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Sammanfattning 

Antibiotika, cancerläkemedel och andra läkemedelsklassade produkter i huvudsak för intravenöst 

bruk tillverkas i anläggningar med mycket höga renrumskrav. För att uppnå renrumsklassificering 

ISO 4 och GMP EU A ställs krav på rengörbarhet, sanitet och sterilisering av utrustningen.  

Syftet med detta examensarbete är att ta fram ett koncept till ett autonomt gripdon som tillsammans 

med en robot ska kunna ersätta människor i renrumsklass ISO 4/klass A. Krav finns på bland annat 

trådlös kommunikation, intern energilagring samt en gripstyrka på minst 1000 N per finger. 

Dessutom behöver alla material i kontakt med renrummet kunna motstå väteperoxid som används 

vid sterilisering utan att släppa ifrån sig partiklar eller gaser. En prototyp i full skala har tillverkats 

för att utvärdera konceptets egenskaper.   

Flera koncept på gripdon har genererats vartefter ett koncept med en vinkelgripare och 

bajonettkoppling valdes efter att de olika koncepten diskuterades med kund och utvärderats i en 

utvärderingsmatris. Gripdonet drivs av en stegmotor och har två växlar, en planetväxel och en 

snäckväxel som tillsammans har en total utväxling på 980:1. Gripdonen styrs trådlöst av en 

Raspberry Pi som är programmerad i CODESYS. Metoder som CAD och FEM har använts för att 

detaljutveckla gripdonet. 

Den uppmätta medelgripkraften för gripdonet är 1206 N och den beräknade batteritiden för 

gripdonet i arbete är 43 minuter. Prototypen har yttermåtten 400×170×170 mm och väger 10.9 kg. 

Detta arbete i kombination med en rad förbättringsförslag kan ge gripdonet potential att efter 

vidareutveckling uppnå renrumsklass ISO 4.  

 

Nyckelord: Gripdon, Renrum, Läkemedelstillverkning
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Abstract 

Antibiotics, oncology drugs and other products, mainly for intravenous use, are produced in 

facilities with very high cleanroom demands. To achieve pharmaceutical class A and ISO 4, the 

equipment must meet the highest demands of cleanability, sanitation and sterilization.  

The purpose of this master thesis is to develop a concept of an autonomous gripper to operate 

together with a robot in a class A environments that would replace humans. Requirements such as 

wireless communication, internal energy storage as well as gripping force of at least 1000 N per 

finger are defined. Additional, all materials in contact with the cleanroom must withstand 

hydrogen peroxide that is used for sterilisation without releasing particles or gases. A full-scale 

prototype has been manufactured to evaluate the properties of the concept. 

Several different concepts of grippers have been generated in this paper. A concept with an angular 

gripper and a bayonet clutch were selected after the concepts were discussed with the costumer 

and evaluated in an evaluation matrix. The gripper is driven by a stepping motor and has two gears, 

one planetary gear and one worm gear which together achieves a total ratio of 980:1. The gripper 

is wireless controlled using a Raspberry Pi which is programmed is CODESYS. Methods such as 

CAD and FEM has been used in the design of the gripper.  

The measured mean gripping force of the gripper is 1206 N and the estimated battery life of the 

gripper in work is 43 minutes. The prototype has the outer dimensions 400×170×170 mm and the 

mass 10.9 kg. This thesis, combined with a number of suggestions for improvements can give the 

gripper potential for cleanroom classification ISO 4.     
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NOMENCLATURE 

Notations 

Symbol Description 

c Spring constant 

Fa Finger force applied to an object (N) 

Fax The axial forces acting on the worm (N) 

Faxwheel The axial reaction force of the worm wheel (N)  

Frawheel The radial reaction force of the worm wheel (N)  

Fpull The force acting horizontal on the object (N) 

Fs Spring force (N)  

L0 The natural length of the spring (N)  

Lobject The length between the robot a and centre of gravity for the gripper (m) 

lf Finger length (mm) 

lgripper  The length between the centre of gravity of the gripper and the centre of 

gravity of the dummy (m) 

M1 Output torque of the planetary gear (Nm) 

M2 Torque of the finger shaft (Nm) 

m2gobject The force acting on the centre of gravity of the object (N) 

m2ggripper The force acting on the centre of gravity of the gripper (N) 

Mb The bending torque acting on the bayonet clutch (Nm) 

Mobject The torque acting on the object (Nm) 

N The normal force acting on the teeth (N) 

n Number of pins 

pullap ,  The surface pressure of the pins (MPa)  

torsionp  The pin surface pressure  

torsionp  The pin surface pressure  

uwormgear Gear ratio of the worm gear 

ra The radius between the pin and the rotational axis (m) 

rm,a  The mean radius between the pin and the rotational axis (m) 

rpin The radius of the pin (m) 

t The length of the pin (m) 

x The length of the spring (mm) 
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  The angel between the pin and the neutral plane (°) 

n  The pressure angel on the teeth (°) 

  The fiction angel on the worm gear (°) 

1  The lead angle (°) 

µ The friction coefficient in the worm gear 

  The efficiency of the worm gear 

a  The shear stress of the pins caused by the pulling force (MPa) 

torsion  The shear stress of the pins caused by the torque Mobject (MPa) 

Abbreviations 

2D Two-dimensional 

3D Three-dimensional 

3PDT Triple-pole, double-throw 

CAD Computer Aided Design 

FEM Finite element method 

GMP Good manufacturing practice 

IC Integrated circuit 

ISO International Organization for Standardization  

PTFE Polytetrafluoreten  

VHP Vaporized hydrogen peroxide 

WSB Work Break-Down Structure 

GPS Global Positioning System 

GSM Global System for Mobile Communications 
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1 INTRODUCTION 

In this chapter, the background, purpose, delimitations and method for this project will be 

described. The background will also include vital questions for this paper and read up on the 

process of the project. 

1.1 Background 

Hospital-acquired infections or more appropriately called health care-associated infections are 

currently the most common type of complication that affects hospital patients. There is no doubt 

that the hospital environments pose a risk to patients. In modern time, these infections have been 

greatly reduced by the discipline of public health. However, they still pose a great threat to hospital 

patients. (Bruke, 2003) 

Traditionally, preparations of drugs such as antibiotics took place at the bedside until regulations 

changed in the seventies. Nowadays, many of the processes rely on cleanrooms and thus 

considering the health and welfare of the patients, healthcare workers and the pharmacy workers. 

However, cleanroom technology is very complicated due to the regulations but still it’s a rapidly 

growing industry. (Jackson, Wilson, 2005) 

It is imperative within the medicine business to be able to safely and reproducibly decontaminate 

compartments. By using vaporized hydrogen peroxide (VHP), a dry gaseous method, for aseptic 

room decontamination, one has an efficient method of decontamination that is suitable for the 

medicine business. (Meszaros, Antloga, Justi, Plesnicher and McDonnell, 2005) 

There are many sources that can cause contamination in cleanrooms. However, most 

contamination can be traced directly to the humans working in the cleanrooms (Hyde, 1998). The 

many advancements in robotics and automation can in many cases not completely eliminate 

humans from cleanrooms. Therefore, many steps are taken to prevent unnecessary contamination 

such as minimizing the exposure of skin, hair, etc. by using clothing designed for cleanroom 

environments (Sandle, 2014).  

Robots used within the medical industry and specially used in cleanrooms are growing rapidly 

with more sophisticated and robust models every year. The robots have been designed to minimize 

emissions of particles and are usually designed with corrosive resistant materials. Internal wiring 

and cabling together with devices such as Wi-Fi technology are usually used to ease the cleaning 

of the robots (Rahul Kumar, 2016). Cleanroom robots achieve three main criteria’s in the medicine 

business: 

• Reducing costs of operation 

• Workplace safety 

• Improving product yield through cleanliness 

These three criteria are all highly beneficial for companies within medicine manufacturing and 

processing, hence the rapid growth of cleanroom robots (Mathia, 2010). 

The gripper mounted on cleanroom robots are specifically hard to design due the fact that friction 

cause particle emissions. Therefore, special seals must isolate dust or particles in an isolated 

atmosphere (Gupta, Arora, 2011). There are multiple grippers available on the market that is 

compatible with high cleanroom standards. However, these grippers require electrical wiring or 

pneumatic tubes in order to operate. For multiple axis robots, external wiring or tubes compromises 

the flexibility of the robot and the risk of particle emission increases due to friction between the 

wires/tubes and the robot surface. For pneumatic systems, the risk of leakage of contaminated 
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compressed air out into the cleanroom environment can result in devastating consequences 

(Simplex 2017).  

Fresenius Kabi is a global and market leading company specializing in clinical nutrition, infusion 

therapy and medical equipment (Fresenius Kabi 2017). The company wishes to automate a section 

of their production handling with a high capacity robot. The robot intended for this purpose is the 

Stäubli TX200, a six-axis heavy payload robot with a nominal load capacity of 100 kg. The robot 

has a cleanroom standard of ISO5 and is therefore a great selection in terms of handling medical 

supplies (Stäubli Robotics 2016).  

 

Figure 1 Stäubli TX200 (Stäubli 2016)  

By introducing a mechanical interface such as a robot arm to the existing robot that meets the 

requirements of cleanliness, sanitation and sterilization for ISO 4/Class A standardization 

(EUROPA EC 2008), one can replace humans and thus achieve a higher level of automated 

production process. In order to ease the cleaning of the robot, the design must include stand-alone 

features. In other words, the robot arm requires an on-board computer with wireless 

communication, an built-in energy source and wireless charging. 

Since there are no currently existing autonomous grippers for robots that can withstand detergents, 

acids and VHP without releasing particles or gases, the main objective of this report is to design 

such a device. The design must include features that enables for class A/ISO 4 cleanliness such as 

enclosed components, wireless communication and inductive charging. 

The questions that are vital for the design are: 

• What materials can meet the demands of the cleaning process? 

• Will the design meet the requirements for ISO 4/Class A standardization? 

• How will the mechanical interface interact with the robot? 

