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Abstract  

In surgery, suturing is the use of needle and thread to join cut and/or damaged 

anatomical structures together. This repair strategy is highly versatile and is universal for all types of 

surgery as the goal is to restore, repair or improve function and/or appearance. The needles are almost 

always curved in shape, and it is handled and maneuvered by surgeons with a special tool called: needle 

driver. The versatility of this setup has proven its worth over time as needle drivers are one of the 

indispensable instruments in all types of surgery. We are entering a future where robots can be 

programmed to execute tasks with much higher level of precision and speed compared to humans. 

Medical robotics in surgery has gained ground over the past decades due to promising clinical results. 

A straightforward step in this direction would be to create a solution that enables the robot to grip 

needle driver.  

The purpose of this study was to develop a gripper tool that enables a collaborative robot 

to perform suturing with one of the most common types of needle drivers used in surgery.  

The Double Diamond design framework was employed. The selected content in the 

predefined four phases were: 1) Discover: Observation, MoSCoW Prioritization, Brainstorming, 

Choosing a Sample, Fast Visualisation, 2) Define: Assessment criteria, 3) Develop: Physical prototyping 

4) Deliver: Final testing and Evaluation. In the first phase, Discover, clinical and technical demands were 

formulated. In the second phase, Define, numerous design ideas were generated and drafted on paper 

whereof the one with highest assessment score was chosen for physical prototyping. In phase three, 

Develop, the selected design idea was modelled in cardboard, clay and silicon, and 3D printed. Multiple 

design iterations were guided by feedback from clinical and technical experts and resulted in a final 

prototype design that was accepted by the experts. In phase four, Deliver, the final prototype was 

subjected to final testing and evaluation. 

 Observation of five live and one video recording of surgical procedures on real patients 

were made. The insights gained were confirmed with the lead and co-surgeons of each procedure and 

were summarized in 24 clinically important observations relevant for the gripper tool design. Careful 

analysis of the previously designed gripper tool, live observation of the robot’s motion pattern and 

range, and interview with robotic engineer were summarized in ten technically important observations. 

The observations were then used to formulate the clinical and technical demands that the gripper tool 

design aims to fulfill, followed by prioritizing the demands and design features according by MoSCoW 

method and brainstorming on how to improve previous gripper tool design. To limit the scope of the 

design challenge, one of the five types of needle drivers used in pediatric heart surgery in Lund was 

selected in the method Choosing a Sample. To further characterize the clinical and technical demands, 

a test bench was set up to Define and measure force vectors applied on the needle driver when held 

by a surgeon during suturing. The radial forces vectors in six directions perpendicular to the tip of the 

needle driver ranged from 1.6 N to 3.8 N. The axial force along the length of the needle driver was 7.6 

N towards the tip and 8.4 N towards the back end. The clockwise and counterclockwise torque along 

the length axis of the needle driver was 0.2 Nm and 0.18 Nm, respectively. The set of defined demands 

were sufficient to sketch numerous ideas of gripper tool designs according to the Fast Visualization 

method. These designs were then used in the Define phase to communicate the design ideas with 

surgeons, robotic and product development engineers. The most promising idea was advanced to the 

Develop phase where physical prototypes were produced in cardboard, clay and silicon and 3D printed. 

Inadequacies were found during design feedback with interviews and testing together with clinical and 

technical experts, and design actions were taken to arrive at the final prototype. 

asser
Cross-Out
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The final prototype was brought into the Deliver phase for final testing and evaluation. 

The gripper tool could handle lager force loads than the human surgeon in all the stability tests. 

However, deflection of the needle driver occurred with the gripper tool unlike when the surgeon was 

subject to stability testing. One pediatric heart surgeon and one robotic engineer was asked to generate 

a composite score of fulfillment rate from 1–5, where 1 is bad, 3 satisfactory, and 5 excellent after final 

testing of the gripper tool was carried out. The final prototype of the gripper tool fulfills all clinical and 

technical demands at the level of 4, and 3–5, respectively. 

In conclusion, the design methodology used in this study was useful in the development 

of a gripper tool design that respects both clinical and technical demands. This suggest that the 

methodology may be used in similar setting of design challenges in the field between medical and 

technical innovation. The gripper tool fulfilled the demands, although further refinement in the choice 

of material, further testing and investigation of regulatory aspects are required before it can be 

implemented in the operating room. 

 

Keywords: Medical robotics, Surgical Suturing, Gripper Tool, Design Methodology, Double Diamond 

Design process 
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Sammanfattning  

Vid operation är suturering användningen av nål och tråd för att sammanfoga snittad och/eller skadade 

anatomiska strukturer. Denna reparationsstrategi är mycket mångsidig och universell för alla typer av 

kirurgi eftersom målet är att återställa reparera eller förbättra funktion och/eller anatomisk defekt. 

Nålarna är nästan alltid krökta i sin form och de hanteras och manövreras av kirurgerna med ett speciellt 

verktyg som kallas: nålförare. Mångsidigheten i denna uppställning har visat sig över tid eftersom 

nålförare är ett av de oumbärliga instrumenten vid alla typer av operationer. Vi går in i en framtid där 

robotar kan programmeras för att utföra uppgifter med mycket högre precision och hastighet jämfört 

med människor. Medicinska robotar inom kirurgi har varit på frammarsch senaste årtionden på grund 

av goda kliniska resultat. Ett steg i denna riktning skulle vara att skapa en lösning som gör det möjligt 

för en robot att greppa nålföraren. 

 Syftet med denna studie var att utveckla ett gripdon som möjliggör för en kollaborativ robot 

att utföra suturering med hjälp av en av de vanligaste typerna av nålförare som används vid operation. 

 Design metodiken Double Diamond användes för att beskriva design processensen. Det valda 

metoderna i de fyra för definierade faser var: 1) Discover: Observation, MoSCoW Prioritization, 

Brainstorming, Choosing a Sample, Fast Vissualization, 2) Define: Assessment criteria, 3) Develop: 

Physical Prototyping, 4) Deliver: Final testing and Evaluation. I första fasen, Discover, formulerades 

kliniska och tekniska krav. I den andra fasen, Define, definierades flera designidéer som skissades på 

papper, varav den med den högsta poängen valdes i Assessment criteria. I fas tre, Develop, 

modellerades den valda designidén i kartong, lera och silikon samt 3D-printades. Flera designiterationer 

gjordes baserat på feedback från kliniska och tekniska experter vilket resulterade i en slutlig 

prototypdesign som godkändes av experterna. I fas fyra, Deliver, testades och utvärderades den slutliga 

prototypen.   

 Observation av fem realtids och en videoinspelning av kirurgiska ingrepp på riktiga patienter 

gjordes. Insikterna som gjordes bekräftades med kirurgerna som genomförde operationen och 

sammanfattades i 24 kliniskt viktiga observationer som var relevanta för gripdon designen. Noggrann 

realtids observation av robotens rörelsemönster samt analys av det tidigare utformade gripdonen och 

intervju med en robotingenjör sammanfattades i tio tekniskt viktiga observationer. Observationerna 

användes för att formulera kliniska och tekniska krav som gripdons designen strävar efter att uppfylla, 

följt av prioritering av kraven och designegenskaper enligt MoSCoW-metoden och brainstorming kring 

hur tidigare gripdons design kan förbättras. För att begränsa designutmaningens omfattning valdes en 

av de fem typer av nålförare som används vid barnhjärtkirurgi i Lund genom metoden Chossing a 

sample. För att ytterligare karakterisera de kliniska och tekniska kraven upprättades en testbänk för att 

definiera och mäta kraftvektorer som appliceras på nålföraren när den hålls av en kirurg under 

suturering. De radiella krafterna i sex riktningar vinkelrätt mot nålförarens spets varierade från 1,6 N till 

3,8 N. Den axiella kraften längs nålförarens längd var 7,6 N mot spetsen och 8,4 N mot bakänden. 

Medurs och moturs vridmoment längs nålförarens längdaxel var 0,2 Nm respektive 0,18 Nm. Dom 

definierade kraven låg till grund för skisser av flertal gripdondesign idéer enligt Fast Visualization. Dessa 

skisser användes sedan i Define fasen för att kommunicera designidéer med kirurger samt robot- och 

produktutvecklingsingenjörer. Den mest lovande idén togs till Develop fasen där fysiska prototyper togs 

fram i kartong, lera och silikon samt genom 3D-printning. Förbättringspunkter hittades under testning 

och återkoppling med intervjuer tillsammans med kliniska och tekniska experter. Designåtgärder 

baserat på återkopplingen gjordes för att komma fram till den slutliga prototypen. 
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 Slutlig testning och utvärdering av den slutliga prototypen genomfördes i Deliver fasen. 

Gripdons designen kunde hantera större belastningar än den mänskliga kirurgen i alla stabilitetstester. 

Böjning av nålföraren uppstod dock i testerna med gripverktyget till skillnad från testerna med kirurgen 

var föremål för stabilitetsprovning. En barnhjärtkirurg och en robotingenjör poängsatte 

uppfyllnadsgrad av de kliniska respektive tekniska kraven efter att slutlig testning av gripdonet utförts. 

Uppfyllnadsgraden poängsattes från 1–5 där 1 var dålig, 3 tillfredsställande och 5 utmärkt. Gripdonets 

slutliga prototyp uppfyller alla kliniska och tekniska krav på nivå 4 respektive 3–5. 

 Designmetodiken som användes i denna studie var användbar för utvecklingen av gripdon 

som uppfyller både de kliniska och tekniska kraven. Detta tyder på att denna metod kan användas i 

liknande designutmaningar inom området mellan medicinsk och teknisk innovation. Gripdonet 

uppfyllde kraven även om ytterligare förfining i materialvalet, ytterligare testning och undersökning av 

regulatoriska aspekter krävs innan den kan användas under riktiga operationer i operationssalen.  

