side access, inserted in the bowel (1). The system comprises an oral and an
aboral applicator unit (2) with mounted implants (3) and can adopt three size configurations.



52

Figure 33 a) lllustration of the final prototype mounted onto an endoscope. An overtube (1) was
manufactured from SLS (which is not further specified within the scope of this thesis). The
applicator head (2) and implant (3) were manufactured from SLA. b) lllustration of the final
prototype within a colon model.

In the following, device specifications are explained in detail with reference to the respective
procedure tasks.

o
Applicator
collapse &
retraction

2.

Navigation to
anastomosis
site

3.
8. Positioning
Implant within
closure oral/aboral
lamen

7
Snap fit 4. :
closure Expansion

6. 5.
Approximation
of bowel
endings

Inversion of
bowel endings

Figure 34 Diagram of the endoscopic anastomosis procedure.

The anastomosis device was designed to be inserted transanally (see Figure 34 procedure
step 1), navigated to the anastomotic site (see Figure 34 procedure step 2) and be positioned
within the oral and aboral bowel lumina (see Figure 34 procedure step 3). The system comprised
two units that can move independently of each other. The components were realized according
to an over-the-tube design, to fit on a 11 mm diameter measuring shaft, so it can be used with
conventional gastroscopes and small size colonoscopes. While the aboral entity had to provide
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linkage to the handling unit (i.e. by an overtube) and be axially movable with respect to the
endoscope, the oral applicator head was fixed to the shaft just below the steerable tip. Choosing
this position, any restriction of the endoscope tip range of motion, which determines unhindered
navigation through the colon [94], had to be avoided. Fixation of the oral component to the
endoscope was realized by the friction-locked mechanism (Figure 35), which was profoundly
assessed in chapter 4.3.1.1 Fixation of oral applicator unit to the endoscope. A mechanical
snap connection interface, locking against rotation and axial displacement, was used to attach
the hydraulic cylinder unit of expansion stage 1 to the fixation screw cap (see Figure 35).

Figure 35 Friction-based fixation (1) of the oral applicator head to the endoscope shaft by using eight
cantilevers symmetrically arranged around the circumference. The cap converges conically
on the inside and by locking the thread connection (2) between core and compression cap,
the cantilevers bend to the center (3) acting with a clamping force radially on the endoscope
(4). The oral expansion hydraulics are assembled to the cap via a snap fit connection (5).

The expansion units were the core elements of the device. They had to congruently expand the
two implant halves, from their collapsed minimal diameter (during navigation), to a larger
diameter at the anastomotic site. To address a range of variations in patient individual colon
lumen diameters, the mechanism was supposed to provide three different configurations
(unexpanded state, expansion state 1 and expansion state 2). Precise actuation independently of
the endoscope shaft shape was an essential requirement, to use the device at arbitrary points
within the colon. Thus, the applicator units were designed as single-acting, double telescopic
hydraulics (see Figure 36) with two cylinder shells being nested inside each other. While the
first stage of expansion was supplied via the cylinder base, the feed line to the second stage was
routed through its respective piston to maintain tightness of the first expansion unit.
Polyurethane hoses (Polyurethan tube, mm, 10 bar, 50 m Rolle ESSKA.de GmbH, Hamburg,
Germany) with an inner-@ of 2 mm, an outer-@ of 3 mm and a maximum operating pressure of
10 bar [95] were used as hydraulic supply lines. For the first expansion stage, the green cylinder
was actuated, and for the second stage the beige piston was levered (see Figure 36).
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Figure 36 a) Longitudinal cut through the oral expansion unit, which comprises two hydraulic cylinders
and pistons. Actuating the hydraulic pistons (1, 2) pushes the joint (3) upwards and allows to
expand the applicator arm. b) lllustration of the oral two-stage telescope hydraulics in
expanded configuration.

The applicator blades with integrated air channels were assembled to the hydraulic units by
means of scissor joints. They carried the rigid segments of the implant. By this means, the
orientation, the angulation and the distance between implant compression faces remained
constant for unexpanded state and all expansion configurations (see Figure 37).

Legend:
=, = parallel orientation
[n  equivalent distance

Figure 37 X-kinematics attaching applicator arms to the hydraulics to ensure parallel orientation of the
mounted implant compression faces and maintain a fixed distance between the implant halves
for all size configurations. a) Unexpanded device, b) Expanded applicator.

This feature was furthermore implemented to expand the applicator arms to the bowel wall and
tension, invert and fold the tissue over the implant to the suction channel outlets (see Figure 34
procedure step 4 & 5).

End stops were integrated into the hydraulic cylinders to ensure a controlled and congruent
maximum expansion for both configurations, as well as to prevent the gliding bodies from
slipping out of the respective cylinder shells. Therefore, the expansion cylinders and piston
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were engaged by a pin running in a meander-shaped groove, which consisted of alternating
vertical and horizontal sections (see Figure 38). While the vertical sections provided guidance
during relative axial displacement and prevented from rotation between the hydraulic elements,
the horizontal sections limited the maximum displacement, which was 4.2 mm for the first
expansion state and 4.5 mm for the second state (total displacement of the expansion hydraulics:
8.7 mm). The expansion states had to be actuated in the correct sequence (15¢ stage: cylinder
into cylinder; 2™ stage: piston into cylinder), and had to be retracted vice versa.

m M

Figure 38 lllustration of the axially running nose-groove (1, 3) pairing between hydraulic cylinder and
piston to avoid rotation. Horizontal segments (2, 4) of the grooves serve as end stops limiting
the maximum hub and thus maximum expansion. a) lllustration of engaged nose-groove
guidance of the hydraulic cylinder and piston of expansion state 1, and b) lllustration of
engaged nose-groove guidance of the hydraulic cylinder and piston of expansion state 2.