The final design is intended to act as guideline for further development within the field. The main 

objective is to provide a design that is compatible with Stäubli TX200 and thus achieve a higher 

level of automated production process. More precisely, the report includes: 

• A background study of the field of medicine business 

• State of the art of robotic grippers 

• Development Plans with investigations on the critical parts and functions 

• Design concepts and concept evaluation 

• Design review of a prototype to prove functionality, but necessary not all features regarding 

VHP resistance GMP- or ISO requirements 

• Design, manufacture, assemble, program and test prototype with robot 

• Review of tests 

• Final design proposal 
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1.2 Purpose 

The requirements of the gripper were formulated together with Devex Mekatronik AB and 

Fresenius Kabi. The gripper is intended to be used for multiple purposes, lifting different shapes 

and materials. The gripping technique of the gripper must be friction based and the fingers of the 

gripper should be interchangeable. The gripper in this report is designed for a standard shape 

object, a dummy block in aluminium with the dimensions of 80∙80∙80 mm. 

The gripper is required to work autonomous from the robot and is therefore required to use an 

independent on-board energy source and communicate wireless. The gripper is intended to be used 

in high production cycles. Therefore, the time for opening and closing is important. A time limit 

for opening or closing cycle of the gripper is set to ten seconds. Since the robot and gripper will 

be used in sterilized areas, it’s imperative that the robot and gripper are standalone i.e. no human 

interaction is required. The process of engaging or disengaging the gripper from the robot must 

therefore be fully automatic. 

Due to the expected level of production, the gripper is required to achieve at least 100 cycles of 

opening and closing of the gripper and one cycle of engaging and disengaging the robot per charge. 

The requirements regarding the weight and length are adapted to fit the Stäubli TX200, a higher 

mass of the gripper will reduce the work load capacity and a longer gripper will risk to exceed the 

maximum torque of the robot. The requirements have been divided in two categories; demands 

and wishes. In Table 1 the requirement specification is presented.   

Table 1 Requirement specification  

Requirement Value Description 
Demand 

or wish 

Gripper compatibility  
Mechanical interface 

compatible with Stäubli TX200 
D 

Aseptic class  A/ISO 4 
Requirement excluded for 

prototype  
D 

Maximum dimensions of 

the gripper  

400∙170∙170 

mm 
Smaller is preferred D 

Maximum weight 20 kg Lower weight is preferred  D 

Built in power source with 

inductive charging. 

Maximum charging time 

12 h  W 

Force per finger 1000 N Minimum two fingers D 

Wireless communication 

using raspberry pie 
 Bluetooth 4.0 or Wi-Fi D 

Withstand VHP and 

peracitic acid  
30% VHP 

Requirement excluded for 

prototype  
D 

Water resistant C80 , 1 bar 
Requirement excluded for 

prototype  
D 

Servo feedback  
Force and position feedback 

from gripper 
W 

Integrated vison camera  
Vison camera to ease 

positioning the gripper 
W 

Maximum closing time 5 s  D 

Cycles of opening/closing 

per charge 
100 cycles 

One cycle of engaging and 

disengaging the robot is also 

included 

D 

Dummy block dimensions 80∙80∙80 mm Aluminium block D 
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Acceleration 10m/s2 Maximum vertical acceleration 

of gripper and dummy.  
D 

1.3 Delimitations 

The following list is excluded in this project: 

• Design details 

o Tolerances 

o Frequency analysis 

o Detailed 2D-drawings 

o Life cycle analysis 

• Design of charging station 

• Market analysis 

 

The delimitations are made to limit the timeframe of the project. Reducing the tasks and thus 

restricting the scope of the project enables for additional and/or better quality of the concepts. 

1.4 Method 

A Work Break-Down Structure (WBS) is used to break down the project and expose the four main 

activities which are the project management, concept generation, concept development and report 

and documentation. Figure 2 presents the WBS where each activity has its own sub-structure. 

(Petersen 2013) 

 

Figure 2 WBS chart 
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The project was initiated by performing a background research about the Stäubli TX200 robot and 

about the standardized asepsis classes in order to obtain a basic understanding of the subject and 

thus ease the formulation of the problem description. With a preliminary Gantt schedule for the 

timeline in place, a proper communication plan was made and thereafter the risks of the project 

could be obsessed and formulated. 

To design and manufacture complex products consisting of several subsystems in an efficient 

manner, a systematic approach is required. The systems approach is an approach based on the view 

that complex problems are best solved in fixed steps, each step involving analysis and synthesis. 

Figure 3 shows the steps of the systems approach.  

The first step of the systems approach applied to this project is gathering information regarding 

existing products, cleanroom specifications and problem understanding. The second step includes 

defining the problem, requirements and deliverables. In the third step, different concepts of 

solutions are generated and described. Before these variants can be evaluated, the performance of 

each concept needs to be analysed by its properties and behaviour. In the fourth step, the generated 

concepts are evaluated against the requirements formulated in the second step and based on this, a 

decision is made. The planning of implementation of selected concepts takes place in the last step 

of the system approach. (G. Pahl, W. Beitz, J. Fledhusen and K.H. Grote, 2007) 

 

Figure 3 The systems approach (G. Pahl, W. Beitz, J. Fledhusen, K.H. Grote, 2007) 
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The chosen gripper concept is further developed by component dimensioning and selection, 3D 

CAD-modelling and FEM analysis. 

The stakeholders for this thesis are presented in table 2. 

Table 2 The stakeholders for the thesis 

Name Organization Role 

Kjell Andersson KTH Supervisor 

Joakim Östblom Devex Mekatronik AB Supervisor 

Joakim Bohlin Fresenius Kabi Customer 

Communications with the stakeholders has been performed according to table 3. The layout of the 

matrices has been performed according to (Petersen 2013) and a template for status reports has 

been provided by Devex Mekatronik AB.  

Table 3 Communication with the stakeholders 

Audience Message 
Communication 

type 
Frequency 

Communication 
Medium 

KTH Supervisor Project status 
Written status 

report 
Weekly E-mail 

Devex 
Mekatronik 
Supervisor 

Project status 
Written status 

report 
Weekly Dropbox 

Fresenius Kabi Project status 
Written status 

report 
Weekly Dropbox 
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2 FRAME OF REFERENCE 

In this chapter, cleanroom standards, VHP material compatibility and different types of robotic 

grippers are presented.     

2.1 Cleanroom Standard 

A cleanroom or a clean space is an area with a regulated amount of airborne particles, chemical 

vapor and microbes. ISO 14644 is the international standard for cleanrooms. It specifies the 

classification of air cleanliness in terms of concertation of airborne particles in cleanrooms and 

clean zones. The ISO regulated particle limits are presented in Table 4. (ISO 14644-1 2015) 

Table 4 Cleanroom ISO classification 

Class 
 Maximum consecration limits (particles/m3 of air) 

≥0.1µm ≥0.2µm ≥0.3µm ≥0.5µm ≥1µm  ≥5µm 

ISO 1 10 2     

ISO 2 100 24 10 4   

ISO 3 1000 237 102 35 8  

ISO 4 10 000 2370 1020 352 83  

ISO 5 100 000 23 700 10 200 3520 832 29 

ISO 6 1 000 000 237 000 102 000 35 200 8320 293 

ISO 7    352 000 83 200 2930 

ISO 8    3 520 000 832 000 29 300 

ISO 9    35 200 000 8 320 000 293 000  

Another standard for cleanrooms is the EU GMP Annex which is presented in Table 5. The EU 

GMP annex Grade A corresponds approximately to class 4-5 in ISO standard during operation.   

Table 5 Cleanroom EU GMP Annex classification 

Grade 
At rest In operation 

0.5µm 5µm 0.5µm 5µm 

A 3520 20 3520 20 

B 3520 29 352000 2900 

C 352 000 2900 3 520 000  29 000 

D 3 520 000 29 00 Not defined Not defined  

The grade A classification in the EU GMP Standard also needs the following criteria’s to be 

fulfilled; ”The local zone for high risk operations, e.g. filling zone, stopper bowls, open ampoules 

and vials, making aseptic connections. Normally such conditions are provided by a laminar air 

flow work station. Laminar air flow systems should provide a homogeneous air speed in a range 

of 0.36 – 0.54 m/s (guidance value) at the working position in open cleanroom applications. The 

maintenance of laminarity should be demonstrated and validated. 3 A uni-directional air flow and 

lower velocities may be used in closed isolators and glove boxes.” (EUROPA EC 2008) 

2.2 Material selection 

The material selection is of great important for a product in cleanroom enlivenment. The cover of 

the gripper must withstand 30% VHP and 80oC water without realising any particles, chemicals or 

gases. A selection of materials of interest for the gripper cover is presented in Table 6.      
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Table 6 VHP compatibility and thermal constant of expansion 

Material  

VHP compatibility (30 %) 

(OzoneLab™ Instruments 

2007) 

Thermal constant of 

expansion [10-6/m/m K] 

(The Engineering ToolBox 

2017) 

Aluminium Excellent 22.2 

ABS thermoplastic Excellent 73.8 

316 Stainless Steel Good 16 

Titanium Good 8.6 

Polytetrafluoreten 

(PTFE) 
Excellent - 

2.3 Robotic gripper types 

There are many different types of robotic grippers for different types of applications available on 

the market. The most commonly used grippers are presented in this section. 

2.3.1 Two-finger parallel gripper 

A two-finger parallel gripper is suitable for moving small to medium sized objects in low 

contaminated environments such as assembly, testing and pharmaceutical industry. It is called a 

parallel gripper since the angle between the fingers always remain parallel. It’s a precis type of 

gripper due to scope-free base jaws guided on double roller bearings. Figure 4 shows SHUNK 

MPG pneumatic parallel gripper to the left and a schematic view of the gripper to the right 

(SHUNK 2017). 