 

Nyckelord: Medicinskrobotik, Kirurgisksuturering, Gripdon, Design metodik, Double Diamond Design-

process 
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1. Background 

One out of six patients admitted to hospital for surgical care are exposed to medical injuries [1]. These 

medical injuries do not only cause suffering to and death of patients but are also tremendously costly 

for society [1]. Medical injuries related to surgical complications cost Swedish Health Care 

approximately 1.4 billion SEK annually in prolonged hospital stays [1]. Costs in terms of extended follow-

up, loss of income, help from relatives, etc. are not included in this figure. The most costly causes of 

theses medical injures are surgical complications [2]. A reduction of surgical complications is therefore 

highly desirable. Surgical complications can have multiple causes: one of them being the human factor 

directly linked to a surgeon’s technical skill, i.e. ability to manually execute surgical tasks with high 

precision and appropriate speed, where suturing skills is one of the more critical tasks [3]. Promising 

results and increased use of robotics in surgery [4] gives reason to expect that by eliminating unwanted 

human factors, from certain surgical tasks, medical robotics can contribute to reduce surgical 

complication rate hence, reducing medical injures related to surgical care.  

 Each surgical complication is often result of many co-operating factors. Some of the 

identified factors are closely coupled with the surgeon’s manual skills [5]. To enhance the surgical 

technical performance, many different medical robotic systems have been developed and adopted to 

various surgical areas over the years. The Da Vinci surgical system developed for minimal invasive 

procedures is one of the most commonly medical robotic systems used around the world [6].  

Robots have complementary strengths to humans hence robots are good at performing 

tasks where humans are limited by human factors [6].  Well trained human surgeons will at some stage 

in certain conditions suffer from limitations. Humans are prone to fatigue and inattention, tremor and 

have a limited range of motion; while robots are tireless, stable and are less limited in range of motion 

[6]. However, humans have other strengths were robots have limitations. For example, humans are 

versatile, have excellent judgment and can improvise whilst robots are limited in action, have poor 

judgment and have a hard time adapting to new situations [6]. Robots are therefore a good asset to 

humans and can be used to enhances humans’ ability in certain areas to perform important specific 

tasks [6].  Hence, a robotic surgical assistant could provide the surgeon with a new versatile tool that 

extends the surgeons’ ability to treat patients.  

One of the most repetitive and important surgical tasks is suturing. Suturing is the act of 

sewing (suturing) tissue or medically approved material into the human body to correct anatomical 

defects. When suturing, equal and appropriate distance between each stich is of importance to the 

mechanical strength and function of the suture line and in extension the overall surgical outcome [7].  

Robots have an accuracy and speed that exceeds human ability and are potentially better than humans 

when it comes to performing this repetitive task. Therefore, developing robots that can perform 

suturing, which is likely to improve clinical results and patient care, is a topic for further investigation. 

Robotic systems ability to translate complex information to physical action has had a 

profound influence on our society and has been applied in many fields such as industrial production, 

quality control, laboratory automation as well as in medicine and healthcare [6]. Robotics in medicine 

continue to demonstrate increased utility and expansion, particularly in surgery [4]. Like all robotic 

systems medical robots link information into physical action which significantly enhances humans’ 

ability to perform important tasks [6]. Medical robotics has been adopted by many surgical fields. One 

of the first applications of robotics in surgery was to aid in positioning of needle in neurosurgery were 

accuracy of needle placement is of high importance [6]. Robotics in orthopedic surgery, were geometric 

pression is of high importance, was also introduced and proven successful as early as in the beginning 
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of the 90s [6]. Robotic surgery has and is likely to continue to enhance surgery and patient outcomes 

through significant innovations [4]. 

One of the major innovations of the past decade in medical robotics are robot-assisted 

surgical systems for minimal invasive procedures [6].They have been prevalent during the last decades 

in many surgical disciplines. There are several types of surgical systems where Da Vinci surgical has been 

the dominant system for the last 20 years [4]. Da Vinci robotic systems worldwide have performed more 

than six million surgeries, in multiple surgical disciplines whereof one million where performed during 

2018 [8]. This indicates that surgical robotics are a fundamental asset in the operating room as it 

enhances surgeon’s performance. Development in the field of medical robotics sees no limit as many 

large companies and academic institutions continue to invest and develop medical robotics [4]. 

Surgical systems such as Da Vinci are called Robot Assisted surgical Systems (RAS). This 

type of robot-assisted surgical system assists surgeons’ by allowing the surgeon’s hand movements to 

be translated into smaller and more precise and tremor-free, movements [9]. However, there are two 

main drawbacks with these surgical systems: one being that specialized surgical instruments is needed, 

and the other being that the surgeon is working at a distance from the operating table resulting in 

significant changes in current surgical workflow [6]. Moreover, this type of surgical system lacks 

autonomy [9] and is therefore still dependent on the surgeon’s manual capability of conducting the 

surgical tasks and problems related to the human factor remains therefore, largely unchanged.  

 

Figure 1. Image of Da Vinci surgical system in an operating room. Surgeon and operating station are seen in the 
left corner. Specialized tools, operating table with patient and medical staff are seen to the right. Image is 

borrowed from Jewish General Hospital [10]. 

Unlike RAS Autonomous Robotic Surgery (ARS) is performed without human intervention 

[11]. However, no information is to be found about ARS used in clinical practice for suturing when 

searched in scientific libraries as PubMed, IEEE and Google scholar. In experimental setting, a group of 

researchers have published highly interesting result on a robotic system, named Smart Tissue 

Automation Robot (STAR), that can perform suturing [12]. STAR can perform suturing with assistance 

from a surgeon, but also completely autonomous [12]. The suturing task functions like a nail gun as it 

uses an automatic mechanical suturing device called Endo360 that is designed for minimal invasive 

procedures. Although Endo360 can handle multiple suturing techniques [13-15] it is limited in its needle 

trajectory and short stitch length. The limitation lies in the short space between where the needle 

leaves the tip of the Endo360 instrument and where the needle is being picked up. This is an important 

limitation and render STAR incapable of suturing in a large variety of real-life surgical settings.   
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Suturing is commonly performed through one or multiple layers of human tissue or 

medical approved material such as animal tissue or fabric that is sewn into the body [16] to repair 

anatomical defects. Depending on material and repair method different suturing techniques are 

applied. Suturing techniques are mainly taught through clinical training were senior surgeons instruct 

and monitor junior surgeons [17] . The senior surgeon visually verifies that the suture is well performed 

based on experience  [17]. This  knowledge transfer to junior surgeons through assistance and 

collaboration during live operations has remained the same for the past 150 years [17]. For example, 

all open paediatric heart surgeries are performed in collaboration between one lead and one co-

surgeon. The two surgeons perform various tasks alone, together or alternate tasks throughout the 

procedure depending on the surgeons’ skill sets. Robots and humans have complementary strengths 

and limitations [6]. Hence, a robotic surgical assistant is likely to be complementary when performing 

tasks collaboratively with surgeons.  

ABB has created a collaborative robot by name IRB 14000 YuMi. This collaborative robot 

is designed to physically interact with humans in a shared workspace enabling people and robots to 

safely and productively work collaboratively [18]. The robot has similar proportions [19] to an adult 

human torso and can be mounted on a tabletop, see Figure 2. 

 

Figure 2. Image of the collaborative robot IRB 14000 YuMi from ABB. Image is borrowed from ABB [23] . 

The collaborative robot, YuMi, is used for different tasks in different industries. Each application 

requires specially designed gripper tools that enable the robot to perform desired task. ABB provides 

demo gripper tools that should be replaced with a gripper tool designed of the actual application [20]. 

Hence, each gripper tool is custom-made for each specific need and each user needs to design and 

create a gripper tool suitable for their application. The custom-made gripper tool must be designed so 

that the tool is attachable to YuMi’s gripper and designed in such a way that it doesn’t limit YuMi’s 

movement [19].  

The design of components, such as the gripper tool, proceeds from material choice and 

production method. Material choice and production methods go hand in hand since some production 

methods can only handle certain materials and vice versa [21]. Material properties that are to be taken 

into consideration when choosing material are stiffness, plasticity, malleability, toxicity and thermal 

properties among other depending on application [21]. Furthermore, materials are different prone to 

coloring and surface treatment. Material properties also depend on material structure and fabrication 

methods applied. Traditional production methods include molding, milling, cutting and doweling [21]. 

3D printing can also be used for production of industrial manufactured components even though it 
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traditionally has been used as a prototyping method [22]. Benefits of 3D printing is that complex 

geometries can be manufactured in a time efficient manner [22]. Furthermore, the production volume 

effects the production method and material choice  [21]. 

3D printing is commonly used as a prototyping method [22]. There are many different 

3D printing methods such as Fused Filament Fabrication technique (FFF) and Stereolithography 

Technique (SLA) [22]. Different 3D printing methods and printers have different accuracy and available 

materials. Choice of printer is therefore highly dependent on the purpose and requirements of the 

component. For creating rapid prototypes simple printers with low accuracy and degradable materials 

such as Polylactic Acid (PLA) are commonly used. For creating lasting prototypes and manufacture 3D 

printed components printers with high accuracy and durable materials are used [22].  

Researchers in Lund, led by a pediatric heart surgeon, are developing a robotic system 

for suturing where highly specialized surgeons are teaching a collaborative robot from ABB, IRB 14000 

YuMi, to perform specific surgical tasks. One of the fundamental challenges for medical robotics in 

surgery is to extend human-adaptation abilities of the robotic system in the constrained environment 

of the operating theater [6]. This is also one of the main challenges in design of the gripper tool. The 

gripper tool is an essential part in development of the autonomous robotic system since it enables 

maneuvering of the needle driver which is an essential surgical tool for suturing.  

To truly become a useful assistant to the surgeon, with limited disruption in current 

operating theater workflow and setup, such a system must be able to handle the same set of standard 

instruments currently being used by the surgeon. In the first step, to enable the robot to perform 

suturing, the robot must be able to manipulate the most common types of surgical instruments. To 

enable suturing a gripper tool, for the robot, designed to manoeuvre the needle driver needs to be 

developed. The use of already clinical proven surgical tools may make the surgical system more easily 

adoptable by surgeons. Furthermore, this solution would not require robot specific tools which is the 

case and one of the major drawbacks with the Da Vinci surgical system. The most common two surgical 

instruments for suturing, in pediatric heart surgery, is a needle driver which looks like a pen, Castrovejo 

type, which is seen in Figure 3 and a pair of forceps typically of deBakey type. Surgical forceps are used 

to hold the tissue and needle drivers are used to hold the needle to perform the sutures. Even through 

needle drivers can vary in size and shape depending on model and manufacturer, the general design 

and mechanical mechanism remains the same.  