In order to enable smooth and accurate actuation, as well as to provide the possibility to collapse
the expanded applicator head after the implant has been delivered, bleeding valves were
integrated into all hydraulic units via a core hole with a diameter of 1.6 mm. A M2 thread was
cut into the socket and sealing was achieved by means of an O-ring (1.5 x 1 mm, NBR, 70A)
(Landefeld Druckluft & Hydraulik Gmbh, Kassel, Germany), which was pressed against the
flange by screwing in a flat head screw (M2 x 5 mm, stainless steel).

To approach the two lumen endings and form the anastomosis, the oral and aboral applicator
units are brought together, by pulling the endoscope back and pushing the overtube forward
(see Figure 34 procedure step 3 and step 6). The connecting element (see Figure 40) described
in chapter 4.2.2.3 Snap connector for axial congruence of applicator units was integrated into
the applicator units and closed (see Figure 34 procedure step 7) to ensure axial congruence
between the entities during implant closure. The male part, integrated into the aboral applicator
entity, served as an end stop for the actuation of another hydraulic unit, that was used to pierce
the tissue and close the implant (see Figure 34 procedure step 8). To the piston of this hydraulic
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closing unit, the cylinder bottom of the aboral expansion unit 1 (blue cylinder in Figure 39) was
fixed by means of a mechanical snap connection interface. The connector was designed to lock
against rotation and axial displacement.

Figure 39 Hydraulic unit of the aboral applicator head used to close an implant, comprising a cylinder
(1) and a piston (2). The unitis dimensioned to transmit an axial force of 93.5 N with a pressure
of 2 bar to lift (3) the piston. a) Cylinder and piston of hydraulic closing unit, with attached
cantilevers, to connect the expansion hydraulics of the aboral applicator unit. b) lllustration of
the hydraulic closing unit attached to the cylinder of expansion stage 1 and c) axial cut through
the configuration.

A puzzle clip was positioned at the bottom of the axial hydraulic cylinder (in orientation to a
system developed by Dr. Daniel Roppenecker [96]), to enable modular connection to an
overtube handling unit.

Figure 40 lllustration of the snap fit closure between oral and aboral applicator heads to achieve axial
alignment between the implant’s coupling elements. Illustration a) shows the open, and b) the
closed conncetion. The male connector part is attached to the aboral applicator unit (1) and
the female, receiving unit (2) is part of the oral applicator. The implant is mounted on the
applicator blade by a form-fit interface (3).

Despite the promising results observed for implant detachment by means of electromagnets,
this approach was not integrated in the present applicator concept. Instead, a form-fit connection
between applicator blade and implant was designed to decouple by collapsing the expansion
unit after anastomosis formation (see Figure 34 procedure step 9). Adjacent to the vacuum
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channels, a carrier was positioned projecting radially to the outwards, that engaged into a pocket
in each of the implant closing segments (see Figure 25).

Manufacturing: The assembly parts of the applicator were manufactured using Formlabs'
stereolithographic process. Thin-walled hydraulic components were printed with Rigid4000,
which is especially characterized by its smooth, polished finish, stiffness, and strength. It is
recommended for general load-bearing applications [97]. Compliant structures, such as snap
connections (i.e. the connector between applicator units to ensure axial congruence, the
connecting element between hydraulic cylinders and the fixation cap (oral) or the connecting
element between the hydraulic expansion cylinder and the hydraulic implant closing unit
(aboral)) etc. were manufactured from Tough1500 and components with particularly critical
accuracy requirements (e.g. threads) with Standard Resins. The gliding partners of the
applicator arms (blade and slide) were printed with the Formlabs Standard White Resin, due to
its favorable surface finish and gliding properties [75]. The connecting struts were printed from
Tough1500 to reduce the risk of breakage of the filigree pins [86]. All components were printed
with the highest accuracy possible using 50 um layer thickness. For any cylinder, the vertical
axis was arranged orthogonal to the building platform, keeping functional surfaces free of
support structures. Eyelets, bore holes and openings were manually rinsed after washing and,
if necessary, reamed. In the final step, the components were post-hardened [98, 99].

5.4 Results of mechanical assessment

5.4.1 Results: Handling concept of final applicator prototype

5.4.1.1 Friction based fixation of oral applicator unit to the endoscope

The design of the fixation cap allowed to attach the oral applicator unit to the endoscope. The

cap did not slip in any of the tests. Instead, the suture material failed first (plastic

deformation/tearing). Thus, a minimum mean measured attachment force over all samples of
et = 54.8 + 2.0 N was determined.

oral fixation

5.4.1.2 Grasping tissue using suction

Each applicator blade comprised two vacuum channels, which were connected to a suction
pump (Medela Basic suction pump, Medela Medizintechnik GmbH & Co. Handels KG,
Dietersheim, Deutschland). The holding forces realizable by the suction mechanism were
calculated. The total suction surface of every applicator blade on the oral side was 5.7 mm?
and on the aboral side 5.4 mm?, with pg,.tion = - 80 kPa (rel. to atm). The force was related
to the pressure and respective surface area,

(VI I): Egrasp = Psuction * Asuction
resulting in a grasping force per blade of

N
Foral blade _ 0.08
grasp mm?2

* 5.7mm? =0.5N and
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N
Faboral blade _ 0.08
grasp mm?2

* 54mm?=0.4N

and per applicator head (with four blades) of 2.0 N and 1.6 N respectively.

