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Sommario 

La rivoluzione dettata della New Space Economy ha portato a un aumento dell’im-

piego di micro- e nanosatelliti, grazie ai loro costi inferiori e i tempi di sviluppo 

delle missioni piu  rapidi. Negli ultimi anni, le interazioni tra spacecraft in termini 

di On Orbit Servicing, On Orbit Assembly e rimozione attiva di detriti hanno subito 

uno sviluppo notevole, diventando ambiti di crescente interesse sia per le poten-

zialita  di estendere vita e funzionalita  di spacecraft attualmente in orbita che per 

lo sviluppo di soluzioni innovative. Con il raggiungimento della maturita  di queste 

tecnologie, scenari un tempo considerati eccessivamente complessi e svantaggiosi 

potrebbero tramutarsi in ordinari, rivoluzionando nuovamente l’approccio alla 

progettazione delle missioni. 

In questo contesto, l’Universita  di Padova ha da sempre partecipato attivamente 

allo studio e sviluppo di soluzioni di docking, con un’attenzione particolare alla 

miniaturizzazione dei sistemi, come nel caso di DOCKS, il sistema di docking dro-

gue-probe su cui questa tesi magistrale si concentra. In particolare, l’obiettivo 

principale di questo elaborato e  di migliorare la parte di hard docking di DOCKS 

modificando il quadrilatero su cui si basa il meccanismo di bloccaggio a tripla te-

naglia. Questo meccanismo svolge un ruolo cruciale nel garantire una connessione 

stabile e affidabile tra i due spacecraft. 

Dopo una contestualizzazione del lavoro, evidenziando il ruolo trasformativo e 

l’importanza sempre piu  preponderante degli small satellites, vengono delineati 

gli obiettivi della tesi e il sistema viene quindi caratterizzato attraverso l’analisi 

cinematica e dinamica. Le modifiche proposte mirano a superare alcune limita-

zioni del sistema di docking preesistente, in particolare in termini di manteni-

mento del bloccaggio. Tenendo la compattezza ed efficienza fondamentali per mis-

sioni con satelliti di dimensioni così  ridotte, e  stata fatta una selezione di compo-

nenti per la realizzazione del meccanismo, con l’attenzione a minimizzare i con-

sumi di potenza e l’ingombro, identificando tra questi anche gli attuatori da impie-

gare nelle future fasi di sviluppo del sistema di bloccaggio. Per affrontare scenari 
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in cui potrebbe verificarsi una mancata o incompleta apertura del sistema di bloc-

caggio, e  stato sviluppato un meccanismo di rilascio, fornendo così  un mezzo di 

protezione che consente lo sgancio completo dell'interfaccia drogue-probe. Il de-

sign del meccanismo di rilascio garantisce una separazione sicura e controllata, al 

fine di evitare danni allo spacecraft target. 

I miglioramenti sono stati valutati attraverso simulazioni, evidenziando un incre-

mento nelle prestazioni e una maggiore efficienza energetica per quanto riguarda 

il bloccaggio. Prospettive di sviluppo futuro del sistema prevedono miglioramenti 

in alcuni aspetti critici, quali l’ulteriore miniaturizzazione di alcuni componenti, 

un'ottimizzazione complessiva del meccanismo e lo svolgimento di test in labora-

torio per validare i modelli matematici e le simulazioni. 
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Abstract 

The rapid growth of the New Space Economy has led to an increased use of mi-

crosatellites and nanosatellites, due to their lower costs and faster development. 

In recent years interactions between spacecrafts in terms of on-orbit servicing, as-

sembly and active debris removal have become appealing fields of interest further-

ing the expansion of existing space assets and development of novel solutions. 

Amid the growing interest in the subject over the last two decades, the University 

of Padova has actively participated in the study and development of docking solu-

tions, including DOCKS, the drogue-probe docking system this thesis focuses on. 

Specifically, the primary objective of this work is to enhance the hard-docking part 

of DOCKS by introducing a redesigned quadrilateral mechanism with three locks. 

