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1. Introduction  

1.1 Application: Minimally Invasive Surgery 

The emergence of minimally invasive surgery (MIS) in the early 1980s and its remarka-

ble development over the last decades have led to replacement of open surgery in many surgical 

disciplines (Siddaiah-Subramanya et al. 2017). MIS refers to surgical interventions with small 

incisions or even the use of natural body orifices. By reducing the number and size of incisions, 

MIS offers great benefits for patients such as reduced postoperative pain, quicker recovery, im-

proved cosmesis and decreased patient morbidity (Noguera et al., 2012; Oh et al., 2014). On the 

other hand, it constitutes several challenges for surgeons, since they have no direct access to the 

surgical site such as in open surgery, rather they have to rely on devices for control of the instru-

ments and visualization of the operation site (Vitiello et al., 2013). The resulting disadvantages 

are the limited spatial perception due to two-dimensional monitor view, reduced tactile sense 

and dexterity due to replacing hands with instruments and sometimes counterintuitive, unergo-

nomic operating principles.  

Vitiello et al. (2013) classified minimally invasive procedures according to their access 

types to reach the surgical site (Fig. 1). In intraluminal access, the endoscope is inserted through 

a natural orifice to examine the internal cavity of an anatomical structure. The endoscope does 

not leave the cavity defined by the anatomy. A typical example is the gastroscopic examination, 

in which the endoscope is inserted orally into the stomach. In extraluminal approach, the access 

to a cavity is performed from outside the body via one or multiple skin incisions. Laparoscopy 

is a typical example for this access type, where instruments are inserted into abdomen via small 

incisions. The transluminal approach combines access via a natural orifice with an extraluminal 

examination area. Within the lumen, a controlled breach through the walls of the lumen must be 

created to enter the examination site. This access type is also known from natural orifice trans-

luminal endoscopic surgery (NOTES). As an example, an surgery in the abdominal cavity via 

transvaginal access can be mentioned (Carus, 2014). 

 
Fig. 1 Access types in minimally invasive surgery (adapted from Vitiello et al., 2013) 

In the following section, various procedures of MIS will be presented with their respec-

tive advantages and disadvantages. 

1.1.1 Therapeutic Endoscopy 

Endoscopy allows physicians to look inside the patient without having to open up the 

area of the body to be examined in advance. The need for endoscopy was apparent long time 

ago, as already first attempts were made by Hippocrates in ancient times. He worked with mirrors 

to bring sunlight into body orifices such as the rectum. The invention of electric light enabled 
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further progress in the field of endoscopy. With the new light sources it was possible to bring 

more light into the inside of the body and thus improve the view of the intestines. Video endos-

copy, which was developed in the early 1980s, makes it possible to project the image of the 

endoscope onto a screen. This represents a significant improvement by making the work of the 

endoscopist easier (Dray and Kalloo, 2012). 

Originally, endoscopes were used for pure diagnostics. Gradually, modified endoscopes 

have been developed which allow instruments to be introduced into the body through working 

channels. They made simple therapeutic treatments possible. Examples of this are the placement 

of stents in bronchoscopy, the removal of polyps in colonoscopy or endoscopic submucosal dis-

section (ESD) (Yonezawa et al., 2006). 

The construction form is the main distinguishing feature between the endoscopes, namely 

there are rigid and flexible endoscopes (Fig. 2). Rigid endoscopes consist of a rigid tube into 

which a lens optic and, depending on the type of construction, instrument, irrigation or suction 

channels are inserted. Often the field of vision is inclined to the axis of the endoscope by the 

optics to allow a better all-round view. Such endoscopes are used wherever the examination area 

can be reached through a straight tube. Examples are bronchoscopy, laparoscopy and colonos-

copy (Kirschniak et al., 2010). Flexible endoscopes do not have a fixed optical system, but con-

sist in their core of a glass fiber optic. This makes the endoscope flexible and also suitable for 

the examination of areas which are difficult to access such as the gastrointestinal tract. Flexible 

endoscopes usually have a bendable tip through which the endoscope can be navigated to any 

position within the lumen with the help of the rotation of the entire endoscope. 

 
Fig. 2 a) a dual-channel flexible therapeutic endoscope (taken from Spaun et al., 2009), b) a rigid thera-

peutic endoscope (taken from Jang et al., 2014), c) a close view of the rigid endoscope with a surgical 

instrument (taken from Jang et al., 2014) 

Natural Orifice Transluminal Endoscopic Surgery (NOTES) was originally developed as 

an extension of therapeutic endoscopy. The aim of NOTES is to enter the peritoneal cavity upon 

insertion through a natural orifice (i.e. through the mouth, bladder, rectum or vagina) and con-

trolled breach of a luminal barrier in order to perform surgery (Fig. 3). In animal trials, 

Kalloo et al. (2004) showed that it is possible to enter the abdominal cavity via the mouth and 

stomach without endangering the patient. This new transluminal approach quickly gained a lot 

of attention in the medical community because of its many potential benefits. Reduced post-

operative pain, fewer wound complications, improved cosmetics, faster post-operative healing 

and a reduced use of anesthesia are just a few examples (Santos and Hungness, 2011). It quickly 

became apparent, however, that the endoscopes originally developed for diagnostics and later 

adapted to simple intraluminal procedures by adding working channels, were not up to the chal-

lenges of NOTES.  
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Fig. 3 Schematic representation of a NOTES procedure: Transoral introduction of the endoscope through 

the stomach wall into the abdominal cavity (taken from Song et al., 2013) 

 The main problem of NOTES arises from the limits of flexible endoscopy. With flexible 

endoscopes it is difficult to operate at the desired location, as classical endoscopic systems do 

not allow triangulation and the transmission of force to the instrument tip is often difficult 

(Roppenecker et al., 2012; Bardaro and Swanström, 2006). Another important prerequisite for 

NOTES surgery is the biocompatibility and sterilizability of the tools used. In contrast to inter-

ventional endoscopy,  the endoscope leaves the natural lumen and enters the peritoneal cavity, 

resulting in increased standards for biocompatibility and sterilizability (Swanstrom, 2011; 

Roppenecker et al., 2012). Pure disinfection of the endoscope is no longer sufficient. 

1.1.2 Laparoscopy 

Laparoscopy (also called keyhole surgery), is the most common form of MIS which is 

particularly popular in visceral surgery. In laparoscopy, the transition between the outside and 

inside of the body is made by trocars, which are inserted into small incisions in the abdominal 

wall and serve as an airlock. The sight to the operating area in the abdominal cavity is facilitated 

extraluminally with the help of a rigid endoscope. Beside the endoscope, rigid surgical tools are 

inserted through the trocars for the operation. To ensure a clear view and sufficient freedom of 

movement at the site of the operation, the abdominal cavity is insufflated with CO2. The trocars 

seal the abdominal cavity to the outside (Carus, 2014). A multi-port laparoscopic intervention 

and its instrumentation can be seen in Fig. 4. 

 
Fig. 4 a) Laparoscopic multi-port intervention, b) disposable trocar for instruments, c) laparoscopic scis-

sors, d) trocar for the endoscope (taken from Carus, 2014) 
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Laparoscopic procedures are associated with some problems. Due to the use of external 

tools, several incisions in the skin are required. This is contrary to the goal of minimally invasive 

surgery to cause as little patient trauma as possible. A further problem of laparoscopy is that the 

guidance of the endoscopic vision and the performance of the operation require at least two 

different surgeons. A well-rehearsed communication between the surgeons is therefore essential 

to ensure an optimal view of the surgical area. The rigid surgical instruments also make the 

operation more counterintuitive. They form a pivot point when they are passed through the ab-

dominal wall, which reverses the hand motion of the surgeon at the instrument tip (fulcrum ef-

fect). In addition, doctors lack the direct haptic feedback that is provided by conventional open 

surgery (Gomes, 2012). 

Single Incision Laparoscopic Surgery (SILS) was developed to further reduce the pa-

tient's burden compared to classical laparoscopy while improving the cosmetic result. By using 

trocars with three or more openings, only one access to the abdominal cavity is required. In order 

to achieve sufficient triangulation of the surgical area, curved or flexible tools are used. A single 

incision laparoscopic intervention and its instrumentation can be seen in Fig. 5. 

 
Fig. 5 a) Laparoscopic single incision intervention (taken from Carus, 2010), b) assembled TriPort for 

use in the SILS (taken from Carus, 2014), c) curved instruments for SILS (taken from 

Meining et al., 2011), d) flexible instruments for SILS (taken from Zorron et al., 2012) 

Insufficient triangulation during surgery is the core problem of SILS. In addition to spe-

cial tools, the crossover of tools at the pivot point is another way to solve the problem. However, 

this results in a lateral inversion, so that the right hand controls the left tool and the left hand the 

right tool. This technique is therefore not often used for manual operations. In SILS, the possi-

bilities of normal laparoscopy are not achieved. Often the single incision approach leads to col-

lisions of the tools or the surgeon's hands outside the body (sword fighting). In addition, the 

difficulty of the operation is further complicated by curved or flexible instruments that behave 

counterintuitively (Henriksen et al., 2012; Koller et al., 2015). 

1.1.3 Robotic-Assisted Surgery 

In robotic-assisted surgery, the surgeon remotely controls the robotic instruments, known 

as slaves, using two manual input devices and several foot pedals via a master console (tele-

manipulation) (Fig. 6). With the introduction of robotic surgery, many limitations of MIS were  
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Fig. 6 Telemanipulation concept using a surgical robot (taken from Rosa et al., 2017) 

overcome such as eliminating the fulcrum effect by replacing the mechanical setup with a digital 

master-slave configuration, increasing precision by hand tremor elimination and motion scaling, 

as well as improving dexterity and flexibility by articulating tools. Beside the advantages on the 

patient side, surgeons benefit from ergonomic operating consoles which offer high-resolution 

displays, haptic and visual feedback thanks to the advances in imaging, augmented reality sup-

ported navigation techniques and sensors for force and torque which are integrated in the instru-

ment tips (Vitiello et al., 2013; Peters et al., 2018). More detailed information about surgical 

robotic systems will follow in section 2.1 

1.2 Technical Problem Statement: Gaps in Minimally Invasive Robotic Surgery 

In the last decade, many robotic platforms have been proposed for surgical interventions 

with medium size (port size between 1 cm and 2 cm) and large size (port size larger than 2 cm) 

access routes (Table 1 in section 2.1). The majority of developments focuses on single port 

(i.e. transperitoneal), transoral or transanal access, where respective orifices or incisions allow 

some design flexibility in terms of cross-sectional size. On the other hand, surgical applications 

with more complicated anatomic constraints pose a challenge to the development of robotic so-

lutions due to the narrowness of access routes and confined surgical workspaces such as in tran-

surethral and transnasal surgery (Schneider et al., 2013; Sarli, 2018). As the current limited num-

ber of platforms do not satisfactorily respond to the requirements of such procedures, there are 

high demands for prospective systems such as being small, flexible and strong at the same time. 

Among these challenging procedures, this thesis focuses on two specific applications from tran-

surethral and transnasal surgery which will be explained in the following. 
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1.3 Medical Problem Statement 

1.3.1  Urinary Bladder  

The urinary bladder is a muscular hollow organ located in the lesser pelvis and serves as 

a urine reservoir (Fig. 7). Urine is collected from the kidneys via the ureters and is disposed 

through the urethra. The bladder body has a vertex at the top, from which the obliterated urachus 

extends to the navel. The base of the bladder expands backwards and downwards, into which the 

ureters flow laterally. The neck of the bladder forms downwards, at the end of which the urethra 

begins. As a hollow organ, the urinary bladder has a muscle layer that transports the contents 

into the urethra and a mucous membrane that seals the urinary space tightly towards the wall 

(Zilles, K. and Tillmann, 2010). 

 
Fig. 7 Frontal section through the bladder, urethra and prostate (taken from Zilles and Tillmann, 2010) 

The empty bladder appears to be bowl shaped at the top and back. When filled, the blad-

der body expands and bulges forward towards the peritoneal cavity. A human bladder can nor-

mally hold up to 500 mL urine which has a comparable volume to a sphere with 10 cm diameter. 

The maximum capacity is about 1.5 L. More than 300 ml results in an urge to urinate, but indi-

vidual variation must be taken into account. In the filled bladder the apex between the peritoneum 

and the abdominal wall rises upwards (Zilles and Tillmann, 2010). 

The bladder is embedded in the subperitoneal or preperitoneal connective tissue layer. 

Reinforcements of a connective tissue sheath envelop the bladder and other pelvic organs. The 

bladder is preceded by a retinal space of loose connective tissue, which continues upwards to the 

navel and also serves the bladder as a displacement bearing. In this room, reinforcements tie the 

bladder to the back wall of the symphysis (Zilles and Tillmann, 2010).  

In contrast to the otherwise wrinkled surface of the mucosa of the base of the bladder, the 

bladder triangle has a smooth surface (Fig. 8). The bladder triangle is bounded by the two orifices 

of the urethra and the forward and downward facing orifice into the urethra. At the tip of the 

bladder triangle, at the mouth of the urethra, there is a longitudinal suppository which is raised 

by the prostate (Zilles and Tillmann, 2010).  
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Fig. 8 a) Bladder triangle in men. The muscle loops for opening (left) and closing (right) the ureterostia 

are marked in red, b) bladder epithelium with typical transitional epithelium and underlying lamina pro-

pria (taken from Zilles and Tillmann, 2010) 

Bladder (detrusor) muscle can be divided into 3 layers, the outer sagittal, the middle an-

nular and the inner layer lengthwise. In the area of the bladder triangle, the musculature is two-

layered. The inner layer continues the longitudinal muscles of the ureters and extends over the 

whole triangle to the urethral orifice. Towards the bladder wall follows the outer layer, which at 

the same time continues the outer ureteral musculature and raises the plica interureterica. The 

arrangement of this layer thus simultaneously anchors the ureter in the bladder wall. The inflow 

to the bladder via the ureterostia is normally closed. When a peristaltic wave arrives, the ostia 

open, as the contraction of the longitudinal muscles of the ureter ultimately engages the pars 

intramuralis, thus allowing urine to pass into the bladder (Fig. 8a) (Zilles and Tillmann, 2010). 

The bladder wall is lined with typical transitional epithelium (urothelium), which adapts 

to the different stretching states. Between the muscle wall and the epithelium there is mucosal 

connective tissue that carries vessels and also functions as a shifting layer between the two layers 

(Fig. 8b) (Zilles and Tillmann, 2010). 

Bladder cancer (BC) is the twelfth most common cancer worldwide, with approximately 

550.000 new cases (almost 80% in males) and 200.000 deaths in 2018 

(World Cancer Reports, 2020). Characteristic symptoms are blood in the urine and irritation dur-

ing urination. Smoking is the strongest risk factor for BC followed by chemical exposure to 

aromatic amines and hydrocarbons (Woldu et al., 2017). 

Urothelial (transitional cell) carcinoma is the most common cancer type (90% of the 

cases) followed by squamous cell carcinoma and adenocarcinoma (DeGeorge et al., 2017). For 

urothelial carcinoma, staging and grading are the two important indicators to evaluate progres-

sion of the cancer. Staging describes the extent how far the cancer spreads into the tissue layers 

of the bladder. Here, a distinction is made between non-muscle-invasive and muscle-invasive 

bladder cancer depending if the tumor has grown into the muscle layer or not. For staging, the 

TNM-classification of the American Joint Commission on Cancer/International Union Cancer 

Consortium is used (Fig. 9) (Sobin et al., 2009). The T-classification deals with the primary 

tumor, its thickness and penetration depth into the tissue. The N-classification refers to affected 

lymph nodes, the M-classification indicates whether distant metastases are present. Papillary 

tumors on the bladder lining (Ta) and invading the basal membrane (T1) as well as flat tumors  
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Fig. 9 2009 TNM classification of urinary bladder cancer (taken from Babjuk et al., 2017) 

found on the inner lining (Tis, carcinoma in situ) are treated in the context of non-muscle inva-

sive bladder cancer (NMIBC) (Fig. 10) (Babjuk et al., 2017). Roughly 75% of all BC cases are 

related to NMIBC (Woldu et al., 2017), nevertheless, T1 and Tis tumors possess high risk to 

progress to a higher stage (Babjuk et al., 2017). 

 
Fig. 10 Classification of tumor growth in urothelial carcinoma (taken from Hautmann, 2010) 
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Grading is another important information to plan the cancer treatment. It is done based 

on the differentiation degree of the tumor and indicates its growth rate. Urothelial carcinomas 

are histologically graded according to the classification system published by World Health Or-

ganization (WHO). The 1st version dates from 1973 and is based on a 3-stage grading system 

(G1-G3). With the intention of an improved classification of tumors according to the risk of 

recurrence and progression, a new update was published by WHO in 2004. In this update the 

grading system was revised as PUNLMP (papillary urothelial neoplasm of low malignant poten-

tial), low-grade and high grade papillary carcinoma (Fig. 11). The aggression of tumors increase 

from G1 to G3 or from low to high grade. Until the WHO classification of 2004 is sufficiently 

evaluated, the old classification of 1973 should be specified in parallel 

(Fernández and Schultz, 2016). 

 
Fig. 11 Comparison of the WHO grading systems for urothelial carcinoma of 1973 and of 2004 (taken 

from Fernández and Schultz, 2016) 

Transurethral resection of bladder tumors (TURBT) represents the standard procedure 

for the treatment of NMIBC which consists of determining the histologic diagnosis, clinical stag-

ing of the tumor and removing all visible parts of it. If not properly performed, incomplete re-

section of the tumor can lead to high recurrence rates (Jurewicz and Soloway, 2014). In Ger-

many, more than 100.000 transurethral bladder operations are performed yearly (Statistisches 

Bundesamt, 2018). More specific information about the TURBT procedure will follow in the 

next chapter. 

1.3.2 Frontal Sinus  

“The frontal sinus is the most variable human structure. Its size and shape is highly de-

pendent on race and climate (Kountakis et al., 2005; Bärenklau, 2016). The proportions and 

shape of the frontal sinus and neighboring anatomical structures can sometimes vary substan-

tially.  The frontal sinus usually consists of two air filled volumes situated behind the right and 

left part of the forehead. They are separated in the left and the right frontal sinus by the frontal 

septum in the sagittal plane. In adults, both frontal sinuses are roughly pyramid-shaped. In the 

frontal sinus floor there is a conically tapering constriction, the frontal sinus infundibulum 

(Fig. 12) (Shama, 2017). It leads to the smallest constriction of the passage to the frontal sinus, 

the frontal ostium. It is the opening of the frontal sinus to the natural frontal sinus outflow tract. 

The frontal sinus outflow tract (frontal recess) leads downwards around the agger nasi cell into 

the nasal cavity. From here there exists a path which leads past the middle turbinate to the nostril 

and the outside air. In normal mucociliary flow, the secretions are transported laterally over the 

superior mucosa, and move back over the inferior mucosa before finally draining into the frontal 

recess (Saini and Govindaraj, 2016).” (Coemert, Roth, et al., 2020)  
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Fig. 12 Sagittal view of frontal sinus with marked frontal recess (taken from Coemert, Roth, et al., 2020) 

Since the main function of the frontal sinus is to provide sufficient mucociliary flow, 

which supports the human immune system, the health of the frontal sinus is critical. In the fol-

lowing different types of frontal sinus disease will be explained which can cause obstruction of 

the mucociliary flow. 

Inflammatory sinus disease is the most common disease of sinuses which is also known 

as rhinosinusitis. Rhinosinusitis can be initiated by many different causes such as bacterial in-

fection, fungal infection and mucoceles. Rhinosinusitis is said to be acute (ARS) if symptoms 

stay for less than 4 weeks and chronic (CRS) if symptoms are frequently recurring or stay over 

longer than 12 weeks. Symptoms for frontal rhinosinusitis are facial pain, headache, blockage of 

the nose and reduced or lacking sense of smell. In cases of acute frontal rhinosinusitis fever may 

also occur (Kountakis et al., 2005).  

The occurrence of polyps is often not noticed, because symptoms are in many cases mild 

or even unnoticeable. Polyps are edema of mucosal tissue which are caused by inflammation or 

infection. Polyps in and around the frontal sinus can block the passageways of normal fluid cir-

culation and thereby inhibit the drainage of these fluids. Possible symptoms that might indicate 

the incidence of polyps are a loss of the sense of smell, blockage of the nose and drainage 

(Kountakis et al., 2005). 

Mucoceles are the most common benign tumors of the paranasal sinuses leading to in-

flammation. These are cyst-like structures filled with mucus. They often form after blockage of 

the frontal ostium presented by allergic reactions, chronic rhinosinusitis or previous surgical 

procedures. Mucoceles slowly cause expansion of directly affected and indirectly affected areas.  

This, in turn, can lead to erosion of bone structures displacement and compression of adjacent 

structures around the eye (Kountakis et al., 2005). 
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Osteomas are another type of benign tumor that can be present in the frontal sinus. Here 

cancerous bone structures are formed which can cause blockages, compression of nearby struc-

tures such as the eye. The corresponding symptoms can involve symptoms such as chronic head-

aches, facial deformity, changes in vision and further symptoms similar to that of chronic rhi-

nosinusitis (Kountakis et al., 2005). 

Inverted papillomas are tumors of the frontal sinus that are malignant in roughly 10% of 

cases. Furthermore, the recurrence rate of inverted papillomas is high, because complete removal 

is often unsuccessful. In many cases inverted papillomas are not exclusively found in the frontal 

sinus, but are spread across other paranasal sinuses (Kountakis et al., 2005). Similar to the symp-

toms of osteomas inverted papilloma tumors might cause compression or blockage of the sur-

rounding anatomical structures. Therefore the symptoms of obstructive rhinosinusitis may apply 

to inverted papillomas, while damage to the eye also can occur (Ibrahim et al., 2017). 

The pathology of cerebrospinal fluid leaks (CSF leak) is the leakage of the cerebrospinal 

fluid, which normally surrounds the human brain. This causes a decreased fluid pressure. The 

site of leakage often shows a bone defect and accumulations of cerebrospinal fluid. Potential 

symptoms of CSF leaks are headache, nausea and pulsatile tinnitus (Patron et al., 2015). 

If the mucociliary flow of frontal sinus is obstructed, surgical operation is needed to re-

move the inflammatory tissues and bacteria. Functional Endoscopic Sinus Surgery (FESS) is the 

standard minimally invasive endoscopic technique to treat inflammatory and infectious diseases 

of paranasal sinuses (Qureshii, 2017). FESS targets enlargement of nasal drainage pathways and 

improvement of sinus ventilation. Today's replacement of external surgical accesses for the treat-

ment of inflammatory diseases of the paranasal sinuses by the less traumatic endonasal approach 

is owed in particular to the great commitment of Heermann, Messerklinger, Draf, Wigand and 

Stammberger (Schick et al., 2004).  In Germany, more than 100.000 sinus operations are per-

formed yearly, among which roughly 7.000 operations are related to frontal sinus 

(Statistisches Bundesamt, 2018). More specific information about the surgical treatment proce-

dures of frontal sinus will be presented in the next chapter. 
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2. State of the Art  

2.1 Surgical Robotics 

2.1.1 Robotic Surgical Systems 

The da Vinci system by Intuitive Surgical Inc. (Sunnyvale, CA, USA) is the most re-

nowned surgical robot which was the first robotic system for general laparoscopic surgery to get 

regulatory approval in 2000. Gosrisirikul et al. (2018) reported that over 4500 systems were 

installed worldwide by March 2018. The use of da Vinci robot for prostatectomy is already the 

gold standard in the USA. The operator controls the robot's instruments, known as slaves, using 

two manual input devices and several foot pedals via a console (master) (Fig. 13). The distin-

guishing feature of the instruments is the articulating cable-driven end-effector design which in 

terms of degrees of freedom is similar to the human wrist (Gomes, 2012). 

 
Fig. 13 Da Vinci robotic surgical system: slave manipulator platform (left, taken from Rosa et al., 2017), 

master control console (right, taken from Suresh and Chau, 2018) 

 Beside its high cost, the main limitation of the da Vinci robot is the restriction of its 

workspace by its rigid instrument shaft. Although adaptation of new instruments to SILS was a 

promising step (Haber et al., 2010), limited triangulation and clashing of instruments are the 

issues that still need to be addressed (Kaouk et al., 2009). Additionally, the system lacks haptic 

feedback, does not allow quick exchange of instruments and has a large footprint 

(Peters et al., 2018).  

 The fourth generation robot of Intuitive Surgical da Vinci SP developed for single-port 

surgery differs from the earlier generations with its multi-joint articulating camera and three 

instruments inserted through a single cannula (Fig. 14a). This new version addresses the afore-

mentioned triangulation issue by means of this feature (Gosrisirikul et al., 2018). 
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Fig. 14 a) da Vinci SP single-port system (taken from Rosa et al., 2017), b) Senhance robotic system by 

TransEnterix (taken from Maret, 2019), c) Flex system endoscopic frame and articulating instruments 

(taken from Castro et al., 2018) 

After the surgical robot market has been dominated by Intuitive Surgical for about two 

decades, new robotic surgical systems are entering the market to compete with the da Vinci 

system upon expiration of key patents. The Senhance surgical system by TransEnterix (Morris-

ville, NC, USA), which was approved by Food and Drug Administration (FDA) in October 2017, 

is a similar platform to the da Vinci system in many aspects, however, it distinguishes itself with 

the separation of slave manipulator arms which allows flexible positioning in the operating room 

(Fig. 14b). Other advantages of this system are the haptic feedback and eye-tracking control. The 

system has been successful in gynecologic procedures, especially in hysterectomy. Main draw-

backs of this system are its large size and lack of articulating instruments 

(Gosrisirikul et al., 2018; Peters et al., 2018). 

 Flex robotic system by Medrobotics (Raynham, MA, USA) is the first commercially 

available flexible robotic surgical system that was approved by FDA in 2015. The system con-

sists of a robotic frame-like outer mechanism that is followed by an endoscope through the inner 

channel. The two outer channel facilitates the use of exchangeable flexible surgical instruments 

that can also be articulated and rotated independently from the frame by handheld steering units. 

On the one hand, the surgeons can navigate through non-linear anatomical paths with the help 

of steerable frame, on the other hand they can benefit from triangulation provided by inde-

pendently articulating instruments (Fig. 14c).  Flex system is utilized for transoral procedures at 

oropharynx, hypopharynx and larynx (Peters et al., 2018).  

2.1.2 Multi-tasking Platforms 

The Society of American Gastrointestinal and Endoscopic Surgeons (SAGES) and the 

American Society for Gastrointestinal Endoscopy (ASGE) together formed the Natural Orifice 

Surgery Consortium for Assessment and Research (NOSCAR) to lay the groundwork for 

NOTES research. In their "white paper" (Rattner and Kalloo, 2006) they drew up a list of basic 

requirements necessary for the establishment of new surgical approaches. This list also addresses 

the necessity for development of so-called flexible multitasking platforms for the successful per-

formance of complex surgical tasks such as suturing or tumor resection. Expected capabilities 

from such platforms are sufficient maneuverability, triangulation, adequate force transmission, 

intuitive control and small overall size (Arkenbout et al., 2015). Several multitasking platforms 

have been developed so far, but only few of them have reached the stage of regulatory approval 

to date. In Table 1, different flexible platforms are listed with their main features. 
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Table 1 Overview of flexible multitasking platforms for minimally invasive surgery 

System Company NOTES/SILS Diameter Approval Sources 

 
Da Vinci SP 

 

 

Intuitive  

Surgical 

 

 

SILS 

 

 

25 mm 

 

 

approved 

 

Gosrisirikul 

et al., 2018; 

Park et al., 

2019 

 
Flex system 

 

 

Medrobotics 

 

 

NOTES 

 

 

18 x 28 

mm 

 

 

approved 

 

 

Carmichael 

et al., 2020 

 
SurgiBot 

 

 

 

TransEnterix 

 

 

 

SILS 

 

 

 

25 mm 

 

 

 

pending 

 

Peters et al., 

2018; 

Gafford et 

al., 2020 

 
SPORT system 

 

 

Titan  

Medical 

 

 

 

SILS 

 

 

 

25 mm 

 

 

 

pending 

 

Brodie and 

Vasdev, 

2018; Peters 

et al., 2018 

 
DDES 

 

 

Boston  

Scientific 

 

 

 

NOTES 

 

 

16 x 22 

mm 

 

 

 

- 

 

Yeung and 

Gourlay, 

2012; 

Vitiello et 

al., 2013 

 
Anubiscope  

 

 

Karl Storz 

 

 

NOTES 

 

 

16 mm 

 

 

- 

Yeung and 

Gourlay, 

2012; 

Arkenbout 

et al., 2015 

 
Endosamurai  

 

 

 

Olympus 

 

 

 

NOTES 

 

 

 

15 mm 

 

 

 

- 

 

 

Yeung and 

Gourlay, 

2012 

 
MASTER  

 

 

Nanyang 

 Tech.  