 

Figure 3. A common type of needle driver of Castrovejo type. Image is from MSU precision instruments [24]. 

There is only one previous design of a gripper tool, but the work is preliminary and a 

number of drawbacks identified [23]. This design proposal gave valuable insights about the design of 

the gripper tool.  The main insight was that the gripper tool needs be more stable to eliminate spatial 

displacement of needle drivers jaw [23]. Furthermore, the previous gripper tool has a mechanical joint 
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that can be jammed by blood clot, which would render it dysfunctional. Further in-depth investigation 

in design of the gripper tool has been carried out in this work. 

The purpose of this study was to develop a gripper tool that enables a collaborative robot 

to perform suturing with one of the most common types of needle drivers used in surgery. A Double 

Diamond design process frame work [24] with selected methods in each phase has been used 

throughout the design process. Technical as well as clinical demands were formulated, and different 

design ideas were developed and prototyped. One of the ideas were selected for further development, 

modelled in CAD, 3D printed and assembled for testing. The gripper tools performance was tested to 

investigate if the gripper tool fulfilled both clinical and technical demands and how the gripper tool 

performed in comparison with a human surgeon.  
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2. Methodology 

To create a functional gripper tool, the Double Diamond design process was used. The Double Diamond 

design process, developed by the Design Council, is a visual map that illustrates the commonalities of 

design processes [24]. These commonalities are divided into four phases – Discover, Define, Develop 

and Deliver [24] . Within each phase different methods, developed by the Design Council Dai Clegg and 

Richard Barker, and Ulrich and Eppinger were used. See Figure 4 for illustration of the Double Diamond 

design process and performed methods in each phase.  

 

Figure 4. Double Diamond design process with methods performed with in each phase. 

Throughout this design process continued and close communication was sustained with two different 

areas of expertise that directly concern the design of the gripper tool. The two areas of expertise were 

categorized as clinical expertise from medical staff at surgical ward and technical expertise from robotic 

and product development engineers. This enabled creation of a gripper tool design that meets the 

collaborative robotic system’s needs both from a technical and clinical perspective.  

 

Discover  
To gain insights to the design challenge information was gathered through: Observations, MoSCoW 

Prioritization, Brainstorming, Choosing a Sample and Fast Visualisation. These methods were selected 

to receive a broad range of influences, keep a wide perspective and generate many ideas. These 

methods were developed by the design council [25] as well as Dai Clegg and Richard Barker [26].   

Observations 

To gain insights about the surgical environment and how the robot with previous gripper tool functions, 

extensive observations [25] were carried out. These observations consisted of field studies, and 

interviews were conducted with the two areas of expertise. Clinical experts were medical staff and 

technical experts were robotic engineers.  

Live and video recordings of pediatric open-heart surgical procedures were observed to gain insight 

how surgeons perform suturing in a surgical theater. Computer Tomography (CT) pictures were studied 
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and measured to identify at what depth the heart lies in three different patient groups newborn, child 

and young adult. The observations were documented in writing and confirmed by surgeons during and 

after the surgical procedure through interview with surgeons using open question. The purpose of 

these observations was to gain insights about the surgical environment and understand how suturing 

is performed. From theses insights needs that the gripper tool must meet were identified and 

formulated in a list of clinical demands.   

The robot was set to mimic surgical motion pattern at different working range with the previous gripper 

tool attached, and closely studied by visual observation. The observations were written down and 

confirmed during and after the motion study, and with open questions interview with robotic engineer 

was performed. The purpose of performing observations was to gain insight about the robot’s motion 

pattern and range. From these insights needs that the gipping tool must meet were identified and 

formulated in a list of technical demands.   

MoSCoW Prioritization  
Different design features were identified from the clinical and technical demands by the developer. To 

understand the needs more in detail each design feature was described on four different levels Must, 

Should, Could and Whish by clinical and technical experts to be used in the MoSCoW prioritization 

technique. The prioritization technique Must Should Could Wish (MoSCoW) was used to determine the 

priority level of each feature [25]. This technique has four prioritization categories (1) Must have, (2) 

Should have, (3) Could have and (4) Whish [25]. The gripper tool design should comply with all design 

features at the level Must to meet the clinical and technical demands. The level of Should, Could and 

Wish are attributes that are desired and should be kept in mind during the design process however, 

they should not be prioritized. The purpose of this method was to understand the design features that 

the gripper tool must meet to comply with the clinical and technical demands. 

Brainstorming 
To generate ideas effectively, in response to the problem, brainstorming [25] was carried out with both 

clinical and technical experts present at the same time. The problem discussed was: How can the 

gripper tool design be improved? All ideas were welcomed and none of the ideas were rejected at this 

stage. Sticky notes were used to record all the ideas. All ideas that were related were clustered into 

categories in order to more clearly see areas of improvement. Solutions to each area of improvement 

were brainstormed in the same manner after the clustering. The purpose of brainstorming was to 

identify areas with room for improvement and suggest design solutions by approaching the problem 

and suggesting solutions from a clinical as well as a technical perspective.   

Choosing a Sample  
Choosing a sample based on the most important attributes and designing for its needs is a good way to 

make the most of limited time [25]. A specific needle driver, size of needle with thread and wound size 

was chosen by a clinical expert. The purpose of this method was to decide on one needle driver and 

needle with thread that the gripper tools should be compatible with. However, the idea that minor 

modifications should allow for compatibility with other needle drivers and surgical instruments was 

kept in mind during the design process. as reference to test that the gripper tool respects the 

boundaries of the surgical wound. Furthermore, a wound size as reference to test that the gripper tool 

respects the boundaries of the surgical wound was chosen by a clinical expert. 

Fast Visualization 
Simple sketches were used to generate and visualize different ideas. The sketches were drawn by hand 

and the idea generation was performed using Related Stimulus [27], which is one of Ulrich and 

Eppinger’s methods for concept development, with technical experts in product development. The 
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Related stimulus method is used to generate new ideas when affected by new stimulus within the 

framework of the project [27]. Group members sketched several ideas and then exchanged the ideas 

with each other. By being stimulated by the other group member’s ideas many new ideas were 

generated. Modifying sketches to generate more ideas is a fast way to come up with new ideas since 

sketches were easy to modify [25]. Visualizing different ideas is a good method to facilitate 

communication of different ideas. The purpose of this method was to generate and visualize ideas on 

paper that are easily modifiable. Furthermore, the ideas were used to communicate the ideas with 

clinical and technical experts in Assessment Criteria.  

 

Define   
To narrow down insights, from the Discover phase, and find the most promising idea the method 

Assessment criteria was used.  

Assessment Criteria 
Assessment Criteria is a method for selecting the most promising idea [28]. According to the method 

each idea was presented to stakeholders. The stakeholders were: clinical personnel, robotic engineer, 

product development engineer and developer of the gripper tool. Each stakeholder gave the ideas a 

score of 1,2,3,4 or 5 based on their profession’s assessment criteria. The assessment criteria were: 

Clinical feasibility, Technical feasibility, Product development feasibility and Passion for the idea. Clinical 

staff assessed the clinical feasibility, robotic engineer assessed the technical feasibility, product 

developers assessed the product development feasibility and the developer assessed the passion for 

each design. The scores were noted as follows; 1 - not feasible, 2 - not likely feasible, 3 - maybe feasible, 

4 - likely feasible and 5 - highly feasible. The scoring occurred individually without knowing how the 

other stakeholders had voted to avoid bias. The total score for each idea was summed up. The idea with 

the highest scores was chosen to be further developed. The purpose with this method was to decide 

which idea should be developed further.  

 

Develop 
In order to test the chosen idea and redesign aspects that need improvement the idea was modelled 

via the method physical prototyping [29].  

Physical Prototyping  
Physical prototyping consisted of several stages since different aspects of the design were investigated 

in different prototype stages. The prototypes were made in cardboard, clay and silicon and 3D prints 

with Computer Aided Design (CAD). The purpose of physical prototyping was to create tangible 

prototypes that visualized form and to test the mechanical principles of the idea. 

Cardboard 

A simple prototype in cardboard was created as a first tangible prototype of the idea. The purpose of 

creating a prototype in cardboard was to create a tangible prototype that visualized size and shape of 

the design. Furthermore, estimation of desired angle of the gripper tool, that aligned the needle 

drivers tip with the centre axis of the robotic gripper, was done.  

Clay and Silicon  

A prototype in clay and silicon was created to visualize the idea of having a flexible joint instead of a 

mechanical joint which was developed in the previous gripper tool. The clay was moulded into desired 

shape and tempered in oven. Clay was chosen since it is a material that is easy to mould into desired 
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shape and becomes stiff when hardened. The silicon was left to harden and then cut into desired shape. 

Silicon was used since it is a flexible material that is simple to cut into desired shape. The clay and silicon 

parts were glued together to create a prototype. The prototype’s flexible joint’s ability to mimic the 

needle drivers angle deflection was observed. 

3D Print 

3D printing was used to create tangible prototypes that were assembled with the robot and needle 

driver. Furthermore, the 3D printed prototypes were used to investigate the flexible properties that 

different materials and print techniques available could create. CAD modelling is a necessary step to 

enable 3D printing and was carried out before each print.  

CAD 

CAD modelling was used to create more precise prototypes that are compatible with the robot and 

needle driver with needle. Lengths, thickness and screw holes were specified in the CAD model. The 

gripper tool, needle driver and needle were modelled in CAD and assembled with a CAD model of the 

robotic gripper. Hence, CAD modelling made it possible to assemble the components together which 

made it possible to alter dimensions to ensure that the gripper tool was compatible with the robot and 

needle driver. A central axis from the robotic gripper was also drawn in the CAD model which made it 

possible to more accurately chose desired angle of the gripper tool to align the tip of the needle driver 

with the central axis of the robotic gripper. The CAD model was converted into a 3D drawing which 

enables 3D printing.  

During the 3D printing process, the prototype was firstly printed with Stereolithography technique (SLA) 

with a material that has flexible properties when the material is thin and stiff properties when thick. 

The prototype was redrawn in CAD and printed so that the prototype hade a thin part that created the 

flexible property. Two iterations were made with the thickness of 2 mm respectively 3 mm.  