This mechanism plays a critical role in securing the docking interface, ensuring a 

stable and reliable connection between the two spacecrafts. After providing a com-

prehensive background on docking solutions in the introduction, highlighting the 

transformative role and growing importance of small satellites, the thesis objec-

tives are outlined, and the system is characterized through kinematic and force 

analysis. The proposed redesign addresses key performance limitations of the ex-

isting drogue-probe docking system, particularly in terms of locking capabilities 

and resource utilization. It features adjusted dimensions and actuators selection 

to minimize its impact on the microsatellite's power consumption and weight con-

straints. To address scenarios where mechanism opening failure may occur, a re-

lease mechanism has been developed, providing a contingency measure by ena-

bling the disengagement of the drogue-probe docking interface. The release mech-

anism's design ensures safe and controlled separation, preventing damage to the 

spacecraft or payloads. The enhancements have been evaluated through simula-

tion, demonstrating significant improvements in docking performance and re-

source efficiency. Future research directions include improvements in some criti-

cal aspects, such as further miniaturization of some components, an overall opti-

mization of the mechanism and testing. 
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1. Introduction 

1.1 Background and State of the Art 

Since their first introduction in the early stages of the space era, satellites are in-

creasingly playing a pivotal role in humanity development, becoming crucial in a 

spectrum of fields and fertile ground for research and development of new tech-

nologies. This transformative role of satellites is further exemplified by the emer-

gence of the New Space Economy, which represents a significant shift in space ex-

ploration, characterized by increased involvement from private investors, compa-

nies, and startups. This transition marks a notable departure from the traditional 

government-centric approach to space initiatives, with the global space economy 

poised for rapid expansion, driven by the evolving nature of these investors and 

their investments. 

A notable transformation is unfolding, propelled by the rise of small satellites, par-

ticularly in the categories of nanosatellite, weighing under 10 kg, and microsatel-

lite, under the 100 kg. These compact solutions have ushered in a transformative 

era within the space industry due to their cost-effectiveness and rapid production 

capabilities [1]. In recent years, they have successfully assumed roles once exclu-

sive to larger platforms: large constellations of small satellites are now effectively 

harnessed for Earth observation tasks [2], enabling endeavours such as climate 

change monitoring [3] and deforestation tracking [4], while in the realm of tele-

communications they are starting to bring connectivity to both terrestrial and in-

orbit domains [5]. Consequently, the traditional approach of costly and long-last-

ing satellites is shifting towards a continuous iteration and upgrading of assets. 

This paradigm shift toward smaller and more versatile spacecraft also facilitates 

the development of novel satellite services tailored to the Internet of Things (IoT) 

[6] and Machine-to-Machine (M2M) communication [7]. These services capitalize 

on comprehensive and low-latency Earth coverage, underpinning the technologi-

cal evolution. 
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The democratization of space and technology has paved the way for innovative 

mission opportunities. These encompass the growing interest in satellite-to-satel-

lite interactions, exemplified by On-Orbit Servicing (OOS) [8] [9] [10] and the re-

alization of larger structures through On-Orbit Assembly (OOA) [11] [12] [13] 

[14]. Notably, an emerging need for Active Debris Removal (ADR) [15] [16] is 

growing. The existing body of literature underscores numerous examples of these 

missions, predominantly grounded in CubeSats. 

Executing these missions necessitates substantial technological advancements, 

particularly in the deployment and manoeuvring of small, autonomous spacecraft. 

To support these dynamic changes in the space market, key enabling technologies 

are essential in the field of navigation and guidance algorithms, micro-propulsion, 

vision/sensing, and telecommunications systems. All these advancements are piv-

otal in sustaining the pace of transformation in the space industry. 