5.4.2 Results: Patient adaptation of final applicator prototype

5.4.2.1 Modeling expansion forces

The expansion forces for the developed hydraulic units were modeled in order to determine the
feasible forces for an implant expansion and to evaluate the suitability of the scissor kinematics
for this application. Furthermore, it allowed to derive design specifications for the implant
expansion mechanism. The aboral and oral expansion units were designed and dimensioned
identically, which is why results were transferred from one unit to the other. For the hydraulic
piston of the first expansion state, pressure acts on a surface of 340.1 mm? and for the second
piston on a surface of 237.5 mm?2. A syringe pressure of 2 bar was measured with the Olympus
MAJ-1381 (Olympus MaxPass Inflation Device, Single Use, MAJ-1381, Olympus, Tokyo,
Japan). The actuation force F of an hydraulic unit results from the multiplication of the
hydraulic medium pressure p acting on the surface area A (F = p = A) [100].

This resulted in total “expansion (exp) hydraulics (hydr)” actuation forces for both cylinder

stage z

units of F;;g;,a,{ydr (stage z=1 or stage z=2). These were identical for the oral and aboral
applicator heads, due to the symmetrical design.

total  Stagel _ stage1l __ N 2

Fexp hydr = Dhydraulics * Aexp hydr = 0.2 —* 340.1 mm*< =68.0 N
total  Stage2 _ stage2 __ N 2

Fexp hydr = DPhyarautics * Aexp hyar = 0-2 —* 237.5mm* =475N

A hydraulic force of 68.0 N was derived for the first cylinder, and a force of 47.5 N for the
second cylinder.

For the first hydraulic cylinder (1% expansion state) the angle ¢, ran between
@, = [39.6° 77.4°).

For the second hydraulic cylinder (2" expansion state) ¢, ran between ¢, = [15.9°,39.6°].

In the following image all bearing and externally acting forces are illustrated. Fixed bearings
transmit forces in x- and y- direction, while floating bearings only transmit forces perpendicular
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to the free movement direction. The applicator arm was divided into three subunits (see Figure
41), for which forces and momentum equilibria were established.

Figure 41 lllustration of all bearing and externally acting forces. The system is composed of three parts:
strut 1, strut 2 and the blade, for which force and momentum equilibria are defined.
Furthermore, the opening direction of the joint angle is indicated by ¢.

Fpyqr Was given and F,,, was sought. The equation system was solved by means of the forces

and moment equilibria.

“Blade”
(VIID: > Y F, =0; Fp,_ =0
(IX): 1Y Fyy = 0; Fp, + Fy, — Foxp =0 ¢ Foyy = Fp, + Fp,,
(X): OSZM;," =0; Fy * (BF + AB) + Fp,, *BF =0
_ AB
« FBy_ - FAy *(1+ ﬁ)
“Strut 17

(XD): _)ZFi,x:O; FBx+ FEx_ Fryar =0 (_)FEx:thdr
(XID: T X Fyy =0; —Fg, + Fg, + Fc, =0 & Fg, = Fp + F¢,,
XTH): OZMLZC=0; —FEysingoL—FExcos<pL+FBy23in<pL=O

thdr

— Fp =2F5 —
Ey By tan ¢
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“Strut 2”

XIV): > X Fx=0;Fp, — Fg, =0 & Fg = Fp, = Fpyar

(XV) TZFi'y=0; FDy_FE _FAy =O<_)FDy=FEy+FAy

y

XVI): O ZMLZD =0; —Fg,sing L+ Fg, cospL—F; 2singL =0

The expressions for Fg ywere equated: (XI11) = (XVI)

Frpyar _ Fhyar
2F, — 2= =27 _9F
By tan ¢ tan ¢ Ay

Finally, equation (1X) was substituted into this transformed term, giving an expression for the
expansion force F,,,.

Fryar
F =F F, = -2
exp By + Ay tan ¢

The expansion force F,,,, was a function of the hydraulic actuation force (for expansion stage

1: Fet,‘c’z‘;a,fydrsmgel or stage 2: Fet,‘c’;a,fydrswge ?) and the changing dilatation angle ¢ (with

Qinitiax TOr minimal expansion and ¢, 4 for maximal expansion of the respective hydraulic
units 1 and 2).

According to the simplifications, the hydraulic actuation force distributed on one applicator arm
corresponded to one fourth of the total hydraulic force of the cylinder unit

( arm

total
exp hydr F

_ 1
- Z* exphydr)'

For the hydraulic expansion stage 1 the realized force of one arm to expand the implant
initial/endStage 1

(Foxp ) was calculated for the initial joint angle (Fei;gtia’smge Y Pinitict=T74°))

and the final joint angle (FE24*"*9° * (¢9,,,4=36.9°)) by:

1 _total Stage1
. initial/endStage 1 _ _ 2 Pexp hyadr
(XV' |) Fexp - FBy + FAy - t stage 1
an(QPinitial/end)

For the hydraulic expansion stage 2 the realized force of one arm to expand the implant

stage 2 e e .. ... .stage 2
piitial/end was calculated for the initial joint angle (Finitiat®*%9 oo =36.9°
exp exp Pinitial
. t 2 ..
and the final (FE22" ¢ % (¢ ,nq=15.9°)) joint angle by:
1 total StageZ
. pinitial/endStage 2 2*Fexp nydr
(XVII: E2 =Fp +F, = e
exp Y Y tan((pfn?fiil/end)

The initial and final expansion forces are given for both expansion stages in the following table.
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Fetp ' [N] FErN]
t 1 o o
Piniviatsena = 177:4°,39.6°] 38 20.5
t 2 o o
fn&?(fl/end = [396 ,159 ] 14.4 41.7

Table 2 Indication of realizable expansion forces for the initial and final joint angle ¢ of the applicator
arm X-joint, for expansion stage 1 and expansion stage 2.

5.4.2.2 Modeling bearing forces

The suitability of the implant mounting position was assessed by determining the resulting
leverage effects on the applicator arm. For this purpose the bearing forces in A were calculated
by means of a momentum equilibrium around joint B at the blade.

(XIX): G X M;,® =0; Fy, * AB + Fopp * BF = 0

BF

While the distance BF remained constant, the distance AB was shortened with increasing

degree of expansion. Thus, AB can be expressed as a function of ¢.