Secondly, the prototype was printed with Fused Filament Fabrication technique (FFF). During the print 

the material was changed from a more rigid material to a flexible material in order to create the flexible 

joint. The flexible material was printed with different fill rates that affect the flexibility of the material. 

Two iterations were made with the different fill rate of 100% and 50%.  

Thirdly, the prototype was printed with SLA technique with one stiff and one flexible material and 

assembled by hand. The flexible and rigid parts were printed as separate parts and assembled together 

by gluing the parts together and inserting a cylindrical pin. The purpose of the cylindrical pin was to 

investigate if the cylindrical pin could act as a vertical axis limiting movement in unwanted directions.  

Design Feedback 

The third iteration of 3D printed prototypes was presented to clinical and technical experts to receive 

feedback. The ability to attach the gripper tool to the robot and the ability of the gripper tool to grip 

the needle driver was tested. Deflection and loss of stability when forces were applied to the tip of the 

needle driver was observed. A list of inadequacies was recorded. The purpose was to identify areas of 

improvement in order to adjust the prototype to enhance its functionality. This list of inadequacies was 

translated into design actions by the developer.  

Final Prototype 

The final prototype was enhanced based on the deign feedback. The final prototype was printed with 

FFF technique in a stiff material and the flexible material was cut out in rubber. The flexible and rigid 

parts were assembled together by gluing and inserting a cylindrical pin.  
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Deliver   
To investigate how the gripper tool performs in comparison with a human surgeon and investigate if 

the gripper tool meets the clinical and technical demands final testing was performed. To gather 

feedback about the final prototype’s suitability for intended purpose feedback loops were carried out 

with clinical and technical experts.  

Final testing  
To verify the gripper tools suitability for intended purpose and to be able to compare it with a human 

surgeon’s ability three tests were carried out. The tests were: Stability Test, Simulated surgical 

procedure and Additional testing. Based on these tests the compliance with the clinical and technical 

demands were evaluated. 

Stability Test 

The force that a surgeon applies when suturing is based on the surgeon’s intuition. To enable a 

comparison of a surgeon’s and the gripper tool’s ability to withstand applied forces stability testing was 

carried out. The stability test with surgeon and robot were conducted in the same way. The purpose of 

the test was to record how much applied force a surgeon’s grip can withstand and compare it with the 

force that the gripper tool can withstand. The force tests were divided into three tests: Radial Stability, 

Stability Along the Length Axis of The Needle Driver and Torque Stability. The limiting factor to why the 

surgeon and robot with the gripper tool could not withstand lager force loads was observed in all tests.  

Radial Stability  

The radial force test was performed by attaching a force measurement device’s hook to the needle 

driver when placed in surgeon’s hand or the gripper tool attached to the robot. The hook was placed 

at the same distance from jaw tip as to where the needle sits during surgical procedures, approximately 

2-3 mm inside the tip of the jaw. The needle drivers tip was placed in the center point of a grid with a 

circle showing eight angles: 0, 45, 90, 135, 180, 225, 270 and 315 degrees se Figure 5. The force 

measurement device was then pulled horizontally, perpendicular to the length axis of the needle driver, 

along the tabletop in all eight angles. Five test rounds were conducted for each angle and test. The 

mean value for each angle and test was calculated. Before each test round the measurement device 

was neutralized, and needle driver was placed in the center point of the grid. 

 

Figure 5. Image illustrating a grid with 8 angles and how the surgeon or gripper tool held the needle driver during 
the radial stability test. Surgeon is seen to the left and robot with gripper tool to the right.  
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Firstly, the maximal force that could be applied before the surgeon dropped or loss control of the 

needle driver was observed and recorded. Secondly, the maximal force that could be applied when the 

robot with the gripper tool held the needle driver was observed and recorded. Furthermore, deflection 

of the needle driver at each force was measured with a ruler and recorded. Thirdly, the needle driver’s 

deflection when held by the robot with gripper tool at surgeon’s maximal force was observed and 

recorded.  

Stability Along the Length Axis of The Needle Driver 

The maximal force in direction along the needle driver was measured by hooking a force measurement 

device to the needle driver when placed in surgeon’s hand or the gripper tool. The force measurement 

device was pulled vertically towards the ceiling to measure force in backwards direction and toward 

the floor to measure force in forwards direction. Five test rounds were conducted for each test. The 

mean value for each test was calculated. Before each test round the measurement device was 

neutralized and the needle driver was placed in original position.  

 Torque Stability  

The rotational force was measured by fastening a clamp perpendicular to the needle drivers jaws and 

hooking a force measurement device 15 centimeters from the jaw’s rotational axis. The measurement 

device was pulled horizontally along the tabletop clockwise and counterclockwise. Firstly, the maximal 

force that the surgeon could withstand was recorded. Secondly, the maximal force that the robot with 

the gripper tool could withstand was recorded. The torque at the point of rotation was also calculated. 

The purpose of calculating the moment was to make the values more easily comparable. Thirdly, 

deflection of the needle driver was observed. 

Simulated Surgical Procedure   

To investigate if the gripper tool can last for a minimum of one procedure the main events of a surgical 

procedure were simulated.  

Opening and Closing of The Needle Driver’s Jaw  

During the field studies it was observed that the surgeon performs approximately 200 sutures during a 

surgical procedure. Therefore, the needle driver was placed in the gripper tool and the robot was 

programmed to open and close the needle drivers jaws 200 times. Any possible ware out or mechanical 

failure of the gripper tool was observed. 

Pick Up and Relinquish   

During the field studies it was observed that a surgeon picks up the needle driver approximately 50 

times during a surgical procedure. Therefore, the robot was programmed to pick up and relinquish the 

needle driver 50 times. The grippers tools ability to pick up and relinquish the needle driver and any 

possible ware out or mechanical failure was observed. 

Griping a Surgical Forceps 

During the field studies it was observed that forceps are used during suturing to hold, stretch and 

expose the tissue during surgical procedures. The gripper tool was tested if it could manoeuvre surgical 

forceps. The purpose was to see if the gripper tool can manoeuvre other surgical instruments.  Pick up 

and relinquish of the forceps as well as opening and closing of the tweezer’s tips were observed.  

Furthermore, the gripper tool and forceps were used in the suturing test described below to see if the 

gripper tool could withstand the forces that are needed to yoke the tissue during surgical procedures.  

Suturing  

A suturing test was carried out to investigate if the robot can perform suturing with the gripper tool. 

The purpose was to investigate if the gripper tool could withstand the real forces that are applied during 
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a surgical procedure. Ten sutures in a commonly used medically approved material was carried out. To 

perform the suturing test the gripper tool was mounted on the robot and the needle driver was placed 

in a docking station. The medically approved material was lowered down a diamond shaped 

compartment 10x15cm large to simulate a real surgical wound in open heart surgery. The purpose was 

to see if the gripper tool respected the boundaries of the surgical wound. The robotic sequence was 

started, and ten repeats of sutures were performed. During the suturing test the material was held by 

surgical forceps that was held by the gripper tool in the robot’s other arm. The purpose was to see if 

the gripper tool could withstand the forces that are needed for the forceps to yoke the tissue during 

surgical procedures. 

Additional Testing  

Tolerance to Sterilization 

To test if the gripper tool’s materials are sterilizable the gripper tool was passed through a standard 

sterilizing method, steam autoclave at 134o Celsius, being employed for surgical instruments. The 

purpose was to investigate the reusability of the gripper tool. Any damage to the gripper tool was 

observed after the sterilization process.  

Weight Limit Considerations  

The gripper tool, needle driver, forceps, screws and needle were weighed on a scale. The purpose of 

this was to find out if they were within the weight of robot’s technical demand.  

Heat Conductance Considerations 

The robot has active motors which creates excess heat. After performing simulated surgical procedure, 

the temperature of the connecting plate on the robotic gripper and the gripper tool where measured 

with an IR temperature measurement device. The purpose of this test was to determine if the gripper 

tool leads or isolates the excess heat. Five measurements of each were taken and an average was 

calculated.  

Evaluation 

Feedback Loops   

Both clinical and technical experts were asked to provide feedback after final testing was performed. 

The feedback was received via feedback loops were feedback is given after delivery and testing of the 

product [30]. The purpose of this was to receive critique and identify areas of improvement. Both 

clinical and technical experts gave feedback with regards to the gripper tool design and functionality so 

that future direction could be identified and taken in consideration for a possible future iteration of the 

gripper tool design. All feedback from each area of expertise was recorded and categorized as positive 

or negative feedback.  

Based on the feedback the clinical and technical demands were rated on a scale one through five by 

clinical and technical experts. The scores were noted as follows; 1 – Bad, 2 – Poor, 3 – Neutral, 4 – 

Satisfied, 5 – Excellent.  

Furthermore, regulatory aspects were discussed with technical experts in quality and regulators affairs 

in the medical device industry.   
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3. Results  

Discover  
The Discover phase gave insights to the design challenge through the different methods that were 

performed.  Medical staff were from Pediatric Heart Center in Lund, robotic engineers were from 

Cognibotics and product development engineers were from ÅF.   

Observations 
Insights about the surgical environment were gathered from observations of five live and one video 

recording of pediatric open-heart surgical procedures at Pediatric Heart Center in Lund. Three surgeons 

were interviewed during the observations. Three CT images from each of the patient groups: newborn, 

child and young adult were studied. These field studies gave insights about the surgical environment 

and how suturing is performed. Observations from the field studies are found in Table 1.  

Table 1. Observations from viewing of surgical procedures with interviews and looking a CT images at Pediatric 
Heart Center in Lund. 

Observations 

1. The needle driver loaded with a needle is either picked up from a tray by the surgeon or handed 
to the surgeon by the operating room nurse who positions the needle driver in the surgeon’s 
grip.  

2. Surgeon’s fingers grip the needle driver, with three fingers, like a pen on the grooved part of 
the needle driver. There is some variation of the grip, but surgeon always grip on the rugged 
part, grip portion, of the needle driver.  

3. While maneuvering the needle driver, the surgeon’s hand and fingers does not collide with the 
boundaries of the surgical wound, i.e. the edges of the surgical incision.   