 

Figure 4 Schunk two-finger parallel gripper (SHUNK 2017) 

2.3.2 Two-finger angular gripper  

The two-finger angular gripper has a robust design with oval piston and bone drive. Since the jaw 

is commutable to different designs and fingers, the gripper can therefore be used for universal 

purpose. The gripper is named angular gripper since the fingers are jointed and thus only move in 

an angular motion with respect to each other. Gripping force maintenance gives high process 

reliability for this type of gripper. Figure 5 shows SHUNK PWG plus pneumatic parallel gripper 

to the left and a schematic view of the gripper to the right (SHUNK 2017). 
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Figure 5 Schunk two-finger angular gripper (SHUNK 2017) 

2.3.3 Magnetic gripper 

An electrical permanent magnet gripper has a high energy-efficiency since it only requires 

electricity for magnetization and demagnetization. It is a compact gripper that handles 

ferromagnetic objects in large diversity of shapes and weights. Figure 6 shows SHUNK EGM 

electrical permanent magnet gripper.  (SHUNK 2017) 

 

Figure 6 Schunk magnetic gripper (SHUNK 2017) 

2.4 Component integration 

In order to control the different functions such as motion, vison and communication of the gripper, 

a single-board computer is needed. The computer must be small, reliable and energy-efficient since 

it is a vital component in the system. 

2.4.1 Raspberry pi 

The most popular and most advanced single-board computer is the raspberry pie. It is a credit card-

sized single-board computer which allows fast communication by both Wi-Fi and Bluetooth, it has 

camera interface and a low energy consumption. Raspberry pie is a user friendly and flexible 

single-bored computer with many possibilities and therefore suitable for prototypes and in 

products of small series. Figure 7 shows Raspberry Pi 3. (RASPBERRY PI 2017)   
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Figure 7 Raspberry Pi (RASPBERRY PI 2017) 
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3 The Process 

The following chapter includes different concept solutions. The concepts are divided into solutions 

for gripper, robot interface, power source, charging station and system control. The concepts are 

first thoroughly explained, visually illustrated and finally presented with their 

advantages/disadvantages and finally evaluated in an evaluation matrix.  

3.1 Functions 

Once the requirements specification is formulated and a frame of reference is established, the 

required functions and possible technical solutions of the gripper are identified. Variants of gripper 

concepts are generated based on the gripper functions and possible technical solutions. The 

functions and solutions are presented in Figure 8.  

 

Figure 8 Gripper functions and possible technical solutions 

3.2 Gripper solutions 

In order to move objects, a gripper mechanism is required. There are many different types of 

gripper mechanisms with different approaches. For this project, the following concepts are selected 

and presented due to their potential of satisfying the requirements.    

3.2.1 Concept A1 

To ease the design of the gripper and thus save time, one alternative is to select an existing electric 

ISO-classified gripper. There are few existing electrical ISO-classed grippers capable of high 

gripping force. Among the leading market brands in robot components, the DPE-400-10m from 

DESTACO provides the highest gripping force among the electrical ISO-classed grippers. The 

DPE-400-10m is a durable parallel gripper with a simple signal interface. This gripper is completed 

by designing two fingers with the proper attachment and by designing an adapter so that the gripper 

component can be mounted. DESTACO has however not provided any information about the 

material of the product or about the VHP capability. Key parameters of the DESTACO DPE 400-

10 is presented in table 7. (DESTACO 2016) 

Table 7 DPE-40-10m specifications  

Gipping Force Min [N] 667 

ISO classification 5 

Stroke length [mm] 10.0 

Weight [kg] 2.52 
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Voltage [VDC] 24 

Power Requirements [Watts] 10 

 

Figure 9 DPE-40-10m (DESTACO 2016) 

Advantages: 

• An already existing product of high quality 

• ISO 5-classed 

• Low energy consumption. 

 Disadvantages: 

• Does not satisfy the requirement of 1000N 

• No information provided about material selection of VHP capability.   
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3.2.2 Concept A2 

By designing a gripper from scratch, one has the potential of meeting all the requirements. This 

concept consists of an angular gripper powered by an electrical motor. A worm gear or a threaded 

rod can be used as a transmission and therefore reduce the torque required from the motor. The 

transmission is also able to prevent backtracking if it’s combined with a spring, this eliminates the 

energy consumption when the gripper is engaged. A servo motor is suited for this type of 

application due to its high torque at low speed and low mass. The force of the gripper can be 

controlled by measuring the motor current and subtracting the torque required for the internal 

friction. Using this method, information about the gripping force is provided to the controller 

which in terms regulates the delivered current to the motor and thus provides a suitable gripping 

force. This method ensures that enough force is applied to lift the object without causing damage.  

The fingers can be designed to be interchangeable to ensure that the gripper can be used for 

different applications. By minimizing the friction surfaces inside of the cleanroom, particle 

emission will be reduced and thus meet the requirements of cleanroom classification. One 

component is critical for this design; the axial seal that separates the inner compartment from the 

cleanroom must both meet the requirements of cleanroom specifications and be resistant to VHP. 

Figure 10 shows a draft of concept A2.   

 

Figure 10 Concept A2 

Advantages: 

• The concept can be designed to supply a sufficient gripping force 

• High flexibility in material selection is beneficial for selecting VHP compatible 

materials.   

 Disadvantages 

• Complex design hence more time consuming  

• No actual ISO-4 classification, several tests are required in order to achieve this 

classification. 

3.2.3 Concept A3 

Most of the existing ISO-classified grippers with a pressing force of at least 1000 N are pneumatic 

grippers. However, pneumatic grippers are not suitable for this application due to the volumetric 

limitations in the compartment within the gripper, shielded from the cleanroom. Modifications of 

an existing ISO-classified pneumatic gripper could be made to fit a system based on hydraulic or 

mechanical operations of the pneumatic valve. Difficulties may occur due to the high tolerances 

of the parts. By altering the components in the gripper, the tolerances may cause material damage. 

Also, no information is provided about VHP compatibility of the pneumatic ISO-classified 

grippers. Figure 11 shows SHUNK PWG-plus angular gripper. (SHUNK 2017) 
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Figure 11 Concept A3 (SHUNK 2017) 

Advantages: 

• Easy to achieve ISO-4 classification 

• Existing design that delivers 1000 N can be selected and further developed.   

 Disadvantages: 

• No information provided about VHP compatibility   

• Advance mechanism required to convert from a pneumatic powertrain. 

3.2.4 Concept A4 

One way to eliminate all moving parts outside of the cover of the gripper is to use a permanent 

magnet placed on the inside to grip objects. In this concept is the magnet moving along an axis 

inside of the cover controlled by an electrical motor. The magnet itself may cause a high velocity 

impact with the object since the attracting force increases with the distance. Therefore, the gripper 

is allowed to mate first with the object without the magnet in proximity. When contact has been 

made, the magnet is then moved in place to ensure contact force. This concept requires all object 

that will be moved by the gripper to be modified with a standardized knob containing a ferrite 

metal that fits the permanent magnet gripper slot. Figure 12 shows a draft of concept 12. 

 

Figure 12 Concept A4 

Advantages: 

• No external moving parts  

• Simple geometry, i.e. high cleanability  

• High flexibility in material selection is beneficial for selecting VHP compatible 

materials.  

 Disadvantages:  

• Difficulties in controlling the motion of the magnet  

• Risk of interference with other subsystems 
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• Heavy components required. 

3.3 Robot interface solutions 

To mount the gripper to the robot, an interface is required. The weight of the gripper can be reduced 

by using a passive mechanical interface and thus avoiding motors. Unlike the gripper, that will be 

operating during many cycles, the mechanical interface of the robot will only be de-attached for 

charging or cleaning. Concepts for this interface must be designed with high cleanability, 

withstand VHP and also meet the requirements for cleanroom standards.  

3.3.1 Concept B1 

One solution is to connect the gripper to the robot using a bayonet clutch. For this concept, the 

charging station must hold the gripper in place while the robot performs the translational and 

rotational motions to mount/unmount the gripper. When the bayonet mount is engaged, a force is 

required to apply pressure to the locking slot and thus avoiding unmounting. A spring could be 

used to apply pressure to the locking pin against the locking slot. 

 

Figure 13 Concept B1, bayonet clutch 

Advantages: 

• Simple and quick mount/unmounting of gripper 

• Fully mechanical, no energy required from the gripper. 

 Disadvantages: 

• Risk of backlash due to faulty tolerances 

• Increased complexity of the charging station. 

3.3.2 Concept B2 

A pneumatic press-on clutch can be used to connect the gripper to the robot. A spring-loaded 

element holds the gripper in place with a designed geometry that prevents rotation and linear 

movements. The clutch is disengaged by a certain motion by the robot and by a pressing force 

applied from the charging station. Figure 14 illustrates concept B2. (ATI Industrial Automation 

2017)  
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Figure 14 Concept B2 (ATI Industrial Automation 2017) 

Advantages: 

• Simple and quick mount/unmounting of gripper. 

Disadvantages: 

• A complex mechanism involving several parts 

• Requires pneumatic connection mounted on the robot   

• Requires a more complex charging station. 

3.3.3 Concept B3 

By mounting a conical pin on the robot, the gripper can be engaged by inserting the pin into a 

conical slot. When the connection has been made, a powerful magnet can be moved close to the 

slot and thus attract the pin and establish a robust connection. The mechanism can be disengaged 

by moving the magnet away from the pin. The magnet mechanism can be controlled by a servo 

motor or by an external motor mounted in the charging station. Due to space limitations, the 

magnet will still affect the pin when the magnet is disengaged. Therefore, the charging station 

must be able to hold the gripper in place while the robot separates the connection. Figure 15 shows 

a draft of concept B3. 

 

Figure 15 Concept B3 

Advantages: 

• Simple exterior geometry  

• No energy required when magnet is engaged 

• Robust connection that eliminates backlash 

• High potential for VHP capability. 

Disadvantages:  
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• High forces in magnet engagement and disengagement requires robust and thus 

heavy components 

• Space inefficient due to the magnetic reach 

• Risk of magnetic interference with other components. 

3.4 Concept evaluation 

3.4.1 Evaluation criteria’s 

To evaluate the different solutions, the concepts are evaluated based on a number of characteristics 

in mind. In this stage, it is only possible to estimate the likelihood for a solution to fulfil a particular 

characteristic. The evaluation criterions are based on the product requirements and are derived 

from the main headings in Table 8. Each main heading is weighted on a scale one to five of how 

its importance to fulfil the main heading. Also, each concept is estimated on a scale one to five of 

how likely it is to fulfil the corresponding criteria. The weight is multiplied with the concepts 

likelihood to fulfil the corresponding criteria and summarized below in the total-row.  