Univ. 

 

 

 

NOTES 

 

 

 

22 mm 

 

 

 

- 

Phee et al., 

2012; 

Yeung and 

Gourlay, 

2012 



State of the Art 
 

15 

 

2.2 Surgical Procedure  

2.2.1 Transurethral Bladder Surgery 

The procedure of transurethral resection of non-muscle-invasive bladder tumors 

(TURBT) begins with a cystoscopic investigation to inspect all regions of the bladder and iden-

tify location of the tumors (Babjuk, 2009). Depending on preference, rigid optics with viewing 

angles of 0°, 5°, 30°, 45°, 70° and 120° can be used, whereby the 30° optics are most common 

(Hofmann, 2018). The difficult to assess anterior wall of the bladder can be brought into view 

by external manual pressure, whereby the bladder must not be completely filled. There must be 

an exact description of the findings, whereby, apart from the topography, the size and number of 

findings are important. In the widely used EORTC risk tables (EORTC = European Organization 

for Research and Treatment of Cancer), an assessment of the risk of recurrence and progression 

can be made on the basis of these two variables along with the presence of a carcinoma in situ 

(CIS), the histopathological degree, the tumor stage and the previous recurrence rate 

(Sylvester et al., 2006). The intraoperative findings are therefore essential and complement the 

informative value of histopathology decisively. Estimation of the tumor size can be done via the 

relation to the width of the resection loop, which is about 1 cm. 

The resection of tumors is performed with a resectoscope and a diathermy cutting loop 

angled at least 90° with monopolar or bipolar high-frequency current (electro-resection) 

(Fig. 15). The bladder should always be filled with liquid during the procedure to ensure optimal 

visibility. However, a massive filling of the bladder should be avoided, as high wall tension 

reduces the thickness of the bladder wall and significantly increases the risk of perforation. The 

pressure exerted by the sling on the tissue is difficult to measure haptically. The cutting current 

should therefore be activated immediately before contact with the tissue, as this is the only way 

to ensure visually controlled penetration. Depending on the size of the tumor, one-stage or piece-

meal resection is performed (Furuse and Ozono, 2010). One-stage resection applies to tumors 

smaller than 1 cm which are resected along with the tissue around the tumor base in a single 

cutting operation (Fig.16 top). Piecemeal resection involves multiple resection steps due to the 

large size of the tumor (Fig.16 bottom). 

 
Fig. 15 Transurethral resection of bladder tumors (taken from Coemert, Kollmer, et al., 2017) 
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Fig. 16 One-stage resection of a small bladder tumor in a single cutting operation (top) (taken from 

Furuse and Ozono, 2010), piecemeal resection of a large tumor in multiple steps (bottom) (taken from 

Hofmann, 2018) 

Resections at special locations, such as the bladder roof, can be performed by palpation 

of the lower abdomen with the palm of the hand, making the resection site easier to reach and 

the depth of the resection easier to control (Fig. 17). For this maneuver the bladder should be 

slightly filled. Special care must be taken here, as a perforation of the bladder wall can occur 

when the bladder is already slightly filled (Hofmann, 2018). 

 
Fig. 17 Resection of a tumor at the dome of the bladder by palpation of lower abdomen (taken from 

Hofmann, 2018) 

Since piecemeal eradication is associated with high recurrence rate and unsatisfactory 

staging of larger bladder tumors, en-bloc resection (meaning removing a tumor mass in its en-

tirety) techniques have gained increased importance to address these limitations of conventional 

TURBT (Struck et al., 2018). Most commonly used tools for en-bloc resection are laser fibers 

(holmium or thulium), hydro dissection and electric slings. Regardless of the energy source used 

(with the exception of hydro-dissection), the healthy bladder mucosa is circumferentially incised 

around the tumor (Fig. 18). Subsequently, the tumor base is lifted within the detrusor muscle 

layer. This is done by blunt dissection combined with energy application to dissolve individual  
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Fig. 18 En-bloc resection technique of a bladder tumor: superficial circular incision around the tumor 

(left), lifting of the tumor by blunt dissection (right) (taken from Kramer et al., 2015) 

adhesions. This ensures that the sensitive layer of the submucosa remains intact. In hydro-dis-

section, the tumor base is injected with saline solution before the application of energy and thus 

raised. This is intended to reduce the risk of bladder perforation. Zhang et al. (2017) reported an 

alternative resection method, the so-called retrograde en-bloc resection, where the resection loop 

is not pulled to itself as usual, but the tumor base is undermined with short electric shocks. 

2.2.2 Frontal Sinus Surgery  

Due to high variation of anatomic features in and around the frontal sinus, it is imperative 

to plan the employed surgical procedure on the basis of image data. However, for diagnostic 

purposes in surgical planning, sometimes accurate diagnosis with only CT-scans and MRI may 

be problematic and endoscopic diagnostic methods are required (Kountakis et al., 2005). This is 

also necessary for assisting diagnostics, to estimate the type and extent of the disease 

(Korban and Casiano, 2016). Often less invasive approaches are tried first before the more inva-

sive measures are considered. In most cases, a severe medical therapy is administered before 

surgery. It is recommended in literature that surgery should only be chosen if the treatment by 

medical therapy fails or when the current diagnosis promises favorable surgical circumstances 

(Kountakis et al., 2005). 

“The state-of-the-art treatment method of frontal sinus diseases is the endoscopic Draf 

drainage. In this procedure, a rigid endoscope and a rigid surgical instrument needs to be guided 

through the given anatomical constrictions in order to reach the frontal sinus from the nose. 

Anatomical variability in the number of frontal cells is common and can change the accessibility 

of the frontal sinus. By cutting and drilling from a transnasal approach, a hole can be opened and 

some of the internal bone structures are removed to assist the drainage of accumulating mucus 

in the frontal sinus. Thus, mucociliary flow can be facilitated. Also pathologies can be reached 

directly through the wider opening. The Draf classification system for transnasal surgery of the 

frontal sinus basically consists of three base categories, which are numbered from least invasive 

procedure, Draf I, to the most invasive version, which is Draf III (Fig. 19). Between those ex-

tremes there is Draf II. In a type Draf I procedure only a small hole is drilled in the frontal sinus 

floor and some anterior nasal cells are removed. Due to the small diameter of the opening this is 

primarily useful for drainage. In contrast, in a Draf type II procedure more of the anterior nasal 

cells are removed to increase maneuvering space for endoscopes and instrumentation. The agger 

nasi cell and the frontal sinus floor are removed up to the lateral orbit to permit access to the 

frontal sinus. For Draf III the same structures are removed on both sides, while the nasal septum 

between both areas is removed. Despite the higher invasiveness of the method, Draf III grants 

the best accessibility for transnasal treatment of difficult areas in the frontal sinus and is still 

preferred to methods with external approach (Draf, 2016).” (Coemert, Roth, et al., 2020) 
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Fig. 19 Different types of Draf drainage procedure (taken from (Huang et al., 2009) 

A newer modified solution, which increases lateral accessibility, is described in literature as 

Eloy-IIC (Fig.20). This procedure is an extension of a Draf IIb procedure. Here both nostrils can 

be used, which enables a more diagonal approach of instruments. However, more bone structure 

is removed in the process. Specifically one entire middle turbinate and parts of the septum need 

to be removed (Eloy et al., 2016). 

 
Fig. 20 Lateral access through Eloy-IIC procedure (taken from Eloy et al., 2016) 

General drawbacks of transnasal access methods are the possibility of postoperative con-

striction (stenosis) of the frontal recess or other structures by regrowth of damaged mucosal 

tissue. In such cases, revision surgery may be required to reopen the passageways. Transnasal 

procedures may be made less prone to such complications by the application of one or several 

state of the art postoperative approaches. One example for this is the bioresorbable mini stents, 

where the passageways are mechanically held open during the healing of injured tissue, while 

also directly supplying the tissue with substances that may improve healing (Al-

Salman and Thamboo, 2018). 

In balloon sinuplasty obstructive bone structure is burst open by the pressure of inflating a 

balloon. This procedure leaves the tissue mostly intact, therefore the healing process is acceler-

ated and postoperative stenosis (constriction of passageways through healing) can be reduced. 

After dilatation and irrigation further instruments may be used to widen the opening 

(Sillers and Lay, 2016). 

“In open surgery, the frontal sinus is accessed from the outside by operating through a hole 

or osteoplastic flap that is opened in the patient’s forehead (Kountakis et al., 2005). Although 

access to pathology is excellent in this method, the procedure encompasses a significantly higher 
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risk of complications, due to the high level of invasiveness. Often endoscopic access is tried 

prior to open approaches. External surgery is used in cases where the endoscopic approach fails 

especially when treating of benign and malignant frontal sinus pathology lateral to the lamina 

papyracea (Conger et al., 2014). Frontal sinus trephination is used to reach mucoceles and small 

osteomas in lateral regions of the frontal sinus, while osteoplastic flaps are used for treatment of 

lateral cerebrospinal fluid (CSF) leaks (Kountakis et al., 2005).” (Coemert, Roth, et al., 2020) 

2.3 Instrumentation  

2.3.1 Transurethral Bladder Surgery  

Transurethral resection of bladder tumors is performed with a tool called resectoscope 

(Fig. 21a). This tool comprises an outer sheath, an obturator, a rigid cystoscope, a working ele-

ment and an electrocautery wire loop. An outer sheath (Fig. 21b) is used to guide these elements 

through the urethra which varies between 7 and 9 mm in diameter. Thanks to the dual-sheath 

assembly, the tool provides a continuous irrigation during the procedure. At the vesical tip of the 

metal shaft there is a non-conductive material, e.g. ceramic, to prevent sparking from the loop to 

the metal sheath. For insertion into the bladder, the outer sheath is sealed with an obturator 

(Fig. 21c) from inside, which closes the otherwise gouge-like front end of the sheath and smooths 

by a rounded shape. Various forms of obturators are in use, smoothly ending ones with the front 

end of the sheath or protruding ones over the front end of the sheath and bendable to ensure 

easier passage of the sheath in the bulbar urethra. Today, however, only a visual obturator should 

be used. It also rounds off the front end of the sheath, but has a central guide for a 0° optic and 

a flushing water channel. Rigid cystoscopes (Fig. 21d) are available in different viewing angles 

(0°, 12°, 30°, 70°). Working elements (Fig. 21e) differ from each other with their spring or rack-

and-pinion mechanisms to extend or retract the cutting loop. The cutting loop (Fig. 21f) consists 

of tungsten wire with a thickness of 0.25-0.35 mm. While thinner loops offer more efficient 

cutting through a more concentrated current, thicker loops are used for a better bleeding control. 

Apart from standard resection loops, different types of electrodes are available. Examples are 

simple hook probes for tissue notching, spherical or cylindrical roller probes, some with nubs 

for punctual increase of the current flow for broad coagulation or vaporization. Also band loops 

of variable width are available (Traxer et al., 2004; Hofmann, 2018). 

 
Fig. 21 a) Resectescope and its components: b) outer sheath, c) obturator, d) cystoscope, e) working 

element, f) electrocautery cutting loop (taken from Hashim et al., 2008) 



State of the Art 
 

20 

 

2.3.2 Frontal Sinus Surgery  

“Endoscopic frontal sinus approaches are performed with rigid endoscopes and instru-

ments. For endoscopic view of lateral regions of the frontal sinus, angled endoscopes ranging 

from 30° up to 70° are commonly used (Fig. 22) (Tajudeen and Adappa, 2016). Here the optics 

enable a field of view twice larger than that of the human eye (Weber et al., 2017).” 

(Coemert, Roth, et al., 2020) 

 
Fig. 22 Rigid endoscope with 70° view for frontal sinus surgery (taken from Weber et al., 2017) 

“Also several types of handheld rigid instruments exist, which are applicable for frontal 

sinus surgery (Fig. 23). Similar to the endoscopes the rigid instrumentation is also available at 

many different angles to enable greater treatment coverage for the diverse locations of pathol-

ogy.” (Coemert, Roth, et al., 2020)  The first example for such instruments is the 45° mushroom 

punch (Fig. 23a). The mushroom punch is used to remove bone structures, especially the anterior 

floor of the frontal sinus. In posterior anterior direction cutting is possible. Mushroom punches 

have maximum tool diameters ranging from 3.5 mm to 5.5 mm. In the same way posterior hori-

zontal structures can be removed from an anterior position with a Bachert forceps (Fig. 23b). A 

through-cutting giraffe forceps (Fig. 23c) can be used to cut vertical bone structures that are 

oriented either parallel to the coronal plane or parallel to the sagittal plane. For both cases a 

specific instrument is available with a different rotation of the forceps. In order to be able to 

remove or manipulate small pathologies equivalent instruments exists in a non-through-cutting 

variety. Here the forceps is shaped differently (Fig. 23c). Many differently angled versions are 

available for the rigid instruments. In Fig. 23c and 23d respective 45° and 90° versions can be 

seen. The previous instruments all have a design similar to a pair of scissors. Here the stator 

scissor-handle is angled backwards, while the actor scissor-handle is approximately perpendic-

ular to the horizontal section of the instrument arm. Several frontal probes are available with 

different tip shapes (Fig. 23e). A frontal curette is shown at the bottom of Fig. 23e. Such long 

curved instruments are especially useful in superior regions of the frontal recess and prove to be 

useful for some patients with smaller frontal recess diameters (Tajudeen and Adappa, 2016). 

 
Fig. 23 Several rigid instruments used in frontal sinus surgery (taken from Tajudeen and Adappa, 2016) 
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Electromagnetically navigated suction devices are used for the drainage of fluids such as 

mucus and blood (Fig. 24a) (Weber et al., 2017). Angled power tools such as sinus burrs 

(Fig. 24b) are also used for frontal recess dissection, but should only be used sparingly, since 

punches are considered to be safer (Tajudeen and Adappa, 2016). Here the maximum tool diam-

eter ranges from 4mm to 5mm. By means of advanced navigation techniques, dynamically 

tracked instrument pose can be displayed instantaneously by overlay on the image data 

(Strauss and Schmitz, 2016). In this way, safety of the powered instruments can be increased. 

Nevertheless, it is imperative for all instrument types that the instrument tip is constantly kept in 

the view of an endoscope while it is moved. Otherwise injuries may occur (Weber et al., 2017). 

 

Fig. 24 a) Electromagnetically navigated suction tube, b) angled sinus burrs (taken from 

Weber et al., 2017) 

2.4 Design, Modeling and Optimization of Compliant Mechanisms 

As it was also pointed out previously in the section 1.1.4, many surgical disciplines de-

mand development of novel steerable surgical instruments, which need to be dexterous and small 

at the same time, to address the limitations of rigid surgical instruments. These limitations will 

be elaborated in the next chapter. There are different approaches to bring steerability to prospec-

tive constructions developed for enhancing the capabilities of minimally invasive surgery.  

Jelínek et al. (2015) conducted an extensive literature and patent survey and classified 

joint types used to develop steerable instruments (Fig. 25). The joint types were categorized 

based on their degree of freedom; planar (2-D) and spatial (3-D) and on the means of joint artic-

ulation; rolling, sliding, rolling sliding and bending. Then these joint types were evaluated qual-

itatively with respect to their performance aspects such as split and slip prevention, torsional 

stiffness, space efficiency (meaning the provided degree of freedom in relation to the size) and 

design complexity (Fig. 26). As it can be inferred from the evaluation table, flexure hinge based 

design becomes clearly favorable over other joint types. Other advantages back up this claim 

such as facilitating sterilization through elimination of assembly and lubrication 

(Kota et al., 2005) and increased performance and precision by reducing wear and backlash 

(Howell et al., 2013).  

Considering abovementioned advantages, flexure hinge based design was also favored 

for the development of manipulator systems subject to this thesis. State of the art methods in the 

design, modeling and optimization of flexure hinge based compliant mechanisms will be pre-

sented in the following sections. 
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Fig. 25 Joint type classification for steerable instrument design (adapted from Jelínek et al., 2015) 

 
Fig. 26 Qualitative evaluation of joint types (taken from Jelínek et al., 2015) 

2.4.1 Design and Kinematic Modeling of Flexure Hinges 

In contrast to traditional mechanisms, whose mode of operation is based on the relative 

movement between different components connected by conventional joints with a fixed pivot 

point, the relative movement of compliant mechanisms is based on the elastic deformation of 

certain structural areas. Such an area is called flexure hinge and has a significantly lower flexural 
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stiffness compared to the adjacent structural areas. This is achieved by reducing the cross-sec-

tional area in the monolithic structure (Rösner, 2015). 

Depending on the requirements such as distributed or concentrated compliance, the num-

ber of degrees of freedom, the notch geometry and symmetry properties, different hinge geom-

etries are used. Fig. 27 shows the four most typical hinge geometries; rectangular, circular, el-

liptical and parabolic hinges (Friedrich, 2016). 

 
Fig. 27 Four typical hinge geometries: a) rectangular, b) circular, c) elliptical, d) parabolic hinge (adapted 

from Friedrich, 2016)  

The rectangular flexure hinge has the simplest geometry among the four joints. It has a 

lower stiffness than other hinge geometries with the same minimum thickness hmin. This means 

that if a different hinge geometry was chosen, much thinner structures would have to be manu-

factured to achieve the same deflection. In the cases where metals are preferred for the produc-

tion of hinges due to their advantage in terms of miniaturization, manufacturing of such low 

thicknesses might be a challenge or impossible. Therefore a rectangular flexure hinge design was 

favored for the design of manipulators.  

It must be noted that the sudden change in cross-section between the rigid sand the flex-

ible structure area causes stress concentrations, especially in the rectangular variant. Corner fil-

lets help reducing these stress peaks and should be taken into account in the kinematic modeling. 

In addition, local plastic deformations reduces these problematic stresses. This effect is called 

supporting effect (Zaeh, 2018). 

Fig. 28 shows a simple corner-filleted rectangular cross section flexure hinge with the 

geometric parameters and load parameters affecting its kinematic behavior. The geometric pa-

rameters are the hinge thickness (h), width (b) and length (l); total thickness (H) and length (L) 

of the solid structure, since these usually also undergo deformation. Load parameters are bending 

moment (M) or transverse force (F). As a design strategy, by varying geometric parameters, 

desired deflection angles (θ) can be achieved under exposure of given load parameters, as long 

as the resulting stresses or strains remain in the elastic operating zone of the preferred material 

(Linß et al., 2019). 

 
Fig. 28 Geometric and load parameters of a corner-filleted rectangular cross section flexure hinge 

(adapted from Linß et al., 2019) 
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For the kinematic modeling of flexure hinges, different approaches can be found in liter-

ature, which are based either on analytical or numerical calculation methods. Many of these 

methods are based on the Euler-Bernoulli beam theory (BT), which describes the behavior of a 

beam under certain assumptions (examples: isentropic material, small bending deformations and 

constant cross-sectional area). Since linear beam theory cannot address large deflections of a 

flexure hinge which is associated with geometric nonlinearities, moderately large deflections can 

be described by nonlinear modeling with the large deflections theory of rods (Zentner, 2014). 

Nevertheless, these analytical solutions are limited to small strain problems and large strain prob-

lems which are also subject of this thesis are usually solved with finite element analysis (FEA) 

(Reddy, 2010).  

The so-called Pseudo-Rigid-Body-Model (PRBM) represents a significant non-linear ap-

proach to the modeling of compliant mechanisms. The PRBM uses the calculation methods 

known in rigid body mechanics to describe a compliant mechanism. The elastic structural part 

(in this context the flexure hinge) is divided into two rigid elements connected by a torsion spring 

as shown in Fig. 29 (Howell et al., 2013). The elasticity of the mechanism and the deflection of 

the free end of the beam is described by means of the characteristic spring stiffness 𝑘α as a func-

tion of the bending angle 𝛼. Depending on whether the mechanism is a concentrated or distrib-

uted compliance, the position and stiffness of the torsion spring is determined. Since the PRBM 

is a highly simplified model, it is practical for the initial assessment of structural behavior, but 

offers too little accuracy for more complex applications. Among other things, the displacement 

of the angle of rotation with increasing bending angle is neglected in this model 

(Lobontiu, 2002).  

 
Fig. 29 Pseudo-Rigid-Body-Model for the case of a) distributed compliance b) concentrated compliance 

(adapted from Howell et al., 2013) 

“The Finite Element Method (FEM) plays an increasingly important role in the calcula-

tion of compliant mechanisms. Especially under the assumption of large strains, it gains special 

importance (Druskin et al., 2014). FEM enables the automation of the calculation processes by 

numerical solving of differential equations. Here the body is converted into finite, infinitesimally 

small elements with simple geometries (e.g. tetrahedrons). The physical behavior of these ele-

ments is then analyzed with regression functions. The smaller the finite elements are selected the 

more accurate the model is. Moreover, if FEM is used for the design of compliant mechanisms, 

the nonlinear analysis is particularly needed due to large deformations (Friedrich, 2016). How-

ever, simulations are time-consuming, especially when geometric and material nonlinearities 

occur. The preparatory process often requires lengthy experience or an enormous amount of time 

for familiarization in order to select the right settings for the simulations. Otherwise, there is a 

need to verify the significance of the results obtained by simulations (Gebhardt, 2018).” 

(Coemert, Yalvac, et al., 2020) 
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After reviewing existing methods, it became apparent that flexure hinge design with high 

strain requirements remains an iterative, time-consuming process due to the lack of a simple 

guideline, which requires laborious simulations or many prototypes (Teo et al., 2014). This gap 

motivated the author for an empirical characterization of flexure hinges within the scope of this 

thesis to come up with concise guidelines, which will be presented in the sections 7.2.1 and 7.2.2. 

2.4.2 Design and Optimization of Snake-like Compliant Mechanisms 

A compliant mechanism describes a system whose flexibility is enabled by the compli-

ance of individual structural areas (Zentner, 2014). One can distinguish between concentrated 

and distributed compliance of a mechanism. Concentrated compliance refers to the deformation 

of individual parts of the structure which are very small in relation to the size of the entire system. 

In contrast, with a distributed compliance, the deformation is distributed over the majority of the 

system. In this thesis, special attention is given to snake-like flexure hinge based structures. They 

can be assigned to the compliant mechanisms and have a distributed compliance resulting from 

the deformation of individual flexure hinges. 

“Although the number of commercially available surgical instruments based on contin-

uum compliant mechanisms is limited, many research groups are working on the development 

of such devices. Different concepts and approaches are followed in the constructive implemen-

tation of snake-like compliant mechanisms. Kutzer et al. (2011) proposed a continuum dexterous 

manipulator design for minimally invasive treatment of osteolytic lesions. The bidirectional 

bending of this design is realized with asymmetrical, identical and equally-spaced notches placed 

on the longitudinal plane of a cylindrical nitinol tube. Swaney et al. (2017) presented a wrist 

concept which consists of a series of cut-outs that form multiple serial quasi-rectangular cross 

section flexure hinges. To achieve tip first bending with the aim of reaching small radii of cur-

vature, the flexures closer to the distal tip were designed with lower thicknesses to distribute a 

larger amount of strains onto these ones. Another good example for the application of continuum 

compliant structures to create miniaturized designs is the steerable needle. Gerboni et al. (2017) 

presented a highly articulated flexure hinge based design with less than 1.5 mm overall diameter 

which achieves sufficient curvatures for radio-frequency ablation in the liver. The design of the 

flexible tip is realized with equally dimensioned flexure hinges generated by laser machining of 

circular notches on a thin walled nitinol tube. By taking advantage of additive manufacturing 

technology, implementation of smart structures becomes possible without being constrained by 

the manufacturing limits. To exemplify, Krieger et al. (2019) came up with shape memory struc-

tures that are automatically designed to take predefined task-specific end poses. To achieve that, 

flexure hinges are placed along the structure in an irregular way that a moment applied by a pull-

wire actuation causes the structure to follow a predefined trajectory. Continuum compliant mech-

anism based designs are not limited to the aforementioned examples, but all related works follow 

similar approaches. However, the majority of these works show that both the design and the 

constructive implementation of snake-like structures are mostly oriented towards constant pa-

rameters. This means that a kind of standardized flexure hinge geometry is used to design a 

continuum flexible mechanism without considering the corresponding boundary conditions. 

These results in reduced performance or even earlier malfunction of structures, since some flex-

ural elements are exposed to excessive stresses whereas some are not used to their full capacity. 

Generally, in continuum compliant mechanisms with serially arranged flexure hinges of identical 

geometry, the stiffness or flexibility of the entire structure is increased to achieve a higher pay-

load or deformation in the system. In this case, gain in the payload or deformation results in a 

loss in the other one.” (Coemert, Yalvac, et al., 2020) 
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“Optimization of compliant mechanisms might have different objectives depending on 

user’s intention such as improving kinematic or payload capacity by adjusting overall stiffness 

or durability by regulating internal stresses. If one tries to optimize the component under these 

aspects, there three are different possibilities to realize this according to Schumacher (2013): 

topology optimization, geometry optimization and dimensioning.  For example, if one speaks of 

topology optimization, an optimal solution is sought through the position and arrangement of the 

structural elements (Friedrich, 2016). There, the size of the design space, boundary conditions, 

loads and an optimization goal are defined by the user. The design space is discretized by disc 

or rod elements and calculated by a linear or nonlinear analysis. In addition, geometry optimiza-

tion and dimensioning can influence the component characteristics. Geometry optimization leads 

to a change in the shape of the component edge, while dimensioning manipulates the geometry 

of the structure through variable wall thicknesses and cross-sectional changes 

(Schumacher, 2013). In the development of compliant mechanisms, topology optimization is of-

ten the first step in the development process (Friedrich, 2016). In this way one gets an idea of 

the position and connection of the elastic hinges and can thus generate a first draft of the com-

pliant mechanism. The geometry and geometric parameters of the elastic hinges are still un-

known. In the following steps, geometry optimization and dimensioning can be used to deter-

mine these. For a better understanding, Fig. 30 shows the influence of the respective optimization 

possibilities on a truss.” (Coemert, Yalvac, et al., 2020) 

 
Fig. 30 Different optimization methods according to Schumacher (2013) (taken from Schumacher, 2013) 

In general, it can be said that topology optimization and the associated definition of 

boundary conditions, loads and optimization goals are already widely used. If one looks at ge-

ometry optimization and dimensioning, one finds that only occasional approaches exist here due 

to the aforementioned challenges in modeling (Friedrich, 2016).  

“Thanks to the advances in 3-D printing, the manufacturability of topology optimized 

compliant structures has drastically improved, especially for plastics. For metals, additive man-

ufacturing methods still need some improvement in terms of minimum producible feature size 

to realize compliant topology optimized structures (Coemert, Traeger, et al., 2017), whereas 

these structures might remain too challenging for conventional manufacturing. Therefore, 

through dimensioning optimized compliant structures maintain their potential for metals due to 

their convenient manufacturability. On the other hand, while topology optimization for the syn-

thesis of compliant mechanisms is already well researched and widely used (Zhu et al., 2020), 

there are only occasional approaches for geometry optimization and dimensioning due to the 

aforementioned challenges in modelling (Friedrich, 2016).” (Coemert, Yalvac, et al., 2020) 
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“Usually, flexure hinge based structures are optimized on a trial-and-error basis. This 

means that one has to consider a measure to improve the structural properties and then check 

whether this is actually effective. After the adaptation of the corresponding simulation model, 

the so-called virtual twin of the real component, the standard use of simulation programs enables 

an analysis of the stress distribution and other structural properties for static and dynamic load 

cases. For the determination of this characteristic information, the simulation programs usually 

use the Finite Element Method (FEM). However, an automated adjustment of certain component 

variables during the trial-and-error process is not used. For example, Huang et al. (2019) inves-

tigated the structural behavior of a snake-like mechanism depending on the dimensioning of 

individual joints and tried to achieve a constant curvature. The thickness of the hinges is varied 

along the structure. However, the thickness change is not based on an algorithm and is constant 

along the structure.” (Coemert, Yalvac, et al., 2020) 

“By taking advantage of additive manufacturing, conventional joint geometries can be 

evolved into novel joints. As an example presented by Hu et al. (2019), the helical flexure joints 

have the advantage that the stresses in the structure are distributed more evenly, thus reducing 

component fatigue. Krieger et al. (2017) developed an algorithm that enables the automated de-

sign of flexure hinge based structures, taking into account empirically measured values such as 

the number of fatigue cycles and the tensile strength of individual hinges. This information is 

used to evaluate the optimal geometry for a particular hinge. The user simply specifies the de-

sired structural requirements, which are defined by a mass at the proximal end of the structure 

and the desired number of fatigue cycles. An algorithm then checks the fatigue and tensile 

strength for different types of geometry to determine the ideal hinge shape. The monolithic pro-

duction of the polyamide hinges is then carried out by the selective laser sintering process. 