In the cited missions, autonomous capture and servicing solutions take on pivotal 

roles. Docking technologies are at the heart of these endeavours, as they enable 

the rigid connection between spacecrafts. Moreover, there is a growing trend to-

wards downscaled missions for technology demonstration purposes. Demonstrat-

ing docking capabilities between miniature autonomous vehicles has proven to be 

highly valuable from both cost and risk perspectives. Notably, the interest in dock-

ing technologies for small satellites is a relatively recent development, with signif-

icant advancements dating back to the early 2000s [17], [18], [19] [20], [21] [22], 

[23] [24]. This evolution underscores the increasing importance and relevance of 

docking systems in the context of small satellites, aligning with the core focus of 

this thesis. 
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1.2 Thesis Objectives 

The primary objective of this thesis is to enhance an existing drogue-probe dock-

ing system for small satellites, which is currently under development at the Uni-

versity of Padova [25]. The improvements aim to address specific challenges asso-

ciated with the current design of the locking mechanism while optimizing its per-

formances. The following objectives outline the key areas of focus for this re-

search: 

1. Comprehensive System Understanding: The initial step involves a thor-

ough understanding of the existing drogue-probe docking system. This in-

cludes the study of its design, components, and operational principles. The 

objective is to gain in-depth knowledge of the system's characteristics and 

limitations. 

2. Component Selection: In parallel with the understanding of the existing 

system, the research will involve the selection and analysis of motors, joints 

and springs to transition from the conceptual design to the limits of the 

practical implementation. 

3. Alternative Configuration Development: Building on the insights gained 

from the first evaluation and the available components, the thesis will delve 

into the development of an alternative configuration for the four-bar link-

age mechanism. This alternative design will seek to address the identified 

challenges and offer enhancements in terms of performance and reliability. 

4. Kinematic Analysis for Characterization: The research will conduct a 

comprehensive kinematic analysis of the existing and proposed docking 

system. This analysis will involve a detailed examination of the system's mo-

tion, trajectories, and geometric properties. By characterizing the system 

kinematically, the aim is to gain a deeper understanding of its behaviours 

during the docking process. 

5. Force Analysis for Performance Evaluation: With a solid grasp of the sys-

tem's kinematics and the components in use, the research will delve into the 
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dynamics of the drogue-probe docking system. This analysis will focus on 

the forces, torques, and mechanical behaviours during the docking opera-

tion. Understanding the dynamics is crucial for optimizing the system's per-

formance while ensuring reliable and precise docking. 

6. Release Mechanism Design: As an integral part of the research, a release 

mechanism will be designed to address scenarios where the system fails to 

release the drogue. 

7. Critical Aspects Assessment: The alternative configuration will be sub-

jected to a comprehensive assessment to measure its effectiveness in im-

proving the system's performance. Even after the improvement, some chal-

lenges or areas for future enhancement may persist. This objective is to 

identify and document these remaining challenges, laying the groundwork 

for potential future work. 
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1.3 Thesis Structure 

After establishing the objectives of this work, the structure of the thesis adheres 

to the following framework: 

Chapter 2: Overview on Docking Solutions 

• This chapter lays the foundation for the study by categorizing existing solu-

tions and describing the different phases of typical docking operations, 

highlighting critical aspects involved. 

Chapter 3: Initial Design Analysis and Component Selection 

• In this chapter, the initial design of the drogue-probe docking system is de-

scribed in detail and the process of components selection is presented, con-

sidering environmental, spatial and power constraints. 

Chapter 4: Kinematic and Dynamic Analysis 

• This chapter explores the kinematic and force analysis of the proposed 

docking system, to have a better characterization of the mechanism and 

evaluate the feasibility of the new solution. The groundwork is laid for the 

following chapter. 

Chapter 5: Configuration Evolution 

• In this chapter the configuration for the quadrilateral mechanism is devel-

oped in detail, as a direct consequence of the identified critical aspects 

emerged  in  Chapter 3  and  with  the  aid  of  the analysis conducted in 

Chapter 4. 

Chapter 6: Release Mechanism for Drogue Ejection 

• In this chapter, the development of a release mechanism will be detailed, 

providing a failsafe option for unlocking the docking system. 
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Chapter 7: Discussion of Results and Comprehensive Assessment 

• In this chapter, a comprehensive assessment of the developed configura-

tion's performance is conducted. It also discusses potential issues and iden-

tifies and documents remaining challenges. 