An axis through the hinge point E, running orthogonal to the endoscope, exactly bisected the
distance between the joints A and B (4B). With this condition, the following relationship was

derived to describe the distance AB, depending on the changing angle ¢:
(XX): AB = 2sing L

Inserting equation (XX) into equation (X1X), and using the results from Table 2 for the
expansion forces (calculated with (XVI1) and (XVIII)), the following relationship for the

Finitial/end stage 1
Ay

bearing force in A ( ) was derived for expansion hydraulics stage 1 for the

initial joint angle (Fimtial ™™ % (¢, ...1=77.4%)) and the final (FE24°“%° ! (9,,,4=36.9%)) joint
angle by:

. pinitial/endSt@ge 1 initial/endStage 1 BF
(XXI): F, = —F % —
Ay exp 2 in( stage 1 )L
SIN\Pinitial/end

1 total  Stagel

4 * Loxp hydr BF
— *
stage 1 . stage 1
tan((pinitial/end ) 2 Sln((pinitial/end ) L

The bearing force Finitial/endStage 2

Ay for expansion hydraulics stage 2, for the initial joint angle

(Finitial*te9e 2 ) - =36.9%)) and the final (FE*“*9°?(¢,,4=15.9%) joint angle was

calculated by:
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. pinitial/endSt@9¢€ 2 initial/endStage 2 BF
(XXN): F = - . _
Ay exp 2 sin( stage 2 )L
(pinitial/end

1 totalStage 2

4 * Lpyqr BF
— *
stage 2 . stage 2
tan((pinitial/end ) 2 Sln((pinitial/end ) L

stage 1
initial/end

The length BF was 10.45 mm and L was 6.2 mm. By inserting the boundaries of ¢

and <Pis,f?£§lfend the following forces in F, , were calculated, depending on the expansion force.
Fay' ! [N] F5ne [N]
1 o o ] -
li’f?t?t(;l/end = [774’ ,39.6 ] 3.3 27.1
Pinitiatjena = [39.6°,15.9° | -19.0 128.3

Table 3 Indication of bearing forces in point A for the initial and final joint angle ¢ of the applicator arm
X-joint, for expansion stage 1 and expansion stage 2.

1A yhad a negative value as it acted in opposite direction of the expansion force F,,,,. Like the

expansion force, the bearing force in A increased with increasing degree of expansion.

5.4.3 Results: Anastomosis formation unit of final applicator prototype

The second hydraulic entity was designed to approximate the two applicator heads, pierce the
tissue in the compression zone and connect the future implant. To achieve the required forces
the hydraulic cylinder had an outer diameter of @ = 30.0 mm and the piston a surface area of
467.6 mm?, resulting in an axial force of 93.5 N for 2 bar filling pressure.

N

mm?2

* 467.6 mm? =93.5 N

Fclosing hydraulics = phydraulics * Aclosing hydraulics = 0.2
For the defined assumptions, the balance of forces in the longitudinal direction of the endoscope
axis indicated that the magnitude of the force Fosing nyarautics Was equal to the implant closure
force Fimplant closure — 93.5N.

1 1
(XXI I I)-_) Z Fi,x ) 2 * I'closing hydraulics — 2 * Mimplant closure = 0

Fclosing hydraulics implant closure

Discussion

6.1 Feasibility assessment of final concept with respect to procedure
related mechanical requirements

The creation of anastomoses following resective interventions is one of the core challenges in
abdominal surgery. Surgeons can choose from a considerable range of different techniques and
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devices, all of which still show similar complication rates and shortcomings, especially with
respect to the intraoperative trauma. For the development of future techniques, standardizing
procedure and outcome, as well as minimizing trauma are of special interest. Thus, within this
research work, a novel approach for an endoscopic anastomosis device was developed. The
concepts were developed using the beneftis of additive manufacturing.

To approach the challenging task of developing a novel endoscopic anastomosis instrument,
the most relevant design criteria for the ideal procedure were derived from literature. This
includes an inverting arrangement of the intestinal lumina to favor tissue healing, the end-to-
end arrangement to safe time and material, and the implant excretion after completed healing
to restore bowel matility, which is why a compression implant based approach was chosen.

In order to provide the appropriate platform to accomplish this procedure, solutions addressing
the key challenges of endoluminal manipulation were established within the scope of this thesis.

\‘/ Space-saving implant
attachment to applicator

\/ Force- and space-saving
decoupling

\m’ Force application at the endoscope tip
for platform expansion
\{ Controlled expansion with feedback
end stop
Approximation of Bi:'::ll's';:'ii” \/ Diameter congruence of oral/ aboral
bowel endings eraspiig applicator units
¥ Vertical guidance of implants for
closure in both expansion stages

\/ Force application at the endoscope for
implant closure

\;/ Axial congruence of oral/ aboral
applicator units

[\z-/ Inversion, grasping and manipulation of the bowel ]

Figure 42 lllustration of procedure steps for the endoscopic anastomosis device. Supplementary,
respective research questions that were answered within the scope of this project are
indicated.

As it has been shown by others, adequate force application at the endoscope tip/operation situs
is one of the biggest challenges during the development of endoscopic platforms [59, 61, 76—
78], as their shaft is too flexible to establish high counter-forces [61] and as the endoscope
might adopt different shapes during the intervention due to the curvatures and flexures of the
colon.

In the following, the concept developed is discussed with regard to its suitability for the task of
endoscopic anastomosis formation and its ability to meet the mechanical challenges outlined.

6.1.1 Tissue manipulation and handling

The respective manipulator is required to carry and deliver the implant. An essential
prerequisite for the endoscopic navigation and manipulation is the visualization of the
endoluminal path and surgical site, as well as aspiration and insufflation features of standard
endoscopes. Thus, the device is designed as overtube solution to be mounted onto conventional
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gastroscopes and small size colonoscopes, as this allows reduction of device complexity, costs
and regulatory effort.