Eastwood et al. (2018) proposed a contact-aided notch flexure hinge concept to increase the 

stiffness of compliant structures without compromising its compactness.” 

(Coemert, Yalvac, et al., 2020) 

“In principle, the use of continuum compliant mechanisms offers some potentials that are 

currently not being exploited to the full. The monolithic production of flexure hinge based struc-

tures makes it possible to vary the shape and dimension of individual hinges without incurring 

costs. The resulting design freedom can have a major influence on the structural dynamic behav-

ior of the system. To be more specific, deformations and resulting stress distributions can be 

analyzed under defined conditions (loading, fixing, etc.) and adapted by structural optimization. 

In particular, the stress distribution in the component and the deformation under load can be 

adjusted. Since manual input of varying parameters would be very time-consuming and expen-

sive, an automated optimization process would make the process much easier at this point. The 

implementation of these considerations will be presented in the section 7.2.3 in more detail.” 

(Coemert, Yalvac, et al., 2020) 
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3. Limitations of State of the Art  

3.1 Limitations of Transurethral Bladder Surgery  

Although transurethral resection of bladder tumors (TURBT) is considered as the gold 

standard for diagnosis and treatment of non-muscle-invasive bladder cancer, it is still associated 

with a high recurrence rate up to 78% (Liem and De Reijke, 2017). The resection quality affects 

the successful management of the cancer. A successful resection distinguishes itself with com-

plete tumor removal and providing viable detrusor muscle tissue for an accurate staging 

(Zhang et al., 2017). Since the quality of TURBT is highly dependent on surgical skills, instru-

mentation limitation and lesion location, the number of cases with inaccurate staging and follow-

up operation due to incomplete resection is not negligible (Herrmann et al., 2017). As a result of 

these high recurrence rates and the long-lasting treatment process, non-muscle-invasive bladder 

cancer becomes the costliest of all cancers (Sievert et al., 2009; Reek et al., 2013). 

“As mentioned in the previous paragraph aside from the skills of the operating surgeon, 

technical limitations and anatomical constraints are the main causes for these recurrence and 

misdiagnosis related progression problems. Visualizing and reaching the areas located behind 

the bladder neck in the anterior bladder wall is quite challenging with a rigid resectoscope even 

with external manipulation of bladder (Herrell et al., 2014). The tumors larger than 1 cm are 

removed by piecemeal eradication which can lead to the seeding of tumor cells all over the blad-

der (Sureka et al., 2014). For instance reduced resection accuracy, lack of intravesical tooltip 

dexterity, a limited set of instruments, lack of in vivo feedback and precise depth control are 

many of the well-recognized shortcomings responsible for the deficient outcomes of the actual 

technique (Herrell et al., 2014). Although TURBT is associated with a low intraoperative com-

plication rate (5%), complications such as bladder wall perforations, irrigant absorption, bleed-

ing and damage to ureteric orifices can occur due to the above named instrumentation related 

restraints (Traxer et al., 2004; Herr and Donat, 2008).” (Coemert, Kollmer, et al., 2017) 

En-bloc resection of bladder tumors is believed to overcome many of the shortcomings 

associated with the conventional TURBT (Struck et al., 2018). Especially with the introduction 

of laser-assisted techniques, promising results regarding lowering the recurrence rates and 

providing substantial staging have been reported (Kramer et al., 2015). Although already demon-

strated to be clinically feasible (Liem and De Reijke, 2017), en-bloc resection sometimes be-

comes difficult with the given instrumentation depending on the tumor location 

(Struck et al., 2018). Obviously, current instrumentation prevents en-bloc TURBT from exploit-

ing its full potential of becoming a gold standard by replacing conventional technique and gain-

ing acceptance in the urological society (Sarli, 2018). 

3.2 Limitations of Frontal Sinus Surgery  

“Recent advances in the field of transnasal surgery have significantly augmented the ca-

pabilities of surgical treatment of the sinuses. Nevertheless, access to lateral regions of the frontal 

sinuses proves to be problematic with existing surgical instrumentation (Conger et al., 2014). 

Due to complex anatomical configuration, surgical passageway to the frontal sinus remains dif-

ficult. The more distant pathology is situated from central regions, the higher the degree of in-

vasiveness that is required for surgical access. Endoscopic access fails where pathology cannot 

be sufficiently inspected by means of transnasal access, as especially frontal sinus pathology 

lateral to the lamina papyracea remains challenging. This can be seen by the invasive procedures, 
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that are used for lateral disease, despite their disadvantages such as risk of nerve damage (supra-

orbital nerve), scarring and high blood loss. For instance, frontal sinus trephination is used to 

reach mucoceles and small osteomas in lateral regions of the frontal sinus, while osteoplastic 

flaps are used for treatment of lateral CSF leaks (Kountakis et al., 2005).” 

(Coemert, Roth, et al., 2020) 

The shortcomings of transnasal surgical methods are further illustrated by the example 

of the treatment of CSF leaks. According to Kountakis et al. (2016), superiorly or laterally lo-

cated CSF leaks within the frontal sinus may urge an osteoplastic flap with or without oblitera-

tion. Patron et al. (2015) considers such defects unsuitable for endoscopic repair and suggests 

open surgery. Occasionally, even external approaches may not suffice on their own. 

 Similar to the shortcomings of transnasal access of lateral CSF leaks, there are problems 

associated with accessing further pathologies. For instance in the treatment and diagnosis of 

inverted papilloma tumors of the frontal sinus the same limitations of the state of the art become 

apparent: While the transnasal endoscopic approach is the best method for the diagnosis of in-

verted papillomas in the frontal sinus, Ibrahim et al. (2017) suggests external approaches as a 

backup plan for lesions extending far laterally. This is explained by the incapability of the current 

instrumentation to operate in those areas. 

For rigid endoscopes some of the same problems apply as for the rigid surgical instru-

ments. In particular, despite the large viewing field of modern rigid endoscopes, it is not always 

possible to inspect the pathology site through endonasal access. The potential benefit in applying 

flexible endoscopes in frontal sinus surgery is demonstrated in literature (Carniol et al., 2017). 

Here two patients successfully underwent less invasive procedures where flexible endoscopy 

was used to substitute the more invasive approach that would otherwise be required for rigid 

endoscopic access. Therefore, in frontal sinus surgery the usage of flexible endoscopes instead 

of rigid endoscopes is promising. However, reaching positions for proper visual inspection of 

pathology is still considerably easier than reaching the positions needed for treatment with in-

struments, as this requires direct alignment and direct contact. 

While generally surgical instruments can be quite advanced, transnasal frontal sinus sur-

gery has very specific geometric requirements, which for the most part cannot be covered by 

instruments that have not been specifically designed for the intricacies of frontal sinus surgery. 

Because specialized frontal sinus equipment is limited, many instruments that exist or are in 

research concentrate mainly on the most common of procedures which is the drainage of the 

frontal sinus (Conger et al., 2014). 

According to Prof. Dr. med. Gero Strauß, the presented difficulties of the state of the art 

can be highly problematic for patients, since in cases when open surgery is believed to be nec-

essary for a successful treatment of pathology, often the acceptance of the pathology is chosen 

over the risk presented by surgery. In order that such cases are treated, the risk of surgical pro-

cedure needs to be reduced. Here it stands to reason, that improved instrumentation, enabling 

sufficient transnasal access to lateral regions of the frontal sinus, would effectively reduce the 

risks posed by treatment. 
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4. State of Research  

In this section an overview will be provided about robotic solutions, which are intended 

for the aforementioned clinical problems. 

4.1 Robotic Systems for Transurethral Surgery (Coemert, Kollmer, et al., 2017) 

“Laser technologies such as holmium and thulium lasers, are thought to decrease cellular 

seeding potential. They also allow en-bloc resection, coagulation of the tumor margins and the 

use of the laser on the base of the tumor (Dasgupta et al., 2010). Several robotic solutions have 

been proposed to make use of this technology and with the aim of addressing the limitations of 

rigid instrumentation by introducing maneuverability to the interventions. In the light of these 

considerations, Hendrick et al. described a hand-held robotic system designed for minimally 

invasive urologic surgery (Fig. 31a) (Hendrick et al., 2014; Hendrick et al., 2015). It incorporates 

a 8.67 mm endoscope with a 5 mm diameter working channel holding a tentacle-like surgical 

robot device with multiple concentric tubes as its arms. One of the arms is responsible for guiding 

and aiming a holmium laser fiber and the other one manipulates the surrounding tissue. This 

platform provides the surgeon with an enhanced maneuverability compared to the conventional 

endoscopic instruments. Since this system was developed for the treatment of prostate cancer, 

its potential implementation for TURBT remains debatable. On the other hand, the usage of the 

rigid endoscope would already represent a limitation for inspecting the entire surface of the blad-

der. Sarli et al. reported a telerobotic surgical system for transurethral intervention and surveil-

lance (TURBot system) consisting on a dexterous two-stage continuum robot that can fit through 

the working channel of a standard resectoscope (Fig. 31b) (Sarli, 2018). This flexible robot has 

a diameter of 5 mm and enables the parallel deployment of a biopsy forceps, a holmium laser 

and a fiberscope. Although visualization, en-bloc resection and adequate ablation of tissue 

throughout the entire bladder were successfully achieved, the lack of independent control of 

forceps, laser and robot tip was perceived as a determining limitation. The ability of providing 

triangulation is essential in order to perform a precise and adequate resection of the tumor.” 

Xu et al. (2017) presented the preliminary development of a dual-arm surgical system for tran-

surethral procedures (DASSTUP) which consists of a multi-channel cystoscope structure with 

8 mm diameter including a camera channel and two additional channels dedicated for steerable 

continuum arms (Fig. 31c). Since this system is in a very early stage of development, its potential 

for improving surgical outcomes of TURBT depends on further developments. 

 
Fig. 31 a) Robotic system for transurethral prostate surgery (taken from Hendrick et al., 2014), b) TUR-

Bot system (taken from Sarli, 2018), c) DASSTUP system (taken from Xu et al., 2017) 
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4.2 Robotic Systems for Transnasal Surgery  

“Since the lack of instrument maneuverability is a concern in endoscopic transnasal ap-

proaches, there is a need for small, flexible but robust and steerable instruments. Recent advances 

include the work of Wirz et al. (2015) who introduced precurved concentric tube robots for the 

transsphenoidal skull base surgery and demonstrated clinical feasibility with cadaver experi-

ments (Fig. 32a). Although their concept grants concentric tube robots great advantages because 

of their small size, they can exert limited tip contact forces, since by design they consist of tubes 

which have to be elastic enough to change their curvature during translation inside the outer tube 

(Gomes, 2012).” (Coemert et al., 2016) Yoon et al. (2018) proposed a robotic system for max-

illary sinus surgery which consists of separate endoscope and biopsy end effector modules with 

4 mm and 5 mm diameters respectively (Fig. 32b). While the backbone design based on ball 

joints targets stiffening of the mechanism, due to size limitations, the simultaneous insertion of 

both modules would not feasible in the frontal sinus area. Bajo et al. (2013) developed a robotic, 

minimally invasive system for transnasal throat surgery (Fig. 32c). The robotic tip consists of a 

passive stem and two controllable distal segments with a diameter of 5 mm. Three lumens, each 

with a diameter of 1.8 mm, are available in the cross section. A fiberscope with 1.2 mm diameter, 

a surgical needle and an electromagnetic tracking sensor with 0.9 mm diameter are inserted into 

the nitinol frame. The seven controllable axes give the system many degrees of freedom and, in 

addition to manual control, also allow an automatic insertion mode, but increase the complexity 

and number of control wires enormously. Gerboni et al. (2015) introduced a new multi-actuation 

method (HelixFlex) for developing a bioinspired steerable instrument for endoscopic endonasal 

surgery which has not been applied in any clinical scenario (Fig. 32d). “In return for offering 4 

degrees of freedom, the latest prototype has an instrument channel with only 1 mm diameter 

which constitutes a limitation regarding force transmission and tissue manipulation, whereas the 

outer diameter (5.8 mm) would be marginal for a use in frontal sinus applications 

(Coemert et al., 2016).” Another robotic system developed for transnasal maxillary sinus sur-

gery (Fig. 32e) was proposed by Hong et al. (2018). This manipulator with 4 mm diameter was 

validated using phantom tests to work in the maxillary sinus area providing 270° deflection with 

small enough radius of curvature. However, there is no integrated visualization equipment in this 

system and its operation depends on external endoscopic guidance. 

 
Fig. 32 a) Concentric tube robots for transsphenoidal surgery (taken from Wirz et al., 2015), b) robotic 

system for maxillary sinus surgery by Yoon et al. (taken from Yoon et al., 2018), c) robot for transnasal 

throat surgery (taken from Bajo et al., 2013), d) HelixFlex (taken from Gerboni et al., 2015), e) robotic 

system for maxillary sinus surgery by Hong et al. (taken from Hong et al., 2018) 
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5. Novel Approach  

5.1 Task Definition: Realization and Verification of Flexible Manipulator Sys-

tems  

This thesis focuses on development and verification of flexible manipulator systems 

which are able to address aforementioned limitations of the presented minimally invasive pro-

cedures. Rigid instruments currently used in the presented surgical applications have their pri-

mary limitations in terms of reachability and dexterity. Despite the fact that flexible instruments 

can enhance the reachability, these are not widely used for therapeutic purposes mainly due to 

insufficient force transmission. Therefore, a systematical development methodology needs to be 

followed which targets an efficient trade-off concerning the following requirements: 

• maximum reachability within the given anatomical constraints 

• maximized strength and dexterity to be able to respond to the requirements of the surgical 

tasks  

• effective miniaturization which is necessary for the insertability of the instrument into 

the surgical site 

After finalizing the concepts towards the solution of the clinical problems, the realization 

stage of the development process needs to be implemented, which refers to design and manufac-

turing. As an initial step of the design methodology, design specifications need to be derived by 

analyzing the respective anatomy. Flexure hinge based design was favored due to its potential to 

address all three of these requirements (flexibility, strength and miniaturization). Towards an 

efficient design, the prior characterization and optimization of flexure hinges plays an essential 

role. Therefore, experimental investigations constitute a crucial milestone within the whole de-

velopment process. The potential of an efficient design can be exploited to the full along with a 

suitable manufacturing method and an appropriate material selection. Since the realization of 

challenging designs driven by aforementioned clinical requirements calls for a cutting-edge man-

ufacturing strategy, substantial exploration of different fabrication methods is essential prior to 

realizing prototypes. While doing that, not only technical but also clinical requirements must be 

taken into account. 

In the last development stage, verification tests need to be performed to assess the fulfill-

ment of the predefined requirements. Here, the experiments should be able to measure the 

eligilibity of the developed systems regarding both performance (dexterity, reachability and pay-

load capacity) and clinical safety (biocompatibility and sterility) aspects. 
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5.2 Expected Advantages of Flexible Manipulator Systems  

The common distinctive feature of the proposed systems is the maximized spaces for 

surgical tools and endoscopes as well as high degrees of freedom for manipulator arms despite 

having very small overall size. Other expected advantages of the developed systems for the re-

spective clinical procedures can be divided into two aspects, namely technical and clinical ad-

vantages, whereas clinical advantages may result consequently from the technical advantages. 

5.2.1 Transurethral Bladder Surgery 

Technical Advantages: 

• Flexible design increases the reachability within the bladder. 

• Double-arm manipulation increases the resection accuracy thanks to the dexterity pro-

vided by triangulation and high degrees of freedom. 

• En-bloc resection becomes possible for tumors larger than 1 cm. 

Clinical Advantages: 

• Recurrence rates are diminished. 

• Repeat procedures can be avoided and overall treatment costs can be reduced. 

5.2.2 Frontal Sinus Surgery 

Technical Advantage:  

• Flexible design increases the reachability within the frontal sinus. 

Clinical Advantages: 

• Invasiveness of the operation is reduced. 

• The risk of nerve damage, scarring and blood loss can be reduced. 
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6.  Concept  

6.1 Solution Structure  

6.1.1 Double-Arm Manipulator System for Transurethral Bladder Surgery  

In order to address the limitations of conventional TURBT and improve the capabilities 

of the en-bloc resection technique a flexible multitasking platform should be developed. One of 

the shortcomings of the resectoscope is the lack of flexibility which restricts comprehensive sur-

veillance of the bladder. Here, especially the anterior wall represents a major challenge. To over-

come this challenge, the developed system should exhibit sufficient flexibility and allow visual-

ization and manipulation access all over the bladder. Therefore, the first crucial requirement for 

the manipulator shaft is the ability to provide a complete backward bending (retroflexion) upon 

insertion into the bladder through the urethra (Fig. 33). Furthermore, the curvature of the bending 

must be high enough to enable a smooth operation within the limited space of the bladder without 

any collision. Here, planar bending of the manipulator shaft would be sufficient for a complete 

exploration of the bladder, since a rotation around the longitudinal axis of the manipulator would 

help increasing the spatial reachability. In addition, it should be kept in mind that the overall size 

of the manipulator should be limited to a diameter which allows a smooth insertion through the 

urethra.  

 
Fig. 33 Double-arm flexible manipulator concept: reaching the anterior wall of the bladder by retroflexion 

As previously indicated, in conventional TURBT procedure, tumors larger than 1 cm are 

resected by means of piecemeal eradication which can lead to incomplete removal, inaccurate 

staging, seeding of cancer cells and hence contribute to recurrence problems. Several en-bloc 

resection techniques have demonstrated that these problems can be addressed as far as the tumor 

location is easily reachable (Struck et al., 2018). Nevertheless, these methods can be risky in 

terms of intraoperative complications such as bladder perforation or bleeding, since the use of 

powered tools such as laser or water jet require optimal orientation during the operation. Con-

sidering that the flexibility of manipulator shaft would resolve the orientation problem, a double-

arm manipulation concept can allow the en-bloc resection of large tumors (Fig. 33). For this 

purpose, independently steerable articulating manipulator arms are conceived which mimick the 
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motions of human arms. Similar to the en-bloc resection technique shown in Fig. 18, one arm 

would be responsible for the peripheral cut around the tumor, while the second arm takes on the 

lifting task. Internal channels of the manipulator arms should facilitate the use and exchange of 

different instruments such as laser fibers or grasping forceps. For a continuous visualization dur-

ing the operation, the shaft of the manipulator should enable the deployment of a flexible endo-

scope. 

“More specifically, the developed manipulator will consist of two manipulator arms and 

each arm should grant three rotational and one translational degrees of freedom for the guided 

flexible surgical instruments. In order to facilitate all these spatial functionalities of the arms 

independently and if needed simultaneously, a multitasking actuation platform is needed 

(Fig. 34). The actuation concept consists of two symmetrically designed consoles, the right con-

sole depicted in Fig. 34a for the right manipulator arm, and the left console for the left manipu-

lator arm. For each surgical instrument, five functions are assigned at one console. Three of these 

functions (marked with 1: opening of the arms to the side, 2: closing of the arms from the elbow 

point and 3: upward-downward movements of the arms in Fig. 34a) are related to the rotational 

manipulation of the manipulator arms. The other two functions (4: back-and-forth movement of 

the instruments and 5: activation of the instruments in Fig. 34a) are facilitated with translational 

movements at the console side. Three of the functions are facilitated with user’s fingers (2 with 

the middle finger, 3 with the thumb and 5 with the forefinger), whereas the other two functions 

are provided with the lateral and back-and-forth movements of user’s arms (1 and 4). The fun-

damental operating principle of the manipulator system is explained in Fig. 34b. Here, a semi-

rigid cable guide is provided which acts as Bowden cable and is stationary between its both ends. 

The actuation cable is placed into the cable guide; one of its ends is fixed at the control unit and 

the other end at the manipulator arm. If the cable is pulled translationally at the control unit, the 

tension is transmitted to the manipulator arm and used to bend the flexure hinges. This is pro-

vided by translating hand movements of the surgeon to the length difference between the cable 

guide and actuation cable.” (Coemert, Kollmer, et al., 2017) 

 
Fig. 34 Double-arm manipulator actuation concept: a) slave manipulator reactions corresponding to mas-

ter console inputs, b) tendon based actuation principle (taken from Coemert, Kollmer, et al., 2017) 
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6.1.2 Handheld Manipulator System for Frontal Sinus Surgery  

In frontal sinus surgery, accessibility is increased by invasivity for laterally located pa-

thologies. This statement applies also for endoscopic frontal sinus surgery, which has mostly 

replaced the more invasive open surgery and has become the gold standard. In the most invasive 

Draf drainage case (type III), the frontal ostium is enlarged by drilling until an opening larger 

than 1 cm becomes apparent to give the instrument maximum freedom of movement through 

this pivot point. In the more invasive Eloy-IIC procedure the entire middle turbinate and some 

parts of the septum is removed. More complicated cases make the transnasal access ineffective. 

Considering these burdens associated with rigid instruments and with the motivation to reduce 

the invasiveness of frontal sinus procedures concerning lateral pathologies, a flexible manipula-

tor system is conceptualized. Fig. 35 provides an illustration of the proposed solution concept. 

To be able to reach first superior region and second the lateral region of the frontal sinus respec-

tively, a manipulator structure with two flexible segments is needed (Fig. 36 right). The first 

segment is supposed to provide a smooth insertion into the frontal sinus by overcoming the angle 

(α) between the insertion axis through the nostril and the entrance axis into the sinus to reach the 

superior regions. Standard rigid instruments have a curvature on their tip for the same purpose. 

The second segment is intended for extension of the device to the lateral regions of the sinus. 

The design incorporates the use of a flexible endoscope for visualization and a flexible surgical 

tool for therapy. Nevertheless, it should be also kept in mind that the size of the manipulator 

needs to be minimized with the purpose of limiting the invasiveness of Draf drainage procedure 

to Type II.  

 
Fig. 35 Manipulator before insertion through the nostril (left) and upon reaching the lateral pathology 

 
Fig. 36 Concept of the proposed handheld frontal sinus manipulator system: 1) flexible manipulator arm, 

2) pistol-like handheld control unit, 3) flexible endoscope, 4) flexible surgical instrument; 5) control lever 

for upward bending, 6) control lever for left/right bending 
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For enabling the features of the manipulator, the realization of a handheld control unit is 

required. Handheld instruments are explicitly desired in ENT surgery, since the surgeons prefer 

having maximized control of instruments by using their hands, as motivated by their practical 

training. With this purpose the manipulator can be fixed to the control unit at its proximal end 

(Fig. 36 left).  With a pistol-like control unit design, the bending of the manipulator arm can be 

facilitated by the fingers of just one hand by means of control levers. In order to maintain the 

manipulator pose even if the operating surgeon removes his fingers from the levers, a self-lock-

ing feature needs to be implemented in the system. In addition to the bending of the flexible 

segments, the control unit should allow back-and-forth translation, actuation and rolling of the 

surgical tool easily. 

6.2 Solution Process  

Fig. 37 shows the methodology towards the development of flexure hinge based surgical 

manipulators. The first phase, realization involves the design and manufacturing processes. As 

a first step towards an efficient design, the anatomy for each surgery type needs to be character-

ized in order to come up with access and workspace requirements. Depending on the surgical 

task to be performed, sufficient payload capacity is required from the manipulators. To fulfill 

these requirements efficiently, flexure hinges need to be analyzed experimentally in terms of 

their flexibility (maximum allowable deformation of a single flexure hinge before plastic defor-

mation) and stiffness (maximum payload that a single flexure hinge can carry before plastic 

deformation) as a function of their geometrical dimensions. Since continuum manipulators con-

sist of multiple flexure hinge segments, characterization of a single flexure hinge segment is not 

sufficient itself to describe, predict and optimize the performance of the whole compliant struc-

ture in terms of flexibility, stiffness and durability under specific loading conditions. Therefore, 

it is sensible to optimize such a structure by analyzing the mechanical effects on each flexural 

element resulting from application specific boundary conditions and optimize them in an auto-

mated way using an FEM-based approach. 

 
Fig. 37 Methodology towards developing flexure hinge based surgical manipulators 
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In the second step of the realization, a suitable manufacturing method needs to be found 

which can respond to requirements of challenging designs. First of all, in order that flexure 

hinges can provide the mechanical behavior envisaged in the designing process, the selected 

manufacturing method must ensure tight manufacturing tolerances. Additionally, the minimum 

achievable wall thickness must be sufficiently small to offer the desired flexibility.  It should 

also be remembered that minimum feature size for wall thicknesses or boreholes does not only 

contribute to flexibility but also to the miniaturization of the cross section. Thanks to their me-

chanical stability, metals are favorable for small wall thicknesses, whereas flexibility of metals 

is limited compared to that of polymers. At this point, flexibility can be supported by the use of 

highly elastic metals such as nitinol. Therefore, the prospected manufacturing method should 

enable the use of such materials. To be able to insert manipulators from natural orifices up to the 

surgical sites, considerable length is required in most cases. As surgical instruments, optics and 

actuation cables are supposed to be guided through the manipulator body, multiple channels with 

different sizes are needed through the longitudinal section. Flexure hinges, however, need to be 

machined radially which makes the process complex. Irregular cross-sections or dual-arm ma-

nipulator designs can increase the complexity further. Beside the requirements that are essential 

for mechanical functionality, there are also requirements for the clinical safety. Surface quality 

is one of the aspects which is decisive for the decontaminatability and sterilizability. Another 

important aspect is the biocompatibility. It is usually not sufficient to ensure the biocompatibility 

of semi-finished products. Additional measures must be taken to exclude potential risks coming 

from manufacturing processes such as toxicity. 

In the second phase of the development process, the realized prototype is tested with 

respect to performance and clinical safety aspects. These involve verification of dexterity, reach-

ability and payload requirements for performance, as well as biocompatibility and sterilizability 

requirements for clinical safety. The verification phase is iteratively performed with the realiza-

tion phase, until all requirements are fulfilled.  

The last and the third phase of the development process is the validation phase, where 

the clinical efficacy of the product is tested by experienced surgeons. Here, it is questioned to 

what extent the product can fulfill its clinical function stated in its intended use.  
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7. Realization 

7.1 Determination of Design Specifications  

7.1.1 Design Requirements for the Bladder Manipulator  

Considering the fact that a human bladder can hold up to 500 ml urine and assuming that 

the full bladder takes a spherical shape, the workspace in the bladder can be simplified to a sphere 

with 10 cm diameter (The volume of a sphere with 10 cm diameter is approx. 524 ml.). The 

concept introduced in 6.1 should be designed in a way that maximum reachability can be pro-

vided in the bladder including the most challenging area bladder neck. In order to reach the 

bladder neck, the shaft of the system should provide a retroflexion (bending up to ca. 180°). To 

be able to provide such a large bending within such a constricted area, small curvature radii are 

needed.  Fig. 38 shows that a 180° bending with a 10 mm radius of curvature would be sufficient 

to reach the areas close to the bladder neck. A workspace of 25 mm was chosen to be able to 

treat large tumors and it can be achieved in the anterior plane by triangulating the manipulator 

arms with up to 30 mm length. This workspace can be extended further by upward/downward 

movement of the arms, translation of the surgical instruments and rotation of the shaft. To be 

able to pass the manipulator through the sheath inserted through the urethra, the diameter should 

be limited to 8 mm. Considering the additional urethra length, the whole length of the manipu-

lator should be around 20 cm similar to the working length of a resectoscope. 