Chapter 8: Conclusion and Future Work 

• The final chapter summarizes the key findings and their implications, 

providing directions for further enhancing the system. 
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2. Overview on Docking Solutions 

2.1 Evolution of Docking 

The development of spacecraft docking capability hinged on space rendezvous, the 

art of two spacecraft locating each other and maintaining the same orbit. In-space 

rendezvous and joining of two bodies was one of the first technological challenges 

that space engineers dealt with. Since the first docking of two spacecraft during 

Project Gemini, under the command of Neil Armstrong (1966), active joining of 

two or more bodies radically changed and evolved in different concepts of opera-

tions. Two years after those first manual docking operations, the Soviet Union 

started adopting automated systems and performed the first docking between two 

unmanned vehicles: Kosmos 186 and Kosmos 188. As a direct product of these first 

steps, docking has lately found a place in the realm of small satellites, as depicted 

in the introduction in Chapter 1. 

 

 

2.1.2 Phases of Docking 

Usually, the approaching spacecraft is named chaser, and the approached body is 

referred to as target. Within this nomenclature, the classification of main joining 

operations can be based on mission target attributes: if the target is passive, as it 

happens with an uncooperative spacecraft or space debris, the chaser approaches 

and captures it, usually without the presence of joining interfaces or other useful 

grasping elements. Tumbling motion of the target is a common issue of this oper-

ation; in the case of cooperative bodies, there is further classification: berthing is 

an assisted joining which needs the help of a grapple interface (such as ISS robotic 

arms) to bring one spacecraft and mate it to the other module. On the other hand, 

docking is the direct active mating of two separate free-flying spacecraft through 

active proximity manoeuvres. 
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Docking itself involves three distinct phases, each contributing to the successful 

connection between the two vehicles: 

1. Approach Phase: This initial phase involves the chaser, carefully manoeu-

vring toward the target, closing the distance while maintaining precise 

alignment. This phase is crucial for ensuring a safe and controlled approach. 

2. Contact and Capture Phase: In this phase, the chaser makes physical con-

tact with the target satellite, capturing it. A variety of elements, such as 

docking probes, magnets, or capture latches, could be involved to secure the 

connection. 

3. Locking Phase: After capture, the chaser proceeds to fully dock with the 

target. This phase involves eliminating any remaining relative motion be-

tween the two satellites, establishing a rigid connection. 

 

 

Figure 1: phases of docking based on CPOD mission [26] (A: Approach Phase; B: Contact and Capture; C: 
Locking Phase) 

 

A docking connection can be referred to as either soft or hard. Typically, a space-

craft initiates a soft dock during capture, allowing some degree of flexibility in the 

connection. In hard docking, the mating interfaces are further engaged to create a 
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firm and often rigid connection between the two spacecraft, enabling the exchange 

of payloads, data, or other mission-specific tasks. 

 

2.2 Classification of Docking Types 

Based on the mating interfaces and strategies to perform docking operations, 

these categories can be identified:  

1. Probe–Drogue Systems: These are the simplest and most common types 

of docking systems. They consist of a probe that extends from one space-

craft and a drogue that is placed on the other spacecraft, as presented in 

Examples are presented in the first scheme in Figure 2, referred to the apollo 

missions. When the probe and drogue mate together, they create a rigid con-

nection between the two spacecraft. This configuration is widely used in 

docking operations involving spacecraft with different sizes and purposes. 

In this setup, the larger spacecraft usually carries the drogue, while the 

smaller one has the probe. In the field of autonomous docking between mi-

crosatellites, two examples of this are The Michigan Aerospace Autonomous 

Microsatellite Docking System prototype [27] and the one in the framework 

of the ARCADE student project developed at the University of Padova [23]. 