4. Width of surgical wound is approximately 50 mm to 150 mm wide depending on patient’s size. 
5. Length of surgical wound is approximately 100 mm to 200 mm long depending on patient’s size. 
6. On cross sections of CT images, the heart’s midpoint, defined as the center of the aortic root, 

lies at the following distance from the anterior chest wall: 
10 cm in a CT image of a young adult at 20 years, 68 kg and 170 cm.  
7 cm in a CT image of a child at 12 years, 38 kg and 135 cm. 
3 cm in a CT image of a newborn at 10 days, 4 kg and 56 cm.  

7. Suturing is performed by a rotating motion of the of the wrist in combination with a rolling 
motion between the thumb and index finger that translates into a rotating motion at the tip of 
the needle driver and rotation of the needle. This circular motion is adapted to follow the 
different curvatures and sizes of needles that are being used. 

8. The forces applied on the needle varies in strength depending on the type anatomical 
structure/tissue that is being sutured. 
For thick fibrous and hard tissue such as skin and bone a large heavy-duty needle driver used. 
For delicate tissue and vascular replacement material such as patient arteries, veins and 
pericardial sac, and Polytetraflouroethylene (PTFT or brand name Gore-Tex), 
Polyefthylentereftalat (PET or band name Dacron) and homograft a Castrovejo type needle 
driver is used.  

9. Surgeon placed the stiches at equal distance. 
10. Surgeon and co-surgeon collaborate by alternating task in-between them. Some tasks are 

performed alone, and some tasks are performed together. 
11. Surgeon and co-surgeon share a same set of surgical instruments. The instruments are always 

passed via the surgical nurse who cleans the instrument by wiping of blood stains if necessary.  
12. Surgeon performed suturing alone or together with co-surgeon by suturing from each end of 

the thread.  
13. Blood stained formed blood clots on the surgical instruments and surgeons’ hands. 
14. Surgeon used multiple needle drivers.   
15. After the procedure the needle driver was sterilized in an autoclave. 
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16. The surgeons dropped the needle driver once during a procedure.  
17. The surgeons adjust the needles placement in the needle drivers jaws if necessary.  
18. Surgical forceps are used to hold, stretch and expose the tissue during suturing.  
19. It occurs that the surgeon tremors when performing fine movements.   
20. Surgeon and co-surgeon hands are so close when working that they touch multiple times during 

one procedure.  
21. Distance between surgeon’s own hands is approximately 5 centimeters.  
22. Objects in proximity of the surgical wound are blue, white or steel.  
23. The needle driver is picked up and deliberately relinquished approximately 50 times during a 

surgical procedure.  
24. Approximately 200 sutures are performed during a surgical procedure. 

 

Observations from field studies together with one robotic engineer gave insights about the motion 

pattern and range of the robot with the previous gripper tool which are found in Table 2.  

Table 2. Observations from motion study of robot with previous gripper tool and interview with a robotic engineer 
at Cognibotics in Lund. 

 Observations 

1 The robot has two arms. The robot has 7 joints with 360 degrees rotation in each arm.  

2 The previous gripper tool is attached to the robot with four screws in the robot’s grippers. 

3 The robot has parallel grippers allowing the connective plates, with the gripper tool fastened to, to 

move parallel in one dimension.  

4 The needle driver has been modified by adding four holes to be compatible with previous gripper 

tool.  

5 The robot picks up the needle driver from a docking station by sliding the gripper tools spikes into 

four holes on the needle driver. 

6 Robot performs large rotational movement, due to the long design of the gripper tool.  

7 The gripper tool lacks stability causing spatial displacement of suture. 

8 The robot has a maximal loading of 250g per arm. 

9 

10 

The robot gives of excess heat when working.  

The robot has a force sensitive outer shell that allows the robot to freeze its motion if an interference 

occurs.  

 

From the observations a list of clinical and technical demands were identified and formulated together 

with one of the pediatric heart surgeons and the robotic engineer and are found in Table 3.  

Table 3. Clinical and technical demands for design of the gripper tool. 

Clinical demands Technical demands 

The gripper tool should be able to handle one of the 
common types of needle drivers.  

The gripper tool must be attachable to the robots 
existing attachment.  

Design of gripper tool which effectuates the robotic 
movement must be safe for patient and personnel. 

The gripper tool should not hinder the robot’s 
functions nor movements. 

The gripper tool should not interfere with the 
boundaries of the surgical wound. 

The gripper tool should be aligned with the central 
axis of the robot’s grippers to allow robotic 
movements to rotate without large rotational 
movement. 

The material that the gripper tool is made from 
should be sterilizable with standard method being 
employed for surgical instruments.  

The gripper tool and needle driver should sit firm in 
relation to each other and the robot, reducing any 
spatial uncertainty. 
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The gripper tool should allow the robot to pick up 
and relinquish the needle driver independently 
without human intervention. 

The gripper tool with needle driver, needle and 
screws should not exceed the robot’s maximal 
workload limit of 250g per arm. 

The gripper tool should be able to handle the same 
force loads that a surgeon experiences during 
suturing without loss of stability.  

 

Gripper tool should at the minimum be functional 
during the one entire surgical procedure. 

 

 

MoSCoW Prioritization 
Each design feature was described on four different levels by a paediatric heart surgeon and a robotic 

engineer. The MoSCoW prioritization of design features are found in found in Table 4. This method 

made it clear what attributes each design feature must comply with to meet the clinical and technical 

demands hence which aspects should be prioritized in the design challenge.  

Table 4. MoSCoW prioritization of design features.  

 Must  Should Could  Wish 

Compatibility with 
needle driver and 
other surgical 
instruments 

Manoeuvre one 
type of needle 
driver.   

Manoeuvre 
several types of 
needle drivers.  

Manoeuvre 
several surgical 
instruments  

Manoeuvre all 
surgical instrument  

Compatibility with 
robotic gripper 

Be attachable to 
the robots 
existing 
attachment 

.   Be easily attachable 
to the robot. 

Component finish Not impose risk to 
staff. 

Have soft edges. 
 

Have a color were 
blood is 
detectable. 

Have a color were 
blood is easily 
detectable.  

Stability Handel force 
loads that occur 
during suturing 
without loss of 
stability. 

Handel same 
maximal force 
loads as suturing 
without loss of 
stability. 

  

Tolerance to 
Sterilization 

Be sterile before 
surgical 
procedure.  

Be sterilizable by 
one of the 
hospitals current 
sterilization 
methods or be 
single use.  

Be sterilizable by 
several 
sterilization 
methods or be 
single use. 

 

Weight Limit 
Considerations 

Wight under 
robot´s maximal 
loading capability 
of 250g per arm.  

Be small to 
hinder the view 
of the surgical 
field has little as 
possible and 
avoid 
interference with 
surgical wound 
or staff. 

Wight as little as 
possible to 
facilitate fast 
movement of 
robotic arm.  

 

Heat Conductance 
Considerations 

Not conduct the 
robot´s excess 
heat.   

  Gets rid of robot’s 
excess heat.  
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Brainstorming 
Performing brainstorming with a surgeon and a robot engineer generated many ideas how to improve 

the design of the previous gripper tool in an effective manner. After clustering the ideas for 

improvement four areas of improvement were identified furthermore, solutions how to improve each 

area were identified se Figure 6.  

 

Figure 6. Brainstorming map from Brainstorming session. Showing multiple ideas of how to improve the gripper 
tool design generated by both clinical and technical experts. 

Choosing a Sample  
The gripper tool should be compatible with a needle driver of Castrovejo type and a needle with thread 

of size 3 - 0 which was chosen by a pediatric surgeon. Two holes of 3 mm in diameter were drilled in 

each side of the gripping area of the chosen needle driver. Furthermore, a diamond shaped wound size 

of 100 mm by 150 mm was chosen, by a pediatric surgeon, as reference to test that the gripper tool 

respects the boundaries of the surgical wound.  

which also was chosen.   

Fast Visualization 
Simple sketches of three of the different ideas that were generated are found in Figure 7.  

 

Figure 7. Simple sketches of three different ideas of gripper tool design that were generated during related 
stimulus session with product development engineers. 
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Define 
From the Discover phase the most promising idea both from a clinical and technical perspective was 

chosen via Assessment Criteria.  

Assessment Criteria 
Three design ideas were assessed, and the stakeholders were a surgeon, a robotic engineer, a product 

development engineer and the developer. Each of the three ideas were assessed and scored for each 

criteria, and total score for each idea was generated for comparison see Table 5. This method resulted 

in that idea nr. 3 was chosen to be developed further, since it had the highest total score.  

Table 5. Assessment Criteria scoring. Sketches of each idea are found in Figure 8. 

 Idea 1 Idea 2 Idea 3 
Clinical feasibility 2 3 4 
Technical feasibility 4 3 4 
Product development feasibility 5 5 5 
Passion for the idea 3 3 5 
Total score 14 14 18 

 

 

Develop 
The Develop phase with physical prototypes created tangible prototypes that enabled testing of the 

chosen idea. Medical staff was from Pediatric Heart Center in Lund, robotic engineers were from 

Cognibotics and product development engineers were from ÅF.   

Physical prototyping  
Size, shape and function were investigated with the physical prototypes.  

Cardboard  

The cardboard prototype resulted in a tangible prototype that visualized size and shape of the design, 

se Figure 8. The dimensions of the prototype were approximately 4x3x3 cm Furthermore, an estimated 

angle of 110° degrees aligned the needle drivers tip with the centre axis of the robotic gripper.  

 

Figure 8. Prototype in cardboard 

Clay and Silicon  

The design was simplistic containing one flexible joint located in the middle of the gripper tool se Figure 

9. The flexible joint could align with the variable deflection angle of the needle driver. The prototype 

flexed in more directions than desired.  
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Figure 9. Prototype in clay and silicone. 

3D Print 

Three different 3D printers and print techniques were used to investigate different materials and print 

techniques. All 3D printed prototypes were assembled with the robot and did not hinder the robot’s 

function or movements.  

CAD 

The dimensions of the gripper tool such as lengths, thicknesses and dimensions of screw holes were 

specified in the CAD model. The angle of the gripper tool was corrected to 103° degrees. Creating a 

more precise model that aligned the needle driver with the gripper’s central axis. For an image of the 

assembly in CAD se Figure 10. CAD modeling also allowed simple motion studies during the design 

process before testable prototypes where created. 