 
Fig. 38 Design requirements based on the simplified urinary bladder anatomy 

7.1.2 Design Requirements for the Frontal Sinus Manipulator 

(Coemert, Roth et al., 2020) 

“For a reliable manipulator design, a good understanding of the highly variable frontal 

sinus anatomy and its access routes is essential. With this purpose, manual measurements were 

performed on sagittal frontal sinus CT views of up to 30 anonymous patients. The length 𝑙1 and 

the angle α were measured on those views (Fig. 39 left). From the same data set, coronal views 

of the 10 laterally widest frontal sinuses (with at least 35 mm width) were selected to measure 

the second characteristic angle β (Fig. 39 right).”  

“One of the most important measures for the manipulator design is the length 𝑙1 which 

helps estimating the minimum required length of the rigid segment of the manipulator. The mean  
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Fig. 39 Anatomical measurements of the angles and the lengths for accessing superior and lateral regions 

of frontal sinus through the nostrils (taken from Coemert, Roth, et al., 2020) 

value for 𝑙1 was found to be 59.6 ± 4.3 mm. Another decisive measure for the design is the 

angle 𝛼, which indicates the required bending angle between insertion axis through the nostril 

and the entrance axis into the frontal sinus to reach the superior regions of frontal sinus. The 

mean value for the angle 180°- 𝛼 was found to be 69.1° ± 11.2°. Measurements of the angle 𝛽 

revealed that bending angles around 75° would be sufficient to reach the lateral regions of frontal 

sinuses for the majority of patients.” 

7.2 Characterization and Optimization of Flexure Hinges 

When designing both manipulator systems, the requirements concerning their intended 

use are derived from the respective anatomical nature or from the surgical task to be performed. 

These are so called boundary parameters and must be defined by the designer in order to move 

the problem from the medical domain to the engineering domain. One important requirement for 

the development is the capability to reach the surgical sites using natural orifices and lumens. 

Here, miniaturization is essential to make the access possible. Upon reaching the surgical site, 

which are in both cases hollow organs, flexibility is another desired feature to have a maximum 

spatial control within the organs. Lastly, the systems should be able to provide sufficient force 

transmission from the operating units to the end effectors to be able to perform the manipulation 

tasks. This requirement is associated with the stiffness properties which constitute a trade-off 

with flexibility. Flexure hinge based design has the potential to address all three of these require-

ments (flexibility, strength, miniaturization) if an efficient design is provided along with a suit-

able manufacturing method and material selection. As a result of the anatomical characterization 

presented in 7.1, design requirements were determined. The next step will be the characterization 

and optimization of flexure hinges which will help to design them in a way that these require-

ments can be met. To be more specific, it will be questioned how much deflection can be ob-

tained from a flexure hinge with given geometric parameters without damaging it. The second 

question will be how much load a flexure hinge with a specific geometry can carry without any 

damage. Based on this knowledge, flexure hinges can be designed with maximum efficiency 

with respect to the flexibility-stiffness trade-off.  Considering the fact that manipulation in hol-

low organs requires continuum (snake-like) movements, prospective manipulators should con-

sist of multiple flexure hinge segments. While flexibility and stiffness constitute a trade-off for 

a single flexure hinge, flexibility and stiffness as well as durability of a whole structure with 

multiple serial flexure hinges of identical geometry can be increased by finite element method 

(FEM) based optimization. By stiffening the hinges furthest to the load and by softening the ones 

closest to the load, high stress concentration on the proximal hinge can be distributed to the 

others evenly. In this way, the load is shared among all flexure hinges uniformly which results 

in improved performance of the whole structure. In the following sections, the characterization 

and optimization processes will be explained in more detail. 
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7.2.1 Characterization with Respect to Workspace Requirements (Coemert et al., 2018) 

“Flexibility of manipulators is ensured by multiple segments of rectangular cross section 

nitinol flexure hinges. Fig. 40 (left) illustrates a single-section flexure with the geometrical pa-

rameters h (thickness), b (width) and L (length). As it can also be inferred from the figure, the 

cross section of the flexure hinge is not an exact rectangle but a small ring segment. Effects of 

this minor form distinction were assumed to be nonsignificant. The deflection angle θ is also 

shown when the hinge is deformed by the moment end load M. As mentioned before, the manip-

ulator must present sufficient flexibility to be able to meet the spatial requirements of the related 

anatomy. To exemplify, the anatomy usually requires not only achieving a certain angle but also 

achieving this in a given distance. In other words, the hinges should be able to generate suffi-

ciently small curvature radii so that the mini-manipulator can turn the sharp corners or perform 

retroflexion (backward bending) within the anatomy. In such cases it is desired that each flexure 

hinge provides the maximum possible deflection angle. On the other hand, any plastic defor-

mation must be prevented to avoid the malfunction of the overall system. Therefore, the deflec-

tion needs to be constrained to a level where the maximum reversible deflection before failure 

is obtained. In this way, the full potential of a flexure can be used in terms of flexibility.” 

 
Fig. 40 Geometric parameters of rectangular cross section flexure hinge and the deflection angle θ under 

the exposure of moment end load M (left), schematic representation of the relationship between the de-

flection angle (θ) and radius of curvature (r) in terms of geometric parameters (L: flexure hinge length, 

h: flexure hinge thickness) under constant curvature assumption (right) (taken from Coemert et al., 2018) 

 “Strain is a term by which we can relate the amount of deflection to geometric parame-

ters of the hinges (Gere and Timoshenko, 1991). This relationship is illustrated in Fig. 40 (right). 

For small deformations, the beam elements are assumed to bend into an arc with a constant radius 

of curvature (r) along their length. Strain (ε) occurring on the outer fiber of the hinge can be 

expressed by eq. (1). Using eq. (2) the radius of curvature (r) can be substituted with length-to-

slope ratio (L/θ). Finally, the strain can be expressed in terms of hinge dimensions and deflection 

angle (eq. (3)).” 
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“For conventional metals such as steel, transition point from elastic to plastic range is 

quantified by using permanent set values corresponding to 0.1% or 0.2% plastic strain 

(Ross et al., 2016). This allows calculating maximum irreversible strain upon unloading in the 

form of deflection angle that can still be considered as elastic behavior. Rearranging eq. 3 will 

help describing this relationship in mathematical context, where 𝜃𝑃𝑆 is the angle between the 

poses of proximal and distal end of the flexure hinge occurring upon unloading and 𝜀𝑃𝑆 is the 

permanent set strain which was chosen 0.1% in this work:” 

 
𝜃𝑃𝑆 =  

2 𝐿 𝜀𝑃𝑆

ℎ
 

() 

„This mathematical relationship was adapted to nitinol in order to address the question 

what extent of permanent deformation can be considered as elastic-plastic transition point. While 

doing that there are some assumptions to be made. First of all, the arc generated between the 

proximal and distal ends of the flexure hinge upon unloading is assumed to have a constant 

curvature through its whole length. Secondly, geometric reflection of plastic deformation in the 

microstructure for conventional materials is assumed to be applicable also for nitinol. Stated in 

other words, same amount of permanent set should reflect similar microstructural changes in 

terms of yielding for both nitinol and steel.” 

“A set of experiments was designed to investigate the effect of flexure hinge thickness 

(h) and length (L) variation on the maximum elastic deflection angle. While varying one of the 

parameters the other parameter was kept constant. Flexure hinges with given dimensions were 

loaded and unloaded with gradually increasing deflection angles. When the permanent deflection 

in unloaded state reached the pre-calculated permanent set angle 𝜃𝑃𝑆, the deflection angle in the 

previous loaded state was recorded as the yield angle 𝜃𝑦𝑖𝑒𝑙𝑑. In the next step, progression of  

𝜃𝑦𝑖𝑒𝑙𝑑 with respect to h and L was analyzed separately. Depending on the behavior, a minimal 

model which combines both of the relations was obtained. In the final step, the applicability of 

the model was tested with the test samples of random thickness and length combinations. In 

Fig. 41, the concept of the experimentation is illustrated.” 

 
Fig. 41 Experimental concept: a) experimental procedure and identification of yield and permanent set 

angles, b) Investigating the progress of the yield angle with respect to length and thickness variation, 

c) model construction which estimates the maximum elastic deflection angle of a flexure hinge using the 

given flexure hinge thickness (h) and length (L) (taken from Coemert et al., 2018) 
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 “The shape of the test samples can be represented by Fig. 40 (left). The underlying rea-

son for designing the samples with double parallel flexure hinges is the ease of fabrication. Since 

the yielding is only dependent on material properties and geometric parameters, this design does 

not constitute any limitation for the analysis. The corner radii smaller than 0.1 mm were sup-

posed to have very minor influence in the stiffness.  As for selection of the geometric parameters, 

the thickness of the hinges was varied between 0.2 mm and 0.5 mm with 0.1 mm increments 

while keeping the length constant at 6 mm. The length of the hinges was varied between 3 mm 

and 8 mm with 1 mm increments while keeping the thickness constant at 0.3 mm. In Table 2, 

selected dimensions of the nine test samples designed for the model construction were marked 

with “M”. Four additional flexure hinges were designed to verify the applicability of the model 

with random thickness-length combinations which are marked with “V” in Table 2.” 

Table 2 Test sample dimensions (M: samples selected for model construction, V: samples selected 

for model verification) 

L [mm] 

 

h [mm] 

 

3 

 

4 

 

5 

 

6 

 

7 

 

8 

0.2 V   M   

0.3 M M M M M M 

0.35  V     

0.4   V M   

0.5    M  V 

“Wire electrical discharge machining was utilized for the fabrication to ensure tight man-

ufacturing tolerances. Each designed sample was fabricated twice to examine the reliability of 

the results. Upon fabrication dimensions of each flexure hinge thicknesses were measured at 

three different sections of the hinge (at both ends and in the middle). It should be noted that even 

small inaccuracies in the thickness can cause significant difference in the flexibility behavior, 

since the thickness itself is very small compared to the length. The measurements showed that 

the tolerances were in the range ±10% of the actual dimension for each sample. Two of the 

samples designed for verification (h=0.35 mm L=4 mm and h=0.5 mm L=8 mm) could not be 

fabricated twice due to some problems during machining.” 

“The components of the experimental setup are shown in Fig. 42. For deflecting the sam-

ples, a miniature linear translation stage with model no. MVT 40B-Z (OWIS GmbH, Staufen im 

Breisgau, Germany) was used which can be manually actuated by a rotatable spindle and allows 

translations up to 9 mm with a setting sensitivity of 1 µm. To capture instant images of initial, 

loaded and unloaded poses of flexure hinges, a digital microscope with 1.3 megapixel resolution 

and item no. 191322 - 89 (Conrad Electronic SE, Hirschau, Germany) along with an image cap-

turing software was used. For the fixation and alignment of the test samples, a simple additively 

manufactured fixture was utilized. Stabilization of samples was ensured by set screws. It can be 

noticed in the figure that the linear stage was equipped with force and displacement sensors that 

were eventually not needed for the analysis of the results. The samples were actuated with a 

threaded rod attached to the force sensor. On the tip of this rod a screw cap was used to ensure a 

constant engagement between the rod and the sample.” 
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Fig. 42 Experimental setup: 1) linear translation stage for deflections with small increments,  2) digital 

microscope for instant images of initial, loaded and unloaded poses, 3) software for instant image captur-

ing, 4) test sample, 5) fixture, 6) set screw for fixation, 7) threaded rod with the screw cap for deflecting 

the samples, 8) microscope view of a flexure hinge (taken from Coemert et al., 2018) 

 “After the fixation and the alignment of hinges were finalized, they were loaded and 

unloaded sequentially in a way that each consequent loading deflects the hinge with a couple of 

degrees increments, until deflections beyond visible plastic deformation occurred. Each un-

loaded and loaded pose was captured by the microscope (Fig. 43).” 

“When analyzing the relationship between the yield angle 𝜃𝑦𝑖𝑒𝑙𝑑 and the permanent set 

angle 𝜃𝑃𝑆, two of the recorded images were of interest. Firstly, the image that exhibits the per-

manent deformation which correlates with the pre-calculated permanent set angle needs to be 

identified. For doing that, the angle between the distal and the proximal ends of the hinge needs 

to be measured in several images. Upon finding the image which shows the closest behavior, the 

preceding image showing the loaded state yielding to that specific permanent set can be ana-

lyzed. Measuring the angle between the distal and the proximal ends of the loaded hinge gives 

the yield angle 𝜃𝑦𝑖𝑒𝑙𝑑. The measurements of angles were performed manually in the drafting 

mode of the CATIA (Dassault Systèmes, Vélizy Villacoublay, France) computer-aided-drawing 

software (Fig. 43). The initial orientation of the hinge upon the fixation was also taken into ac-

count in the course of the measurements.” 

 

Fig. 43 a) Initial pose of the flexure hinge, b) loaded pose and the measurement of the yield angle 𝜽𝒚𝒊𝒆𝒍𝒅, 

c) unloaded pose and the measurement of the permanent set angle 𝜽𝑷𝑺 (taken from Coemert et al., 2018) 
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 “Upon analyzing the results regarding the effect of length and thickness variation on the 

yield angle, it was found that there is a correlation between length-to-thickness ratio and the 

yield angle. Table 3 lists the results of both experiments indicating the yield angle in relationship 

with length-to-thickness ratio. Plotting the curve obtained through linear regression that approx-

imates the data points (the green curve in Fig. 44) reveals that there is a quasi-linear behavior 

between these scalar quantities. The formula of this curve is given in eq. (5). In order to provide 

the designer with a simple guiding mathematical model, eq. (5) was simplified in eq. (6):” 

𝜃𝑦𝑖𝑒𝑙𝑑  (deg) =  
1.47 𝐿

ℎ
+ 2.47 

() 

 

𝜃𝑠𝑎𝑓𝑒  (deg) =  
3 𝐿

2 ℎ
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Table 3 Length-to-thickness ratio vs. yield angle relationship 

L/h 𝜽𝑷𝑺 [deg] 𝜽𝒚𝒊𝒆𝒍𝒅 [deg] 𝜽𝒚𝒊𝒆𝒍𝒅 [rad] 

10 1.15 17.4 0.30 

12 1.38 19.3 0.34 

13.33 1.53 22.0 0.38 

15 1.72 24.5 0.43 

16.66 1.91 27.6 0.48 

20 2.29 32.3 0.56 

23.33 2.67 36.9 0.64 

26.66 3.06 42.6 0.74 

30 3.44 45.7 0.80 

 

Fig. 44 Real values (blue and red stars) and through linear regression obtained approximation model for 

the yield angle (green dashed line); guiding model with a confidence interval to estimate the maximum 

elastic deflection angle of a given flexure hinge (magenta line) (taken from Coemert et al., 2018) 
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 “As it can also be noticed in Fig. 44 (magenta curve), the proposed model in eq. 6 con-

tains a certain amount of confidence interval (approx. 2 degrees) which targets to estimate the 

maximum elastic deflection angle (𝜃𝑠𝑎𝑓𝑒) for a flexure hinge with specific dimensions with min-

imized possibility of error. It should be noted that the numerical coefficient in front of the length-

thickness-ratio contains the information regarding material properties and is experimentally de-

termined to convert the geometric inputs (flexure hinge length and thickness) into maximum 

elastic deflection angle in degrees. It should also be noted that the use of this model is intended 

for rectangular cross section nitinol flexure hinges within a specific range of geometric parame-

ters (length from 3 mm to 8 mm, thickness from 0.2 mm to 0.5 mm).” 

“In order to examine the applicability of the proposed model, the results of the measure-

ments conducted with verification samples were compared with the values calculated with the 

model. As it can be observed in Table 4, the maximum elastic deflection angles determined with 

the model were smaller than the measured yield angles for all of the samples.” 

Table 4 Comparison of maximum elastic deformation angles determined through the guiding model with 

experimentally obtained yield angles for verification samples 

L 

[mm] 

h 

[mm] 

𝑳/𝒉 

[mm/mm] 

𝜽𝒔𝒂𝒇𝒆 

[deg] 

𝜽𝒚𝒊𝒆𝒍𝒅 (mean) 

[deg] 

0.2 3 15 22.5 23.5 

0.35 4 11.42 17.14 18.0 

0.4 5 12.5 18.75 22.0 

0.5 8 16 24 27.1 

„Finite element analysis were performed in ANSYS (Canonsburg, PA, USA) in order to 

verify the experimental results. Bilinear isotropic material model was used to simulate supere-

lastic behavior of nitinol. Material properties were assigned using the data obtained from the 

tensile test performed at our institution. These properties are elastic modulus (66.3 GPa), Pois-

son`s ratio (0.33) yield strength (384 MPa) and tangent modulus (2979 MPa). As an input vari-

able rotational remote displacement was assigned. As output parameters total strain and equiva-

lent stress were calculated for each flexure hinge. Due to high computational times flexure hinges 

with random dimensions were selected for the simulation (Table 5).” 

“The results of finite element analysis are shown in Table 5, where 𝜃𝑑𝑒𝑓 is the deflection 

angle (input parameter), 𝜎𝑚𝑎𝑥 is the maximum stress (output parameter) and 𝜀𝑚𝑎𝑥 is the maxi-

mum strain (output parameter)  occurring on the flexure hinge. For each hinge with specific 

dimensions 𝜃𝑑𝑒𝑓 was selected equal to the value proposed in the guiding model in eq. (6). Rep-

resentative stress and strain distributions are illustrated in Fig. 45.” 

Table 5 Results of finite element analysis 

h [mm] L [mm] 𝜽𝒅𝒆𝒇 [deg] 𝝈𝒎𝒂𝒙 [MPa] 𝜺𝒎𝒂𝒙 (%) 

0.2 3 22.5 501 4.5 

0.3 4 20 506 4.7 

0.3 6 30 504 4.6 

0.3 7 35 504 4.6 

0.35 4 17.18 506 4.7 

0.4 5 18.75 508 4.7 
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Fig. 45 Simulated stress (left) and strain (right) distribution of flexure hinges under large deflection angles 

(taken from Coemert et al., 2018) 

 “Finite element analysis on randomly selected samples revealed that maximum allowa-

ble deflection angles proposed by the guiding model are yielding to maximum stresses between 

500-510 MPa and strains between 4.5%-4.7%. These narrow ranges show that the proposed 

model is consistent in terms of its operating region on the stress-strain curve of nitinol. If we 

look at the literature, 6% strain is considered as an elastic limit for 100 cycles, 4% strain for 

100,000 cycles (Ashby and Johnson, 2014). According to this information flexure hinges with 

up to 100,000 cycle fatigue life can be designed using the proposed model.” 

7.2.2 Characterization with Respect to Payload Requirements (Coemert et al., 2019) 

“Flexibility is not the only concern when developing flexure hinge based manipulator 

systems. Another crucial requirement for a surgical manipulator is to be able to generate the 

required forces for manipulation. In order to find the relationship between flexure hinge geome-

try and the payload capacity, FEM simulations and experiments were conducted. The systemat-

ics of the proposed approach is explained in Fig. 46. For the both cases of simulations and ex-

periments, the flexure hinge is fixed on the proximal end in order to apply the relevant forces on 

the distal end. At the distal end, a weight force, which represents the payload on the hinge, and 

a moment, which represents the actuation of the hinge by a pull-wire, should be applied. In order 

to establish a relationship between the geometric dimensions and the payload capacity, flexure 

hinges with different dimensions are to be analyzed. While one dimension is varied, the others 

are kept constant at a median value. Thus a change in the payload capacity can be traced back to 

the changed parameter. Specifically, the thickness (h) was varied from 0.1 mm to 0.5 mm in 

0.1mm increments, the width (b) from 2 mm to 10 mm in 2 mm increments and the length (L) 

from 10 mm to 30 mm in 5 mm increments (Fig. 47).  To be able to compare the payload capac-

ities of different samples uniformly, a state of equilibrium was defined which means that the 

proximal end of the beam is parallel to the distal end of the beam. On this basis, both experiments 

and FEM simulations are carried out in a way that the obtained results are used to compare and 

complement each other. Besides the geometrical variation, material properties are another deci-

sive parameter for the procedure. Due to its optimal resilience for flexure hinge application (low 

Young’s modulus and high yield strength), Ti-6Al-4V was selected as material. In the last step, 

a model is created that is obtained by analyzing the experimental and simulation results. It reveals 

the dependencies of the payload capacity on geometric parameters.” 
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Fig. 46 Concept of experimental and FEM-based payload analysis (taken from Coemert et al., 2019) 

 
Fig. 47 Selected flexure hinge dimensions for the analysis (taken from Coemert et al., 2019) 
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 “The FEM simulations were performed in ANSYS Workbench Mechanical R19.1 

(ANSYS Inc., Canonsburg, Pennsylvania, USA). For simulations, sensible simplifications 

needed to be made which target minimization of the computing efforts but at the same time do 

not significantly affect accuracy and comparability with the experiments. In the experiments, the 

samples are fixed at the proximal end into a fixture by inserting them into the rectangular slot on 

the fixture and screwed down by a grub screw (Fig. 48a). In the case of the simulations, the 

samples were fixed in between two blocks functioning as clamps (Fig. 48b). In order to avoid 

singularities resulting from fixed contact, frictional contact was selected between the blocks and 

the sample. To define the boundary conditions a “fixed support” is applied to all outer surfaces, 

marked in blue, except the surfaces in contact with the sample, as well as the front, i.e., the side 

oriented toward the distal end of the sample (Fig. 48b, Fig. 48e). Another simplification that was 

implemented for the simulations was the omission of the bracket at the distal end of the sample.  

On the one hand, it receives the attached payloads; on the other hand, it functions as a lever arm 

for the actuation cable to generate a reverse moment to carry the loads (Fig. 48c). Instead, a 

rectangular surface (orange) extending over the entire width of the sample to 3 mm from the 

distal end was defined and blocked against rotation around the lateral axis (Fig. 48d and 48e; 

note that no boundary condition was applied to the edges of the sample, indicated in yellow in 

Fig. 48e). This surface was also used to apply deformation based loading in the vertical (z) axis.” 

 
Fig. 48 Simplifications for FEM simulations: fixation of the sample a) in the experiment, b) in the simu-

lation, loading of the sample; c) in the experiment, d) in the simulation, e) boundary conditions in the 

simulation (taken from Coemert et al., 2019) 

 “A bilinear isotropic hardening model, which sufficiently represents the non-linear ma-

terial behavior, was used as a material model for the simulations. For the isotropic elasticity 

model, Young’s modulus of 114 GPa and Poisson’s ratio of 0.33 was assigned. As yield strength, 

test values varying between 828-948 MPa were obtained from the specifications of the Ti-6Al-

4V metal sheets (which were used to make the samples for the experiments).” 
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“In order to get meaningful results, it was important to make the right settings in the 

meshing. A mesh of hexahedrons was chosen, which was then manually refined. The element 

size was always fixed to and parallel to all edges of the sample. The value of the element size 

was set to 0.15 mm for both length and width. The thickness of the hinge was divided into 5 

element layers. Furthermore a quadratic trial function was selected for the meshing.” 

“In the analysis settings, the boundary conditions that control the simulation were de-

fined. In order to simulate the desired loading case, three time steps were implemented. In the 

first step, the component was loaded. The following load step served to relieve the load. At the 

end of the second load step, the boundary conditions applied to the distal surface (Fig. 48d, 

orange surface) were released so that the part could deform freely and plastic deformations could 

be observed in the third step. A very important setting was the "large deflections" option, which 

was enabled for all simulations. This was necessary because of the nonlinear geometric effects 

that occur during the analysis. Thus, the model was calculated with an iterative calculation 

method, which takes changing stiffnesses and loads into account while the load was slowly in-

creased (Gebhardt, 2018). The simulations were carried out with an automatic time step control, 

which was realized by substeps.” 

“In order to simulate the actual loading condition in the experiment, an external displace-

ment Δx was used in the simulation. The external displacement was applied to the surface at the 

distal end of the beam (Fig. 48d). In order to load the sample in the equilibrium state, the rotation 

around the X-axis was set to zero and thus blocked (Fig. 48e). The surface at the distal end on 

which the load was applied was therefore always in the equilibrium state: parallel to the clamped 

surface at the proximal end of the beam.” 

“In the solving step of the simulation, a first model with a randomly determined displace-

ment, which should produce a plastic strain over 0.2%, was solved. If this did not succeed, the 

displacement was increased until plastic deformation of 0.2% occurred. If the plastic deformation 

was too large, the time at which the plastic deformation had reached a maximum of 0.2% was 

selected. At this point, the adjacent displacement was determined and transferred to a new sim-

ulation model and the new model was solved with this specific displacement.” 

“During evaluation of the results, stresses occuring in the samples were decisive in de-

termining how and where they were deformed. Equivalent von Mises stresses provide a good 

solution for tough materials such as aluminium, steel or titanium in order to evaluate the stresses. 

If the stresses in the material exceed the yield strength, the material begins to deform plastically. 

In every simulation, maximum deformations corresponding to 0.2±0.006% plastic strain were 

targeted as an elastic operation limit which could also be achieved after several iterations. This 

limit of 0.2% plastic strain is standard in the literature (Ross et al., 2016). Apart from plastic 

deformations, deformations occurring under loading were also recorded for a later comparison 

with the deformations obtained in the experiments. Another output needed from the simulations 

were the force and moment reactions. To determine the payload, the output parameter "force 

reaction" caused by the input parameter "external displacement" on the contact surface at the 

distal end of the beam (Fig. 48d) was evaluated.” 

“For the experiments, samples for three different test series were manufactured, in which 

one of the geometric parameters was varied, while the remaining parameters were kept constant. 

The height, the width and the length were varied for each series. Parts with different thicknesses 

were manufactured using different metal sheets which led to minor variances in their material 

properties. For the samples with varying width and length, the same sheet with 0.3 mm thickness 
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was used. Ti-6Al-4V metal sheets were cut into the desired dimensions by means of laser cutting. 

Since the real thicknesses of the manufactured samples are very decisive for the mechanical 

behavior, they were measured by means of an outside micrometer (model no. IP65, Mitutoyo, 

Kawasaki, Japan) with ±2 µm measurement accuracy. The manufacturing tolerance in the thick-

ness was found to be within ±0.02 mm range for each sample.” 

“The experimental setup is shown in Fig. 49. After fixing the sample into the fixture and 

threading the actuation cable into a linear actuation table through the bracket, the loading of the 

the sample was subsequently unloaded to be able to detect the amount of sample was started. For 

most of the samples, the loading started with a 50 g weight and increased with an increment of 

50 g. The samples with low stiffness (0.1 mm thickness), by contrast, were plastic deformation 

caused by the previous loading. In order to avoid excessive deflections in one direction, the 

actuation cable was tensioned simultaneously with loading weights in a way that the sample 

steadily maintained the equilibrium state which means the proximal and distal ends of the sample 

remained parallel. This procedure was carried out until a clear plastic deformation of the sample 

became apparent.” 

 
Fig. 49 Experimental setup (top): 1) test sample, 2) weight force, 3) actuation cable that generates the 

reverse moment, 4) bracket that receives the weight force and functions as a lever arm of the actuation 

cable tension, 5) digital microscope to capture instant images; microscopic view of the sample under 

loading (bottom)  (taken from Coemert et al., 2019) 

 “In order to document and later evaluate the experiments, instant images were taken 

using a digital microscope (MIRAZOOM MZ-902, Oowl Tech Ltd., Hong Kong) before the 

measurement as well as after each loading and unloading step. For each of the 13 different sam-

ple geometries, 5 identical samples were subjected to experiment to increase the reliability of the 

findings.” 

“The documented images were analyzed with the image processing software ImageJ (Na-

tional Institutes of Health, USA). By means of this software the data available in visual form 

were processed into numerical data. For this, the position of the hinge at the distal end had to be 

tracked. The software allows stacking of multiple consecutive images. In these stacks points can 
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be placed on each image. For each image, points were placed on the distal end of the hinge. Here, 

a placement accuracy of ±1 pixel is assumed, which corresponds to an accuracy of ±6 𝜇𝑚. Con-

sequently, the location of these points can be measured in 2-d and thus the position of the hinge 

can be tracked. Using these coordinates, deflections under loading and plastic deformations can 

be calculated for each loading case. This was achieved by importing the raw numerical data into 

MATLAB (MathWorks, Natick, Massachusets, USA) and processing mathematically into arrays 

for later examination.” 

“For the evaluation of the experimental results, the results of the simulations are needed. 