For the tasks of accurately positioning the applicator units within the respective lumen and for
anastomosing bowel edges relative movement between the platform entities (and mounted
implant halves) has to be enabled. Thus, the prototype includes one entity, which is able to
move relatively along the endoscope (aboral) and one entity that is fixed to the endoscope (oral).
In order to reliably maintain the position of the oral applicator unit during endoscopic
navigation, it is crucial that the fixation mechanism withstands the axial forces acting in the
context of colonoscopy. Based on the comparison of the holding force measured

(Foral fixation = 548 £ 2.0 N), to those forces derived from literature for axial push

(~11.6 N) and pull (~10.7 N) movements occurring during colonoscopies in clinical practice
[1], the clamping mechanism proves suitable attachment for endoluminal navigation.

The required ability to grasp and drag tissue is addressed by the integration of suction channels
into the applicator arms, which are dilated towards the bowel wall. The surface areas of channel
outlets are dimensioned to provide enough space for the implant mountings, but at the same
time enough holding force to keep the tissue attached. Thus, they enable a suction force of 2.0 N
orally, and 1.6 N aborally. This is set into relation to the forces applicable by state-of-the-art
NOTES platforms. For example the instruments of the TransPort System enable a maximum
manipulation force of 1 N (0.23 Ib) (vs. 0.4 N (0.09 Ib) for endoscopes) [61], the Scorpion-
overtube robot allows to grab soft tissue with a force of 3 N for each of two grasper arms [101],
and the flexible instrument of the ViaCath-System, which is an electronically remotely
controlled master-slave system, can generate a tip force of 3 N. [59, 102]

Thus, the order of magnitude of applicable manipulation forces is comparable to that of the
anastomosis device, which is why the use of suction forces for endoluminal tissue grasping
purposes appears to be a suitable tool.

6.1.2 Expansion unit

As large variations in patient constitutions, between individuals as well as between colonic
segments may occur, a scaling feature, that enables expansion of the anastomosis implant to
approach the patient-individual lumen diameter, is integrated into the platform. The challenges
of force application in flexible endoscopy are even increased if the endoscope is shaped around
flexures. In order to provide a platform solution that is feasible for application in the entire
colon, a space saving principle had to be established, which allows to apply forces directly at
the endoscope tip. In the preliminary prototypic studies, the hydraulic units showed most
promising results and allowed expansion in a controlled and congruent manner. This accounts
for the requirement that the implant diameters must be of same size during the closure process.

By implementing a two-stage telescopic hydraulic entity with nested cylinders to minimize the
required construction space, three different expansion stages can be realized.
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The attachment of applicator arms to the hydraulics by scissor joints enables parallel orientation
of the mounted implant compression faces and a constant distance between the implant halves
for all size configurations, which is required to close the implant and adapt the compression
gap to the tissue thickness. Modeling the realizable expansion forces with these kinematics
shows that the efficiency significantly depends on the degree of expansion, indicated by the

angle ¢. Although the force of the premier hydraulic expansion cylinder
totalStage 1

(Fnyar = 68.0N) is significantly higher than the force of the second one
(F,fg’,ﬁ{;lsmgez = 47.5 N), the maximum expansion force (41.7 N) is derived for the second

stage 2

stage and a minimum angle ¢, ;

(which corresponds to maximal arm expansion). The

minimum realizable expansion force of 3.8 N occurred during actuation of hydraulic unit 1 for

- stage 1 - - . - -
the maximum angle ;.. (which corresponds to the minimal arm expansion). This value
also restricts the maximum admissible expansion force to dilate an implant and therefore gives

guidance for the future implant design and dimensioning.

stage 1

For the minimal expansion stage (¢; ;. )» the magnitude of the expansion force is greater than

the magnitude of the bearing force in A ( |FAy| < |F;xp|). Conversely, the bearing force is

significantly ~ larger than the expansion force at maximum  expansion

( stage 2
end

- |FAy| > |Fexp|). This can be explained by the different lengths of the lever arms.

While at minimum expansion, the lever arm 4B (~12.1 mm) is slightly longer than the distance
BF (~10.45 mm) (AB > BF) and thus F,, must be smaller than F,, for momentum
equilibrium, this relationship reverses with increasing expansion (and the inversion of the lever

arm length ratio) (AB « BF < |FAy| » |Foxpl)-

These results provide information on the suitability of the position for the implant mounting
(which equals to the point of application of the expansion force in the model). The bearing
forces suggest that the implant suspension must be relocated towards the joint B to reduce the
momentum and thus the bearing forces. In the model, friction forces between the gliding
partners in the expansion hydraulics (cylinder/piston) were neglected. This seems to be a rather
strong simplification, as in reality these are assumed to be high due to the manufacturing
process inaccuracies [103]. However, since the results were primarily used as a guideline for
evaluating the general suitability of the approach and to derive further specifications for the
implant design, the simplified model is considered to be sufficiently valid.

6.1.3 Closing unit

In order to fit the implant halves together, the corresponding functional segments
(expansion/closure) must be aligned with each other. This accounts for the requirements of an
axially congruent configuration, which means that the mating implant elements must be
maintained aligned throughout the closure process.
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A snap connection is provided between the oral and aboral applicator unit, which is locked by
pushing the aboral applicator unit (male connector) into the oral one (female counterpart) before
the hydraulic closing unit is actuated. Since large frictional forces are to be expected during
endoscopic interventions due to the extensive surface contact between the intestine and the
endoscope, force transmission along the shaft is critical and demands a lot of effort. Thus, the
required closing forces for the snap connection must be minimized. These were assessed
experimentally for the integrated connector. A mean value of F3,¢77 5= 15.2 £ 1.0 N was

measured. This is comparable to those forces routinely applied by physicians during
colonoscopies for axial push (~11.6 N) and pull (~10.7 N) movements [1]. It is therefore
concluded, that the effort and feed force required are still in a reasonable range.