Table 8 Main headings for solution evaluation 

Main headings Examples 

Function 
Achieved gripping force, closing/opening timing, 

gripping precision  

Cleanliness 
Characteristics of how likely the concept is to fulfil 

cleanroom specifications 

Embodiment Low complexity, low space requirement and low mass 

Production Few production methods, modular based design 

Operation Long service life, low wear, low risk of failure 

Sterilization Can withstand VHP, detergents and acids 

Range of operation Low energy consumption, self-locking mechanism  

3.4.2 Gripper solution evaluation 

The gripper solutions are evaluated and presented in Table 9.  

Table 9 Gripper solution evaluation 

Variants 
 
 
 

Criteria 

 
 
 
 

Weight 

 
A1 

 
A2 

 
A3 

 
A4 

Function 4 2 5 3 2 

Cleanliness 5 5 4 4 5 

Embodiment 4 5 3 2 2 

Production 1 5 4 3 4 

Operation 3 5 3 3 3 

Sterilization 5 1 4 1 5 

Range of operation 2 4 4 2 3 

Total 24 86 93 61 85 

The solution with the highest potential to reach the criteria’s is concept A2. The A2 solution is 

beneficial due to its high potential of achieving gripping force and eliminating backlash. Also, it 



 29 

can easily be designed for cleanroom standard with correct seals and material. The wide range of 

material selection enables high potential for sterilization. 

3.4.3 Mechanical interface solution evaluation 

The mechanical interface solutions are evaluated in Table 10. 

   Table 10 Interface solution evaluation 

Variants 

 

 

 

Criteria 

 

 

 

 

Weight 

 

B1 

 

 

 

B2 

 

B3 

Function 5 4 5 5 

Cleanliness 5 4 3 4 

Embodiment 4 5 2 2 

Production 2 5 3 4 

Operation 3 5 3 3 

Sterilization 5 5 2 5 

Range of 

operation 

3 5 3 3 

Total 27 125 82 104 

The solution with the highest potential to reach the criteria’s is B1, a bayonet clutch. It is the simple 

design, low risk of failure and its non-existing energy consumption makes it favourable. 
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4 Concept development 

In this chapter, the selected concepts from the concept evaluation will be developed, calculated 

and optimized into a final product. Methods such as CAD modelling, solid mechanics analyses 

and FEM are used to develop the gripper concept.   

4.1 Concept overview 

The chosen gripper solution A2 and the mechanical interface B1 are further developed. A 

schematic overview of the concept is presented in Figure 16. A stepper motor is used in this 

concept due to its high torque and precise control. To obtain the required gripping force, a 

planetary gear and a worm gear solution is used to transmit the torque from the motor to the fingers. 

Between the planetary gear and the worm gear, a jaw clutch is mounted to compensate for 

misalignments and reduce vibrations.    

  

Figure 16 Schematic overview 

4.2 External force analysis 

The external forces and torques acting on the gripper and object needs to be identified in order to 

design chassis, shafts, housings, fingers and the bayonet clutch. By using a worst-case scenario 

with maximum weights, accelerations, forces and torques, a load case for the gripper can be 

established. In the worst-case scenario, the gripper and the carried object accelerates with the 

constant of gravity g vertical upwards, the object is also exposed for a horizontal force Fpull and a 

torque acting on the object. Figure 17 and 18 shows the force and moment equilibrium of the 

gripper.  
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Figure 17 Force equilibrium of the gripper  

 

Figure 18 A torque acting on the object 

The distances, external forces and torques for the worst-case scenario is presented in Table 11.  

Table 11 Parameters of distances, forces and torques acting on the gripper 

Variable Value 

m2ggripper [N] 400 

m2gobject [N] 200 

Fpull [N] 100 

Mobject [Nm] 15 

lgripper [m] 0.2 

Lobject [m] 0.2 

4.3 Motor and transmission dimensioning 

Dimensioning of a motor and transmission solution is required for the gripper. According to the 

requirements, the gripper must be able to apply a force Fa of 1000 N to an object. A finger length 

lf, of 130 mm is chosen for the dimensioning of the motor and transmission, the length of the finger 

will vary depending of the type of application of the gripper. The required torque of the finger 

shaft 2M  is calculated as 
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ff lFM 2 . 

(1) 

A gear ratio uwormgear of 21:1 is chosen for the worm gear since this ratio corresponds to the highest 

transmittable torque (Framo Morat 2017). It’s considered important to have the centre distance of 

the worm gear as small as possible to achieve the requirements of dimensions and mass. The 

efficiency   of the worm gear is assumed to be 40%. With two worm wheels attached to the worm 

gear, the required input torque 1M of the worm gear is calculated as:  

 






wormgearu

M
M 2

1

2
. 

(2) 

M1 equals to 31 Nm for the stated parameters. To achieve the required torque, a planetary gearbox 

is introduced. A motor with a mounted planetary gearbox delivering an output torque of 40 Nm is 

selected.      

4.4 Worm gear calculation 

The axial and radial forces acting on the worm and worm gear are calculated in order to design 

bearings, bearing housings and shafts dimensions. The input torque M1 is transmitted to the output 

torque M2 and causes the reaction forces Frawheel, Fax and Faxwheel which are illustrated in Figure 

19. It is assumed that the forces of the worm wheels are equally distributed.    

 

Figure 19 Force and moment equilibrium of the worm gear 

A normal force is acting on the teeth with the pressure angle n  and shown in Figure 20. 
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Figure 20 The normal for N is acting on the teeth with the pressure angle 

The normal force, N is calculated as: 
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where M1 is the applied torque, 1 is the lead angle, r1 is the radius of the worm and   is the 

friction angel calculated as: 
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where   friction coefficient. The axial force acting on the worm axis, axF ,  is calculated as: 
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(5) 

The axial force acting on the worm wheel axis, Faxeheel, is calculated as: 

 
)cossin(cos

2
11   naxwheel

N
F  

(6) 

and the radial force acting on the worm wheel axis, Fradwheel, is calculated as: 

 
)sincos(cos

2
11   nradwheel

N
F . 

(7) 

With the gear data provided by the worm gear manufacturer (Framo Morat 2017) the values of the 

obtained constants are: 1 =6.28⁰, n =15⁰ r1=0.016 m, and with M1 =40 Nm is the axial forces 

presented in Figure 21 as a function the friction coefficient  
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Figure 21 Axial and radial worm gear forces as a function of µ 

The efficiency of the worm gear,  , is calculated as:  

 

)tan(

tan

1

1







  

(8) 

and presented in figure 22 as a function of µ.  
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Figure 22 The effienciy of the worm gear as afuntion of µ 

The outgoing torque of the gear, M2, is calculated as:  

 uMM  12   (9) 

where u is the gear ratio, which is selected to 21. In Figure 23 the transmitted torque of the gear as 

a function of µ is presented. This is compared to the torque needed of the two finger shafts to 

achieve the required gripping force of 1000 N.   

 

Figure 23 Transmitted torque of the worm gear as a funtion of µ  
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4.5 Battery pack dimensioning 

The gripper is required to be powered by an internal power source. Therefore, dimensioning of a 

battery pack is necessary. The li-ion cell is the most common type of rechargeable battery and has 

a high capacity relative to mass and is therefore suitable in this application. The battery pack will 

be dimensioned based on the components used in the physical prototype. 

The selected motor driver has a recommended supply voltage of 20-50V. A high supply voltage 

enables a high rotational velocity due to the inductance of the motor. For this project, a high voltage 

is beneficial to achieve a low opening/closing time of the fingers. For the prototype, a 10-cell 

battery setup wired in series is selected with a peak voltage of 40V and 2.0Ah duration. The 

maximum motor power is 112W when full torque is applied. 

Calculating the battery duration is difficult since many assumptions are required. A simple 

calculation is made using peak voltage and maximum gripping force and thus maximum torque 

applied. 

 
min43

8.20.40

0.400.2







AV
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(10) 

The power consumption of the Raspberry Pi, the relay and the voltage regulators are excluded 

from the calculation, so are the power losses from the stepper driver due to heat dissipation. 

4.6 Spring force 

The force that’s required to mount/unmount the gripper is the same as the spring force in the 

bayonet spring, assumed that the bayonets motion is frictionless. The spring force, Fs is calculated   

 )( 0 xLcFs   (11) 

Where c is the spring constant, L0 is natural length of the spring and x is the compressed length of 

the spring. The length of the spring when it’s in the extended unlocked position is 67 mm, the 

length of the spring in the locked position is 64 mm, and the shortest length of the spring in the 

most compressed position is 52mm. The spring 1745 is chosen for the bayonet clutch. The spring 

constant of the chosen spring is 5000 N/m and the natural length is 100 mm (Lesjöfors 2017). The 

spring force is shown in figure 24 of the different positions in the mounting cycle. 
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Figure 24 Spring force of the different positones in the mounting cycle 

4.7 Bayonet clutch  

The bayonet consists of two main parts: The male, where the pins are mounted and the female 

where the grooves are placed. The pins need to carry the total load of the gripper and the carried 

object. The pins are therefore the sizing factor of the bayonet clutch. In this chapter, the forces 

acting on the pins and the stresses that occur will be calculated. The assumption is made that the 

pins will be subjected to an equally distributed load.   

There are three types of loads acting on the pins.  

• Torsional – The robot or the gripper causes torsional load 

• Pulling – The robot causes a pulling force acting on the gripper, the pins are also affected 

by the spring force  

• Bending – The mass of the gripper and the gripped objects causes a bending moment at the 

bayonet clutch. 

4.7.1 Torsional load 

When torque is applied, the pressure will be equally distributed on all pins. The shear stress of the 

pins is calculated as: 
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Where rpin is the radius of the pin, ra is the radius between the pin and the rotational axis, Mobject is 

the torque stated in Table 11 and n is the number of pins. The contact surface of the pins is divided 

between the holes on the male and the grooves on the female part. The surface pressure is therefore 

estimated as: 
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Where t is the length of the pin and rm,a is the mean radius between the pin and the rotational axis. 