 

 

Figure 10. CAD assembly of the gripper, gripper tool, needle driver and needle. 

In the first iteration the printer Formlabs Forum 2 and material Durable Resin were used. The 3D printed 

prototypes gave rigid material properties where wanted. But the flexible part became too rigid both in 

the prototype with thickness of 2 mm and 3 mm.  

In the second iteration the printer Ultimaker 2+ and materials Polylacticacid (PLA) and silicon were used. 

The 3D printed prototypes displayed rigid material properties where wanted but the flexible part 

became too rigid in all prototypes with fill rate 100% and 50%. Furthermore, the flexible part in the 

prototypes fractured in the print direction.  

In the third iteration of 3D printed prototypes the printer Formlabs Forum 2 and materials Durable 

Resin and Flexible were used. Three separately printed parts and a cylindrical pin se Figure 11 were 
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assembled by being glued together. The 3D printed parts displayed both rigid and flexible material 

properties were wanted and the cylindrical pin limited movement in unwanted directions. 

 

Figure 11. Third iteration of gripper tool with 3D printed rubber joint and cylindrical pin before being assembled.  

Design Feedback 

The needle driver was attachable to all iterations of the 3D printed prototypes. Design feedback was 

received from a surgeon and a robot engineer. A list of inadequacies and design actions were 

formulated by the product developer which are found in Table 6.  

Table 6. List of inadequacies and design actions. 

Inadequacies Design action 

Spikes are 1 mm to small creating spatial displacement 
between needle driver and gripper tool. 

Make spikes 1 mm bigger.  

Needle driver’s placement is 5 mm to low. Make angle of gripper tool 7 degrees less. 

The rigid parts of the gripper tool are not rigid 
enough. 

Choose more rigid material and make the material 
thicker.  

The flexible part of the gripper tool is not adequate. Choose to another flexible material.  

 

Final Prototype 

The final prototype used the printer Markforged Mark 2 and material Onyx, nylon with carbon fibre, for 

the 3D printed parts. Furthermore, natural rubber was used to create the flexible parts. A CAD drawing 

of the final prototype with main parts pointed out are found in Figure 12.   

 

Figure 12. CAD drawing of the final prototype with main parts pointed out.  
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An assembly of the robotic gripper and final prototype of the gripper tool with adjustments according 

to design actions are seen in Figure 13.   

 

 

Figure 13. Image of the robotic gripper with the final gripper tool and needle driver assembled. 

 

Deliver   
Medical staff was from Pediatric Heart Center in Lund, robotic engineers were from Cognibotics, 

Product development engineers and regulatory specialists were from ÅF.   

Final testing  
The test revealed that the surgeon’s grip to hold the needle driver was limited by strength of the 

finger muscles and the delicate design of the needle driver. When the needle driver was held by the 

robot, the limitation was not in the dripper design, but rather by the motor strength of the robot. 

Stability Test 

These tests aimed to assess how stable the gripper tool could hold the needle driver. The gripper tool’s 

force tolerance before dropping or losing control of the need driver is compared to that of the human 

hand. Three stability categories: radial, axial and torque were assessed, and results are listed in Table 7 

to Table 11. Complete data from five repeated measurements are listed in appendix Table 16 to Table 

20.  

Radial Stability 

The mean value of repeated measurements of maximal radial forces that can be applied to the surgeon 

or the robot holding the gripper tool and needle driver and observed deflections of the tip of the needle 

driver from a set center point is shown in Table 7 for surgeon and Table 8 for robot.  

A Graphical representation of the radial force is shown in Figure 14 for surgeon and Figure 15 for robot, 

respectively.  

A comparison of the values for surgeon and robot is found in Figure 16. 
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Table 7. Maximal radial force tolerance and observed deflection of the tip of the needle driver when held by a 
surgeon. Measurements were made along 8 predefined directions. 

Angle [Degrees] Force [N] Deflection [cm] 

0 3.5 0 
45 2.5 0 
90 2.1 0 
135 1.6 0 
180 3.7 0 
225 2.2 0 
270 2 0 
315 3.8 0 

 

 

 

Table 8. Maximal radial force tolerance and observed deflections of the tip of the needle driver when held by the 
robot with the gripper tool. Measurements were made along 8 predefined directions. 

Angle [Degrees] Force [N] Deflection [cm] 

0 5.1 1.1 
45 7.1 1.6 
90 3.6 2.7 
135 5.4 1.0 
180 5.7 0.9 
 225 7 3.2 
270 3.2 1.7 
315 4 1.4 

Figure 14. Graphical representation of the mean values of maximal radial force tolerance in 8 directions that 
can be applied before the surgeon drops or losses control of the needle driver. 
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Figure 15. Graphical representation of mean values of maximal radial force tolerance in 8 directions that can be 
applied before to needle driver held by robot with the gripper tool before robot losses control of the needle 

driver. 

 

.  

Figure 16. Map of radial force tolerance of surgeon (circle) and robot (squares). 

Deflection of at tip of the needle driver is was not observed when held by surgeon, and distinctively 

measurable when held by the robot. One of the explanations is that the gripper tool tolerated a 

higher force load in 7 out of 8 directions. The deflections were still measurable when forces were set 

to the same as surgeons. Detailed analysis show that the surgeon dynamically, involuntarily, 

compensate for the increased forces being applied in a manner that neutralized the deflection. This 

compensation could not be disengaged in our test set up, because the surgeons need to have visual 

control of the needle driver in order to hold it still and not drift. This visual control does however also 

cause the compensation reflex.  
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The needle driver’s deflection when held by the robot with gripper tool at surgeon’s maximal force was 

observed and recorded and is found in Table 9. 

Table 9. Robot with the gripper tool’s mean deflection at the same radial force loads as surgeon’s maximal radial 
force load. 

Angle [Degrees] Force [N] Deflection [cm] 

0 3.5 0.7 
45 2.5 0.7 
90 2.1 1.3 
135 1.6 0.4 
180 3.7 0.4 
225 2.2 0.4 
270 2.0 1.1 
315 3.8 1.0 

 

Stability Along the Length Axis of The Needle Driver 

Maximum axial force tolerance along the length axis of the needle driver was measured and showed 

that the gripper tool enabled a tolerance that was approximately 50% higher, in both directions, than 

the surgeon data is shown in Table 10. Complete data from five repeated measurements are listed in 

Table 19. 

Table 10. Maximal axial force tolerance when the needle driver was held by a surgeon or by the robot with 
gripper tool. The measurements were made along 2 predefined directions.  

 Force [N] Backward Force [N] Forward 

Surgeon  8.4 7.6 
Robot with the gripper tool  12.3 11.4 

 

Torque Stability 

Maximal force tolerance, clockwise and counterclockwise was measured and showed that the gripper 

tool enabled a torque tolerance that was at least 100% higher, both clockwise and anti-clockwise than 

the surgeon data is shown in Table 11. Complete data from five repeated measurements are listed in 

Table 20.  

Table 11. Robot with the gripper tool’s and surgeon’s mean value of force and torque that can be applied to the 
needle driver before robot or surgeon no longer can withstand force.  

 Force [N] 
Clockwise   

Force [N]  
Counterclockwise  

Torque [Nm] 

Clockwise 

Torque [Nm] 

Counterclockwise 

Surgeon  1.3 1.2 0.2 0.18 
Robot with the gripper tool 4.4 4 0.66 0.6 

 

There was no rotational displacement in the gripper tool at the surgeon’s maximal torque. Some 

rotational displacement occurred in the needle driver at the robot with the gripper tool’s maximal 

force load. This caused the needle driver to lose some of its connection with the gripper tool. The 

gripper tools spikes prevented the needle driver from coming lose.   

Simulated Surgical Procedure   

To test the fatigue of the material and the flexible joint of the gripper tool. A simple set up that 

simulated the demands of a standard surgical procedure was used. The relevant tasks, at this stage, is 

the repeated motion of the gripper tool to open and close the jaw of the needle driver and its ability 
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to completely relinquish the needle driver and pick it up again. The number of revolutions chosen for 

each task was based on observations made in the Discover phase.  

Opening and Closing of The Needle Driver’s Jaw 

The gripper tool was able to perform 200 opening and closing of jaw. No ware out of the gripper tool 

was observed.  

Pick Up and Relinquish   

The gripper tool was able to pick up and relinquish the needle driver all 50 repetitions. No apparent 

ware was detected on macroscopic inspection.  

Griping a Surgical Forceps 

Although not designed for this purpose, the gripper tool was able to pick up and relinquish the 

surgical forceps. This was beyond expectation since the deflection angle of the tool in its relaxed 

position is the opposite to the needle driver and could therefore induce significant loss of stability. 

The forceps was prepared in the same way as the needle driver, i.e. with two holes of 3 mm on each 

side high up on the tools gripping area. The gripper tool was able to open and close the tip of the 

surgical forceps. 

Suturing  

The robot with the gripper tool was subjected to forces during suturing and the system was able to 

perform 10 stiches in 3 mm thick silicon material and vascular replacement material PTFE (Gore-Tex). 

The gripper tool could handle the forces that it would be subject to during surgical procedures. The 

gripper tool did not interfere with edges of the compartment that was used to simulate the surgical 

wound. The gripper tool with surgical forceps was able to hold and stretch the medically approved 

material during the suturing procedure and withstand the forces that it is subject to during surgical 

procedures.  

Additional Testing  

Tolerance to Sterilization 

The gripper tool was placed in an autoclave bag with indicator that changes in colour from light red to 

dark red once desired temperature has been reached. One sterilization cycle with steam autoclave at 

134° Celsius was performed. The indicator on the bag changed color to dark red which confirmed that 

the 134° Celsius had been reached. The Onyx material and rubber did not display any visible defects 

on macroscopic inspection.  

Weight Limit Considerations  

The weight of the gripper tool, needle driver, surgical forceps, screws and needle with thread are 

found in Table 12.  

Table 12 Weight in grams of the gripper tool, needle driver, surgical forceps, screws and needle with thread.  