By using an implant, that pierces through the bowel wall and form-fittingly protrudes into an
opposing counterpart, tissue can be prevented from slipping out of the compression zone and
the compression gap can be adapted to adjust the healing pressure. Respective piercing forces
must be applied by the applicator. To design an applicator unit, which is capable to meet these
requirements, the colonic environment was biomechanically characterized with respect to
procedure relevant parameters. The knowledge gained was translated into the concept and
design of prototypes, which were experimentally assessed by evaluating the interaction with
porcine colon tissue.

The biomechanical investigations revealed that among the compared parameters — piercing
trajectories, tissue fixation point configurations and implant spike amounts — the number of
piercing tips of the implant had the most significant impact on the required piercings forces.
Variations in trajectory specification among the groups of piercing velocities
(v=5, 10, 15mms~1) and accelerations (a= 5, 10, 15 mms~2) tested and compared within
the scope of this work, did not lead to increased mechanical stability demands for the closing
unit. Furthermore, it was observed that the fixation point arrangement, to grasp tissue with the
applicator, did not have a statistically significant effect on the forces required to pierce the
tissue. [5]

In contrary, an increase in spikes resulted in a statistically significant increase in piercing forces.
This may be due to the fact that with increasing number of insertion bodies, the characteristic
spike-tissue interaction force of each single body, occurring due to viscoelastic tissue response
and frictional effects, accumulates [5]. Furthermore, since the tips were not distributed evenly
over the entire circumference of the piercing body, but only within the segments, the density
per segment increased with rising number of tips. Once the spikes contact the tissue surface,
micro-injuries in the surface are created [104], which do act as anchor points. As spikes are
pushed forward, indentation occurs [67, 69, 105]. Tissue tension is therefore increased between
individual tips/attachment points. This pre-tensioning effect may contribute to the increase in
insertion force, a correlation, which was also already observed by Frick and Butz [90, 91].
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Piercing colon tissue with implants of 4, 8, 12 tips, resulted in average forces of 6.4 £ 1.5 N,
13.6 + 1.4 N and 21.7 + 5.8 N, respectively. F*2P%€S was used as minimal threshold for the

pierce
design and selection of respective implant closing mechanisms. Comparing the measured
holding force of the snap connector Fga2' 514ing= 43.6 £ 3.9 N to the piercing forces of 28 N

reveals that the connection also provides sufficient abutment for the piercing procedure.

Both, the spring and hydraulic concepts, allowed to apply forces high enough to pierce through

two layers of tissue (FhyoooP® =29.2N; FD0°PP¢ =36.1N), which was also

experimentally proven. However, the spring based closing unit showed limited controllability
during axial closure. Once the retainer ring was removed, the spring shapped forward,
accelerating the implant according to the spring’s dynamics. The hydraulic mechanism, on the
contrary, allowed a more controllable and smooth process here, favoring the use of an implant
with an adjustable implant gap. Thus, this approach was chosen and modified for the integration
into the final endoscopic device.

The closing force of the final unit was dimensioned to achieve forces more than three times

12 spikes
F pierce

higher than , to account not only for the tissue piercing task, but also for the forces

required to mate the two implant halves, which is to be specified in detail within the further
implant development process (depending on spike geometry, closure mechanism etc.).

6.1.4 Device dimensions

However, not only mechanical factors, but also biological parameters were assessed in the
biomechanical studies. Colon diameters were measured as an orientation to derive the required
device dimensions. Literature shows that the porcine colon morphology has highest similarity
to the one of humans [106], comparing the anatomy of commonly used laboratory animals to
that of the human gastrointestinal tract. Testing and validation of novel instruments is therefore
often performed in pigs or with porcine ex vivo specimens. The realistic tissue environment
allows to depict relevant parameters with respect to endoscopic navigation, such as device
tissue interaction, impediments during the advancement and gliding behavior. Even though the
human intestine generally shows larger lumina, the anatomical parameters of porcine intestine
were used as orientation for the initial development of endoscopic anastomosis platform units
with respect to system diameters and required expansion scope.

The 5th and 95th percentiles of the sample diameters measured were 24.1 mm and 40.1 mm
(n=540 samples) respectively, which implies a required expansion range of 16 mm to cover
anatomical variabilities. With the endoscopic hydraulic expansion unit, a total expansion range
of about 18.4 mm can be addressed.

While for porcine colon tissue the device diameter of ~33.1 mm in unexpanded configuration
would be too big to address smaller bowels, the dimension of the developed approach still
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seems feasible with respect to human intestine, which tends to show lumina in the range of up
to ~5 c¢m and even higher [106].

Unexpanded Expansion 1 Expansion 2
Diameter (aboral 33.1 mm 46.8 mm 51.5 mm
applicator)
Diameter (oral 33.1mm 46.8 mm 51.5 mm
applicator)

Table 4 Dimensions of the expandable, hydraulic application device, including unexpanded
configuration and state 1 and 2.

6.1.5 Using electromagnets for implant detachment

Lastly, an interface between implant and applicator is required for implant carrying endoscopic
platforms. Here, the respective mechanism must ensure secure fixation of the implant to the
applicator during navigation, but must allow on demand deployment at the surgical site. Using
electromagnets, which were integrated into an endoscope overtube prototype, enabled to
reproducibly detach and resume the anastomosis implant in the experiment. Thus, it was derived
that this approach holds high potential for the application in complex endoscopic platforms and
improves system controllability and flexibility by providing a distinctively triggered and
reusable release mechanism.