This pressure will be equally divided between the surface of the grooves of the female and the 

holes on the male. 

 

4.7.2 Pulling 

The force Fpull and the spring force Fs is causing the shear stress a  equally distributed to the pins 

according to:   
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The surface pressure pullap ,  on the pins is calculated as: 
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4.7.3 Bending 

The acceleration of the gripper and carried object causes a bending moment Mb acting on the 

bayonet clutch. 

  
dummygripperobjectgrippergripperb llgmlgmM  22  (16) 

The bending load Mb is distributed over the pins in correlation to their distance to the neutral plane 

according to 
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(17) 

where Pi is, the force taken up by the pin and zi is the distance between the neutral plane and the 

pin. When the bayonet clutch is located according to Figure 25, the highest bending load will occur 

on the pin.       

 

Figure 25 the placement of the pins of the male part  
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In this case are the top pin P1 is perpendicular to the neutral plane. The bending load can be written 

as: 

 )2(2 2211 zPzPM b  .  (18) 

The relation between the forces is: 
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(19) 

 Where the distances from the neutral plan are:  

 
ar1z  (20) 

and  

 sin2  arz . (21) 

where is 30 degrees. With equation (18), (19), (20) and (21) can P1 be written as: 
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The shear stress 1P  on the top pin is calculated by dividing the force P1 with the cross-section 

area of the pin.  
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By using von Misses stress the stress of the top pin is calculated. The effective Von Mises stress 

(Sundström 2010) of the top pin for the combined loads are 

   2
1

1

2 )(33   ae torsion
 

(24) 

With the stated parameters form Table 12, the effective stress is 20.0 MPa.   

Table 12 Parmeters of the bayonet clutch 

Parameter Value 

torsionM
 [Nm] 15 

ar  [m] 0.062 

bM
 [Nm] 160 

pinr
 [m] 0.005 

amr ,  [m] 0.05751 

t  [m] 0,0145 

n  6 

torsion
 [MPa] 0.553 

torsionp
 [MPa] 41.36 
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a  [MPa] 2.122 

pullap ,  [MPa] 1.149 

Fs [N] 180  

4.8 FEM analysis  

FEM of the gripper is performed in ANSYS 17.0 to ensure that the design fulfils the requirements 

and loads. In this chapter, the bayonet is clutch, finger and finger shaft, gear housing and the frame 

analysed. The FEM analysis have been performed in an iterative process together with CAD 

modelling and component design. All the FEM simulations are made for static cases with constant 

forces. The minimum edge length of the meshes is 0.45 mm and approximately the half edge length 

for the areas with refinements.   

4.8.1 Bayonet clutch 

The forces acting on the bayonet clutch in this analyse are stated in Table 11, Figure 26 shows the 

setup in ANSYS. All parts in the bayonet clutch are set to Aluminium except the bayonet pins 

which are stainless steel T303 (MatWeb 2017). The friction coefficient 0.15 is used for all sliding 

contacts in the bayonet. 

 

Figure 26 The bayonet setup in ANSYS 

 

A mesh according to Figure 27 is comprised of the bayonet clutch with refinements of the pins 

and the pin slots.    

 

 

Figure 27 The mesh setup 
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The Equivalent von-Mises stress is calculated for the bayonet clutch. The highest stress of the 

bayonet occurs in the top pin and in the contact area between the top pin and the bayonet socket, 

Figure 28 shows the stresses of the bayonet clutch. 

 

Figure 28 The stresses of the bayonet clutch 

The stress of the top pin is approximately between 15 and 60 MPa with the peak stress of 167 

MPa. For the other five pins are the stresses are under 20 MPa. The stresses of the pins are shown 

in Figure 29.     

 

Figure 29 The stresses of the pins to the left and the stresses of the top pin to the right 

4.8.2 Finger and finger shaft  

The forces according to Table 11 are acting on the tip of the finger (D in Figure 30). The supports 

of the finger shafts are presented in Figure 30. The finger is made of aluminium alloy and the shaft 

of stainless steel 316 (MatWeb 2017).   
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Figure 30 Finger, finger shaft, bearing and gears with forces and supports 

A mesh is made with refinements of the finger shaft, Figure 31. 

 

Figure 31 Mesh of the finer, finger shaft, worm wheel and bearing 

The stresses of the finger, finger shaft and worm wheel are presented in Figure 32.  
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Figure 32 The stresses of the finger, finger shaft and worm wheel 

The stress of the finger shaft peaks at 364 MPa in the diameter transition between the worm wheel 

and the lower bearing. Figure 33 shows the stress of the finger shaft.    

 

Figure 33 The stress of the finger shaft to the left and close up of the diameter transition between the worm wheel 

and the lower bearing to the right 

4.8.3 Bearing housing 

The bearing housings and the chassis are both exposed to the external forces presented in Table 

11 and the resulting worm gear forces. In this simulation, the resulting worm gear forces of the 

friction coefficient 0.15 and the input toque 40 Nm for the worm gear are used. All the parts in 

this simulation are made of Aluminium Alloy. The forces acting on the chassis and bearings are 

shown in Figure 34. 
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Figure 34 Forces acting on the housing 

The mesh according to Figure 35 is made with refinements around the bearing contact areas.  

 

Figure 35 Mesh of the bearing housings and the chassis 

The highest equivalent von-Misses stress is 135 MPa and occurs in the housing of the axial roller 

bearing, Figure 36 and 37 shows the stresses of chassis and bearing housings.  
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Figure 36 The stresses of the bearings and chassis 

 

Figure 37 Close-ups of the axial roller bearing housing 

4.9 Overall design 

In this chapter, the components used in the gripper and the design of the parts are briefly described. 

An overview of the developed gripper concept is shown in Figure 38. 
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Figure 38 Gripper overview 

4.9.1 Motor and motor transmission 

A stepper motor delivered with an integrated planetary gearbox is used. The holding torque of the 

planetary gear output shaft is 40 Nm. The rated current of the motor is 2.8 A and the recommended 

voltage is 24-48 V. The planetary gear has a gear ratio of 46.7:1 and an efficiency of 73% 

(StepperOnline 2017). The selected motor and planetary gearbox is shown in Figure 39.  

 

Figure 39 The used stepper motor and planetary gear (StepperOnline 2017) 

A jaw clutch is used between the motor and worm gear to adjust for misalignments, reduce 

vibrations and eliminate axial forces.     

4.9.2 Worm gear  

By using a worm gear will the gripper be self-locking and no additional torque is required when 

the desired gipping force applied. A standard worm gear set with an extra worm wheel is used. 

The worm wheels are processed to reduce volume and to fit a keyless bushing. Figure 40 shows 

the standard worm gear set to the left and the processed worm gear set to the right. The centre 

distance between the worm and worm wheel is 53 mm, the module is 3.5 and the gear ratio is 21:1. 

The rated output torque per worm wheel is 141 Nm at 2800 rpm initial speed (worm wheel). The 
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material of the worm is case hardened steel, HV 620-700 and the material of the worm wheels are 

bronze, CuZn37Mn3Al2PbSi-S40 (Framo Morat, 2017)  

 

Figure 40 The standard worm gear set to the left (Framo Morat, 2017) and the processed worm gear set to the right 

Keyless bushing 

A keyless bushing, Trantorque OE 18mm, is used for the gripper prototype. The keyless bushing 

transmits torque between the bore of worm wheel and the finger shaft. Using a keyless bushing 

instead of a keyway enables the finger shafts to be easily aligned parallel. The keyless bushing has 

an inner diameter of 18 mm and a bore diameter of 32 mm. The maximum transmittable torque is 

223 Nm (Fenner Drivers, 2017).  Figure 41 shows the keyless bushing of the prototype.  

 

Figure 41 Keyless bushing, Trantorque OE 18mm (Fenner Drivers, 2017) 

4.9.3 Bearings  

Three pairs of bearings are used in the gripper. Figure 42 illustrates the bearing arrangements.  
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Figure 42 Bearings arrangements of the gripper 

In Table 13 is the bearing type, SKF catalogue name and Rated static load presented (SKF 2017). 

The highest load acting on the bearings occurs when the gripper is gripping an object with full 

force, in this dimensioning case the loads are considered static.    

Table 13 Bearing type, name and rated static load 

Number Bearing type Name 
Rated static load 

and direction 

1 
Needle roller/angular 

contact ball bearings 
NKIB 5902 

15.3 kN radial, 2.3 

kN axial 

2 
Cylindrical roller thrust 

bearings  
881102 TN 27 kN axial 

3 
Radial spherical plain 

bearings 
GE 25 ES 240 kN radial  

4.9.4 Chassis and housing 

The mountings of the bearings into housings are shown in Figure 43. The housing to the top 

bearings in Figure 43 are locating the bearings axial and radial while the housings to the bottom 

bearings are only locating radial. The bearings to the screw shaft is located radial and in one 

direction axially. 
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Figure 43 The bearing housings and the gripper chassis 

4.9.5 Bayonet clutch 

The gripper will be mounted to the robot by a bayonet clutch. Figure 44 and 45 shows the principle 

of the clutch. To the left in the both figures is the clutch unmounted and to the right is the clutch 

in the mounted position. Figure 44 is without the outer part of the socket and without the cover. 

Figure 45 is a cross section of the bayonet clutch with all the parts including wiper and spring. 

 

Figure 44 The bayonet clutch without the outer part of the socket and the cover 

 

Figure 45 Cross section of the bayonet clutch including all parts 
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4.9.7 Battery and charging  

Two Bosch 18V, 2.0 Ah Li-Ion battery packs are used as power supply for the gripper prototype. 

The battery packs are designed for cordless power tools and they are charged by a Bosh GAL 1830 

W inductive charger (Bosh 2017).  