Component Wight [g] 

Gripper tool (left) 8 

Gripper tool (right) 9 

Needle driver  31 

Surgical forceps 49 

Screws (4 pcs) 1 

Needle with thread  < 1  

 



   
 

  32 
 

Heat Conductance Considerations 

Average temperature of the connecting plate was > 42.4 degrees Celsius and the robotic gripper was 

25.2 degrees Celsius. For complete set of measurements see Table 21, in appendix.  

Evaluation 

Feedback Loops   

Feedback from clinical and technical experts are shown in Table 13. The clinical expert was a surgeon 

and technical experts were a robot engineer and a product development engineer.  

Table 13. Feedback from clinical and technical experts with regards to the gripper tool design. 

 Positive  Negative 

Clinical 
experts 

- Functions in surgical environment.  
- Easy to clean off during procedures 

and sterilize due to no 
interconnected parts. 

- Dose not cause harm to the 
environment or staff in operating 
room. 

 

- Gripper design required some 
additional modification of the needle 
driver.  

- Bloods stains are hard to see on black 
color of the gripper tool. 

- The distance between the gripper tool 
and the robotic gripper could be 
increased with approximately 5 mm to 
allow space for sterile drape around 
the robotic gripper. 

 
Technical 
experts 

- Functions well with the collaborative 
robot to generate minute accurate 
motions from multiple approach 
angles.  

- Low spatial uncertainty because of 
the design of the interconnected 
parts.  

- Needle driver jaws are placed in 
center axis of robotic gripper.  

- Non bulkiness thanks to small design. 
- Small size can reduce production 

costs. 
- Potentially able to handle many other 

similar surgical instruments, with or 
without some minor modifications. 

- Flexible joint causes some spatial 
uncertainty, since the joint does not 
always flex back to its original position. 
Plastic in flexible part may be affected 
over time due to sterilization 
technique.  

- Can be manufactured with multiple 
techniques and materials. 

- Can be made as one-time disposable 
product or multiple use. 

 

 

A surgeon rated the clinical demands on a scale from one to five and are found in Table 14. 

Table 14. Fulfillment rating of the clinical demands.  

Clinical demands Bad 
(1) 

Poor 
(2) 

Neutral 
(3) 

Good 
(4) 

Excellent 
(5) 

The gripper tool should be able to handle one of the 
common types of needle drivers.  

   ✓  

Design of gripper tool which effectuates the robotic 
movement must be safe for patient and personnel. 

   ✓  

The gripper tool should not interfere with the 
boundaries of the surgical wound. 

   ✓  

The material that the gripper tool is made from should 
be sterilizable with standard method being employed 
for surgical instruments.  

   ✓  
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The gripper tool should allow the robot to pick up and 
relinquish the needle driver independently without 
human intervention. 

   ✓  

The gripper tool should be able to handle the same 
force loads that a surgeon experiences during suturing 
without loss of stability.  

   ✓  

Gripper tool should at the minimum be functional 
during the one entire surgical procedure. 

   ✓  

 

A robotic engineer rated the technical demands on a scale one through five and are found in Table 15. 

Table 15. Fulfillment rating of the technical demands. 

Technical demands Bad 
(1) 

Poor 
(2) 

Neutral 
(3) 

Good 
(4) 

Excellent 
(5) 

The gripper tool must be attachable to the 
robots existing attachment.  

  ✓   

The gripper tool should not hinder the robot’s 
functions nor movements. 

  ✓   

The gripper tool should be aligned with the 
central axis of the robot’s grippers to allow 
robotic movements to rotate without large 
rotational movement. 

  ✓   

The gripper tool and needle driver should sit 
firm in relation to each other and the robot, 
reducing any spatial uncertainty. 

   ✓  

The gripper tool with needle driver, needle 
and screws should not exceed the robot’s 
maximal workload limit of 250g per arm. 

    ✓ 

 

The expert in quality and regulatory compliance in medical technology at ÅF said that the product 

must comply with all regulatory demands before it can market for clinical use. Furthermore, the 

regulatory compliance demands differ depending on which region the product is to be marketed and 

implemented.  
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4. Discussion 
The Double Dimond design process allowed for in depth analysis and experimenting before arriving at 

the final gripper tool design. The gripper tool itself is a simple component but placed in a complex 

setting which imposes complex medical and technical demands. This method had an interdisciplinary 

approach with continued close contact with experts from both the clinical and technical field. This 

provided the opportunity to gain expert knowledge during the whole design process which helpful in 

setting the direction of the design, which also contributed to that the gripper tool could meet all clinical 

and technical demands with high scores. The methodology used throughout this design process may 

be applicable on development of other technical products in a surgical environment.  

During the Discover phase many insights were gained by exploring the surgical 

environment and how the robot functioned with the previous gripper tool. Field studies with interviews 

were very important because they provided the foundation for the clinical and technical demands. The 

gripper tool was evaluated based on these clinical and technical demands. Therefore, great effort was 

spent om formulating the demands after the field studies were conducted. Prioritizing the demands 

was a necessary step to identify which demands that were crucial and which ones that were desired 

but not necessary. Brainstorming together with experts from the clinical and robotic field about how 

the previous gripper design could be improved was highly valuable for the developer because feasible 

ideas could be developed with minimal delays. However, this type of time-efficient processes could 

have limited new creative ways of thinking and views of the problem as ideas quickly became solution 

orientated. To minimize risk of limiting creative ideas the developer asked questions about what the 

gripper tool should be able to do better rather than how it should be designed.  

Choosing a sample early in the processes was a good way to efficiently come up with 

ideas that are suitable for a specific application. However, it may result in a product that is overly 

specialized for limited use. In this work however, this was not the case because it was shown that the 

gripper tool design could maneuver another surgical instrument the surgical forceps. The simplicity of 

only needing to drill four holes in the surgical instruments, which does not affect the instruments 

normal functions, suggest that this solution may have a wider application in that it can handle a variety 

of needle drivers and other surgical tools.   

In the Discover phase time was given to explore different design concepts in an early 

prototyping stage. This phase resulted in many sketches of different concepts. In the Define phase one 

concept was chosen and developed further to investigate the design proposal further. Choosing a 

concept by anonymous voting, as in the method assessment criteria, is likely to have resulted in that 

the most plausible concept with promising feasibility from clinical, technical and product development 

was chosen. This was a simple way to decide which design concept should undergo further 

development.  

By making tangible models, the shape and function was explored in a rapid manner. This 

was a good complement to the CAD modeling in the following stage and a good way to understand the 

size of the gripper tool.  Many details where decided in the CAD modeling where the robotic gripper, 

the gripper tool and needle driver with needle were assembled. The needle driver was modeled in CAD 

which was time consuming but necessary to make full use of CAD modelling. It was beneficial to have 

access to the manufacture’s CAD model of the robotic arm. The CAD assembly made it possible to take 

design actions with detail such as deciding on lengths, thickness and angle of the gripper tool. CAD 

modeling also allowed for simple motion simulations during the design process before testable 

prototypes where made.  
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The 3D printed protypes allowed testing of prototypes on the robot and to investigate 

the idea of a flexible joint. Visualizing the design helped identify positive and negative aspects of the 

design and set the direction of the design solution. Different aspects were discussed and presented in 

the design feedback which lead to valuable design actions that improved the suitability of the final 

gripper tool prototype. 

The final gripper tool was made of 3D printed material and hand cut rubber. 3D printing 

is a rapid prototyping method and a beneficial manufacturing method when creating protypes with 

complex geometry. Each 3D printer is limited to materials available for the specific printer. 3D printing 

requires expertise about the printable materials and the printer’s capability. It was found that the 3D 

printable material with flexible properties, available in this project, did not obtain the desired flexibility. 

Testing showed that custom cut rubber was more beneficial to use due to its flexible properties. The 

flexible joint in the final gripper tool was cut out by hand in rubber which is a time-consuming process. 

If many gripper tools were to be manufactured it would be beneficial to find a 3D printed material with 

similar flexible properties or to find other manufacturing technique for example moulding. 

Furthermore, the spatial accuracy in 3D printing techniques are limited and postproduction 

refinements are required. Materials should be further investigated to find materials that give exact 

wanted flexibility and stiffness of the gripper tool. Material properties are affected by production 

methods therefore production methods need further investigation. Productions methods may also 

cause alterations to design. However, the main idea of a flexible joint and cylindrical pin in the gripper 

tool can probably remain.    

The force tolerance tests that were conducted, both with the surgeon and robot with 

the gripper tool showed that the gripper tool can handle larger force loads than a surgeon in all force 

tests. The radial force test showed that when applying radial force to the robot with the gripper tool 

the needle driver deflected. The needle driver did not deflect in the surgeon’s hand when applying 

radial force. This is likely to be because surgeon involuntarily compensates for the deflection in order 

to maintain the needle driver in the same place. The gripper tool cannot compensate in the same way 

as the human body. However, the robot may be able to this with advanced programming and 

feedback systems.  

The real forces that the surgeon is exposed when suturing is hard to measure. The 

suturing test was an attempt to simulate the combination of real forces as it dynamically changes in 

directions and magnitude as the needle is passed through the tissue. The suturing test showed that 

the robot with the gripper tool can perform suturing.  This indicates that the gripper tool can handle 

forces similar to real force loads that it will be exposed to during suturing. The maximum force load 

that the robot with the gripper tool can handle are also restricted by the angle of the robotic arm and 

how many motors in the robotic arm that are activated. Optimal arm placement and limiting angle 

placement of arm should be further investigated.  

Testing showed that weight load of the gripper tool with needle driver, needle and 

screws were within the weight limit. The gripper tool with surgical forceps and screws were within the 

weight limit was also with in limit. Results also showed that the gripper tool has an insulating effect, 

which is beneficial to limit the transfer of excess heat from the robotic gripper to the patient or staff. 

The gripper tool did not have any visual defects after sterilization in an autoclave. To confirm that the 

gripper tool is fully sterilized, it should be subjected to bacterial analysis. There are other sterilizations 

methods that could be tested and applied if the method of steam autoclave is shown to be 

insufficient.  
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This work was performed at one surgical ward at one of Sweden’s largest university 

hospitals. Even though surgical wards are likely to function in a similar manner it would be beneficial to 

investigate how other surgical wards function nationally and globally. A wider range of influence is likely 

to give more insights in clinical the environment which will have a positive impact on the gripper tool 

design and its exportability to all surgical fields and countries. Not until the product is placed in the real 

environment will we fully understand all its inadequacies. Therefore, it is important to integrate the 

product the with all subsystems that the product should function with and the surgical ward where the 

product should function. Performing similar design processes at different operating rooms worldwide 

is likely to result in a gripper tool and robotic system that is compatible in operating rooms worldwide.   