However, before electromagnets can be used intracorporeally, any kind of patient hazard must
be excluded. If heat is applied to tissue, thermal effects occur in cells that are exposed to
temperatures below or above a thermo-neutral zone T € [35°C; 41.5°C] [107]. Beyond these
thresholds, irreversible thermal effects occur, which lead to permanent cell damage. If cellular
structures are heated to temperatures between 41.5°C and 49.0°C, this leads to invisible
devitalization. The affected tissue can subsequently disintegrate, causing life threatening
complications, such as delayed perforations and intracorporeal bleeding [107]. While exposure
time in this respect is of great importance, immediate devitalization must be expected, if
temperature rises even further above 49.0°C [107].

Thus, heat emission resulting from the electromagnet operation was investigated. The
experiments revealed that the maximum temperatures reached critical levels beyond the

thermo-neutral zone of 41.5°C for both, the pulsed (Tmaxll)jdy =41.6 + 0.1°C) and the

continuous operation (T, S0mEMUS = 44.1 +1.5°C). Furthermore, it was observed that an

aXcody
increasing number of pulses led to nonlinear increase in coil temperature. This can be attributed
to internal heat accumulation effects, which also occurred for the continuous operation. Here,

continous
aXpody

highest temperature first occurs at the innermost winding and then heat propagates towards the
outside [93].

a final temperature of T, =44.1 +1.5°C was reached after a certain delay, as the
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A polymeric isolation of the hot elements can support preclusion of tissue damage. However,
due to the tight size restrictions for endoscopic instruments, the electromagnet encapsulation
wall must be restricted in thickness. Based on the experiments conducted and accounting for
heat transfer effects, additional preventive design specifications were derived.

A polymeric encapsulation was considered as a shielding safety measure. Heat transfer
calculations showed that a wall width of 0.024 mm would already be feasible to effectively
shield heat generated by the electromagnets for the assessed scenarios.

Based on these findings, it was derived that for an additively manufactured anastomosis device,
which uses an electromagnetic actuation, critical thresholds for the isolating wall are
determined rather by stability considerations and machine accuracy limitations, than by heat
shielding requirements. Thus, the integration of electromagnets into endoscopic devices seems
feasible with respect to resistance related heating, allowing for a safe and force-saving
operation.

Electromagnet encapsulation is needed, not only to shield heat but also insulate all active
components. The majority of our organs and movements is controlled by electrical impulses
originating from the brain. Extraneous current flowing through the body can lead to muscle
cramping and may affect organ functions, if it is significantly greater than the body's own. An
AC voltage of 50 V and a DC voltage of 120 V can have life-threatening consequences. [108]
Thus, special attention should be paid to potential, operating voltage related hazards in further
investigations, which is why the approach was not yet included into the device.

6.1.6 Using additive manufacturing for the development of novel endoscopic
instruments

Using additive manufacturing for the endoscopic platform development opened up new
possibilities, providing a broad range of task optimized materials. It further allowed the
fabrication of complex monolithic geometries and the integration of miniaturized components
with high degree of functionality, such as filigree plug connections for space saving assembly,
thin walled hydraulic components, integrated channels of complex geometries and profiles or
integrated groove nose guidance between hydraulic piston and cylinder to determine actuation
maximum and direction.

However, the use of stereolithographic additive manufacturing posed challenges with respect
to the production of the hydraulic units. Dimensional inaccuracies and staircase effects led to
increased surface roughness and friction between the gliding elements. This also deteriorated
quality of operation (i.e. unsmooth expansion) and impeded sealing capabilities between
hydraulic partners, which is also a well known challenge in literature for related processes
(selective laser sintering). [103] Even though it was possible to enhance smoothness of motion
by the integration of vent valves, actuation efficiency could benefit significantly from a
redesign and optimization of fluid actuation principles, specified for the 3D-printing process.
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Possible approaches could be to integrate folded bellows structures or concepts that allow to
entirely avoid contact between 3D-printed gliding partners. A hermetically sealed system is
furthermore desirable with respect to leakage tightness and instrument sterilization.

6.2 Using hydraulics vs. Bowden wires in endoscopic platforms: Future
potentials

Innovations in this field could open up even greater potentials in robotics and minimally
invasive surgery.

The design of endoscopic devices is always subject to the compromise between the limited
construction space available (as the system must enable navigation through the colon), and
adequate force application at the operation situs (at the endoscope tip) [109], while the
endoscope shaft is too flexible to establish relevant abutment [61] and might be positioned in
arbitrary shapes around the flexures of the colon.

In the following the proposed platform with hydraulic actuation principle is compared to state
of the art endoscopic manipulators, which commonly use Bowden wires, that run along the
shaft, to control motion of the platform itself and instrument arms [101]. Those cables are
widely used for force actuation in complex and space-constrained environments [110].

Bowden wires comprise a steel wire, which is guided by a flexible sheath and which can
withstand compression in the axial direction. The sheath serves as counter-bearing for the
transmitted forces. By this means, tensile forces can be transmitted from a remote position to
the end-effector. [110]

Traction cables can be easily used for the construction of systems with remote actuation. Using
actuators at the site of motion might change dynamic properties of the system due to the
mass/moment of inertia of actuators and transmission system, while using Bowden cables
allows for displacement of weight away from the end-effector unit and therefore increased
power density. Secondly, Bowden wires are highly flexible, in contrast to gear trains, torsion
bars and levers, which all restrict the range of motion of the system. [110]

However, a critical disadvantage of Bowden cables is that they exhibit a hysteresis behavior
[59] and that cyclic loading results into hysteretic loops [111]. The high friction generated
during wire actuation between the inner cable and outer sheath leads to ineffective force
transmission, lack of instrument responsiveness and accuracy [59, 110]. A problem, which is
even further accentuated during endoscope retroflexion and by long instrument length [59].
Thus, the force application behavior is not consistent for arbitrary platform shapes. Cable
elongation may further lead to impaired motion automation and haptic feedback. [59] The latter
one is generally problematic for flexible endoscopy due to the long distance between operator
and end-effectors. [60] Modelling and thus finding ways of compensation for these losses is
difficult, due to the non-linear behavior and multivariable dependencies. [110] This effect
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makes it difficult to accurately predict structural response of Bowden wires and respective
actuated components during cyclic loading [111].