4.10 Electrical system 

The electric system is comprised by multiple components to enable communication and power 

transmission between the Raspberry Pi and the motor. The electric system is comprised of: 

• Raspberry Pi module 

• Batteries 

• Inductive coil system 

• Fuses 

• 12V regulator 

• 5V regulator 

• Stepper motor driver 

• Hall sensor 

• Stepper motor 

The Raspberry Pi communicates with the motor using a pulse signal containing frequency and a 

digital signal containing information about direction. The driver amplifies and alters the signal to 

enable compatibility with the two coils of the bipolar stepper motor. The motor driver has a build 

in current limiter. By introducing a hall sensor, the Raspberry Pi is provided with information 

about the current flowing to the motor. This gives an indication about when torque a suitable 

gripping force is obtained and when the motor should be powered off.  

A relay redirects the power from the batteries and allows for both low voltage charging and high 

voltage operation. When the batteries are charging, the inductive coil system sends power to the 

relay and thus charges the batteries in parallel. When the batteries are no longer charging, the relay 

is shut off and the batteries are connected in series allowing a higher voltage supply to the motor 

driver. Figure 46 presents the circuit diagram for the electric system. 
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Figure 46 The circuit diagram for the electrical system 

The relay setup that allows both parallel battery charging and serial battery operation is based on 

a relay with a triple-pole, double-throw (3PDT) contact form. This setup allows the relay to 

engage when the inductive coil is active and thus wire the batteries in parallel to allow charging. 

When the inductive coil is inactive, the relay is disengaged and the batteries are wired in series.  

4.11 Cleanroom concept 

The cleanroom requirement puts high demands on the gripper cover. To achieve cleanroom 

potential, the cover is made of aluminium with high surface smoothness and designed for high 

cleanability and sanitation, i.e. no sharp corners or complex geometries. Since the cleaning process 

involves VHP, the materials of the seals and gaskets must not only ensure that no contamination 

enters the cleanroom from the gripper, but also withstand VHP. The outer cover is designed to 

minimize the use of gaskets and seals since they are risks of contaminations. Figure 47 presents 

the gripper cover including the intended compartment for the inductive charger.  
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Figure 47 Overview of the gripper cover 

Due to the small amounts of seals and gaskets, the assembly of the cover must be done in a specific 

order, where the finger shaft and fingers are assembled after the cover is mounted. The finger shaft 

transmits the axial forces to the needle roller/angular contact ball bearing, which in terms transmits 

the force to the bearing housing using locking rings. The cover is fastened to the bayonet cover 

using a gasket and screws. Figure 48 shows an exploded view of the cover assembly. 

 

Figure 48 Exploded view of the cover assembly 

The points of attachment of the gripper cover is at the bayonet cover, the finger shaft seals and a 

sliding rail mounted to the chassis mount. Figure 49 shows an exploded view of the sliding rail 

mounted on both the gripper cover and the chassis mount. 
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Figure 49 Exploded view of the sliding rail 

Rotary lip seals are used between the finger shaft and the cover. The seals are made of Parker 

Fluoroelastomer (FKM) with excellent resistant to VHP (Parker 2006). Figure 50 shows the rotary 

lip seal mounted in the gripper.  

 

Figure 50 Placement of rotary lip seals 

The bayonet clutch will cause contamination in terms of material wear due to friction when 

engaging. Therefore, a wiper seal is positioned in the cover of the bayonet clutch to prevent 

particles from the clutch to enter the cleanroom and reduce metal-to-metal sliding during mounting 

and unmounting, Figure 51 shows the seal mounted inside the bayonet cover. 

 

Figure 51 The seal mounted inside the bayonet cover 
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The wiper is made of Nitrile-Butadiene (Parker N3587) and has excellent resistant to VHP (Parker 

2017). Figure 52 presents the wiper seal used in the bayonet clutch. 

 

Figure 52 Parker Wiper Praedifa series A1 (Parker 2007) 

The finger shaft lid is necessary to axially fix the finger shaft using the lock rings. The lid is 

mounted using PTFE-gaskets to eliminate the risk of leakage. The keyless bushing is not used in 

the cleanroom concept since it requires an additional lid for mounting and thus an additional 

gasket. Instead, a key is mounted on the finger shaft. This setup enables a simpler assembly, better 

protection against contamination and reduced mass. However, it does require high precision 

modification of the finger-shaft since no post-assembly aligning of the fingers is possible.  

A PTFE-gasket is also used in the space between the gripper cover and the bayonet cover to seal 

between the contacts and thus eliminating the risk of leakage. Figure 53 shows the exploded view 

of the gasket assemblies. 

 

Figure 53 Exploded view of the gasket assemblies 

The connection between the gripper cover and the bayonet clutch is made using multiple screws. 

The high amount of screws is a mean to ensure a tight fit for the gasket.  
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5 Results 

In the results chapter the measured results of the gripper prototype are obtained and compared 

with the requirement specifications.     

5.1 Gripper force results 

The gripper force has been evaluated, both the maximum force and the force 15 seconds after 

motor deactivation has been measured (Appendix A). A total of 67 tests of the gripper force were 

performed. The results from the test are presented in Figure 54 and as histograms in Figure 54.  

 

Figure 54 The results of the gripping force test 

 

Figure 55 Histograms of the force test results 

The mean values and the standard deviation of the test are presented in Table 14  

Table 14 Mean and standard deviation of the force test 
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 Maximum Force [N] Force 15 s [N] 

Mean value 1206 1081 

Standard deviation 42.5 22.1 

5.2 Battery and charging time examination 

The gripper has successfully been tested against the requirements of 100 cycles of opening and 

closing. The measured charging time of the batteries is 67 min (Appendix A).     

5.3 Measured dimensions and weight  

The weight of the gripper porotype is 10.56 kg and the dimensions are 400∙170∙170 mm (Appendix 

A). 

5.4 Fulfilment of requirement specifications 

The gripper prototype has been evaluated against the requirements specifications in Table 15. The 

requirements that have been proven fulfilled are highlighted green, the requirements that have not 

been evaluated are highlighted orange and the requirements that have not met the demands are 

highlighted red.   

Table 15 Requirements specifications fulfilment 

Requirement Value Description 
Demand 

or wish 

Fulfils the 

requirement  

Gripper compatibility  

Mechanical interface 

compatible with Stäubli 

TX200 

D Yes 

Aseptic class  A/ISO 4 
Requirement excluded 

for prototype  
D Not evaluated 

Maximum dimensions 

of the gripper  

400∙170∙170 

mm 
Smaller is preferred D 

Yes, 400∙170∙170 

mm (P0922-Test-

099-01 Appendix 

A) 

Maximum weight 20 kg 
Lower weight is 

preferred  
D 

Yes, 10.86 kg 

(P0922-Test-099-

01 Appendix A) 

Built in power source 

with inductive charging. 

Maximum charging 

time 

12 h  W 
Yes, 

approximately 1 h 

Force per finger 1000 N Minimum two fingers D 

Yes, 1206 N 

(P0922-Test-099-

01 Appendix A) 

Wireless 

communication using 

raspberry pie 

 Bluetooth 4.0 or Wi-Fi D Yes 

Withstand VHP and 

peracitic acid  
30% VHP 

Requirement excluded 

for prototype  
D Not evaluated 
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Water resistant C80 , 1 bar 
Requirement excluded 

for prototype  
D Not evaluated 

Servo feedback  
Force and position 

feedback from gripper 
W 

Yes, only force 

feedback.  

Integrated vison 

camera 
 

Vison camera to ease 

positioning the gripper 
W No 

Maximum closing time 5 s  D Yes (4.2 s) 

Cycles of 

opening/closing 

per charge 

100 cycles 

One cycle of engaging 

and disengaging the 

robot is also included 

D 

Yes, at least 100 

cycles (P0922-

Test-099-01 

Appendix A) 

Dummy block 

dimensions 
80∙80∙80 mm Aluminium block D Yes 

Acceleration 10m/s2 

Maximum vertical 

acceleration of gripper 

and dummy.  

D 
Not evaluated, 

robot inactive 
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6 DISCUSSION AND CONCLUSIONS 

In this chapter, a discussion of the gripper design and conclusions of the project outcome are 

presented.    

6.1 Discussion 

Fulfilment of requirement specification 

The requirement specifications have been evaluated, 8 of the 12 demands and 2 of 3 wishes have 

been proven fulfilled. The gripper is designed to fulfil all the requirements. However, since no 

tests has been executed, verification of the requirements is not possible.  

A concept designed for VHP, ISO-4 and 80oC water have been generated. However, these criteria 

have not been possible to evaluate within the frame of this project. The robot intended for the 

gripper have not been operational during the evaluation phase. Therefore, the requirement 

regarding acceleration has not been evaluated. The wish regarding integrated vison was given a 

low priority and was excluded due to lack of time.        

Uncertainties and difficulties regarding the evaluation of some of the requirements would have 

been avoided by defining a test or test method for each criterion together with the requirements 

specification.    

Gripping force 

The maximum calculated output torque of the gripper concept is 170 Nm per shaft (for µ=0.15) 

based on maximum output torque of the motor. This corresponds to a gripping force of 1300 N 

with the current finger design. The achieved mean measured gripping force is 1206 N and the 

maximum measured gripping force is 1410 N. The results of the gripping force test comply with 

the calculations and fulfil the requirement of 1000 N. We believe that the gripping force can be 

further increased by optimize the settings of the motor driver and the speed of the motor. The 

increased speed will allow the worm gear to operate within the dynamic friction for a longer period 

of time and thus achieving higher torque. Also, decreasing the finger length will result in a higher 

gripping force.   

FEM  

The highest stress according to the FEM simulations is 364 MPa and occurs on the finger shaft in 

the diameter transition between the worm wheel and the radial spherical plain bearing. The high 

stress in this section is limited to a small area on the surface while the stress of core of the shaft is 

below 40 MPa. The strength of the finger shafts is therefore considered adequate during these 

loads.  

The highest stresses of the chassis and bearing housings is 135 MPa and occurs on the cylindrical 

roller thrust bearing housing. The stress in the core of this section does not exceed 50 MPa, this 

can be compared to the yield strength of the material which is 280 MPa (MatWeb 2017).   

The calculated effective stress of the top pin of the bayonet clutch is 20 MPa. The FEM results 

peak value of the top pin is 167 MPa, however this peak stress only affects a very small surface 

area. The mean stress of the surface of the top pin according to the FEM simulation is between 20 

and 40 MPa and significantly less in the core of the pin. 