2. Androgynous Docking Systems: In these systems, docking ports on both 

spacecraft have the same shape and functionality, as shown in the second 

example in Figure 2, offering system-level redundancy and great flexibility 

in mission design, as either spacecraft can dock with the other. This type of 

solution is well-suited for scenarios involving multiple spacecraft with in-

terchangeable roles and in OOA operations, but it can be also critical in res-

cue missions. A great example of application of this type of docking solution 

is the Universal Docking Port (UDP) featured in the SPHERES project (Mas-

sachusetts Institute of Technology) [28] which represented a milestone in 

the advancement of small satellite autonomous rendezvous and docking 
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manoeuvres and more recently, the CubeSat Proximity Operations Demon-

stration (CPOD) project developed an androgynous docking interface for 

3 U CubeSats [26]. 

 

 

Figure 2: examples of docking interfaces (A: drogue and probe of Apollo mission [29]; B: androgynous dock-
ing system of ASTP mission [30]) 

 

In addition to these two main categories, solutions based on magnetic docking 

have been investigated in recent years and demonstrated to be valuable for both 

soft docking and proximity operations between small satellites. These solutions 

are either used as standalone as in [31] and [13] or combined with mechanical 

hard docking as in [32] [13] and in the solution considered in this thesis.  
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2.3 Challenges of Docking for Small Satellites Solutions 

The diversity in proposed miniaturized solutions available in the literature arises 

from the distinct challenges posed by docking small satellites, needing robustness 

to uncertain parameters, and minimization of safety risks, while allowing the 

spacecrafts to operate autonomously. Designing docking systems for small satel-

lites presents a unique set of challenges, notably spatial constraints due to the 

compact nature of these spacecraft. Additionally, limited resources, particularly in 

terms of available power and propulsion capabilities, pose critical challenges. 

Therefore, managing rendezvous and docking manoeuvres becomes complex, de-

manding optimization of each component for efficiency. Undesired dynamics or 

damages may result from strong impulsive forces and torques during contact, em-

phasizing the need for robust satellite Guidance, Navigation, and Control (GNC) in 

addition to the aforementioned efficient propulsion systems. Adopting docking in-

terfaces capable of mitigating hard contact effects enhances overall robustness, 

contributing to mission safety. 
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3. Initial Design Analysis and Component Selection 

The initial design of the docking system on which this thesis is based is DOCKS, a 

solution provided by the Department of Industrial Engineering of the University 

of Padova for use onboard micro- and nanosatellites [25], developed in the frame-

work of the future ESA mission SROC (Space Rider Observer Cube) [33].  

 

3.1 SROC mission 

This mission is a European Space Agency technological demonstrator made in 

partnership with a consortium of Italian industries and institutions including Pol-

ytechnic of Turin, University of Padua, Tyvak International and StellarProject SRL 

with the main purpose of performing proximity operations, docking and undock-

ing with the Space Rider (SR), which is a new uncrewed space laboratory, 

transport system and re-entry vehicle developed for ESA by Thales-Alenia [34].  

Following the mission outline presented in Figure 3 [35], the 12U CubeSat SROC, 

namely the chaser, will be deployed (DEP) from the target SR’s cargo bay at an 

altitude of 400 km and after performing Early Phase Operations (EOP) and reach-

ing proper distance with respect to SR during Rendezvous Phase (RVP), it starts to 

perform multispectral camera observation runs in closed proximity of SR during 

the SR Observation Phase (SROP), followed by a Docking and Mating Phase (DMP) 

for retrieval inside the cargo bay of SR. After successfully docking, the CubeSat will 

re-enter the Earth's atmosphere alongside SR, with the overall mission completed 

(EOL) paving the way for future advancements in recurring satellite servicing mis-

sions. 
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Figure 3: SROC mission phases. HOP1 and HOP2 are Hold Point Phases meant to stabilize the transition be-
tween two distinct phases, obtained from [35]. 

 

 

3.2 DOCKS 

The system combines a classical probe-drogue configuration with a soft docking 

electro-magnet and three locking claws to perform the rigid connection between 

the probe and the drogue. A set of navigation sensors and a dedicated computer 

are also incorporated to estimate the attitude and relative position of the target 

autonomously, making it a smart standalone solution. The system components of 

the chaser and the target are presented on the left and right sides of Figure 4. 
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Figure 4: description of the system components of the initial design, obtained from [25]. 