The simulations can provide information about when a plastic deformation occurs in the compo-

nent, where it occurs and how large it is exactly. During the experiments, the plastic strain of the 

sample can only be observed but not quantified. While the simulations can provide detailed es-

timation about the internal processes such as stresses and plastic strains, the experiments show 

the real behavior.” 

“The evaluation procedure was as follows. The simulations provide information about 

how much load and associated displacement led to a maximum plastic strain of 0.2% and thus 

to a plastic displacement in the respective hinge. The experiments provide information about 

how much load and thus how much displacement under loading causes how much plastic dis-

placement. However it is not possible to quantify the internal processes like plastic strain in the 

experiments. Therefore, as described in Fig. 50, the plastic displacement of the corresponding 

experiment should be inferred from the plastic displacement output by the simulation, causing a 

maximum 0.2% plastic strain. The force, which causes the 0.2% plastic strain in the simulation, 

was then compared with the weight force of the experiment, which causes the same plastic dis-

placement. The same should be done for the displacement under load. With this evaluation 

method, in few cases, only three or four out of five samples could be evaluated. Nevertheless, 

for each flexure hinge geometry, one data set was obtained from the simulation and at least three 

usable data sets were obtained from the experiments.” 

 
Fig. 50 Evaluation approach of experimental and simulation results (taken from Coemert et al., 2019) 

 “Fig. 51 shows what the stress distribution looks like under loading and in which areas 

the highest stresses occur. Equivalent von Mises stress patterns were found to be similar for all 

13 geometries. Two areas of high stresses were visible in the stress pattern: one at the distal end 

and the other at the proximal end. The maximum stresses occurred at both the top and bottom 

surface of these regions.” 
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Fig. 51 Stress distribution on the hinge surface during loading (taken from Coemert et al., 2019) 

“The experimental results obtained with the aforementioned approach showed good 

agreement with simulation results (Fig. 52). Of particular interest is the force which represents 

the maximum payload capacity of the flexure hinges. The payload capacity decreased as the 

length of the flexure hinge increased, while it increased with increasing height and width as 

expected.”  

 
Fig. 52 Relationship between payload capacity and geometric parameters obtained through experiments 

and FEM simulations (taken from Coemert et al., 2019) 

 “In order to determine the exact dependencies between the geometric parameters and the 

payload capacity, the data were analyzed by performing nonlinear regression in MATLAB. Here, 

it was first assumed that the dependencies on the individual variables are related by multiplica-

tion. This results in the following initial function for the regression:” 

𝑓 (𝐿, 𝑏, ℎ) ~ 𝑎1 ∗  𝐿𝑎2 ∗  ℎ𝑎3 ∗  𝑏𝑎4  () 

“The regression model takes the three geometric parameters as input variables and cal-

culated payload values as the output variable. Consequently, the model approximates the output 

variables by assigning appropriate coefficients to the input variables. The coefficient 𝑎1 repre-

sents the proportionality factor. The coefficients 𝑎2, 𝑎3, and 𝑎4 are related to exponential power 

of length (L), thickness (h) and width (b) respectively.” 
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“The solved regression model is shown in Fig. 53. As 𝑎2 was very close to -1 and 𝑎3 was 

very close to 1, it can be assumed that the model approximates the payload capacity as inversely 

proportional to length (L) and directly proportional to width (b).” 

 
Fig. 53 Estimated coefficients for the whole regression model in eq. (7)  (taken from Coemert et al., 2019) 

 “This assumption can now be incorporated into a simplified model and the proportion-

ality factor 𝑎1 and the exponential coefficient of the thickness 𝑎2 are to be approximated for the 

simplified model. For this simplified model, the regression function was modified as follows:” 

𝑓 (𝐿, 𝑏, ℎ) ~ 𝑎1 ∗  𝐿−1 ∗  ℎ𝑎3 ∗  𝑏1 () 

“This results in the coefficients shown in Fig. 54.” 

 
Fig. 54 Estimated coefficients for the simplified regression model in eq. (8) (taken from 

Coemert et al., 2019) 

“With a slight modification, the regression model can be converted to a simple design 

guideline which can easily be recalled:” 

𝐹𝑝𝑎𝑦𝑙𝑜𝑎𝑑 (𝐿, 𝑏, ℎ) [𝑁] ~ 250 ∗  
ℎ1.6 ∗ 𝑏

𝐿
 

() 
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“In order to visualize the consistency of the proposed guideline in estimating the payload 

capacity based on geometric parameters, the mathematical functions of the whole regression 

model and the proposed minimal model were plotted together with the simulation results which 

were also consistent with the experimental results. From Fig. 55, it can be seen that the proposed 

guideline does not deviate much from the whole regression model. More importantly, the pro-

posed guideline can approximate the payload capacity obtained in the simulations with sufficient 

accuracy (±0.5N).”  

 
Fig. 55 Plotted functions of whole regression model and proposed guideline together with the simulation 

results (taken from Coemert et al., 2019) 

7.2.3 FEM-Based Design Optimization of Continuum Compliant Structures 

(Coemert, Yalvac, et al., 2020) 

“Generally, in continuum compliant mechanisms with serially arranged flexure hinges of 

identical geometry, the stiffness or flexibility of the entire structure is increased to achieve a 

higher payload or deformation in the system. In this case, gain in the payload or deformation 

results in a loss in the other one.  However, it is possible under predefined boundary conditions 

to influence the stress distribution in the individual component and thus increase the payload 

without reducing the flexibility of the structure by dimensioning individual flexure hinges. This 

can be done by evaluating the stresses in the area of the individual hinge and subsequently var-

ying certain geometric parameters such as the thickness, length or shape of the hinge. For this 

purpose, an automated design optimization method of flexure hinge based structures was devel-

oped. The algorithm used for design optimization uses the finite element method to calculate the 

displacements and stresses of the compliant mechanism. Subsequently, geometric parameters (in 

this case the thickness) of the flexure hinges are varied in order to adjust the stress distribution 

in the component. This process is iterative and leads to a structure with optimized flexure hinge 

geometries.” 

“Fig. 56 shows how the optimization concept works. First, the designer should provide 

the parameters for the initial geometry. This geometry can virtually be constructed using a solid 

geometry modeling tool and is needed as input data for the Finite Element Analysis (FEA) of 

the structure. After the initial FEA, the designer explores how the initial design deforms under 

loading and examines the corresponding stress distribution among the flexural elements. Using 

this information, the maximum force, under which the manipulator starts to plastically deform 

(or causes stresses reaching yield strength of the material) is calculated by an iterative process 

(where the force at the distal end of the structure is increased piecewise). Knowing the maximum 

permissible force for the non-optimized structure, the optimization process starts. The iterative 

optimization process changes the geometry of the hinges in a way that a homogenous distribution 

of stress on flexure hinges is achieved. After every iteration, this process provides a new set of  
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Fig. 56 The optimization concept of continuum compliant structures (taken from 

Coemert, Yalvac, et al., 2020) 

geometrical parameters for every flexure hinge. As soon as the geometry fulfills the stopping 

criterion, the optimization process finishes. This is when a uniform desired stress range is 

achieved on each element. Following the optimization process, the tool numerically calculates 

the deflection capacity of each flexure hinge to design the angular stops that constrain their bend-

ing amount to avoid any plastic deformation so that the optimized structures can get their final 

shape.” 

 Implementation: “The optimization tool is fully implemented in MATLAB (The Math-

Works Inc, Natick, Massachusetts) with the help of different toolboxes. The implemented func-

tions include parametric design of structures, adaptive numerical models for the analysis of gen-

erated geometries, the optimization process, kinematic analysis and calculations for the angular 

stops. In order to generate the solid geometries, SG-Library was used which is a constructive 

MATLAB toolbox developed by Lueth (2015) for spatial modeling of bodies, joints and gear. 

SG-Library enables its user to create, analyze and manipulate surface models in an automated 

and parametrized way. For the finite element analysis, Partial Differential Equation (PDE) 

Toolbox was utilized.  With PDE-Toolbox it is possible to solve and analyze linear static prob-

lems. The PDE-Toolbox enables its users to import geometry as mesh or STL data which means 

the data transfer between SG-Library and PDE-Toolbox is easy and fast since there is no data 

incompatibility. Additionally, the user does not need to change environments to create and ana-

lyze geometries. The PDE-Toolbox provides users with a simple mesh-generator, which creates 

meshes with triangular (2D) and tetrahedral (3D) elements. On the other hand, PDE-Toolbox is 

only able to solve linear partial differential equations. Because of this limitation, only the linear 

elasticity equations can be solved, and small strains can be analyzed. Another limitation is that 

only linear elastic materials can be analyzed. Therefore, every material tested in the scope of this 

work must be isotropic and linear elastic. Considering this fact, Ti6Al4V Grade 5 was chosen as 

material for its linear elastic properties and comparably higher elasticity among the metals to 

achieve more flexibility for compliant structures.” 

“Before performing the first structural analysis, the initial geometry and material proper-

ties need to be defined. Fig. 57 shows a representative continuum compliant structure with the 
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Fig. 57 The initial geometry and the geometric input parameters (taken from 

Coemert, Yalvac, et al., 2020) 

geometrical input parameters. In Table 6 these geometric parameters are listed with the corre-

sponding nomenclature from the MATLAB script (in Appendix A) and explained together with 

the material properties. The two reference stresses sigma_ref_1 (𝜎𝑟𝑒𝑓,1) and sigma_ref_2 (𝜎𝑟𝑒𝑓,2) 

listed in the table are each required for different parts of the optimization process: 

Table 6. All required input parameters before the start of the optimization process 

Parameter Unit Definition 

D [mm] height of the stiff segments 

d_List (i) [mm] thickness of the respective hinge 

z_fk [mm] length of each hinge 

b_fk [mm] width of the compliant structure 

z_s [mm] length of the stiff segments 

r [mm] corner radius of hinges 

gg_max [-] number of rigid segments 

E_Modul [MPa] elastic modulus (𝐸𝑇𝑖=110 GPa) 

PoissR [-] Poisson’s ratio (𝜐𝑇𝑖=0.33) 

RP02 [MPa] yield strength (𝜎𝑦𝑖𝑒𝑙𝑑,𝑇𝑖=948 MPa) 

sigma_ref_1 [MPa] first reference stress 

sigma_ref_2 [MPa] second reference stress 
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• sigma_ref_1: For an applied force at the free end of a non-optimized structure, very high 

stresses occur in the proximal joint, which decreases with increasing distance of the joints 

from the fixed end. sigma_ref_1 specifies the range at which the stress values for a given 

load are to be regulated with the help of optimization. 

• sigma_ref_2: This defines the maximum allowable stress in the part. This value is rele-

vant for correctly designing the angular stops. If, for example, a high fatigue strength of 

the structure is desired, a low allowable stress must be selected. However, if a large de-

flection is relevant, the value should be in the upper stress range. The challenge here is 

to find a suitable compromise.” 

“After the definition of the initial geometry and the material properties by the designer, 

the first task of the tool is to determine the maximum force the structure can withstand without 

having any or minimal plastic deformation. Therefore, the simulation model increases the load 

on the structure in small increments and performs a simulation after every force incrementation. 

Fig. 58 shows the Von Mises equivalent stress (VMS) progression among the flexure hinges 

during force incrementation. Since the PDE-toolbox is not able to detect plastic deformations, a 

stop criterion must be determined to stop the simulation and the force incrementation. The stop 

criterion used for the optimization tool is to compare the maximum VMS occurring in the struc-

ture with the yield strength of the material. The simulation series stop, when the toolbox detects, 

that the maximum equivalent stress among any of the flexure hinges higher than the yield 

strength of the material. The last applied force is registered as the maximum force 𝐹𝑚𝑎𝑥.” 

 
Fig. 58 Stress curve of a non-optimized structure after each iteration. The structure is fixed at x = 0mm 

and the force acts at x = 19 mm; the incremental force increase stops when the maximum stress value 

reaches the yield point 𝑹𝑷𝟎.𝟐. (taken from Coemert, Yalvac, et al., 2020) 

“Here, the algorithm used targets an even distribution of stress values along the structure 

by means of dimensioning. The variation of the thickness of individual hinges takes place again 

in an iterative process. To be more specific, if a flexure hinge has a higher stress level than the 

(desired) reference stress value (𝜎𝑟𝑒𝑓,1), the thickness of the flexure hinge will be increased pro-

portionally to the difference between the measured mean equivalent Von Mises stress (𝑉𝑀𝑆) 

stress along the hinge and the reference stress. The same logic is also applied for the case, in 
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which the measured stress is lower than the reference stress. The thickness of the hinge is de-

creased in the same way. As one can expect, more accurate results can be achieved through 

certain modifications such as refining individual iteration steps or reducing tolerances. However, 

this conflicts with the required computing time, which also increases with increasing accuracy 

of the result. It is therefore important to be able to assess whether the chosen settings lead to an 

adequate result. For this purpose, post-processing enables a quick assessment by creating all the 

plots necessary for evaluating the optimization. If one considers the stress distribution of the 

non-optimized and optimized structure in Fig. 59, it becomes clear that the optimization process 

was carried out successfully.” 

 
Fig. 59 The stress curve of the non-optimized structure (left) is compared to the stress curve of the opti-

mized structure (right); the lower diagrams show the equivalent stresses in the three hinges from (left) 

and to (right) of the structure optimization. (taken from Coemert, Yalvac, et al., 2020) 

 “In the last step of the optimization process to obtain the final geometry, the user speci-

fies a second reference stress (that can be the yield strength of the material), whereupon the 

component is loaded in such a way that the maximum occurring stress is again in the range of 

this value. Tangent lines are then drawn at the distal end of the respective deformed hinge and 

the angle between the horizontal plane and these tangents is measured. The user receives infor-

mation about the total deflection of the optimized and non-optimized structure as well as about 

the deflection of all individual hinges. In addition, the forces applied to generate the deformation 

are indicated. The results allow an estimation of the stresses occurring under a certain deflection. 

In addition, the user can estimate how the total deflection of the structure is distributed among 

the individual joints. As already mentioned, the angular stops prevent excessive stresses in the 

structure. Also, in this case, the second reference stress 𝜎𝑟𝑒𝑓,2 is used as upper limit. Since the 

stiffness of each hinge differs after optimization, a calculation must be carried out separately for 

each of them. Here, the permissible angle is first calculated using the method described above 

and then an angular stop is added to the structure that prevents this angle from being exceeded. 

A fully optimized structure looks then as shown in Fig. 60. It is clear that the hinge at the prox-

imal has higher stiffness with greater thickness. Therefore, the gap width for the angular stops is 

much smaller here than at the distal hinge where the low thickness leads to a higher flexibility.” 
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Fig. 60 Final geometry of the optimized compliant structure upon integration of angular stops (taken from 

Coemert, Yalvac, et al., 2020) 

  Experimental validation: “In order to verify that the developed optimization tool pro-

vides the expected advantages in reality, two sets of experiments were conducted under static 

and dynamic loading conditions. Before providing detailed information for both test procedures, 

the test specimens will be introduced in the following, since identical geometries were used for 

both experiments. The test samples were fabricated using the geometry with constant and varia-

ble parameters shown in Fig. 61. As for material, Ti6Al4V Grade 5 was used due to its high 

elasticity and homogeneous mechanical properties to obtain reliable results. Due to the very 

small hinge thicknesses, a precise manufacturing process is required. Therefore the specimens 

were fabricated with wire electrical discharge machining. In order to ensure that the geometric 

parameters are within an appropriate tolerance range, the relevant parameters (in particular joint 

thickness) are measured using a digital caliper with a resolution of 10 µm. In both experiments, 

the structural behavior of 10 different geometries was tested; 5 of them non-optimized and 5 of 

them optimized for comparison purposes. The non-optimized variants differ in the length and 

thickness of the respective hinges. The optimized geometries differ with varying hinge thickness 

along the structure but otherwise resemble the original shape. The varying thicknesses are deter-

mined by the previously presented optimization algorithm. All samples are made of a thin 

Ti6Al4V sheet and therefore have a constant width of 1.7 mm. To provide an overview of the 

most important parameters, the constant parameters are listed in Table 7 and the varying param-

eters of the respective variants in Table 8.” 

 
Fig. 61 The specimen is fixed on the right side. On the left, a modular plug-in part is attached to which 

the weights are later attached in order to generate a force in the vertical direction. (taken from 

Coemert, Yalvac, et al., 2020) 

“The nomenclature of the test specimens is structured in such a way that the constant 

length of the joints is the first digit. In second place is the information of the original thickness 

in millimeters and finally the information whether the specimen has the optimized or non-opti-

mized hinges (e.g.: 5_0.25_opt). The specimen 5_0.25_opt thus has a hinge length of 5 mm with 

an original thickness of 0.25 mm. It is also an optimized joint structure. The values of the hinge 
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Table 7. Constant parameters of test specimens 

Parameter Definition Value Unit 

𝑙𝑡𝑜𝑡𝑎𝑙 total structure length 33 [mm] 

D total structure height 4 [mm] 

𝑙𝑠𝑡𝑖𝑓𝑓 stiff segment length 1 [mm] 

𝑙𝑚𝑜𝑑𝑢𝑙𝑎𝑟 modular plug-in length 5 [mm] 

𝑙𝑠𝑡𝑜𝑝 angular stop length 1 [mm] 

thicknesses for the optimized structures in Table 8 result for a reference stress of 

𝜎𝑟𝑒𝑓,1= 650 𝑀𝑃𝑎. This means that a calculated maximum force for the non-optimized structure 

causes stresses in the yield strength range (𝜎𝑦𝑖𝑒𝑙𝑑,𝑇𝑖= 948 𝑀𝑃𝑎). However, due to a more uniform 

distribution, the same force only leads to maximum stress values in the optimized structure, 

which according to the simulation are around 650 MPa. Due to the manufacturing tolerances, 

these values deviate by up to 10% from the values calculated in the simulation.” 

Table 8. Varying parameters of test specimens 

Specimen Hinge length [mm] Hinge thickness (measured) [mm] 

𝒍𝒉𝒊𝒏𝒈𝒆 𝒅𝟏 𝒅𝟐 𝒅𝟑 

3_0.2_non_opt 3 0.21 0.21 0.21 

3_0.2_opt 3 0.25 0.21 0.16 

4_0.2_non_opt 4 0.21 0.21 0.21 

4_0.2_opt 4 0.23 0.19 0.16 

5_0.2_non_opt 5 0.21 0.21 0.21 

5_0.2_opt 5 0.26 0.21 0.16 

5_0.25_non_opt 5 0.26 0.26 0.26 

5_0.25_opt 5 0.33 0.27 0.20 

5_0.3_non_opt 5 0.31 0.31 0.31 

5_0.3_opt 5 0.37 0.32 0.22 

 Static loading tests: “The FEM-based simulation performs linear static calculations in 

its sub-functions. This means that non-linear effects of large deformations of the structure are 

neglected and plastic deformation is not considered. Therefore, the question arises whether the 

calculations from the simulation correspond to reality and thus contribute to an optimized struc-

ture. With this purpose, the real forces, angles and thus indirectly also the stresses in the flexure 

hinge structures should be compared with the values from the simulation. In addition, it will be 

determined how the optimized and non-optimized structures behave in the plastic region under 

the same deflection.” 



Realization 
 

62 

 

“Beside a good agreement of simulation results with the experimental results, the follow-

ing findings are expected from static tests to verify the efficiency of the developed tool: 

• For the loading values leading to the reference stress value 𝜎𝑟𝑒𝑓,1 = 650 𝑀𝑃𝑎 in the op-

timized structure, individual hinges of the optimized structures will exhibit more uniform 

curvatures compared to the non-optimized ones indicating that the stresses are more 

evenly distributed along the optimized structures. 

• For the loading values leading to the yield stress value 𝜎𝑟𝑒𝑓,2 = 948 𝑀𝑃𝑎 in both struc-

tures, the optimized structures will exhibit larger deflection angles compared to the non-

optimized ones withstanding higher amount of forces. 

• For the loading values exceeding the yield stress value 𝜎𝑟𝑒𝑓,2 > 948 𝑀𝑃𝑎, the optimized 

structures will exhibit significantly lower plastic deformation compared to the non-opti-

mized ones under the exposure of same forces and similar total deflection angles.” 

“The measurement equipment consists of a digital microscope with 9 megapixel resolu-

tion (Conrad Electronic SE, Germany) connected to a computer via a USB cable. It is aligned by 

means of a fixture and does not change its position during the entire experiment. The image is 

captured using the image processing software ImageJ (NIH, Bethesda, Maryland). The specimen 

is placed in a specially designed and additively manufactured holder and secured with a screw 

at the side. A modular plug-in connection allows weights of different masses to be attached from 

the distal end of the flexure hinge structure. A squared paper in the background allows a rough 

estimation of the instant angular deflection. Fig. 62 shows the most important components of the 

experimental setup.” 

 
Fig. 62 Experimental set-up for static experiments: the computer (1), the digital microscope (2), the cam-

era fixture (3), the specimen holder (4), the modular plug-in connection (5) and weights (6). (taken from 

Coemert, Yalvac, et al., 2020) 

 “For the execution of the experiment, the load at the distal end is gradually increased, so 

that a weight leads to a greater bending of the structure. An image is captured after each step and 

then assigned to the applied force. This procedure is repeated with the optimized hinge structure 

until the total deflection of the structure is slightly larger than the deformation which corresponds 

to the calculated value for a stress of 948 MPa from the simulation. Once the maximum load is 

reached and an image has been generated, the weights are removed and a final image of the 

structure in the unloaded state is generated (Fig. 63). For the non-optimized specimens, the pro- 
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Fig. 63 Series of images showing deformation of a test specimen under increasing load, the last picture 

corresponds to the load-free fall after removal of the weights (showing plastic deformation). (taken from 

Coemert, Yalvac, et al., 2020) 

cedure is then repeated, with the gradation of the weights and the maximum load matching that 

of the optimized specimens. The next step is to measure the deflection angles of individual hinges 

in the image processing software ImageJ using the option to measure the angle between two lines 

previously inserted by the user. The evaluation determines how many degrees a single hinge 

contributes to the total angular deflection. The angles are measured as shown in Fig. 64.” 

 
Fig. 64 Procedure for angle measurement in ImageJ (taken from Coemert, Yalvac, et al., 2020) 

 “After collecting the data, the information is used to compare the measured values with 

the values from the simulation and to compare the structural behavior of the optimized and non-

optimized specimens. To be more specific, the following information is analyzed in more detail 

and used to determine comparability between the optimized and the non-optimized structures: 

• Individual deflection angles of the hinges (𝛼1, 𝛼2, 𝛼3) resulting from total deflection an-

gles (𝛼𝑡𝑜𝑡𝑎𝑙) taken over from the calculated angles in the simulation which correspond 

to the defined reference stress value 𝜎𝑟𝑒𝑓,1 = 650 𝑀𝑃𝑎 in the optimized structure, 

• Total yield angles (𝛼𝑦𝑖𝑒𝑙𝑑,𝑛𝑜𝑝𝑡 , 𝛼𝑦𝑖𝑒𝑙𝑑,𝑜𝑝𝑡) and respective loads (𝐹𝑦𝑖𝑒𝑙𝑑,𝑛𝑜𝑝𝑡 , 𝐹𝑦𝑖𝑒𝑙𝑑,𝑜𝑝𝑡) 

causing yield stress 𝜎𝑟𝑒𝑓,2= 948 𝑀𝑃𝑎 in the optimized and non-optimized structures,  

• Total irreversible deflection angles (𝛼𝑝𝑠,𝑛𝑜𝑝𝑡 , 𝛼𝑝𝑠,𝑜𝑝𝑡) upon unloading as a plastic defor-

mation measure consequent to the exposure of forces (𝐹𝑜𝑣𝑒𝑟𝑙𝑜𝑎𝑑) exceeding the yield 

stress value 𝜎𝑟𝑒𝑓,2 > 948 𝑀𝑃𝑎.” 
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Dynamic loading tests: “In the next set of experiments, fatigue tests will be used to 

determine how the structures behave under a dynamic load. In particular, it will be checked 

whether the optimized specimens have a longer durability than the non-optimized specimens. If 

this assumption is confirmed, this also induces the applicability of the design optimization for 

dynamic load cases.” 

“For internal stresses of 650 MPa ± 40 MPa, the fatigue life for Ti6Al4V is between 

100,000 and 250,000 cycles in a strain-controlled fatigue test (Carrion et al., 2017). If this stress 

range is exceeded and stresses of over 700 MPa are obtained, the number of load changes is 

reduced to less than 50,000. The dynamic experiments were designed in a way that similar fa-

tigue behavior can be obtained from the specimens. Furthermore, the main expectation from this 

experiment was that the optimized test specimens can withstand more load cycles than the non-

optimized ones under the same dynamic loading conditions.” 

“The experimental setup is shown in Fig. 65. An electric motor is connected to a power 

source to deflect the test specimens. The rotational movement of the electric motor is converted 

into a translational movement by means of an eccentric disc and a movable beam. At the end of 

the beam, steel cables are attached, which are guided via a pulley to the modular plug-in adapter 

of the test specimens. A further steel cable connects the plug-in adapter with the weights. A 

fixture is used for the constructive implementation of the fixation boundary condition from the 

simulation. The plug connection is secured with set screws which eliminate any play. The num-

ber of revolutions of the electric motor is achieved by means of a light barrier, which is inter-

rupted once per revolution on the motor. The revolutions are documented by means of a micro-

controller BeagleBone. As soon as a sample breaks, the corresponding weight falls on a micro-

switch. The number of revolutions is stored individually for each sample. Setting the initial an-

gles is performed with the digital microscope and a computer with corresponding ImageJ soft-

ware which were also used in static experiments.” 

 
Fig. 65 Experimental set-up for dynamic experiments: power source (1), the electric motor (2), the mov-

able beam (3), the steel cables (4&7), the pulley (5), the modular plug-in connector (6), the weights (8), 

the microcontroller BeagleBone (9), the light barrier (10) and the micro-switch (11). (taken from 

Coemert, Yalvac, et al., 2020) 
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“For the investigation of the dynamic structural behavior, identical test specimens were 

used as in the static tests. Just as in the static experiments, ten different geometries were tested 

here. There were two identical specimens of each geometry. Both the constant and the varying 

dimensions can be recalled from Tables 7 and 8. In addition to the geometric parameters, the 

maximum deflection angle of the respective structure variants is also varied. Table 9 gives an 

overview of the angle and the loading type. Fig. 66 illustrates the difference between pulsating 

and alternating dynamic loading. If the structure is subjected to a pulsating loading, the deflec-

tion takes place only in one direction (downwards). In the case of alternating dynamic loading, 

the structure is first deflected in both directions. The first test was performed with the two vari-

ants 4_0.2_non_opt and 4_0.2_opt. As mentioned before, an alternating dynamic loading was 

applied here. The reason, why the alternating loading case was substituted by pulsating loading 

will be explained in the discussion of the results. In order to ensure the direct comparability of 

different (initial) thicknesses, the samples with a hinge length of 5 mm were deflected to the 

same extent. The periodic load was applied at a frequency of 1.5 Hz. During the entire experi-

ment, the mass 𝑚𝑑𝑦𝑛 = 101.9 g (𝐹𝑑𝑦𝑛_𝑚𝑎𝑥 =  1 𝑁) remained the same for the deflection of the 

specimens. During the tests, only the number of load cycles 𝑁 up to fatigue fracture was counted. 

This information is sufficient to clarify the questions formulated at the beginning and to prove 

the hypothesis.” 

Table 9. Deflection angle and loading type for the dynamic tests 

Specimen geometry 

(opt. and non-opt.) 