To determine the error of the FEM results, a convergence analysis is needed where a refined mesh 

is compared with the previous one. 

No deformations or defects have been found when inspecting the prototype after the testing 

procedure was performed. 
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Cleanroom potential  

The gripper concept is designed to fulfil the requirements regarding VHP, acids and 80oC water 

without releasing any particles or gases. It’s also designed for high cleanability. The cleanroom 

potential of the gripper concept needs to be further evaluated by experts in the field and tested 

before any conclusions can be made.  

In this project, there have been difficulties of obtaining information regarding technical solutions 

of comparable products for cleanroom environment due to company secrecy complicated the 

design process. The required gripping force in combination with the long fingers results in a long 

centre distance in the worm gear. This in terms requires a wide inner diameter of the gripper cover 

since the cover must be one-way assembled. Also, due to the mechanical robot interface with a 

high radius to the screw-holes, this leaves a small margin of cover thickness in order to achieve 

the requirement of maximum dimensions. Therefore, a gasket with a small radial width must be 

placed between the gripper cover and the bayonet cover. This leads to risks in the sealing 

performance.   

Weak points 

There are some parts of the gripper that may need further evaluation in order not to jeopardize the 

reliability of the gripper. The rated torque of the worm wheel is 141 Nm at 2800 rpm. To fulfil the 

requirement of 1000N, a worm wheel torque of 130 Nm must be applied. However, if maximum 

torque from the motor is applied, approximately 170 Nm is transmitted at the worm wheel at speeds 

close to zero. The bores of the worm wheels are decreased which affects the strength of the worm 

wheels negatively with an unknown significance. The fact that the worm gear may be undersized 

according to the recommendations was known during the design of the gripper. However, this 

worm gear was selected in order to fulfil the requirements of dimensions. The keyway of the 

planetary gear is designed with a safety factor of 1.2 which makes is one of the weaker components 

in the design. Relative to other components, a low safety factor for the key is to prefer as they are 

cheap and easy to change.  

Heat dissipation  

The generated heat and the operating temperature of the gripper have not been evaluated in this 

project. If the operating temperature of the gripper becomes critical, improvements of the cooling 

of the driver may be further investigated. Assuming that the stepper driver is the main culprit in 

terms of heat dissipation, a simple heat sink could be designed and placed on the exterior cover in 

order to transfer the heat to the cleanroom and thus avoiding high temperatures build-up inside the 

gripper.  

Service 

Correct lubrication of the worm wheel is of great importance for the mechanical efficiency and 

thus the maximum gripping force. By inspecting the greased worm gear regularly, adequate 

lubrication of the gear can be achieved and thus retain the efficiency and gripping force. Also, by 

regular changing the grease, and therefore remove loose particles that causes wear of the gear, the 

lifespan of the worm gear can be increased. The Li-ion batteries have a limited lifespan due to a 

fix amount of charging cycles and are therefore in need of replacing after certain time of operation.    

Electrical system 

The electric system is designed for prototype purposes, i.e. it is only designed to fulfil the 

requirement specification. Therefore, it leaves plenty of room for further development. Battery 

charging of the prototype is possible using the build-in feature of the Bosch batteries which is a 

well optimized charging process. However, no automatic shut-off switch is installed to shut the 

gripper off when the battery voltage reaches a critical level that will cause permanent damage to 

the batteries.  
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The battery duration calculation is based on maximum gripping force. A more realistic scenario 

would be to design an operating cycle with multiple modes: where the gripper is inactive, the 

fingers are moving and when full gripping force is applied. The battery duration during such a 

cycle would then be much higher.      

6.2 Conclusions 

The outcome of this paper provides a battery driven robotic gripper concept suitable for cleanroom 

environments. There are several types of cleanroom grippers on the market, however most of the 

grippers available are pneumatic which is not desired in cleanrooms, or electric grippers with low 

gripping force and made by materials that are not suitable for the cleaning process required for 

sterilization of objects used in cleanrooms.  

A background research indicates that no standalone gripper products exist and that a battery driven 

robotic gripper is a tool with good potential for the market of cleanroom products. Using wireless 

communication and inductive charging, the gripper developed in this thesis is highly potential 

from a market point of view since it’s designed to be completely standalone. 

The requirement specification has been formulated together with the costumer, Fresenius Kabi. 

The requirements have not only requested a cleanroom gripper concept, but also a manufactured 

prototype for testing and further evaluation of the concept. One main requirement from the 

customer is the gripping force of 1000 N. The performed tests have provided a mean gripping 

force of 1206 N with a standard deviation of 42.5 N.  

To sum up: A robotic gripper concept has been designed with cleanroom potential and a prototype 

has been manufactured which has passed the test and thus fulfilled most of the specified 

requirements. 
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7 RECOMMENDATIONS AND FUTURE WORK 

In this chapter, recommendations on more detailed solutions and/or future work in this field are 

presented.  

7.1 Recommendations 

In the following section, recommendations of improvements of the gripper are presented by the 

authors. These are possible fields of improvements. However, they are not improvements that are 

vital for the functionality of the gripper. 

• Weight optimization and vibration analysis of the gripper 

• Develop a more robust electric system using IC and energy efficient components  

• Implement form based transmission between the worm gear and the finger shaft 

• Examine the possible use of a Tc-clamp to seal the cover 

• Preform life time estimation of the gripper 

• If the fingers are shortened, less torque of the finger shaft is required. This would allow a 

selection of smaller components and thus allows more space for robust gaskets 

• Consider increasing the requirement regarding the width of the gripper, this would ease the 

selection of a suitable sealing solution of the cover.  

7.2 Future work 

A lot of work remains until this gripper concept is ready for final cleanroom testing and industrial 

use. Some major areas of work are: 

• Further developing of the gripper cover 

• Further evaluate material selection 

• Investigate the suitability of aluminum in the field of inductive charging  

• Design and evaluate a changing/charging station 

• Preform a convergence analysis of the FEM results 

• Evaluate the gaskets and sealings solutions, compare with other solutions 

• Preform a large-scale work test of the gripper  

• Preform a cleanroom compatibility pilot study.     
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http://www.fennerdrives.com/trantorque/_/Trantorque-OE-18mm
http://www.fennerdrives.com/trantorque/_/Trantorque-OE-18mm
http://www.skf.com/group/products/bearings-units-housings/roller-bearings/needle-roller-bearings/combined-needle-roller-bearings/needle-roller-actbb-pt/index.html?designation=NKIB%205902
http://www.skf.com/group/products/bearings-units-housings/roller-bearings/needle-roller-bearings/combined-needle-roller-bearings/needle-roller-actbb-pt/index.html?designation=NKIB%205902
http://www.skf.com/group/products/bearings-units-housings/roller-bearings/needle-roller-bearings/combined-needle-roller-bearings/needle-roller-actbb-pt/index.html?designation=NKIB%205902
https://www.bosch-professional.com/se/sv/gal-1880-cv-38684-ocs-p/
https://www.bosch-professional.com/se/sv/gal-1880-cv-38684-ocs-p/
https://www.parker.com/literature/Engineered%20Polymer%20Systems/5350.pdf
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APPENDIX A: TEST REPORT 
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APPENDIX B: STÄUBLI TX200 SPECIFICATIONS 
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APPENDIX C: MATLAB SCRIPT, THE TEST REPORT  

%% Force test 
clear 
clc 
close all 

  
n=67 ;%Preformed number of tests 
%Force 0s, Force 15s 
t1= [1200   1050]; 
t2= [1190   1070]; 
t3= [1170   1080]; 
t4= [1150   1100]; 
t5= [1140   1090]; 
t6= [1220   1100]; 
t7= [1250   1080]; 
t8= [1290   1080]; 
t9= [1270   1080]; 
t10=[1220   1090]; 
t11=[1270   1060]; 
t12=[1170   1080]; 
t13=[1150   1070]; 
t14=[1190   1050]; 
t15=[1150   1070]; 
t16=[1180   1080]; 
t17=[1210   1080]; 
t18=[1230   1080]; 
t19=[1210   1090]; 
t20=[1160   1080]; 
t21=[1240   1100]; 
t22=[1170   1080]; 
t23=[1250   1090]; 
t24=[1250   1100]; 
t25=[1230   1080]; 
t26=[1170   1080]; 
t27=[1210   1080]; 
t28=[1250   1010]; 
t29=[1170   1090]; 
t30=[1200   1090]; 
t31=[1220   1080]; 
t32=[1190   1100]; 
t33=[1210   1100]; 
t34=[1250   1100]; 
t35=[1220   1100]; 
t36=[1210   1100]; 
t37=[1230   1110]; 
t38=[1250   1110]; 
t39=[1260   1100]; 
t40=[1190   1100]; 
t41=[1220   1100]; 
t42=[1220   1100]; 
t43=[1300   1090]; 
t44=[1200   1100]; 
t45=[1250   1100]; 
t46=[1300   1100]; 
t47=[1200   1090]; 
t48=[1230   1090]; 
t49=[1270   1100]; 
t50=[1190   1090]; 
t51=[1210   1090]; 
t52=[1210   1090]; 
t53=[1230   1100]; 
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t54=[1170   1100]; 
t55=[1140   1100]; 
t56=[1240   1100]; 
t57=[1160   1080]; 
t58=[1210   1050]; 
t59=[1240   1070]; 
t60=[1110   1040]; 
t61=[1140   1040]; 
t62=[1150   1050]; 
t63=[1180   1040]; 
t64=[1140   1020]; 
t65=[1160   1040]; 
t66=[1180   1040]; 
t67=[1240   1060]; 

  
T=[t1; t2; t3; t3; t4; t5; t6; t7; t8; t9; t10;  
  t11; t12; t13; t14; t15; t16; t17; t18; t19; t20; 
  t21; t22; t23; t24; t25; t26; t27; t28; t29; t30;  
  t31; t32; t33; t34; t35; t36; t37; t38; t39; t40; 
  t41; t42; t43; t44; t45; t46; t47; t48; t49; t50; 
  t51; t52; t53; t54; t55; t56; t57; t58; t59; t60; 
  t61; t62; t63; t64; t65; t66; t67]; 