 

Proceeding with a more detailed description, the chaser, holds the active part of 

the docking system, making use of two main elements: a centring cone-shaped 

probe containing an electromagnet for the soft docking and around it, angularly 

spaced by 120°, three motor-actuated four-bar linkage claws to perform the hard 

docking. To measure the relative position between the chaser and the target, on 

the external plate of the chaser are also included the following sensors: a naviga-

tion camera to measure the relative pose between the two spacecrafts by recog-

nising the LED pattern on the target at distances with a range of 1m down to 50 

mm; four Time of Flight sensors to measure both distance and relative pitch and 

yaw angles from 100mm up to contact; a phototransistors matrix sensor to meas-

ure relative position in the axis perpendicular to the docking direction, receiving 

the light cone generated by an infrared LED placed on the target. 
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The target instead features a passive drogue with a mating interface to force the 

alignment with the probe and an external ring-shaped grappling fixture to be 

locked in place by the claws. At the base of the drogue is located a ferromagnetic 

plate to couple with the electromagnet inside the probe. The drogue is connected 

to the frame of the chaser through a damper, which has been included to soften 

the impact with the chaser during capture and reduce oscillations during the 

whole docking operation. To complete the set of docking elements, three fork sen-

sors are placed on the chaser, alternating with the claws around the base of the 

probe to match with three respective protruding features on top of the drogue of 

the target. Their purpose is to provide the activation signal to the claws and act as 

acknowledgement for the soft docking.  

 

 

Figure 5: probe and drogue design, obtained from [25]. 

 

After the approach phase, in which most of the alignment is obtained, contact and 

capture is performed through the action of the electromagnet inside the probe, 

which couples with the ferromagnetic plate of the drogue. The probe-drogue mag-

netic interaction proceeds guided by the conical shape of the probe and its corre-

sponding on the drogue, which allow for a 10° of pitch and yaw misalignment and 
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10mm of lateral misalignment. To force the roll alignment, the rim of the probe 

includes three protruding pins, which mates with the grooves on top of the drogue 

ad highlighted in Figure 6. At the same time, other three features protruding from 

the drogue cover the aforementioned optical fork sensors around the probe, sig-

nalling that the locking distance is reached. When capture is completed, the four-

bar linkages are actuated and the tips of the three claws close around the drogue 

rim to rigidly lock the connection between the two spacecrafts as showed in Figure 

7. 

 

Figure 6: DOCKS self-alignment capabilities (A: angular alignments; B: roll and in-plane alignments) 

 

The quadrilateral mechanism is composed of these four components: two links of 

10mm length, one of which is connected to the motor shaft, the frame support with 

two holes for the bearings spaced 20mm and the claw, which hosts other two bear-

ing holes spaced 20mm, as shown in Figure 7. The probe and drogue protrude from 

the host spacecraft external surfaces by 24.5 mm, while their external diameters 

are 38 mm and 56 mm respectively, while the maximum aperture of the claws is 

set to 29.6mm measured from the claw tip to the centre of the probe. These dimen-

sions are compatible with the CubeSat standard if the docking interfaces are 

mounted on either (top or bottom) of the CubeSat bases, a key point for standard-

izing the interface.  
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Figure 7: drogue-claw interaction (A: mechanism fully opened; B: mechanism closed) 

 

To gain insights into the masses involved, a laboratory prototype was manufac-

tured for preceding investigations, based predominantly on plastic materials for 

most components. The motion transmission elements and supports, however, 

were machined in aluminium. The probe, inclusive of sensors and actuator, weighs 

51 g, while the drogue has a mass of 17 g, resulting in a total mass of 68 g. These 

mass values only partially reflect a potential future flight model, which would 

probably be manufactured mainly in aluminium. Considering the mass densities 

of the two materials and factoring in mass-oriented optimizations, the estimated 

total mass of the flight version of the docking mechanism is estimated to be below 

150 g. 