Max. deflection 

angle 

Loading type 

3_0.2 𝛼𝑑𝑦𝑛_𝑚𝑎𝑥,1 = 18° pulsating 

4_0.2 𝛼𝑑𝑦𝑛_𝑚𝑎𝑥,2 = 22° alternating 

5_0.2, 5_0.25, 5_0.3 𝛼𝑑𝑦𝑛_𝑚𝑎𝑥,3 = 25° pulsating 

 
Fig. 66 The difference between alternating (top) and pulsating (bottom) dynamic loading; F (𝜶𝒅𝒚𝒏_𝒎𝒂𝒙,𝒊) 

describes the maximum applied force in vertical direction, N describes a cycle. (taken from 

Coemert, Yalvac, et al., 2020) 
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“Before starting the actual tests, it must first be checked which deflection allows a rea-

sonable number of load cycles. The permissible stresses for optimized specimens should there-

fore be in the range of 650 MPa. The stresses of the non-optimized test specimens then result 

from the deflection that the optimized test specimens show for this stress in the simulation. In 

order to achieve the desired deflection, the specimens are first clamped. The plug-in adapters are 

then attached to the corresponding steel cables. The beam, which converts the rotatory movement 

into a translational movement, is then positioned in the area of the top dead center. Next, the 

steel cables are fixed to the beam by means of screws in such a way that the test specimens take 

the desired angular position 𝛼𝑑𝑦𝑛_𝑚𝑎𝑥,𝑖 under load. In order to trigger the micro-switch after the 

fracture of a sample, the orientation of the mass is then adjusted with the aid of set screws. To 

illustrate the initial condition of the test bench immediately before the test start, the starting po-

sition is sketched in Fig. 67. Depending on how the bottom dead center is set via the eccentric 

disc on the electric motor, it is possible to adjust whether the loading will be pulsating or alter-

nating.” 

 
Fig. 67 Starting position of the test bench immediately before the start of the experiment (taken from 

Coemert, Yalvac, et al., 2020) 

 “After the starting position has been set, the test can now be started. To do this, an SD 

memory card is inserted into the BeagleBone to store the information (number of load cycles) 

and a current of 15 amperes is set at the power source which corresponds to approximately 

90 rpm or 1.5 Hz on the electric motor. After completion of a test run, the number of load cycles 

can be read from a text file on the SD memory card. This file must be deleted before the next 

test run.” 

Results of static loading tests: “Table 10 lists the first series of the measured values; 

namely the deflection angles of individual hinges (𝛼1, 𝛼2, 𝛼3)  for all structure variants with a 

total deflection angle (𝛼𝑡𝑜𝑡𝑎𝑙)  resulting from the simulation for a reference stress of 650 MPa in 

the respective optimized structure. According to these results, it can be noticed that simulation 

and experimental results are in good agreement. Apart from that, a more uniform distribution of 

the deflection angles among the individual hinges can be observed. In general, there is a tendency 

for the non-optimized structure to have a kind of inflexion point at the first hinge, whereas this 

uneven distribution is not observed in the optimized structure which indicates a more balanced 

stress distribution. Fig. 68 helps visualizing this effect.” 
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Table 10. Simulation and experimental results for deformation angles of individual hinges of the opti-

mized and the non-optimized specimens at a reference stress of 650 𝑀𝑃𝑎 in the optimized structures 

 

Specimen 

 

Total deflection angle 

Deflection angle 

of individual hinges 

𝜶𝒕𝒐𝒕𝒂𝒍 𝜶𝟏 𝜶𝟐 𝜶𝟑 

3_0.2_opt (sim)  

28.2° 

6.8 8.6 12.8 

3_0.2_opt (exp) 7.2 8.2 12.8 

3_0.2_non_opt (exp) 13.9 9.1 5.2 

4_0.2_opt (sim)  

34.9° 

9.6 11.4 13.9 

4_0.2_opt (exp) 9.9 10.9 14.1 

4_0.2_non_opt (exp) 19.4 11.1 4.4 

5_0.2_opt (sim)  

41.1° 

12.6 15.1 13.4 

5_0.2_opt (exp) 13.0 14.9 13.2 

5_0.2_non_opt (exp) 23.7 13.1 4.3 

5_0.25_opt (sim)  

33.7° 

8.3 10.7 14.7 

5_0.25_opt (exp) 8.7 11.6 13.4 

5_0.25_non_opt (exp) 17.7 11.3 4.7 

5_0.3_opt (sim)  

28.7° 

7.2 8.1 13.4 

5_0.3_opt (exp) 7.0 8.4 13.3 

5_0.3_non_opt (exp) 13.2 10.1 5.4 

 
Fig. 68 Comparison of the curvature profile between a non-optimized (left) and an optimized (right) test 

specimen at a reference stress of 650 𝑀𝑃𝑎; specimen left: 5_0.2_non_opt, specimen right: 5_0.2_opt 

(taken from Coemert, Yalvac, et al., 2020) 

 “In order to assess further advantages resulting from the optimization, the total defor-

mation angles at the maximum permissible force exposure were analyzed and a comparison be-

tween optimized and non-optimized specimens is provided. For this purpose, forces 

(𝐹𝑦𝑖𝑒𝑙𝑑,𝑛𝑜𝑝𝑡 , 𝐹𝑦𝑖𝑒𝑙𝑑,𝑜𝑝𝑡) are calculated in the simulation that lead to a maximum stress of 

948 𝑀𝑃𝑎 in both structures. This value corresponds to the yield strength of Ti6Al4V. The angu-

lar deflections (𝛼𝑦𝑖𝑒𝑙𝑑,𝑛𝑜𝑝𝑡 , 𝛼𝑦𝑖𝑒𝑙𝑑,𝑜𝑝𝑡) resulting from these forces during the measurements are 

then compared between the non-optimized and optimized structures. The results of these meas-

urements can be found in Table 11. It can be concluded from the results that the optimized spec-

imens can withstand a higher force absorption and at the same time allow a larger maximum 

deflection. A value increase between 7% and 24% for the maximum force can be observed, as 

the stiffness of the structure decreases. Similarly, a value increase between 6% and 19% for the 

maximum total deflection angle can be observed.” 
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Table 11. Maximum permissible forces and total deflection angles for the optimized and the non-opti-

mized specimens 

 

Specimen 

𝑭𝒚𝒊𝒆𝒍𝒅,𝒏𝒐𝒑𝒕 

[N] 

𝑭𝒚𝒊𝒆𝒍𝒅,𝒐𝒑𝒕 

[N] 

𝜶𝒚𝒊𝒆𝒍𝒅,𝒏𝒐𝒑𝒕 

[°] 

𝜶𝒚𝒊𝒆𝒍𝒅,𝒐𝒑𝒕 

[°] 

3_0.2 0.86 1.07 32.2 36.7 

4_0.2 0.80 0.97 38.7 46.2 

5_0.2 0.70 0.87 43.3 45.9 

5_0.25 1.0 1.21 36.5 40.0 

5_0.3 1.44 1.54 36.0 39.1 

“In the last part of the static experiment, the plastic deformation occurring in both opti-

mized and non-optimized structures under the exposure of same forces was investigated. The 

stress state of the optimized specimens was slightly above the yield point immediately before 

complete unloading. The concentrated stresses in the non-optimized specimens were higher. This 

could be confirmed particularly by the permanent deformation of the test specimens after com-

plete unloading (Fig. 69). The permanent deflection angles of all specimens upon unloading are 

shown in Table 12. The assumption that the optimized structures will exhibit significantly lower 

plastic deformation compared to the non-optimized ones can be confirmed with these results.” 

 
Fig. 69 Plastic deformation after overloading; non-optimized specimen left: 5_0.25_non_opt, optimized 

specimen right: 5_0.25_opt (taken from Coemert, Yalvac, et al., 2020) 

Table 12. Irreversible deflection angles of the optimized and the non-optimized specimens under the 

exposure of the same forces leading to stresses exceeding yield strength 

Specimen 𝑭𝒐𝒗𝒆𝒓𝒍𝒐𝒂𝒅 

[N] 

𝜶𝒑𝒔,𝒏𝒐𝒑𝒕 

[°] 

𝜶𝒑𝒔,𝒐𝒑𝒕 

[°] 

3_0.2 1.47 6.3 2.0 

4_0.2 1.47 4.7 2.4 

5_0.2 1.28 4.3 1.7 

5_0.25 1.96 5.8 0.7 

5_0.3 2.16 3.8 0.2 

Results of dynamic loading tests: “Table 13 shows the number of load cycles for all 

relevant specimens rounded to thousands. Both the maximum deflection and the load type are 

also given. Due to the small number of test specimens, the results are considered individually. 

There is no calculation of a mean value. Although the amount of data collected is very small, the 

relevant results of the test specimens subjected to pulsating dynamic loading are consistent and 

unambiguous. The number of average load cycles of optimized specimens was between 50% and 

100% higher than that of non-optimized specimens. As already mentioned, the deflection of the 

test specimens with a hinge length of 5mm was performed with a maximum angle of 25°. The 

bar chart in Fig. 70 shows that the number of load cycles is reduced with increasing (initial) 

hinge thickness. This was expected since the same amount of deflection causes higher stresses 

in the stiffer structures which results in a reduced durability.” 
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Table 13. Number of achieved load cycles for all test specimens 

Specimen 

geometry 

𝜶𝒅𝒚𝒏_𝒎𝒂𝒙 

[°] 

 

Loading type 

#N  

(x𝟏𝟎𝟑) 

non_opt 

#N  

(𝒙𝟏𝟎𝟑) 

opt 

3_0.2 (1)  

18° 

 

pulsating 

30 45 

3_0.2 (2) 32 47 

4_0.2 (1)  

22° 

 

alternating 

12 8 

4_0.2 (2) 13 12 

5_0.2 (1)  

 

 

25° 

 

 

 

pulsating 

27 57 

5_0.2 (2) 34 67 

5_0.25 (1) 28 49 

5_0.25 (2) 34 60 

5_0.3 (1) 23 38 

5_0.3 (2) 26 38 

 
Fig. 70 Comparison of the achieved load cycles for all test specimens with 5 mm hinge length (taken 

from Coemert, Yalvac, et al., 2020) 

Discussion: “With the conducted experiments, the following advantages of the devel-

oped optimization tool could be validated: 

• The developed method results in a more uniform curvature along the structure that indi-

cates more uniform stress distribution along the structure. However, the expected con-

stant curvature behavior could not be proven. 

• The bearable loads and the maximum permissible deflection angles increase significantly 

for the optimized geometries. 

• For the loading cases leading to stresses exceeding the yield strength of the material, 

optimized structures exhibit less plastic deformation than the non-optimized ones. 

• The optimization leads to an improved durability with up to 100% increase in the average 

load cycles for pulsating dynamic loading conditions. This improvement could not be 

proven for the alternating dynamic loading conditions.” 
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“In the following, the potential underlying causes will be discussed why the constant 

curvature behavior and improvement in the fatigue behavior for alternating loading could not be 

validated. In the simulation, the optimization process only takes place for the area of hinge struc-

ture. This means that the constructive implementation of the clamping and the exact method of 

force exposure in the real loading case are not taken into account. In order to reduce the costs of 

the test specimens in particular, a modular plug-in part was designed, which was later used to 

fasten the weights. This constructive conversion led to an enlarged lever arm, which increased 

the moment at the hinges by a not negligible factor compared to the simulation. Fig. 71 demon-

strates the relevant variables. In the experiments, the influence of the enlarged lever arm mainly 

affected the deformation of the joints of optimized structures. Particularly in the hinge at the 

distal end of an optimized specimen relatively large angles could be detected which were not 

predicted by the simulation. The reason for this observation could have the following causes: 

 

• The lever arm, which in combination with the force causes a moment at the distal hinge, 

is more than doubled in all specimens for this hinge. 

• The hinge at the distal end of an optimized structure is usually the thinnest and therefore 

more flexible than other hinges. This leads to a particularly high sensitivity to changed 

moments.” 

 
Fig. 71 Influence of the increased lever arm on the measurement results (taken from 

Coemert, Yalvac, et al., 2020) 

 “Table 14 shows the angles resulting from the original simulation for the geometry 

3_0.2_opt at 650 MPa and compares these with the measured values for the same deflection. In 

order to check whether the changed load case in the experiments actually led to the deviations 

of the angles, a further simulation was carried out. Here the load case was adapted to the real 

conditions. The newly calculated simulation values confirm the assumption that the enlarged 

lever arm is the cause of for the deviating results in the experiment. In order to achieve a constant 

curvature, either the load case in the simulation must be adapted to the real boundary conditions 

or vice versa. Ideally, this would result in a uniform angular distribution for the reference stress 

defined in the simulation.” 

Table 14. Angular deflections for the specimen 3_0.2_opt; comparison between measurement, initial and 

adapted simulation 

Specimen 𝜶𝒕𝒐𝒕𝒂𝒍 𝜶𝟏 𝜶𝟐 𝜶𝟑 F [N] 

3_0.2_opt (exp) 24.9° 6.0 6.8 12.1 0.49 

3_0.2_opt (sim_old) 24.9° 8.0 8.4 8.5 0.98 

3_0.2_opt (sim_new) 24.5° 6.1 6.9 11.5 0.58 
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 “If we go back to the results of the dynamic tests and review the results for the alternat-

ingly loaded specimen geometry 4_0.2 in Table 13, it can be seen that the optimized samples 

failed earlier or around the same cycle with the non-optimized samples. If we look at the config-

uration of the alternating loading system, it can be assumed that during a cycle undesired forces, 

moments and stresses occur in the test specimen. The reason for this assumption is the fact that 

the rope and thus the rope tension is not vertical, but has a variable inclination with respect to 

the vertical axis. In order to prevent this phenomenon and bring the configuration closer to the 

simulation conditions, the remaining test specimens were subjected to pulsating loading. As it 

can clearly be seen in Table 13, this measure has led to more univocal results.” 

7.3 Manipulator System Design 

7.3.1 Bladder Manipulator (Coemert, Kollmer, et al., 2017) 

“Double-arm manipulator design comprises a flexible overtube with two independently 

steerable arms at its distal end (Fig. 72). It allows the use of a flexible endoscope deployed 

through the total length of the overtube as well as multiple surgical tools placed in the two dif-

ferent working channels, hence there is no additional need for customized instrumentation. The 

most optimal manipulation concept regarding the workspace and the tumor resection efficiency 

in the urinary bladder is believed to be the combination of the planar bendable (2-D) overtube 

with the spatial bendable (3-D) manipulator arms. Thus, the flexible overtube can first orient the 

endoscope and the surgical instruments to the pathologic area within the bladder by rolling and 

planar bending, and then the manipulator arms can perform the tumor resection. Since the flexi-

ble overtube will be actuated by the steerable tip of the endoscope, a shape locking feature there-

fore needs to be implemented to the endoscope steering so that the overtube can keep its shape 

and stability of the manipulator arms can be maintained during the resection.” 

 
Fig. 72 Double-arm manipulator design for transurethral bladder surgery (taken from 

Coemert, Kollmer, et al., 2017) 

“Enabling two instrument manipulation at the same time with multiple degrees of free-

dom within such a restricted size represents some challenges for the designing procedure. Nev-

ertheless, a manipulator design based on compliant mechanisms and monolithic fabrication can 

overcome these challenges, since it offers great advantages in terms of miniaturization and com-

pactness. On the other hand, minimizing the size of a single manipulator arm contributes also to 

the minimization of the overall size. For instance, the 3-D manipulator arm consists of a hollow 

structure with 3.2 mm outer diameter where the innermost lumen with 1.8 mm diameter is ded-

icated for a standard exchangeable flexible surgical instrument (Fig. 73). Along the longitudinal 
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Fig. 73 Design of the 3-D manipulator arm: Simultaneous actuation of 1a and 1b allows motion for one 

lateral direction; 3a and 3b for the other lateral direction; 2a and 2b for one vertical direction; 4a and 4b 

for the other vertical direction. (taken from Coemert, Kollmer, et al., 2017) 

axis of the arm, flexure hinges are placed on two perpendicular planes to provide flexibility to 

the system in two directions. For the lateral motions six and for the vertical motions five flexure 

hinges are designated. Each flexure hinge can provide up to 15° rotation at maximum. On the 

wall of the structure, the actuation channels with 0.45 mm need to be placed for tendon driven 

actuation and the number of these channels depends on the type of manipulation. For planar 

manipulation (2-D), two channels per arm would be sufficient, whereas eight channels per arm 

are required for 3-D manipulation. The 3-D manipulator should enable bending in four directions 

and the remaining orientations can be achieved by activating these movements simultaneously. 

For each direction, two actuation channels are assigned, since the actuation channels cannot be 

placed with 90° offset to the neutral axis of the corresponding flexure hinges. The reason for that 

is the fact that the flexure hinges responsible for the bending in the other plane are located at this 

position. Therefore, the tendon channels responsible for the same direction of movement are 

coupled and placed symmetrically with respect to the neutral axis of the non-corresponding flex-

ure hinges. In this way, the undesired opposing moments cancel each other and the undesired 

diagonal movements are avoided. In this configuration, actuating the channels 1a and 1b will 

bend the manipulator arm in one lateral direction; 3a and 3b in the other lateral direction. Simi-

larly, actuating 2a and 2b will provide the upward motion, whereas 4a and 4b the downward 

movement.” 

 Motion transmission from the master console to the manipulator arms is explained in 

Fig. 74. The base plate as shown in Fig. 74a is guided on the carriage of the bottom plate by 

means of the bearing blocks. In addition to functioning as a base for middle finger and thumb 

modules, it is responsible for lateral extension of the manipulator arm. For this purpose, a pure 

translation is used to generate a relative movement between the actuation cable and the cable 

guide by moving the base plate on the carriage. The actuation cable is connected to the slide of 

the bottom plate via a simple coupling, while the cable guide is connected to the base plate. The 

middle finger controls the inward bending of the manipulator arm’s tip (Fig. 74b). For this pur-

pose, the movement of the middle finger is first converted into a rotation on the middle finger 

module. This rotation is then converted into a translatory relative movement between the actua-

tion cable and the cable guide by winding the cable tangentially onto a pulley. The possible 

rotation angle of the operating lever, which is given by the range of motion of the middle finger, 

is limited to 40° by two mechanical stops. For upward and downward movement of the manip-

ulator arm, two separate actuation cables are required. The conversion from the rotational move-

ment of the thumb to the purely translational movement of the actuation cables is done similar 

to the middle finger mechanism by winding the two cables onto a pulley. In this case, the cables  



Realization 
 

73 

 

 
Fig. 74 Motion transmission from the master console to the manipulator arm: a) translational movement 

of base plate for lateral extension of the manipulator arm, b) rotational movement of the middle finger 

module for the inward bending of the manipulator arm’s tip, c) bidirectional rotational movement of the 

thumb module for upward/downward movement of the manipulator arm 

are attached to the pulley in such a way that while one cable is being wound up, the other is being 

unwound. Thus, while the guided length of one cable is shortened, the guided length of the other 

cable is lengthened. This serves to compensate for the length differences resulting from guiding 

actuation cables outside the neutral axis of the manipulator arms. The rotation of the thumbs is 

limited to 35° by two mechanical stops in each directions. 

A further function of the control unit is the introduction of holding forces that lock the 

manipulator poses at standstill. The principle of the shape locking feature is shown in Fig. 75. It 

is based on a normal force acting perpendicularly to the direction of movement of the individual 

degrees of freedom, which in this way ensures increased friction between the moving parts of 

the respective mechanism and its bearings. By using a cup spring to generate the normal force, 

the amount of the normal force can be adjusted. It is adjusted so that the resulting frictional force 

in the bearing point just balances the restoring force acting on the moving parts, thus preventing 

the manipulator arm from returning to its initial position. 

 
Fig. 75 Shape locking mechanism at the actuation unit: friction forces can be adjusted by using a screw (1) 

and a cup spring (2) to overcome the restore forces. (taken from Coemert, Kollmer, et al., 2017) 
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7.3.2 Frontal Sinus Manipulator (Coemert, Roth, et al., 2020) 

“To be able to reach first the superior region and second the lateral region of the frontal 

sinus respectively, two independently bendable flexible segments are needed. The first segment 

is supposed to provide a smooth insertion into the frontal sinus by overcoming the angle 180°-𝛼 

(Fig. 39) to reach the superior regions. The second segment is intended for extension of the 

device to the lateral regions of the sinus. The design incorporates the use of a flexible endoscope 

for visualization and a flexible instrument for therapy. Nevertheless, it should be also kept in 

mind that the size needs to be minimized with the purpose of limiting the invasiveness of Draf 

drainage procedure to Type IIa. The hole in the frontal sinus floor which is made during a 

Draf IIa procedure is found in literature to have an average minimum diameter of 5.6 mm 

(Hosemann et al., 1997). To be able to pass the manipulator through this opening, a cross section 

of 3 mm x 4.6 mm and 150 mm length were determined as manipulator dimensions (Fig. 76). 

The largest diameter (diagonal) of the manipulator cross section is around 5.1 mm and smaller 

than the aforementioned diameter required for Draf IIa. The 150 mm length was determined 

considering the conducted anatomic measurements (𝑙1 in Fig. 38, max. width and height of rep-

resentative large frontal sinuses) and the length of standard rigid frontal sinus instruments. 

Within the cross section, a 1.6 mm channel for the use of a flexible endoscope and a 2 mm chan-

nel for the use of a flexible surgical instrument are provided. As a flexible videoscope, min-

nieScope-XS (Enable Inc., Redwood City, USA) with 1.4 mm diameter, integrated illumination 

and 1 Megapixel resolution can be utilized to inspect the frontal sinus satisfactorily. As flexible 

instrument a grasping forceps with 1.8 mm diameter is conceivable for manipulation tasks. For 

the actuation of flexible segments, 4 channels with 0.5 mm diameter are needed, the two upper 

channels for the first and the two lower channels for the second flexible segment. Through its 

150 mm length, the manipulator consists of one rigid segment of 110 mm and two flexible seg-

ments of 20 mm. The first flexible segment is responsible for the bending to enter the frontal 

sinus with an optimal orientation. According to the anatomical measurements for angle (180-α), 

the first flexible segment was designed in a way that it can provide up to 75°. In this way, the  

 
Fig. 76 Frontal sinus manipulator design (taken from Coemert, Roth, et al., 2020) 
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superior region can be reached by turning around the corner between the frontal sinus opening 

and nasal cavity, where ethmoidal cells are located that are standardly removed during the Draf 

drainage procedure. The second flexible segment is responsible for providing the bending to 

reach the lateral regions of the frontal sinus. Here also a bending up to 75° is expected to be 

sufficient to reach the regions that cannot easily be reached with rigid optics and instruments.” 

“Flexible segments are realized with flexure hinges that are favorable for a compact de-

sign and elimination of the assembly (Howell et al., 2013; Kota et al., 2005). This type of design 

is very advantageous for simplifying the miniaturization and sterilizability, however the deflec-

tion provided by flexure hinges is limited. Therefore, the use of a highly elastic material is nec-

essary. To address this limitation, nitinol is a good choice due to its superelasticity. Moreover it 

has a good biocompatibility and is suitable for creating thin-walled structures thanks to its high 

strength, which is another favorable aspect for miniaturization. Since realization of such a chal-

lenging design using such an expensive material is associated with high costs, reusability of the 

manipulator must be ensured to make it a cost efficient product, especially by taking sterilizabil-

ity aspects into account.” 

“Using the guideline in eq. (6) and in the light of optimization considerations in sec-

tion 7.2.3, both flexible segments were designed with three flexure hinges of 5 mm length and 

thicknesses of 0.35 mm, 0.3 mm and 0.25 mm beginning from the proximal one to the distal one 

respectively. Flexure hinges in each segment can elastically bend maximum up to 21°, 25° and 

30° respectively which result in a total of 76° within the 16 mm length including the 0.5 mm 

long rigid portions in between the hinges which corresponds to a bending radius of approxi-

mately 12 mm. Angular stops were designed to limit the bending angle to avoid plastic defor-

mation. While hinges do not bend with constant curvature, the gap width x, which functions as 

a mechanical stop, was determined using this geometrical relationship assuming that the inaccu-

racies will not result in major differences. In Fig. 77, this geometrical relationship is illustrated. 

If a flexure hinge with a length of L bends up to the mechanical stop with a maximum angle 

𝜃𝑚𝑎𝑥 and a bending radius ρ, the gap width x will depend on D (the distance between the neutral 

axis of the hinge and the gap) and 𝜃𝑚𝑎𝑥. This relationship is derived in equations (10)–(13).” 

𝐿 =  𝜌 𝜃𝑚𝑎𝑥  () 

𝐿 − 𝑥 = (𝜌 − 𝐷) 𝜃𝑚𝑎𝑥 () 

𝜌 𝜃𝑚𝑎𝑥 − 𝑥 = 𝑝 𝜃𝑚𝑎𝑥 − 𝐷 𝜃𝑚𝑎𝑥  () 

𝑥 = 𝐷 𝜃𝑚𝑎𝑥 () 

 
Fig. 77 Design of mechanical stops for constraining the bending angle (taken from 

Coemert, Roth, et al., 2020) 
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“To enable the features of the manipulator, the realization of a handheld control unit is 

required. The operating principle is illustrated in Fig. 78. The designed control unit enables up-

ward motion of the first flexible segment (1) and left-right motion of the second flexible segment 

(2). It also facilitates back-and-forth translation (3), actuation (4) and rolling (5) of the surgical 

instrument. With this pistol-like design, three of these features can be operated by just the right 

hand, (1) with the middle finger, (2) with the index finger and (4) with the thumb. Translation 

(3) and rolling (5) of the instrument can be provided with the help of the left hand.” 

 
Fig. 78 Operating principle of the handheld control unit (taken from Coemert, Roth, et al., 2020) 

“Motion transmission from control levers to the flexible segments is provided by flexible 

stainless steel wire ropes with 0.35 mm diameter and minimum breaking force of 135 N. Wire 

ropes are fixed at the manipulator tip and also at the shafts attached to the control levers. Back-

and-forth translation of the ropes is enabled by rotation of the cylindrical shafts that are inside 

the hubs dedicated to them within the main block (Fig. 79). In order to maintain the manipulator 

pose even if the operating surgeon removes his fingers from the levers, a self-locking feature is 

implemented. This feature was ensured by two complementary methods. Firstly, manufacturing 

tolerances of the shaft and the hub were chosen in a way that sufficient friction is generated to 

overcome restoring forces. Secondly, leaf springs were designed to engage with the teeth placed 

around the outer surface of the shafts. In this way, forces required to deflect the nitinol leaf 

springs elastically are expected to contribute to overcoming of the restoring forces.” 

 
Fig. 79 Shaft-hub-connections for upward (1) and left-right (2) motion, wire guides for actuation of first 

(3) and second (4) flexible segments, leaf springs for self-locking feature of upward (5) and left-right (6) 

motion 
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As seen in Fig. 80 the system requires three fingers to enable active control over tip 

bending and the instrument actuation. With the third finger the lever for upward control can be 

triggered. By pushing or pulling the index finger left/right control can be facilitated. The instru-

ment can be actuated with the thumb. 

 
Fig. 80 One-hand operating principle of the control levers 

7.4 Manufacturing 

7.4.1 Suitability Evaluation of Manufacturing Methods (Coemert, Traeger, et al., 2017) 

Before the challenging designs presented in the previous section can be realized, a suita-

ble manufacturing strategy needs to be developed by means of exploring the capabilities of dif-

ferent manufacturing methods. In order for metal flexure hinges to provide sufficient flexibility, 

their thickness should be between 0.2 mm and 0.4 mm depending on the used material.  Since 

even small inaccuracies in the thickness can lead to significant changes in the flexibility, dimen-

sional accuracy of the used manufacturing method is very important. Another strategy to increase 

the flexibility is the use of highly resilient metals, which must also be processable by the chosen 

manufacturing method. For almost every surgical application, small size is exclusively desired 

for prospective manipulators. Therefore the manufacturing method should be able to generate 

small features (i.e. small channels for actuation or small wall thicknesses) in order to contribute 

to the miniaturization process by keeping the cross sectional area as small as possible. However, 

processing such tiny features over considerably long workpieces can be a challenge. Lastly, the 

used method should comply with the medical use, in other words, not cause any biocompatibility 

or sterilizability issues. 

“Based on aforementioned requirements, suitability of different additive manufacturing 

and machining technologies was investigated with reference to test objects manufactured with 

respective methods. The explored manufacturing techniques are classified in two groups. The 

first group is constituted by additive manufacturing techniques for metals. These are direct metal 

laser sintering (DMLS), selective laser melting (SLM) and electron beam melting (EBM). The 

second group consists of the machining techniques micro-milling and electrical discharge ma-

chining (EDM).” 