  
F0=[T(1:n, 1)]; 
F15=[T(1:n, 2)]; 

  
Mean_F0=mean(F0) 
Mean_F15=mean(F15) 

  
standard_deviation_F0=std(F0) 
standard_deviation_F15=std(F15) 

  
figure (1) 
plot(1:n, F0,'ro', 1:n, F15,'bo') 
title('Force test','FontSize', 15) 
grid on   
xlabel('Test number','FontSize',12) 
ylabel('Force [N]','FontSize',12) 
axis ([0 n 950 1350]) 
legend('Maximum force','Force after 15s') 

  
subplot(1,2,1) 
histfit(F0,10) 
title('Maximum force') 
xlabel('Force [N]','FontSize',12) 
ylabel('Frequency','FontSize',12) 

  
subplot(1,2,2) 
histfit(F15,10) 
title('Force after 15s') 
xlabel('Force [N]','FontSize',12) 

  
set(gca, 'XTick', [1015:20:1105]) 

  
suptitle('Force histogram') 
ylabel('Frequency','FontSize',12) 
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APPENDIX D: MATLAB SCRIPT, BAYONET CLUTCH 

clear all;close all;clc; 
%% Baytonet clutch 

  
r_pin=0.005; %m 
ra= 0.062; %m 
M_t=15; %Nm 
t=0.0145; %pin height m 
n=6; %number of pins 
r_ma=0.05751; %radius between the pin and the rotational axis m  
Fa=280 ; % prelaod+pulling force [N] 
Ep=70*10^9 ;% E for aluminum [Pa] 
Rp=ra; 
Mb=160; %the bending tourqe [Nm] 400*0.2+200*0.4 

  
tt=M_t./(pi*ra*r_pin^2*n); %torisnal load 
Pt=M_t./(r_ma*t*t*r_pin*n);% surface pressure 

  

ta=Fa./(pi*r_pin^2*n); %shear stress 
Pa=Fa./(2*r_pin*t*n); 

  
Pa_m=0.25*(pi/2).^0.5*(Fa./(n*t)).^0.5*(Ep/Rp)^0.5; 

  
tb=Mb./(2*r_ma*pi*r_pin^2*n);  

  
Pb_m=0.25*(pi/2).^0.5*(Mb./(r_ma*n*t)).^0.5*(Ep/Rp)^0.5; 

  
rb=sind(30)*ra; 
P1=Mb/(2*ra+4*rb^2/ra); 

  
T_p=P1/(pi*r_pin^2); 

  
von_mises=(3*tt^2+3*(ta+T_p)^2)^0.5 
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APPENDIX E: MATLAB SCRIPT, KEY CALULATIONS 

 
%% Key calculations 
clear 
clc 
close all 

   
%% Worm gear key 
l = 20e-3;      % Key length [m] 
l_full = 32e-3; % Cut cylinder 
d = 24e3;       % Shaft diameter [m] 
h = 7e-3;       % Key height [m] 
b = 8e-3;       % Key width [m] 
Mv = 130;       % Shaft torque [Nm] 

  
% Full length surface pressure 
p = 4*Mv/(h*l*d); 
Tao = 2*Mv/(d*b*l); 
p_full = 4*Mv/(h*l_full*d); 
Tao_full = 2*Mv/(d*b*l_full); 

  
disp('Worm gear key') 
disp(['Surface pressure on full key = ',num2str(p_full),' MPa']) 
disp(['Sheer stress on  full key = ',num2str(Tao_full),' MPa']) 
disp(' ') 
disp(['Surface pressure on cutted key = ',num2str(p),' MPa']) 
disp(['Sheer stress on  cutted key = ',num2str(Tao),' MPa']) 
disp(' ') 
disp(' ') 

  
%% Worm shaft clutch key  JA 
l = 28e-3;      % Key length [m] 
d = 15e3;       % Shaft diameter [m] 
h = 5e-3;       % Key height [m] 
b = 5e-3;       % Key width [m] 
Mv = 40;        % Shaft torque [Nm] 

  
% Surface pressure 
p = 4*Mv/(h*l*d); 
Tao = 2*Mv/(d*b*l); 

  
disp('Worm clutch key') 
disp(['Surface pressure on key = ',num2str(p),' MPa']) 
disp(['Sheer stress on key = ',num2str(Tao),' MPa']) 
disp(' ') 
disp(' ') 

  
%% Worm shaft worm key  JA 
l = 36e-3;      % Key length [m] 
d = 15e3;       % Shaft diameter [m] 
h = 5e-3;       % Key height [m] 
b = 5e-3;       % Key width [m] 
Mv = 40;        % Shaft torque [Nm] 

  
% Surface pressure 
p = 4*Mv/(h*l*d); 
Tao = 2*Mv/(d*b*l); 

  
disp('Worm key') 



 83 

disp(['Surface pressure on key = ',num2str(p),' MPa']) 
disp(['Sheer stress on key = ',num2str(Tao),' MPa']) 
disp(' ') 
disp(' ') 

  
%% Worm gear splines 

  
D = 42e-3;      % Outer diameter [m] 
d = 36e-3;      % Inner diameter [m] 
z = 8;          % Number of splines 
l = 20e-3;      % Splines length [m] 
Mv = 130;       % Shaft torque [Nm] 

  
% Surface pressure 
h = (D-d)/2; 
p = 2*Mv/(0.75*z*h*l*d); 

  
disp('Worm gear splines') 
disp(['Surface pressure on splines = ',num2str(p/10^6),' MPa']) 
disp('Allowed = 100 MPa') 
disp(' ') 
disp(' ') 

  
%% Planetary gearshaft key JA 

  
l = 20e-3;      %  Key length [m] 
d = 12e3;       % Shaft diameter [m] 
h = 4e-3;       % Key height [m] 
b = 4e-3;       % Key width [m] 
Mv = 40;        % Shaft torque [Nm] 

  
% Surface pressure 
p = 4*Mv/(h*l*d); 
Tao = 2*Mv/(d*b*l); 

  
disp('Planetary gearshaft key') 
disp(['Surface pressure on key = ',num2str(p),' MPa']) 
disp(['Sheer stress on key = ',num2str(Tao),' MPa']) 
disp(' ') 
disp(' ') 

  
%% Modified worm gear 
l = 20e-3;      % Key length [m] 
d = 32e3;       % Shaft diameter [m] 
h = 8e-3;       % Key height [m] 
b = 10e-3;       % Key width [m] 
Mv = 130;       % Shaft torque [Nm] 

  
% Full length surface pressure 
p = 4*Mv/(h*l*d); 
Tao = 2*Mv/(d*b*l); 

  
disp('Modified worm gear key') 
disp(' ') 
disp(['Surface pressure on key = ',num2str(p),' MPa']) 
disp(['Sheer stress on  key = ',num2str(Tao),' MPa']) 
disp(' ') 
disp(' ') 
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APPENDIX F: MATLAB SCRIPT, WORM GEAR 
CALULATIONS 

 
clear all;close all;clc; 
%% Worm gear 
% conver to degrees at 
% http://www.rapidtables.com/convert/number/degrees-minutes-seconds-to-

degrees.htm 
% u=21 
% 53 mm center distance 
format SHORT 

  
l_a=6.2833; %lead angle, degree 
an=15; %pressure angle, degree 
m=3.5 ;%module 
z1=1; 
z2=21; 
u=z2/z1; %ratio 

  
my=0.03:0.005:0.3; %friction coefficient 
M1=40 ;%torque form plantary gear, Nm  

  
r1= z1*m/(2*sind(l_a))*10^-3; %radius worm, mm 
r2=z2*m/(2*cosd(l_a))*10^-3; %radius wormgear, mm 

  
p=atand(my/(cosd(an))); %friction angle 

  
N=M1./(cosd(an)*sind(l_a+p)*r1./cosd(p));% Normal force 

  
F_ax_worm=N.*(cosd(an)./cosd(p)).*cosd(l_a+p); 

  
eff=tand(l_a)./tand(l_a+p); 
F_ax_wormgear=0.5*N.*((cosd(an)*sind(l_a)+my.*cosd(l_a))); 
F_rad_wormgear=0.5*N.*((cosd(an)*cosd(l_a)-my.*sind(l_a))); 

  
M2=N.*cosd(l_a+p).*r2*cosd(an)./cosd(p); %transmitted torque 
M22=1000*2*0.13; 
n=size(my); 
M23= repmat(M22, n); 

  
%% 
N_real=M22*cosd(p)./(cosd(an)*cosd(l_a+p)*r2); 
F_ax_worm_real=N_real.*(cosd(an)./cosd(p)).*cosd(l_a+p); 

  
figure (1) 
subplot(3,1,1) 
% suptitle('Worm gear forces') 
plot(my, F_ax_worm) 
title('Worm','FontSize',12) 
grid  
xlabel('Friction coefficient','FontSize',12) 
ylabel('Axial force worm','FontSize',12) 

  
subplot(3,1,2) 
plot(my, ceil(F_ax_wormgear)) 
title('Wormgear','FontSize',12) 
grid  
xlabel('Friction coefficient','FontSize',12) 
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ylabel('Axial force wormgear','FontSize',12) 

  
subplot(3,1,3) 
plot(my, F_rad_wormgear ) 
title('Wormgear','FontSize',12) 
grid  
xlabel('Friction coefficient µ','FontSize',12) 
ylabel('Radial force wormgear','FontSize',12) 

  
figure (2) 
plot(my, eff) 
title('Worm gear','FontSize',15) 
grid  
xlabel('Friction coefficient µ','FontSize',12) 
ylabel('Efficiency','FontSize',12) 

  
figure (3) 
plot(my, M2,my, M23) 
title('Worm gear','FontSize', 15) 
grid  
xlabel('Friction coefficient µ','FontSize',12) 
ylabel('Transmitted torque','FontSize',12) 
legend('Transmitted torque','torque needed') 

  
publish('worm_gear.m','doc') 

 

 

 

 

 