 

3.3 Components Requirements and Selection 

In the described design, the active components of the docking mechanism are lo-

cated on the target, the smaller spacecraft with limited resources and space, al-

ready densely populated by sensors and other components in the docking area. 

While the electromagnet and other components had already been chosen or were 

in development at the beginning of this study, some crucial components were still 

missing. Therefore, time was dedicated to the analysis of available off-the-shelf 
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motors and joints, searching for the ones that could fulfil the constraints. For the 

sake of compactness of the whole docking solution it was necessary to choose the 

lightest, smallest, and most energy-efficient components. Due to the space envi-

ronment in which the system must operate, temperature and vacuum compliance 

are mandatory specifications to meet. During this early stage of development, to 

minimize costs while ensuring that mechanical performance remains equivalent 

to the final system, the search focused on components with an existing variant or 

a very similar counterpart that is space-qualified or vacuum-compliant to be pur-

chased only after design and test a prototype of the docking mechanism using the 

non-qualified available components. Once the prototype is functional, the equiva-

lent components can be purchased for space environmental tests and further de-

velopment to ensure that it meets all the requirements. 

As for requirements, the motor was set to: 

• operate within a maximum 5W power each, for a total of 15W 

• be compatible for standard voltages such as 3.3V, 5V, or 12V 

Furthermore, the allowed area for the entire docking system has a diameter of 

16cm and is filled with other components, such as the optical forks and ToF sen-

sors, so the candidate motor had to be lightweight and compact, defining other two 

requirements: 

• weight under 0.1kg 

• have dimensions smaller than 40mm envelope and 45mm length 

A minimum torque was then set at 6 mNm to complete the motor requirements. 

As a result of the search, the Table 1 presents the list of vacuum-compliant motors 

that fitted one or more of the abovementioned requirements. Within this list, only 

Faulhaber had some models respecting most of the requirements, while only two 

of them were fulfilling them completely, so the choice was about the most perfor-
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mant in terms of torque. Apart from fulfilling all of the requirements, some consid-

erations can be made from the analysis of Table 1: it can be observed that some 

motors have the capability to produce a significantly higher torque than the cho-

sen motor, such as in the case of Faulhaber's AM3248, or they exhibit a lower an-

gular step. However, one of the key criteria was to focus on selecting motors as 

compact as possible, aiming to minimize the impact in terms of power, mass, and 

volume. Only as a second step of evaluation, attention was directed towards the 

generated torque and angular resolution. For these reasons, motors such as the 

phyBASIC 20-1 or phyBASIC 28-1, despite their compact size, were set aside due 

to their excessive power consumption. Given that the case of application involves 

a straightforward actuation of the linkage and considering the objective of not in-

volving the motor in maintaining the lock after the closure actuation, it was not a 

priority to select a motor with a very small angular step or extremely high torque. 

 

Model Manufacturer 

Size 

(mm) 

Length 

(mm) 

Angle 

(°) 

Mass 

(kg) 

Volt 

(V) 

Current 

(A) 

Power 

(W) 

Hold Torque 

(mNm) 

DM0620 Faulhaber 6 9.5 18 0.0011 3 0.08 0.25 0.25 

AM2224 Faulhaber 22 27.7 15 0.043 3 0.5 1.5   22 

DM40100R Faulhaber 40 25.6 3.6 0.125 24 1.32 63.12 62 

AM3248 Faulhaber 32 42 7.5 0.160 12 0.7 8.4 85 

phyBASIC 20-1 phyTRON 20.1 31.5 1.8 0.050 48 0.6 28.8 16 

phyBASIC 28-1 phyTRON 28.3 31 1.8 0.100 48 1 48 65 

phyBASIC 42-1 phyTRON 42.3 34.3 1.8 0.210 48 1.5 72 320 

ZSS Standard 

26.200.0.6 
phyTRON 25 47 1.8 0.110 70 0.67 46.9 25 

phySPACE 32-2 phyTRON 33 48 1.8 0.211 48 0.6, 1.2 28.8 50 

phySPACE 25-2 phyTRON 26 36 1.8 0.100 48 0.6, 1.2 28.8 13 

Table 1: list of motors 

 