“Thanks to the ability to produce very complex geometries, additive manufacturing is a 

promising approach for creating multifunctional snake-like structures. For metals the most com-

mon additive manufacturing methods are powder bed fusion processes (Wohlers, 2014). Alt-

hough these methods all have the same underlying principle described in Fig. 81, they are dis-

tinguished from each other by their tradenames. On the other hand, EBM differs from the others, 

since it uses electron beam to melt the powder whereas SLM and DMLS use a laser beam.” 
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Fig. 81 Process steps for powder bed fusion processes (adapted from Coemert, Traeger, et al., 2017) 

“The test part shown in Fig. 82a was designed to see the capabilities of DMLS and SLM 

to produce flexure hinges from the biocompatible alloy Ti6Al4V ELI. The main purpose was to 

get an estimation about the required dimensions of the additively manufactured flexure hinges, 

minimum achievable wall thicknesses and the surface quality. As shown in Fig. 82a the beam 

thickness h is varied from 0.2 mm up to 1.2 mm in 0.2 mm increments. The beam length l in-

creases from 20 mm up to 45 mm in 5 mm increments whereas the beam width b is varied be-

tween 0.5 mm and 3 mm in 0.5 mm increments. Since the length of the part is also decisive on 

the deflection amount, this test object will help comparing force-deflection responses in different 

length-thickness combinations. The fabricated Ti6Al4V test parts using DMLS and SLM are 

shown in Fig. 82b and 82c respectively. For the SLM test part an additional column was added 

to the left hand side with an h value of 0.15 mm.” 

 
Fig. 82 a) Design of the test part, test parts fabricated with; b) DMLS, c) SLM (adapted from 

Coemert, Traeger, et al., 2017) 

 “After evaluating the test parts, the following conclusions were drawn: 

• For both methods, the minimum producible thickness was found to be around 0.4 mm. 

• Dimensional accuracy was in acceptable range for large dimensions, however inaccura-

cies up to +0.1 mm were observed for small thicknesses in both test parts. 

• No post-processing was applied to protect the fragile beams, however better surfaces can 

be obtained after sandblasting (Fig. 83). 

• During the removal of support structures and post-processing, the possibility to damage 

the fragile structures like flexure hinges is quite high. (In Fig. 82c the broken beams can 

be noticed.) 
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Fig. 83 Comparison of the non-sandblasted (bottom) and sandblasted (top) beams (taken from 

Coemert, Traeger, et al., 2017) 

• Some beams were produced tilted due to the residual stresses that occur during the sin-

tering process. 

• It was observed that sufficient flexibility can be obtained from thin beams, whereas 

0.4 mm thickness would not provide sufficient flexibility when using a bulk material of 

Ti6Al4V. This could be based on the fact that the elastic properties of the additively 

manufactured thin beams is significantly lower than that of the bulk material due to layer-

wise manufacturing. This argument can also be supported by similar findings of 

Coy et al. (2013) for laser sintered polyamide.” 

“Compared to DMLS and SLM, EBM offers some advantages such as elimination of 

supports and minimization of residual stresses. Based on these advantages, a snake-like structure 

with 10 mm diameter was designed as a test part that has an overtube consisting of flexure hinges 

with adapted dimensions to the recommended minimum wall thickness of the method. This adap-

tion was implemented by choosing thickness (h) 0.4 mm, width (b) 0.6 mm and length (l) 9 mm. 

The fabricated EBM test part and the microscope image of a single flexure hinge can be seen in 

Fig. 84. Eventually, the flexibility of the part was much lower than expected due to the improper 

hinge generation in terms of geometrical accuracy and surface quality. Measurement of the hinge 

dimensions showed that the dimensional accuracy was not sufficient as there were up to +0.2 mm 

differences between theoretical and actual hinge dimensions. It was also interpreted that the min-

imum achievable wall thickness is around 0.6 mm. Another remarkable detail about the part is 

the rough surface which could also contribute to the fact that some of the hinges were broken 

during production.” 

“In contrast to the subtractive manufacturing methods, all of the mentioned additive man-

ufacturing methods offer rapid processing rates which also contributes to the reduction of man-

ufacturing costs.” 

 
Fig. 84 Snake-like structure fabricated with EBM (top) and microscope image of a single flexure hinge 

(bottom) (taken from Coemert, Traeger, et al., 2017) 
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“Despite superiority of additive manufacturing methods to machining methods in terms 

of geometrical complexity, machining methods also offer some advantages such as broader ma-

terial selection spectrum, better dimensional accuracy and better surface quality. Another ad-

vantage of machining techniques is the fact that they allow the use of nitinol which has excellent 

biocompatibility and superelasticity (Shabalovskaya, 1996), whereas it has yet not been utilized 

in additive manufacturing commercially. Besides that, extremely thin wall thicknesses can be 

created with machining methods. The combination of these advantages brings a great flexibility 

in terms of flexure hinge design.” 

“Generating snake-like structures based on flexure hinges usually consist of two main 

processing steps: First, relatively long workpieces need to be processed to create special profiles 

with small features such as micro-channels. As in the cases of frontal sinus and bladder manip-

ulators, these structures will have small features like micro-channels as small as 0.4-0.5 mm 

through 150-200 mm whole length. Since the required tool length to tool diameter ratio is quite 

high, wire EDM becomes the only option among the considered machining techniques to create 

the special profiles. Fig. 85 shows different special profiles created with the EDM. These profiles 

were extracted from round bars with larger diameter. First, the inner features are generated using 

hole drilling EDM and wire EDM, and then the outer contour is cut with wire EDM.” 

 
Fig. 85 Special profiles generated by EDM (taken from Coemert, Traeger, et al., 2017) 

“In the second processing step which is the generation of flexure hinges, machining is 

performed perpendicular to the workpiece axis. In this plane, the total cutting depth is much 

smaller than along the workpiece axis. Therefore, the working length of the cutting tool does not 

necessarily need to be high. For this process, the capabilities of micro-milling and wire EDM 

were investigated respectively. For the milling process, the diameter of the cutting tool should 

be kept small for two reasons: The first reason is that the thickness of the flexure hinge is small 

and using larger tools would generate high forces and large deflections on the workpiece which 

might damage the hinges during cutting. The second reason is the fact that the diameter of the 

tool should be small enough to generate small gaps on the sides of each segment so that the 

deflection of the hinge will be constrained to a certain level and in this way any potential plastic 

deformation will be avoided. A multi-lumen Ti6Al4V ELI profile with 7 mm outer diameter was 

machined using a 0.8 mm milling tool with a rotational speed of 10.000 rpm. In order to prevent 

the part from radial movements, a simple fixture was used.  Fig. 86 shows the created snake-like 

structure with the fixture and in a bent position. As it can be seen from the figure, the hinges 

were produced properly. However, excessive tool wear was observed which resulted in deterio-

ration in the cutting quality after a while. This problem would be more prominent when using 

nitinol due to its high hardness. Considering that EDM would be needed for generating special 

profiles anyway and its good performance in generating flexure hinges properly, switching to 

milling only for the flexure hinge generation would not be efficient in terms of costs and time.” 



Realization 
 

81 

 

 
Fig. 86 Flexure hinges created by micro-milling with the fixture (left) and the bent mode of the snake-

like structure (right) (taken from Coemert, Traeger, et al., 2017) 

“Electrical discharge machining offers a good alternative to additive manufacturing for 

the development of a double-arm snake-like manipulator, as geometrically complex parts can be 

fabricated. This argument can be supported with three advantages: First of all, very long special 

profiles with very small features and complex outer contours can be created as mentioned previ-

ously. Secondly, very accurate flexure hinges can be produced with the help of a special fixture 

and very smooth surfaces can be obtained. And finally, with the help of the sinker EDM tech-

nique, an overtube system with attached double arms can be fabricated as one part. These ad-

vantages will be explained in the following in more detail.” 

“After creating the special profiles for the arms with 3.5 mm major diameter and 50 mm 

length as well as an overtube structure with 8 mm major diameter and 100 mm (The overtube 

structure and the arms have lumens as small as 0.45 mm with a slot width of 0.2 mm through 

their length.), a fixture was created which has the negative forms of the parts with tolerances that 

should be tight enough to keep the profiles stable during cutting and loose enough to be able to 

remove the parts after fabrication: The fixture totally encloses the profiles and avoid any move-

ments. Then, the profiles were placed into the fixture and the flexure hinge paths were machined 

together with the fixture (Fig. 87). Here, it should be noted that creating the flexure hinge con-

tours prior to creating the profiles is not a good strategy, since the structure will become too 

flimsy after the former operation and get most probably damaged due to the vibrations during 

the latter operation.” 

 
Fig. 87 Components of the double-arm snake-like manipulator (the overtube and the two arms) fabricated 

separately by EDM and the fixture used to produce flexure hinges accurately (after fabrication) (taken 

from Coemert, Traeger, et al., 2017) 
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“Separately fabricated components parts can then be joined using laser welding or adhe-

sive technologies. A better alternative is to fabricate the manipulator monolithically, where 

sinker EDM comes into the picture which eliminates these joining efforts. This method was used 

for the fabrication of bladder manipulator prototype and therefore will be presented in the section 

7.4.2.” 

“A noteworthy disadvantage of the machining methods in comparison with the additive 

manufacturing methods is the long processing times which also result in high manufacturing 

costs.” 

“Table 15 presents the subjectively evaluated advantages and disadvantages of the ex-

plored manufacturing methods. Based on the obtained hands-on experiences, the additive man-

ufacturing technology still needs some improvements in terms of dimensional accuracy and sur-

face quality for the successful implementation of snake-like structures based on flexure hinges. 

EDM technology showed the most promising results. It was shown that a manipulator could be 

realized with the use of EDM. Beside that the right combination of material selection and design 

approach should be provided.” 

Table 15 Advantages and disadvantages of investigated manufacturing methods   
Additive Manufacturing Machining 

Requirements/Methods DMLS SLM EBM Milling EDM 

Dimensional accuracy - - -- + ++ 

Surface quality - - -- + ++ 

Min. wall thickness limitation - - -- ++ ++ 

Pre-/postprocessing efforts -- -- - -- - 

Material selection spectrum - - - ++ ++ 

Geometrical complexity ++ ++ ++ - ++ 

Processing time ++ ++ ++ -- -- 

Manufacturing cost ++ ++ ++ -- -- 

7.4.2 Manufacturing of Manipulator Systems 

Double-Arm Bladder Manipulator (Coemert, Kollmer, et al., 2017) 

“Electrical discharge machining (EDM) technology offers a good alternative to additive 

manufacturing technology in terms of geometrical complexity. With the combination of wire 

EDM, hole drilling EDM and sinker EDM the geometrical challenges of the double-arm surgical 

manipulator can be handled. Since the overtube with the two manipulator arms can be fabricated 

as one part, no joining effort is needed under favor of this concept. While this is one aspect which 

contributes to the miniaturization, another advantage of the EDM process is the ability of achiev-

ing very tiny features such as micro-channels and small wall thicknesses through long work-

pieces. The method towards fabricating the double-arm manipulator prototype can be explained 

as follows: Firstly, the lumens of the manipulator structure need to be machined through the raw 
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material which was a round nitinol bar with 12.7 mm diameter in this case. The closely posi-

tioned actuation holes with a diameter as small as 0.45 mm can be generated through relatively 

long workpieces with length up to 100 mm using 0.15 mm wire. Starting from the instrument 

channel which is much larger than the actuation channels, the 0.15 mm wire erodes the actuation 

holes one by one generating a slot with a thickness of 0.2 mm (see Fig. 73), whereas attempting 

to place such closely positioned small holes through 100 mm length directly by hole drilling 

EDM would yield no result. Secondly, the cross sectional profile of the overtube needs to be 

extracted from the raw material. It should be noted that the length of the extruded profile must 

include both the overtube length and the arm length. Following that, the merged contour of the 

arms needs to be generated using wire EDM. This operation takes place by cutting the comple-

mentary portion of the overtube profile with respect to the arm profile. In the next step, the 

flexure hinges need to be created on one plane or two perpendicular cutting planes depending on 

the type of manipulation. Finally, the excess material is removed with sinker EDM. For this 

operation, an electrode with this specific geometry needs to be fabricated. The fabrication steps 

are explained in Fig. 88 (left).” 

“Using the fabrication concept introduced in the previous paragraph, functional proto-

types of the manipulator were fabricated (Fig. 88 right). As raw material, nitinol round bars were 

utilized due to their superelastic properties and biocompatible composition. Two variants of ma-

nipulator, 2-D variant and 3-D variant, were fabricated which differ from each other only in 

terms of manipulation type. The 2-D variant with 8 mm major diameter has a flexible overtube 

which enables planar bending similar to the arms including s-curves. Its 50 mm long arms with 

3.5 mm major diameter facilitates the use of flexible instruments with a diameter smaller than 

2 mm and the 80 mm long overtube guides additionally a flexible endoscope with a diameter 

smaller than 3 mm. The 3-D variant with 6.6 mm outer diameter has a 60 mm long rigid overtube 

and 40 mm long spatially bendable arms. It allows the use of flexible instruments smaller than 

1.8 mm and an endoscope smaller than 3.2 mm.” 

 
Fig. 88 Fabrication steps of the double-arm manipulator (left): a) profile generation with hole drilling 

EDM and wire EDM, b) generating merged arm contours with wire EDM, c) flexure hinge generation 

with wire EDM, d) removal of the excess material with sinker EDM; functional prototypes of the 2-D 

manipulator with flexible shaft and 3-D manipulator with rigid shaft (right) (adapted from 

Coemert, Kollmer, et al., 2017) 

“Although wire EDM is able to create small features through long workpieces, there is a 

limit for the feature length to feature size ratio. For most of the surgical operations like TURBT, 

the length of the natural lumens leading to hollow organs requires longer overtubes for access 

than the ones EDM fabrication process can provide. Therefore, joining of the separately fabri-

cated overtubes has to be performed in order to reach the desired length. Press fitting using small 

dowel pins as a joining element can be used to obtain longer stable overtube structures. In Fig. 89 

the joining procedure of multiple circular overtubes is demonstrated which was performed using  
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Fig. 89 Press fitting of the overtubes: Placement of the dowel pins and the belonging boreholes (left), 

inspecting the concentricity of the actuation channels with wires (right) (taken from 

Coemert, Kollmer, et al., 2017) 

three dowel pins with 1.5 mm diameter and X7-h7 tolerance values defined in international ge-

ometrical product specification standards (ISO 286-1:2010 and ISO286-2:2010). In order to 

guarantee the concentricity for the small actuation channels, the boreholes for the dowel pins 

must be positioned accurately on both overtubes.” 

“The components of the actuation unit were fabricated using selective laser sintering 

(SLS) of a biocompatible polyamide (Fig. 90a). By taking advantage of SLS, the position of each 

module can be adjusted on the plate which makes the actuation unit adaptable to different hand 

sizes. The fabricated and mounted system as well as the provided shapes of the manipulator arms 

by the actuation unit are shown in Fig. 90b and 90c respectively.” 

 
Fig. 90 a) Selective laser sintered components of the actuation unit, b) handling of the manipulator sys-

tem, c) provided manipulator arm poses (adapted from Coemert, Kollmer, et al., 2017) 
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Frontal Sinus Manipulator 

The frontal sinus manipulator, which has a less complex design compared to the bladder 

manipulator was also manufactured with EDM using a similar but simpler procedure to the one 

described in Fig. 88.  

One of the crucial features of the control unit are the actuation guides which help for the 

transmission of tension forces from the levers to the manipulator tip. To be able to maintain the 

Bowden cable principle, sufficient friction needs to be generated between the ropes and the 

guides for which fabrication of narrow lumens is required. Additive manufacturing becomes 

usually the first choice, if such complex geometries need to be realized. The number of compo-

nents and the efforts for assembly can be reduced significantly thanks to the complexity offered 

by layerwise fabrication. On the other hand, another important aspect for both the manipulator 

and also for the control unit is the reusability and consequently the sterilizability. For steriliza-

bility, surface roughness of produced parts can be very decisive. Additively manufactured sur-

faces are therefore susceptible to contamination. For a reusable system, the combination of ad-

ditive manufacturing with an appropriate surface treatment or coating method is conceivable. 

Alternatively, a conventional manufacturing approach was followed by milling and turning of 

PEEK material considering its biocompatible, mechanically robust nature and easy processabil-

ity. The alternative solution that was developed for the wire guides is characterized by its two-

part design (Fig. 91). Here the main body and the add-on part form rectangular wire guides via 

the stepped surface structure. For an intuitive control it is necessary for the wire guide to lead to 

the lower tangent of the shaft responsible for the upward motion. Consequently the lumen needs 

to be curved to avoid interference with the shaft responsible for the left-right motion. The curve 

was chosen to maximize the smallest bending radius, while exhibiting only minor change of 

curvature at turning points so that the wires can be moved with insignificant resistance. The 

manufactured two parts are then to be joined by means of the medical device adhesive Loctite 

EAM-121HP (Henkel Adhesives, Dusseldorf, Germany). 

 
Fig. 91 Manufacturing concept of the actuation guides (taken from Coemert, Roth, et al., 2020) 

“Subsequent to manufacturing all of the components, the system consisting of the ma-

nipulator arm made of nitinol and the control unit made of PEEK was assembled. Fig. 92 shows 

the manufactured components before the assembly and the complete system after the assembly.” 

(Coemert, Roth, et al., 2020) 
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Fig. 92 The manufactured manipulator arm (top left) and the components of the control unit before the 

assembly (top right) and the complete manipulator system after the assembly (bottom) (taken from 

Coemert, Roth, et al., 2020) 

7.4.3 Postprocessing of Eroded Parts  

Beside the advantages of EDM such as the ability of machining small features through 

long parts and accurate production of flexure hinges; the contamination of the brass wire on the 

surface of the machined parts can be considered as a disadvantage. For manufacturing medical 

devices, this issue can be critical in terms of toxicity and therefore, appropriate measures must 

be taken into account.  

In order to deal with the contamination issue caused by brass wire during EDM, the ap-

plicability of a chemical etching process was investigated. The tested cleaning process is similar 

to (Shi et al., 2016) where it was successful in removing brass contamination from wire eroded 

titanium alloys for the use in implantable medical devices. For this purpose, eight nitinol slices 

with 1 mm thickness were manufactured by machining a round bar with 12.7 mm diameter radi-

ally through wire EDM. Four of the samples were cleaned in 100 mL acid bath (consisting of 2 

mass-% hydrofluoric acid and 40 mass-% nitric acid) in an acid resistant container in ultrasonic 

bath (model no. DK 102, Bandelin electronic, Berlin, Germany) set at 35 kHz for five minutes. 

Fig. 93 shows the surfaces of raw nitinol material, an untreated eroded nitinol sample and a 

treated eroded nitinol sample. 

 
Fig. 93 Raw (left), uncleaned (middle) and cleaned (right) samples for EDX measurements 



Realization 
 

87 

 

“In the next step, the surfaces of the four cleaned and four non-cleaned machined samples 

were analyzed together with a raw unmachined nitinol sample using a scanning electron micro-

scope (SEM) (model no. JSM-7500F, Jeol, Freising, Germany) and energy-dispersive X-ray 

spectroscopy (EDX) (Oxford Instruments, Abington, United Kingdom). From the SEM images 

in Fig. 94 clear microstructural differences can be observed between eroded nitinol samples be-

fore and after the proposed etching treatment. Before the etching treatment the EDM machined 

surface is characterized by regions with scratches in one direction without pitting and regions 

with various pit sizes showing diameters of approximately 1-50 μm. After the etching treatment 

the surface is more homogeneous and is characterized by concavely rounded pits of approxi-

mately 2-10 μm diameter with unrounded boundaries to neighboring pits. At the center of 

roughly half of these pits a smaller 0.1-1 μm pit can be observed.” (Roth, Coemert et al., 2019) 

 
Fig. 94 SEM images of electrical discharge machined nitinol samples: a) before chemical etching, b) after 

chemical etching  (taken from Roth, Coemert et al., 2019) 

“At an acceleration Voltage of 15 keV and a measurement time of 150 s the EDX meas-

urements revealed that all four non-cleaned samples showed clearly measurable copper (mean 

value: 5.1 mass-%) and zinc residues (mean value: 3.0 mass-%) (Fig. 95a). However all four of 

the cleaned samples and the raw, unmachined sample, showed no measurable residues of copper 

and zinc (Fig. 95b).” (Roth, Coemert et al., 2019) 

 

 
Fig. 95 EDX results of electrical discharge machined nitinol samples: a) before chemical etching, b) after 

chemical etching (taken from Roth, Coemert et al., 2019) 

This improvement can be considered as an intermediate step towards eliminating the tox-

icity. Additionally, toxicity tests need to be performed firstly to verify that the toxicity is effec-

tively caused by the contamination of zinc and copper and it can be successfully eliminated by 

the applied cleaning method. The second purpose of the toxicity test will be to find out whether 

the cleaning method can also resolve the contamination issue for a more complicated geometry 

such as the manipulator arm. Toxicity tests will be described in the verification section in detail. 
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8. Verification  

8.1 Dexterity Verification of Bladder Manipulator 

Previously it was claimed that double-arm manipulation would grant surgeons increased 

manipulation dexterity. To substantiate this statement, two types of experiments were designed. 

In order to concretely translate the term “dexterity” into an experimental procedure, pick-and-

place and circular path marking tasks were opted. As a comparison object a flexible rhinoscope 

(11101RP2, Karl Storz GmbH, Tuttlingen, Germany) was used for representing standard thera-

peutic endoscope which would be used in a similar clinical scenario (i.e. that of reaching the 

bladder neck). Since the rhinoscope had no instrument channel, an external channel using a sili-

con tube with comparable stiffness was added in compliance with its bending plane to facilitate 

the use of a grasping forceps with 1.7 mm diameter (model no. 57411-120, Günter Stroffel 

Medizintechnik GmbH, Wurmlingen, Germany). For the experiments, the modified rhinoscope 

was inserted through a steel tube with an inner diameter of 10 mm. This tube functions as a guide 

for the endoscope and is positioned in the same way as the manipulator system. Fig. 96 provides 

an overview of the described system. 

 
Fig. 96 Reference system - modified rhinoscope as the representation of a standard therapeutic endo-

scope: flexible rhinoscope (1), external instrument channel (2), guiding steel tube (3), flexible grasping 

forceps (4) 

 For the utilization of the developed manipulator system, both instrument channels within 

the manipulator arms were both equipped with the aforementioned grasping forceps. A 4 mm 

rigid 0° endoscope (model no. 7230 AA) from Karl Storz GmbH (Tuttlingen, Germany) was 

attached to the overtube so that the experiment can be performed under the endoscopic view. An 

OR table clamp was used to fix the manipulator to the table, allowing free adjustment of the 

spatial position and inclination to the tabletop. The control unit was attached to the table on 

which the experiments are performed using screw clamps. The test person had no direct view of 

the operating field, which is covered by a sight protection. The user could follow the operation 

on a monitor placed frontally in his field of vision, onto which the images of the endoscope are 

projected. In addition, an interface between the endoscope and the computer allowed the image 

to be captured on the monitors in the form of photos or videos. 

8.1.1 Pick-and-place Experiment 

As also commonly used in laparoscopic surgery training (Derossis et al., 1998; 

Ritter and Scott, 2007), a pick-and-place task was opted to prove the usability of the developed 

manipulator system for surgical tasks. 
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Hypothesis: The time required for completing the task using the developed system is 

compared with that using the flexible endoscope and is expected to be significantly shorter. 

Experimental setup: Since the standard test objects for laparoscopic tasks do not fit to 

the workspace of the manipulator, self-designed test objects were used here which were still 

inspired by the standard designs. The test setup consists of a round disk on which different cones 

with a height of 15 mm, an upper diameter of 5 mm and a slope of 10° are located. The cones 

have different distances between each other. Two cones with a distance between them of 32 mm 

were selected for the experiment. Sealing rings with a diameter of 11 mm and a cord thickness 

of 1.5 mm were used as test bodies. Fig. 97 shows the experimental setup for the pick-and-place 

experiment. The test object is placed in the middle of the table. The manipulator and the endo-

scope are mounted at an angle of 25° to the test object in such a way that they are positioned at 

a height of 15 mm to the tabletop in the middle of the two cones relevant for the experiment. 

 
Fig. 97 Experimental setup for the pick-and-place experiment: monitor (1), OR table clamp (2), test object 

(3), rigid endoscope (4), control units (5) 

Execution and evaluation of the experiment: The task in this experiment was to pick 

the seal ring from the right cone with the right manipulator arm, and then transfer it in the middle 

to the left manipulator arm, and finally place it onto the left cone with the left arm using the 

developed actuation unit. The experimental procedure is shown with the sequences in Fig. 98. 
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Fig. 98 Sequences from the pick-and-place experiment (taken from Coemert, Kollmer, et al., 2017) 

For both measurements with the flexible endoscope and the developed system, twelve 

test persons with no experience with both systems carried out the tests according to the same 

procedure. However, in the case of flexible endoscope, the test is carried out without any trans-

ferring due to the lack of a second working channel. Before the measurement started, the partic-

ipants were instructed in the functions of the manipulator. They also had the opportunity to fa-

miliarize themselves with the operation of the system during a trial run. The test runs were al-

ways started and ended in a neutral position, with both arms resting parallel in the middle of the 

two cones, the instruments being completely retracted into the arms of the manipulator. The 

distance between the instrument tips and the line connecting the two cones is 5 mm in the rest 

position. The time for each test run is documented, as well as the number of errors made, such 

as dropping the ring. If a test person drops the ring during the experiment, this is noted, the ring 

is then placed back into the gripper arms in the last position and time continues to run without 

interruption. 

For evaluation, the mean value of the test times and the corresponding standard deviation 

is calculated for the manipulator system and compared with the reference measurements for the 

flexible endoscope by means of a t-test. The significance level was selected to be 0.05. 

Results: Of the twelve participants in the experiment performed with the developed sys-

tem, seven were able to complete the experiment without any errors. Of the five test persons who 

dropped the ring, four of the test persons dropped it twice and one test person dropped it four 

times. The mean value for the duration of the experiment with the developed system was 

209±78 s. The shortest measured time for the error-free execution of the experiment was 109 s. 

For the execution of the experiment with the flexible endoscope a mean value of 304±133 s was 

determined. The comparison of mean experiment durations with their standard deviations can be 

seen in Fig. 99.  

Although it can be anticipated from Fig. 99 that the task could be performed faster with 

the developed system, the significance of this statement needs to be verified by t-test. According 

to Brell et al. (2017) the test value is calculated 𝑡𝑡𝑒𝑠𝑡 = -2.13 and the critical value is 𝑡𝑐𝑟𝑖𝑡 = 1.71 

(degrees of freedom: 22, significance: 0.95). Since 𝑡𝑡𝑒𝑠𝑡 is smaller than −𝑡𝑐𝑟𝑖𝑡 the null hypothesis 

can be rejected. As a result, it can be claimed that the developed system can perform the pick-

and-place task significantly faster than the flexible endoscope. 
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Fig. 99 Mean values of the pick-and-place test durations for the developed system (with transferring 

between arms) and the flexible endoscope (no transferring) 

8.1.2 Circular Path Marking Experiment  

As a second experiment to verify the dexterity of the bladder manipulator, circular mark-

ing of a tumor tissue was simulated. The aim is to show that it is possible to perform circular 

cutting around the tumor tissue i.e. by means of a holmium laser fiber. 

Hypothesis: Similar to the pick-and-place experiment, it is expected that the developed 

system enables puncturing the points on a given circular path with only one instrument arm and 

concurrently performs the task faster than the flexible endoscope. 

Experimental setup: In addition to the previously described materials used for the pick-

and-place experiment, a paper target board was additionally used for the circular path marking 

experiment. The target board consists of a red circle with 18 mm diameter in the middle that 

represents an early carcinoma with an average size (Ahn et al., 2011). Twelve serially green 

marked circles with 5 mm diameter were placed on a circular path with the same central point 

and with a radius of 15 mm. With this configuration, it is aimed that the minimum distance 

between the carcinoma and the marking point does not fall below 3.5 mm to ensure complete 

tumor removal (Hochberger et al., 2013). The manipulator system was positioned horizontally 

in front of the target, as shown in Fig. 100. The distance between the tip of the needle and the 

target was 20 mm. Similar to the pick-and-place experiment, this experiment was also conducted 

under the endoscopic view. 

Execution and evaluation of the experiment: After a short oral instruction in the oper-

ation of the manipulator, each test person was given two minutes to become familiar with the 

operation. The experiment was then performed by the test person. With the right instrument arm 

the circles were marked one after the other in clockwise direction. Fig. 101 shows sequences of 

the experiment. 