Hydraulic units, which allowed actuation directly where the action is to be performed, enabled
consistent force application behavior for arbitrary shaft lengths and shapes (efficiency,
responsiveness and accuracy). Lightweight manufacturing from polymers of hydraulic units
could also be interesting for other applications in flexible endoscopy or robotics, as it allows to
minimize weight force of end-effectors and thus avoid inertia effects. Furthermore, while for
Bowden wire based platforms, end-effector and shaft are inseparably connected and thus
instrument change is difficult [59], using hydraulically actuated end effector units and a fluid
guiding overtube might allow a modularization of the platform and thus a more flexible
exchange of instrument.
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Appendix

8.1 Formula Directory

Q) Transmissible closure force for spring actuator

(1) Transmissible closure force for hydraulic actuator

(1) Equation to dimension a film joint of specific geometry. Correlation for the required
tapered section length L [mm], depending on the tapered section thickness h [mm].

(1V)  Fourier’s heat equation.

(V)  Equation to describe the state of equilibrium of a current-carrying conductor at an
elevated temperature, which is supplied by a continuously uniform energy, in which
the heat transfer rate (Q) corresponds to the electrical power (Ps)) absorbed.

(V1) Equation to calculate heat transfer through a cylindrical wall.

(VI1) Equation to calculate the suction force.

(V1) Force equilibrium in x-direction (at the blade).

(IX)  Force equilibrium in y-direction (at the blade).

(X)  Momentum equilibrium around z-axis (at the blade).

(XI)  Force equilibrium in x-direction (at strut 1).

(XII) Force equilibrium in y-direction (at strut 1).

(XI11) Momentum equilibrium around z-axis (at strut 1).

(XI1V) Force equilibrium in x-direction (at strut 2).

(XV) Force equilibrium in y-direction (at strut 2).

(XVI) Momentum equilibrium around z-axis (at strut 2).

(XVII)Equation to model the realized expansion force of one applicator arm for the
hydraulic expansion cylinder 1 (for both, oral and aboral applicator units), for the

initial  joint  angle  (Fitial™9¢ (g . =77.4%) and  the final
(FERa9° ¥ (,,4=36.9%)) joint anglle.

(XVI11)Equation to model the realized expansion force of one applicator arm for the
hydraulic expansion cylinder 2 (for both, oral and aboral applicator units), for the

initial  joint  angle  (Finitial™9¢ % . .=36.99) and the final
(RS * (ena=15.97)) joint angle.

(X1X) Momentum equilibrium around joint B at the blade

(XX) Expression to determine the varying distance between the joints A and B (4B) of
the blade, depending on the changing angle ¢ during applicator arm expansion.

(XXI1) Equation to calculate the bearing force in joint A, for expansion hydraulics stage 1

for the initial joint angle (Fntal™*®%(p, .0=77.4°) and the final

(FERA9 ¥ (00 =36.9%)) joint anglle.

(XXI1) Equation to calculate the bearing force in joint A, for expansion hydraulics stage 2

for the initial joint angle (Fintal™*®?(p, ..,,=36.9°)) and the final

(FEnast®9°? (¢,,4=15.9%) joint angle.

(XXITII)Equation to describe the implant closure force, derived from the force equilibrium
in the longitudinal direction of the endoscope axis.
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8.4 List of supervised student theses

| supervised the following student theses during my time as a research associate at the institute
MITI. Parts of the gained knowledge and of the results contributed to the successful completion
of the DFG project CONNECT (Project number: 386233) and to this work. A summary of the
student theses is listed hereafter.

2021

2020

2019

Wahyu Sugiarto (Master Thesis): “Investigation of different force transmission
mechanisms to permit rotation and axial translation of NOTES-enabling end-effector
units*

Tim Berndt (Master Thesis): “Development and evaluation of different approaches for
an endoscope attachable unit to scale a customizable endoscopic anastomosis implant”
Amar Cindrak (Master Thesis): “Assessment of different implant expansion and closure
mechanisms for an endoscopically applied anastomosis implant*

Anne Zimmermann (Friedrich-Alexander-University Nuremburg, Erlangen) (Master
Thesis): “Investigation and feasibility assessment of electromagnets for NOTES-
application”

Alexandra Buchmann (Master Thesis): “Development and evaluation of a hydraulic
expansion and implant closure unit to generate transluminal compression anastomoses‘
Christina Kwade (Term Thesis): “Development of a colonic model for realistic
validation of different anastomosis methods*

Isabella Patzke (Bachelor Thesis): “Determination of the maximal force occurring
during tissue piercing for a traumatic colon anastomosis approach®

Sandra Wohlgemuth (Master Thesis): “Development of a cable-based scalable NOTES
applicator system for the preparation of end-to-end anastomosis*

Franziska Jurosch (Term Thesis): “Further development of an intraoperative force
sensor including a standardized calibration process for the determination of forces
occurring during laparoscopic surgery*

Moritz Kdppenkastropp-Luecker (Term Thesis): “Determination of the forces occurring
during the manipulation of tissues throughout laparoscopic and endoscopic surgery”

Johannes Breitsameter (Term Thesis): “Development, design and evaluation of an
invagination anastomosis implant*

Verena Maier (Term Thesis): “Evaluation of compression pressure distribution in
porcine intestinal tissue for the development of an anastomosis implant*

Anqi Peng: (Master Thesis): “Concept development of a minimally invasive, scalable
intestinal anastomosis system*
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