Intertwining medical and technical aspects to create successful products is not trivial but 

necessary to ensure that the products are medically and technically feasible. In this case the Double 

Dimond design process was used for this purpose. Other interdisciplinary approaches to integrate 

knowledge form different areas to arrive at a successful product are the V-model and system/iterative 

engineering. Double Dimond design methodology facilitated communication between clinical and 

technical experts and gave the possibility to discuss and identify flaws with different design proposals 

when designing the gripper tool. There is reason to believe that the result of the gripper tool design 

would not have been obtained by each expert area alone. Hence, development of medical technology 

it is important to obtain an inter disciplinary approach. Which method that is favourable to obtain 

successful products is not trivial. The double diamond design process with chosen methods could be a 

good way to obtain products are medically and technically feasible. 

 

Future directions 

Additional iterations of the design of the gripper tool based on the feedback loops from this work can 

be carried out. In those iterations material studies and production methods should be performed. The 

material studies alongside with production methods can result in finding materials with optimal flex 

and rigidness for the intended purpose. Manufacturing methods or glue that ensure tight lock 

between the materials is of high importance. Finite Element Method simulations can be used to 

estimate mean time to failure. Both static and dynamic loads should be taken into consideration.  

The connection between robotic gripper and gripper tool is done by screwing four screws into 

the connective plates in the robotic grippers. Finding a way to simplify how the gripper tool can be 

attached should be further investigated. Preferably the attachment is simple to use which facilitate 

preparation of the robotic system for the medical staff in the operating room.  

The attachment between gripper tool and needle driver could be further investigated. The 

gripper tool has two pins for attachment of the needle driver which functions well. However, other 

attachments such as snap fit or oval holes were considered but not yet been investigated.  

 Color of the gripper tool should be further investigated. The final gripper tool is in the 

color black which is not a good color since clotted blood is hard to recognize on black. It would be 

beneficial to choose a color were blood is easily noticeable such as blue or green.   

Regulatory aspects must be investigated before the gripper tool can be placed on any market. 

One of the major things to be considered when complying with regulatory standards is if the gripper 

tool should be considered as a standalone product or as part of the system. Furthermore, the 

regulatory standards are different for different countries and markets, which ultimately may require 

changes in the design of the gripper tool. 
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5. Conclusion 
A preliminary functioning gripper tool that meets clinical and technical demands has been developed. 

The gripper tool can handle larger force loads than a human surgeon hand experiences while holding 

the needle driver.  The simulated surgical procedure with suturing test showed that the gripper tool is 

well designed for gripping a common type of needle driver, and forceps. The gripper tool is 

compatible with a collaborative robot. During testing it was shown that the gripper tool could handle 

lager force loads than the human surgeon in all the stability tests. However, deflection of the needle 

driver occurred with the gripper tool unlike when the surgeon was subject to stability testing. The 

robot was able to pick up and relinquish the needle driver without human intervention. The gripper 

tool allowed enough free needle driver length so that it can reach deep into the wound and at the 

same time respect the boundaries of the surgical site. The gripper tool is light, small with soft edges 

and doesn’t pose any danger to patient nor staff. The gripper tool does not hinder the robot’s 

functions or movements. The gripper tool is sterilizable, insulate the excess heat generated by the 

robot. Furthermore, the weight of the gripper tool with surgical instruments do not exceed the 

maximal load capacity of 250 gram per robotic arm.  

The methodology of the double diamond design process with the chosen sub methods could be a 

good framework when developing and deigning other new technical demanding medical products.  
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Appendices 
 

Table 16. Surgeon’s maximal radial force. Values from all five tests performed of maximal radial force and 
deflection of needle driver in 8 directions that can be applied before the surgeon drops the needle driver. 

Angle [Degrees] Force [N] 

Test 1/ Test 2/ Test 3/ Test 4/ Test 5 

Deflection [cm] 

Test 1/ Test 2/ Test 3/ Test 4/ Test 5 

0 3.5 / 3.3 / 3.7 / 3.8 / 3.2 0 / 0 / 0 / 0 / 0 

45 2 / 2.2 / 2.1 / 1.8 / 1.9 0 / 0 / 0 / 0 / 0 

90 2.1 / 1.9 / 2.3 / 2 / 2.2 0 / 0 / 0 / 0 / 0 

135 1.6 / 1.4 / 1.4 / 1.6 / 2 0 / 0 / 0 / 0 / 0 

180 3.7 / 3.9 / 3.7 / 3.8 / 3.2 0 / 0 / 0 / 0 / 0 

225 2.2 / 2 / 2.4 / 2.2 / 2.2 0 / 0 / 0 / 0 / 0 

270 2 / 1.7 / 1.6 / 2.2 / 2.5 0 / 0 / 0 / 0 / 0 

315 3.8 / 3.8 / 4 / 3.6 / 3.8 0 / 0 / 0 / 0 / 0 

 

Table 17. Robot with the gripper tool’s maximal radial force. Values from all five tests preformed of the maximal 
radial force and deflection of the needle driver in 8 directions that can be applied to robot with the gripper tool 
and needle driver before the robot can no longer with stand force. 

Angle [Degrees] Force [N] 

Test 1/ Test 2/ Test 3/ Test 4/ Test 5 

Deflection [cm] 

Test 1/ Test 2/ Test 3/ Test 4/ Test 5 

0 5.2 / 4.9 / 5.1 / 5.3 / 5.0 1.2/ 1.0 / 1.1 / 1.2 / 1.0 

45 7.1 / 7.4 / 7.6 / 6.6/ 6.7 1.6 / 1.7 / 1.8 / 1.4 / 1.5 

90 3.1 / 3.8 / 3.7 / 3.5 / 3.8 2.6 / 2.9 / 2.7 / 2.5 / 2.7 

135 5.4 / 5.1 / 5.4 / 5.2 / 6.0 1.0 / 0.9 / 1.1 / 1.0 / 1.2 

180 5.4 / 5.3 / 5.6 / 5.8 / 6.6 0.9 / 0.8 / 1.0 / 1.1 / 1.2 

225 6.8/ 7.0 / 6.7 / 7.2 / 7.3 3.1 / 3.2 / 2.8 / 3.4 / 3.4 

270 3.1 / 3.2 / 3.3 / 3.0 / 3.2 1.7 / 1.8 / 1.8 / 1.6 / 1.7 

315 3.9 / 4.1 / 3.7 / 4.1 / 4.0 1.4 / 1.6 / 1.3 / 1.5 / 1.3 

 

Table 18. Values for all five tests of the needle driver’s deflection, when held by robot with the gripper tool, at 
the same radial force as surgeon’s maximal radial force in 8 directions. 

Angle [Degrees] Force [N] 

Test 1/ Test 2/ Test 3/ Test 4/ Test 5 

Deflection [cm] 

Test 1/ Test 2/ Test 3/ Test 4/ Test 5 

0 3.5 / 3.5 / 3.5 / 3.5 / 3.5 0.6 / 0.7 / 0.6 / 0.8 / 0.6 

45 2.5 / 2.5 / 2.5 / 2.5 / 2.5 0.7 / 0.6 / 0.7 / 0.7 / 0.6 

90 2.1 / 2.1 / 2.1 / 2.1 / 2.1 1.3 / 1.3 / 1.4 / 1.3 / 1.3 

135 1.6 / 1.6 / 1.6 / 1.6 / 1.6 0.5 / 0.4 / 0.3 / 0.3 / 0.4 

180 3.7 / 3.7 / 3.7 / 3.7 / 3.7 0.3 / 0.4 / 0.3 / 0.4 / 0.4 

225 2.2 / 2.2 / 2.2 / 2.2 / 2.2 0.4 / 0.5 / 0.4 / 0.4 / 0.5 

270 2.0 / 2.0 / 2.0 / 2.0 / 2.0 1.2 / 1.1 / 1.1 / 1.2 / 1.1 

315 3.8 / 3.8 / 3.8 / 3.8 / 3.8 1.0 / 0.9 / 1.0 / 1.0 / 1.1 
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Table 19. All five values of force that can be applied to the needle driver when held by the robot with the gripper 
tool and surgeon before robot or surgeon no longer can withstand force. The force was applied in two directions 
forward and backwards. 

 Surgeon 

Test 1/ Test 2/ Test 3/ Test 4/ Test 5 

Robot with gripper tool 

Test 1/ Test 2/ Test 3/ Test 4/ Test 5 

Force [N] Forward 8.4 / 8.0 / 8.3 / 8.7 / 8.8 12.9 / 11.9 / 11.8 / 13.2 / 11.9 

Force [N] Backward 7.6 / 7.8 / 7.2 / 7.8 / 7.5 11.8 / 11.4 /10.2 / 11.6 / 12.2 

 

Table 20. All five values of robot with that gripper tool’s and surgeon’s force clockwise and counterclockwise before 
robot or surgeon no longer could withstand force. 

 Max Force [N] Clockwise 

Test 1/ Test 2/ Test 3/ Test 4/ Test 5 

Force [N] Counterclockwise 

Test 1/ Test 2/ Test 3/ Test 4/ Test 5 

Surgeon 1.4 / 1.2 / 1.0 / 1.4 / 1.5 1.0 / 1.3 / 1.2 / 1.0 / 1.5 

Robot with grippers 4.4 / 4.6 / 4.3 / 4.1 / 4.4 4.0 / 4.2 / 3.9 / 4.0 / 3.8 

 

Table 21. All 5 values of temperature measurements.  

 Temp [Celsius] 
Test 1 

Temp [Celsius] 
Test 2 

Temp [Celsius] 
Test 3 

Temp [Celsius] 
Test 4 

Temp [Celsius] 
Test 5 

Gripper tool 25.3 25.2 25.2 25.2 25.2 
Connecting plate > 42.4 > 42.4 > 42.4 > 42.4 > 42.4 
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