The experiment was performed by ten test persons. To evaluate the experiment, the mean 

values and the standard deviation for the times between the twelve circles were calculated over 

the ten test persons. In addition, the mean value of the total time from the experiment performed 
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Fig. 100 Experimental setup for the circular path marking experiment 

 
Fig. 101 Sequences from the circular path marking experiment (taken from 

Coemert, Kollmer, et al., 2017) 
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with the developed system was compared with the mean value of the total time from the experi-

ments performed with the flexible endoscope by means of a t-test. A significance level of 0.05 

was chosen. 

Results: Fig. 102 compares the mean values of the total times for performing the exper-

iments. The mean value for the duration of the experiment with the developed system was 

134±44 s. For the execution of the experiment with the flexible endoscope a mean value of 

270±92 s was determined.  

 
Fig. 102 Mean values of the test durations for the developed system and the flexible endoscope (circular 

path marking experiment) 

The much higher total time for the experiment performed with the flexible endoscope is 

clearly visible. A t-test should confirm this finding. According to Brell et al. (2017) the test value 

is calculated 𝑡𝑡𝑒𝑠𝑡 = -4.191 and the critical value is 𝑡𝑐𝑟𝑖𝑡 = 1.734 (degrees of freedom: 18, sig-

nificance: 0.95). Since 𝑡𝑡𝑒𝑠𝑡 is smaller than −𝑡𝑐𝑟𝑖𝑡 the null hypothesis can be rejected. As a result, 

it can be claimed that the developed system can perform the circular path marking task signifi-

cantly faster than the flexible endoscope. 

8.2 Reachability Verification of Frontal Sinus Manipulator 

In order to verify if the proposed frontal sinus manipulator design can really offer in-

creased reachability for anatomical regions that are hard to reach with rigid instruments, theo-

retical and experimental workspace analysis were performed. To calculate the theoretical work-

space of the manipulator, possible tip positions of the surgical instrument were simulated using 

Denavit-Hartenberg transformation. The kinematics of flexure hinges were expressed with 

Pseudo-Rigid-Body-Model (PRBM) (Fig. 103).  Transformation matrices are derived in equa-

tions (14)-(20). While calculating tip poses, rotation of individual flexure hinge within the first 

and second flexible segment, 𝜃1 and 𝜃2, were assumed to be equal respectively. Multiplication of 

13 sequential transformation matrices ( 𝑇13  
0  or 𝑇𝑇𝐶𝑃  

𝐵𝐴𝑆𝐸 ) from 𝑇1  
0 to 𝑇13  

12 gives the possible tip 

positions and orientations of the surgical instrument depending on different 𝜃1 and 𝜃2 combina-

tions. The k value in 𝑇13  
12  corresponds to the translation of the instrument tip relative to the 

manipulator tip. The coefficients 0.84 and 0.16 are determined by the PRBM to define position 

of the virtual pivot point around which the flexure hinge is assumed to bend. 
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Fig. 103 Application of Pseudo-Rigid-Body model for simulating frontal sinus manipulator workspace: 

isometric (left), side (middle) and top (right) views 
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Beside theoretical analysis, the real maximum bending of first and second flexible seg-

ments of the manipulator was captured by means of a digital microscope. In Fig. 104 the theo-

retical workspace (blue) and the real pose of the manipulator in the maximum lateral bent posi-

tions were overlapped on a frontal CT-scan of a patient, with a left frontal sinus span of 40mm, 

in real scale. It can be seen that theoretical analysis and experimental measurements are in good 

agreement. According to Conger et al. (2014), the endoscopic access lateral to the lamina papy-

racea is challenging with rigid instrumentation. Considering the fact that interlaminar distance 

between left and right laminar papycrea is around 23 mm (Mukherji, 2015), we can assume that 

the lateral distance between the nasal septum and the laminar papycrea is approximately half of 

it. Based on this assumption, the green line indicates the limits of rigid instruments to show the 

difference between the proposed concept and a rigid instrument in terms of reachability. It can 

be inferred from the figure that lateral limits of the rigid instruments can already be overcome 

by only bending of the manipulator. More accessibility can be provided by translation of the 

surgical instrument. 

 
Fig. 104 Reachability comparison of the frontal sinus manipulator (orange) and a rigid instrument (green) 

by overlapping on a CT-data in real scale along with the theoretical workspace (blue) 

“The experimental verification was performed using a commercially available frontal si-

nus phantom (model SN-ab sinus patient “Meyer”, PHACON GmbH, Leipzig, Germany) which 

is used for training of surgeons for functional endoscopic sinus surgery (FESS). The phantom 

has a regular frontal sinus anatomy and realistically represents the anatomy of a 40 year old 

patient. Upon request, a Draf IIa procedure was performed on the left frontal sinus of the phan-

tom by an experienced surgeon at the International Reference and Development Centre for Sur-

gical Technology (IRDC GmbH, Leipzig, Germany). Using the operated phantom, the procedure 

to reach lateral regions of the sinus was simulated with the developed system under endoscopic 

view. Here, the aforementioned flexible endoscope minnieScope-XS was used. The lateral part 

of the sinus was cut open to be able to observe the manipulator tip from outside. After several 

practice trials, the user (with no clinical experience) was able to enter the frontal sinus, reach the 

lateral region and retract the system within a minute. Fig. 105 shows sequences indicating some 

important landmarks from the video captured by the endoscope and Fig. 106 shows the moment 

at which the end-effector is actuated upon reaching the lateral region.” 

(Coemert, Roth, et al., 2020) 
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Fig. 105 Image sequence a) before insertion through the left nostril, b) upon insertion through the left 

nostril, c) after first bending upwards, before entering the frontal sinus through the Draf IIa window, d) 

upon entering the frontal sinus e) after second bending to the right, before deployment of the forceps to 

reach the lateral region, f) upon deployment of the forceps at the lateral region of the sinus (taken from 

Coemert, Roth, et al., 2020) 

 
Fig. 106 Actuation of the end-effector upon deployment at the lateral region of the frontal sinus (taken 

from Coemert, Roth, et al., 2020) 
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8.3 Payload Verification of Frontal Sinus Manipulator 

(Coemert, Roth, et al., 2020) 

“Beside the reachability, payload capacity was another concern for the frontal sinus ma-

nipulator design. Manipulation of pathologies requires transmission of sufficient forces from the 

control unit to the manipulator tip. In order to see the capabilities of the realized manipulator in 

this context, payload measurements were conducted for two loading cases. In the first case, grad-

ually increasing loads with 50 g increments were applied in the vertical downward direction 

against the upward bending of the first flexible segment (Fig. 107 left). In the second case, the 

manipulator system was tilted in a way that gradually increasing loads with 50 g increments 

could be applied in the vertical downward direction this time against the right bending of the 

second flexible segment (Fig. 107 right). Due to high manufacturing costs, the manipulator was 

not risked to see the limits of the payload capacity. Nevertheless, it could be observed that the 

system was able to withstand 2 N in the first loading case and 1 N in the second loading case 

without any failure. Bekeny et al. (2013) reported that required forces during in vitro and in vivo 

excision of pituitary tumors were in the range of 0.1 N to 0.5 N. Referring to this, we can claim 

that the manipulator can exert sufficient forces to interact with pathologies in the frontal sinus.” 

 
Fig. 107 Payload measurements of the manipulator: loading cases against the upward bending of the first 

segment (left) and against the right bending of the second segment (left) (taken from 

Coemert, Roth, et al., 2020) 

8.4 Cytotoxicity Verification of Electrical Discharge Machined Manipulators 

“Collecting data on cytotoxicity is crucial in the analysis of the medical applicability of 

a surgical instrument. A test for cytotoxicity is a part in determining the biocompatibility of a 

pure or composite material. If a material is shown to damage cells to a certain degree it is clas-

sified as cytotoxic. This can be measured by evaluating cell growth, cell death and metabolic 

activity.” (Roth, Coemert et al., 2019) 

While the nitinol raw material is certified as non-cytotoxic, the manufactured manipula-

tor might exhibit cytotoxic properties due to the EDM process. During the process it is possible 

that toxic particles of the brass wire are transferred to the surface of the nitinol. 

Hypothesis: The first hypothesis of this test was that through EDM manufactured non-

cleaned nitinol parts will show toxic behavior. The second hypothesis assumed that nitinol parts 

that are manufactured by EDM and subsequently cleaned in the selected chemical etching pro-

cess will show non-toxic behavior. This hypothesis is based on the previously described EDX 

measurements, where the zinc and copper contamination was successfully eliminated by the 

cleaning process. In order to verify or deny these hypotheses, six cleaned and six non-cleaned 

specimens were subjected to a cytotoxicity test. 
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Execution and evaluation of the test: “Cytotoxicity testing was conducted in accord-

ance to the current standard DIN EN ISO 10993-5. The laboratory procedure is performed under 

sterile conditions and consists of five main steps. The first step is the preparation phase. Here 

the volume of extraction medium is calculated for every sample type. For the cytotoxicity test 

Human fibroblast cells (type Hs27) were used. Subsequently, the samples and reference samples 

(copper as positive control, polypropylene as negative control) are prepared and sterilized by 

autoclaving (121 °C, 20 min, 2 bar). The second step is the extraction process. Here the samples 

and reference samples are immersed in extraction medium (DMEM, with 5% Fetal bovine se-

rum, 1% Penicillin-Streptomycin, 1% Amphotericin B) and incubated for 72±2 h in the incubator 

CB 160 (Binder GmBH, Tuttlingen, Germany) at 37 °C and 10% CO2. Cytotoxic particles are 

hereby partially transferred to the extraction medium. The third step is the passaging of 

5000 cells/cm2 to a new culture plate (96-well plate), in order to achieve confluency at the time 

of measurement. After 24±2 h of incubation, in the fourth step extracts are added to the cells and 

incubated for 72±2 h.” (Roth, Coemert et al., 2019) 

“Now, cytotoxic particles in the extracts will show a negative impact on the vitality of 

the cells. This decrease in cell vitality is quantified in the last step, which is the Cell Proliferation 

Assay (CCK8). Here the coloring agent WST-8 is added, which changes color through metabolic 

activity of healthy cells. This color change is measured with the spectrophotometer Multiscan FC 

(Thermo Fischer Scientific Inc. Waltham, USA). In the cytotoxicity test twelve material samples 

were tested on two separate 96-Well plates (Each plate with three cleaned and three non-cleaned 

material samples), where each material sample was tested three times in neighboring Wells.” 

(Roth, Coemert et al., 2019) 

In the assessment of the results, the cell vitality of the samples is evaluated as a percent-

age of the non-cytotoxic reference (polypropylene). In the current standard DIN EN ISO 10993 

a sample is deemed cytotoxic, if this relative vitality is lower than 70%. If the value is higher, 

the sample is considered to be non-cytotoxic. Negative relative vitality results are caused by 

intrinsic inaccuracies of the test method and should be interpreted as 0% relative vitality results. 

Results: According to the cell vitality results shown in Table 16, it can be clearly seen 

that uncleaned wire eroded nitinol samples are cytotoxic. In contrast, the wire eroded nitinol 

samples that were cleaned by chemical etching, even showed much higher cell vitality values 

than the negative reference material polypropylene. The observed magnitude of this stimulatory 

effect on cell proliferation underwent high variation. Based on these results the cleaned samples 

can be considered as non-cytotoxic, while also showing a stimulating effect on cell proliferation.  

Table 16. Results of the cytotoxicity test 

Sample Cell Vitality [%],  3 observations per sample 

 

Uncleaned Cleaned 

Number of 

Samples per 

Material 

Nitinol slices 

manufactured 

through EDM 

- 4.48±2.10 159.00±32.70 6 

Previously in chapter 7.4.3, it was already questioned whether the cleaning method can 

also resolve the contamination issue for a more complicated geometry such as the manipulator 

arm. To clarify this question and also to verify the findings regarding the effectiveness of the 
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cleaning method and the reliability of self-conducted cytotoxicity tests, a frontal sinus manipu-

lator manufactured by EDM and consequently post-processed with chemical etching was sub-

jected to a cytotoxicity test according to ISO 10993-5 by a certified test laboratory (CYTOX, 

Bayreuth, Germany). The test report (in Appendix B) showed that the manipulator passed the 

test. 

8.5 Sterility Verification of Manipulator System Components 

Another important requirement for clinical safety and also reusability is sterilizability. 

Critical components of developed systems were therefore tested if they are sterilizable with 

steam sterilization at 134 °C temperature and 3 bar pressure. Selected critical components for 

the test were the manipulator arm itself, a PEEK block with threaded grub screws and braided 

steel wire ropes. Here, the first concern was if the steam can penetrate through the 0.5 mm di-

ameter actuation channels of the nitinol manipulator arm for a length of over 110 mm (Fig. 108). 

In this geometry, the narrow lumens are furthermore connected to the relatively larger endoscope 

channel by means of 0.2 mm wide slots, to assist steam penetration during the sterilization pro-

cess. Secondly, screw-thread connections and braided wire ropes were suspected to threaten the 

sterilizability of the control unit, since the subcomponents of these structures exhibit are tightly 

engaged with each other (i.e. M3 screw-thread engagement, braiding of several steel wire fibers 

within 0.35 mm diameter). 

 
Fig. 108 Process challenges for steam sterilization: 0.5 mm hole through 110 mm length (top left and 

bottom), screw-thread connection (top middle) and 0.35 mm braided wire ropes (top right) 

To gather data on the viability of this requirement, test objects were inoculated with an 

initial germ load of >106 colony forming units of Escherichia Coli (E. coli) bacteria. After inoc-

ulation the samples were sterilized and were placed in LB Boullion (10 g/l peptone from casein, 

10 g/l NaCl, 5 g/l Yeast extract) growth solution. After 24±2 h and 72±2 h of incubation at 

170 rpm and 37 °C the medium was tested for growth of bacteria by measuring the optical den-

sity at a wavelength of 620 nm. The number of bacteria can be deduced from the optical density 

by the determined growth curve.  

The initial optical density of the growth medium was measured at an average of 0.045. 

The results showed consistently that the unsterilized reference samples all had optical densities 

above 0.5, thus proving successful contamination. The sterilized samples all had optical densities 

lower than 0.050 and were therefore successfully sterilized. 
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9. Conclusion and Outlook  

9.1 Summary 

There is no doubt that minimally invasive surgery has revolutionized the surgical care 

over the last decades owing to its benefits such as reduced postoperative pain, quicker recovery 

and improved cosmesis. Especially, the introduction of robotic-assisted surgery in the last two 

decades has increased its potential significantly by overcoming some of its limitations. Although 

robotic surgery has established itself in extraluminal applications of general, urologic and gyne-

cologic surgery with larger access ports, it is still challenged by surgical interventions with more 

challenging access routes and workspaces. Therefore, there is a need for novel solutions, which 

are small, flexible and strong at the same time. 

Motivation: Transurethral bladder surgery and frontal sinus surgery are two examples 

for surgical applications which often challenge state of the art treatment methods with compli-

cated cases. Limitations are associated with the use of rigid instrumentation which sometimes 

cannot respond to anatomical conditions or size/location of pathologies. Specifically, in tran-

surethral bladder surgery, visualizing and reaching the areas around the bladder neck is chal-

lenging. Secondly, tumors larger than 1 cm are removed by piecemeal eradication which leads 

to inaccurate staging and contributes to seeding of cancer cells. Accordingly, transurethral re-

section of non-muscle-invasive bladder tumors is associated with high recurrence rates. En-bloc 

resection of larger tumors has been demonstrated successful to address recurrence problems. 

However, it remains an arduous procedure with the given tools. With the aim of increasing the 

reachability within the bladder and enabling a reliable en-bloc resection of large tumors, a dou-

ble-arm flexible manipulator system was proposed. On the one hand, the flexible design is ex-

pected to address the reachability problem by providing retroflexion, on the other hand, triangu-

lation and dexterity (high degrees of freedom) offered by double-arm manipulation is expected 

increase the resection accuracy. These advantages conduce toward diminishing of recurrence 

and misdiagnosis problems. 

In endoscopic frontal sinus surgery, access to pathologies more lateral than lamina pap-

yracea is problematic with rigid instruments. The invasiveness of the procedure increases with 

the laterality of the pathology. Even in some cases the pathology can only be reached by external 

access which brings along the risks of nerve damage, scarring and high blood loss. In order to 

extend the workspace in the frontal sinus and reduce the invasiveness of the procedures treating 

lateral pathologies, a handheld flexible manipulator system was proposed. It is expected that 

proposed therapeutic solution can respond to anatomical constraints with its compactness to re-

duce the invasiveness and with its dexterity to increase the reachability. Moreover, it is antici-

pated that the handheld control would grant surgeons more control during the intervention, as 

they are used to handheld tools by their practice.  

Concept and Realization: The double-arm manipulator which can be inserted into the 

bladder through the urethra consists of a flexible backbone and two manipulator arms holding 

surgical tools. Beside its functions as a guiding frame for a flexible endoscope and the flexible 

tools, the backbone is responsible for orienting the structure to the pathological site allowing 

retroflexion. The two independently steerable manipulator arms are supposed to perform the 

resection with the help of triangulation provided by two arms (each with 5 degrees of freedom) 

and endoscopic view. The functionalities of the manipulator are facilitated by a desktop control 

console which allows maintenance of manipulator arms’ positions by a self-locking feature based 

on the friction forces on the contact surfaces of the control modules. 
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The handheld manipulator system proposed for frontal sinus surgery incorporates a ma-

nipulator holding a flexible endoscope and a flexible tool and a handheld pistol-like control unit 

which facilitates the manipulator functions by single hand control. The manipulator provides an 

upward bending to enter the frontal sinus through the nostril, and a left-right bending to reach 

the lateral regions in frontal sinus. As in the case of bladder manipulator a self-locking feature 

was also implemented to the frontal sinus manipulator, so that it can maintain its pose even if 

the surgeon removes his hands from the control levers. 

The two proposed medical devices were designed and realized in the realization phase 

which involved design and manufacturing processes. For designing manipulators, flexure hinge 

based design was favored due to its effectiveness in miniaturization. As a first step of the design 

process, bladder and frontal sinus anatomies were analyzed to come up with design specifica-

tions. While access and workspace requirements can be determined by analyzing anatomies, 

payload requirements can be derived from surgical tasks (i.e. manipulation forces). With respect 

to these requirements, experimental characterization of flexure hinges was performed. Specifi-

cally, one experimental work investigated the effect of flexure hinge thickness and length varia-

tion on the maximum elastic deflection angle, whereas another work focused on the relationship 

between flexure hinge geometry and maximum payload capacity. The empirical findings were 

supported with finite element analysis and mathematical correlations were proposed as compact 

design guidelines. Nevertheless, analyzing single-segment flexure hinges was not sufficient it-

self, since manipulators consist of multiple flexure hinge segments to provide continuum mo-

tions in hollow organs. An FEM-based optimization tool was realized for multi-segment flexure 

hinge based structures, which enables automated design, analysis and optimization of the com-

pliant structures in a single simulation environment. The developed algorithm automatically 

analyses the stress distribution occurring under certain loading and deformation conditions of 

initial designs defined by the user, adjusts a uniform stress distribution among individual flexure 

hinges by automated dimensioning and finalizes the design by integrating mechanical stops au-

tomatically matched with the kinematic capacity of individual hinges. In order to prove the ad-

vantages of the proposed optimization method, validation tests were performed under static and 

dynamic loading conditions. Results of the experiments showed that, compared to the non-opti-

mized ones, optimized structures with the developed tool exhibit more uniform curvatures which 

indicate more even stress distribution among the individual hinges; up to 25% value increase in 

terms of maximum bearable load and maximum permissible deflection angle; less plastic defor-

mation in case of overloading and up to 100% increased fatigue life for given angular deflections. 

In the final design step, the outputs obtained from the characterization and optimization pro-

cesses of flexure hinges were incorporated into the design of the manipulators in a way that they 

can respond to the predefined requirements of the respective surgical procedure. 

In the manufacturing stage, the suitability of different additive manufacturing and ma-

chining technologies was investigated for creating flexure hinge based snake-like manipulators. 

Advantages and disadvantages of different methods were compared with reference to test objects 

manufactured with respective methods. Based on the obtained experiences, it was concluded 

that, despite its superiority in terms of realizing complex geometries, the additive manufacturing 

technology still needs some improvements in terms of dimensional accuracy, minimum feature 

sizes and surface quality for creating miniaturized metal flexure hinge based snake-like struc-

tures. Electrical discharge machining showed the most promising results such that a complex 

manipulator geometry could be realized with this method. The prototypes of the manipulators 

were then realized using developed manufactured strategies. To address the contamination prob-

lem caused by the electrical discharge machining process, a chemical etching process was pro-

posed for cleaning eroded nitinol parts concerning biocompatibility requirements. 
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Verification: In this phase, the developed manipulator systems were tested with respect 

to performance and clinical safety requirements. Performance tests included dexterity evaluation 

of the bladder manipulator, as well as reachability and payload evaluation of the frontal sinus 

manipulator. Clinical safety tests evaluated cytotoxic behavior of electrical discharge machined 

parts and sterilizability of some critical manipulator system components. Dexterity tests con-

ducted with the bladder manipulator showed that the developed system can perform pick-and-

place and circular path marking tasks significantly faster than a flexible endoscope. The reacha-

bility test conducted with the frontal sinus manipulator using a commercially available realistic 

frontal sinus phantom revealed that the developed system can easily reach the lateral areas by 

using a lesser invasive Draf IIa window. Payload measurements with the same system indicated 

that the system can exhibit sufficient forces for tissue manipulation taking a literature value as 

reference. Cytotoxicity tests conducted with cleaned and uncleaned eroded parts revealed that 

the proposed etching method is effective in removing toxic contamination of the EDM process 

and eliminating cytotoxicity. Lastly, critical system components for the sterilization process such 

as the channels of the frontal sinus manipulator, a PEEK block with threaded grub screws and 

braided steel wire ropes passed the performed sterilization tests. 

9.2 Future Work 

After the successful completion of the verification phase, the next stage would be the 

validation phase. Here the clinical efficacy of developed systems should be tested by experienced 

surgeons within the scope of clinical trials. As a first step toward this phase, the frontal sinus 

manipulator was presented to Prof. Dr. Gero Strauss for preliminary evaluation and his feedback 

was documented by means of an evaluation form (in Appendix C). As it can be inferred from 

this document, the potential of the developed system in terms of reachability, reducing invasivity 

and technical advantages such as provided dexterity, shape locking feature and intuitiveness 

were evaluated positively from a surgeon’s perspective. In the next step, the system would have 

to be produced in a further small series or adapted directly to the participating patients of a clin-

ical study. This requires the further preparations for the approval by the responsible regulatory 

authorities and the ethics committee.  

From a scientific point of view, the results obtained from this work can be applied to 

other surgical procedures and disciplines. The foundation for the development of miniature com-

pliant manipulator systems for minimally invasive procedures with confined workspaces was 

expanded and can be continued. 
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Appendix 

A. Main MATLAB Script of the FEM-Based Design Optimization Tool  

%% Main Function 

% In this function the main analysis will be done. It contains the first 

% FEA to determine the t_Stop and the F_stop for the given geometry 

% Afterwards the first loop for ShapeOpti will be done 

clear 

close 

clc 

%% Parameter for Geometry 

r = 0.0; %Achtung !!! Ver‰ndert man diesen Radius, ‰ndern sich auch 

die Fl‰chen mit den Randbedingungen 

%radius rigid body - flexure hinge section -set zero for 

optimization 

r_angle = 0.15; % radius for angle analysis and const. curvature analy-

sis 

zz_max = 1; 

gg_max = 4 ; 

z_s = 1.0; 

d_List = 0.2*ones(gg_max-1,1); %0.2, 0.25, 0.3 

b_fk = 1.5; 

z_fk = 5; %3, 4, 5 

D = 4; 

%% Mesh size 

Mesh_size = 1*d_List(1,1); 

%% Material Properties 

% Material properties are also important for the yield criteria 

E_Modul = 110e9 ; 

PoissR = .33 ; 

RP02 = 948e6 ; 

sigma_ref_1 = 650e6; %muss angepasst werden und z.B. auftretender 

Spannung des mittleren Gelenks entsprechen. 

sigma_ref_2=948e6; %%Entspricht der Spannung zur Winkelberechnung 

%-> F¸r statische Versuche liegt dieser Wert bei 948 MPa, um plastische 

Verformung zu erreichen 

%-> F¸r dynamische Versuche liegt dieser Wert bei ca. 650/700 MPa, um 

>100k 

%Lastwechsel zu erzielen. 

%% Boundary Conditions for three hinges 

Face_D = 1;% Dirichlet BC 

Face_N = 3;% Neumann BC 

%% Max_Iteration Number 

max_iter = 60; 

%% Simulation 

%% determination of maximum force 

[F_stop,t_stop,MaxVMS,Model,Result,Flexure_Hinge,d_List] = 

Flexure_Hinge_FEA_2(r,z_s,b_fk,d_List,z_fk,gg_max,D,... 

Face_N,Face_D,Mesh_size,E_Modul,PoissR,RP02) ; 

%% get optimal thickness by opt loops 

[d_List_neu,Flexure_Hinge_OPT,iteration_number,Result_OPT,Model_OPT] = 

CAO_BY(r,z_s,b_fk,d_List,z_fk,gg_max,D,... 

F_stop,Face_D,Face_N,max_iter,E_Modul,PoissR,RP02,sigma_ref_1); 
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%% Posp_pro 

%plots most important information 

[Displacement,stresstensor,sVonMises] = 

Postproc_Transient(Result,Model,z_s,b_fk,d_List,z_fk,gg_max,t_stop- 

1,RP02,sigma_ref_1) ; 

[Displacement_neu,stresstensor_neu,sVonMises_neu] = 

Postproc_Static(Re-

sult_OPT,Model_OPT,z_s,b_fk,round(d_List_neu,2),z_fk,gg 

_max,RP02,sigma_ref_1) ; 

%% Curvature Analysis of the strucute 

%F_stop & t_stop wird momentan seperat errechnet 

[Displacement_degree,F_Stop_non_Opt] = 

Post-

proc_Static_const_curv_VB(r_angle,z_s,b_fk,d_List,z_fk,gg_max,D,Face_ 

N,Face_D,Mesh_size,E_Modul,PoissR,sigma_ref_2); 

[Displacement_degree_OPT, F_Stop_Opt] = 

Post-

proc_Static_const_curv_VB(r_angle,z_s,b_fk,d_List_neu,z_fk,gg_max,D,F 

ace_N,Face_D,Mesh_size,E_Modul,PoissR,sigma_ref_2); 

%% Analyzing the beams angle - OPT-ed and non-Opted 

[Angles_nonOPT,max_Disp_nonOPT] = 

Beam_ana-

lyser_VB(r_angle,b_fk,d_List,z_fk,D,E_Modul,PoissR,RP02,sigma_ref 

_2,1); 

Angles_nonOPT = Angles_nonOPT*ones(size(d_List,1),1) ; 

[Angles_OPT,max_Disp_OPT] = 

Beam_analyser_VB(r_angle,b_fk,d_List_neu,z_fk,D,E_Modul,PoissR,RP02,sigm

a 

_ref_2, size(d_List_neu,1)); 

angles_opt=sum(Angles_OPT); 

angles_non_opt=sum(Angles_nonOPT); 

%% Erstellen der Winkelbegrenzungen 

%Momentan ist der Winkelanschlag in flexure_hinge_limited_angle_5 

auskommentiert 

[old_geometry_angle_limited,spalt] = 

flexure_hinge_limited_angle_4(r,gg_max,z_s,d_List ,b_fk ,z_fk ,D, 

Angles_nonOPT); 

old_spalt=spalt; 

[new_geometry_angle_limited,spalt] = 

flexure_hinge_limited_angle_4(r,gg_max,z_s,round(d_List_neu,2) ,b_fk 

,z_fk ,D,Angles_OPT); 

new_spalt=spalt; 

%% Anbringen des modularen fixing-elements 

[old_geometry] = flexure_hinge_final_4(gg_max,z_s,d_List ,b_fk ,z_fk 

,D,old_geometry_angle_limited); 

[new_geometry] = flexure_hinge_final_4(gg_max,z_s,d_List_neu ,b_fk ,z_fk 

,D,new_geometry_angle_limited); 
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B. Test Report on Cytotoxic Testing 
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C. Evaluation Questionnaire Completed by Prof. Dr. Gero Strauss 
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