The selected one, AM2224, boasts a compact size with a 22mm envelope, a length 

of 27.7mm (34.6mm including the shaft), a weight of 0.043kg, and a power rating 
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of 1.5W. Crucially, it provides a holding torque of 22 mNm. The motor's step angle 

of 15° initially raised concerns, as finer control was desired. To address this, a 

3.75:1 reducer was considered to reduce the step angle to 4°, enabling more pre-

cise rotational control. However, the desire for a compact design led to the post-

ponement of the reducer's inclusion. The potential for future inclusion exists, es-

pecially if increased torque becomes a necessity, but complicates the integration 

in the already dense design. As Faulhaber provides an encoder for the selected 

stepper motor, it was included to enable micro-stepping and enhance control, mit-

igating the immediate need for further precision enhancement. With the addition 

of the encoder PE22-120, the total length of the actuator results in 38mm, remain-

ing under 45mm. 

A second aspect to be considered in the component selection is the type of joints, 

being pivotal elements in the mechanism's reliability, and affecting the overall mo-

tion. Working with miniaturized parts like the ones in the four-bar linkages, the 

joints had to be particularly small and reliable.  

A first hypothesis was to consider the implementation of flexures, making the four-

bar linkage a compliant mechanism. Transitioning from a traditional rigid-body 

mechanism to a compliant mechanism offers advantages like removing sliding 

contact between surfaces, monolithic manufacturing, higher precision, reduced 

friction, and reduced weight [36]. Despite facilitating smooth, continuous motion, 

without backlash, and with high levels of repeatability and precision, compliant 

systems have some drawbacks owing to their intrinsic coupling of kinematics and 

elastomechanical behaviours. Consequently, design and analysis cannot be done 

by separating kinematics and dynamics. The design process is even more compli-

cated if the compliant elements undergo large deflections, such as in the consid-

ered case of application, due to the resulting nonlinear relationship between stress 

and strain with the angular deflection of flexures constrained by these values, lim-

iting the motion range of the mechanism, and introducing challenges in achieving 

precise relative rotation [37]. 



22 

The considered choice was then to keep using ball bearings with an external diam-

eter of 6mm, inner one of 2mm and width of 3mm, as in the original design. Even 

though this means working with particularly small joints, after checking for the 

availability of the components in manufacturers, given the loads that the mecha-

nism is expected to withstand, the choice seemed reasonable. Having such small 

ball bearings allows more freedom in the redesign of the four links, having the pos-

sibility to both keep the design slim and further shrink components, while avoid-

ing making the whole linkage weaker and more prone to breakages than the orig-

inal one. 

In both motors and joints, as both involve ball bearings, particular attention was 

posed to the lubricant choice to avoid outgassing and drop in performance in the 

harshness of space. To avoid leakages contaminating the various sensors in the 

nearby of the four-bar linkages, preferences were given to solid lubricants giving 

better vacuum stability. As an alternative, High Vacuum Greases as the Braycote 

601EF can be used while keeping the outgassing and consequent contamination to 

TML < 1.0 %, and CVCM < 0.1 %, as per ASTM E595 guidelines. Having the mecha-

nism joints perform only portions of a complete rotation and for a limited amount 

of time, reducing friction to the minimum was not fundamental in terms of longev-

ity of the system, but useful in reducing the energy dissipation and avoiding solic-

itations during actuation.  

 

3.4 Analysis of Critical Issues 

The initial design of the docking system presented some critical aspects that could 

be improved, specifically concerning the locking capabilities of the claws. Consid-

ered hard docking components, the claws come into action when the two space-

craft have already reached the minimum distance and most of the relative motion 

has been eliminated through soft docking and attitude control of the chaser. Con-

sequently, the forces that the claws must counterbalance are minimal and can be 
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easily overcome through the actuation of the motors. However, this implies that 

the actuation must remain implemented throughout the entire time the two space-

craft remain docked, resulting in continuous power consumption.  

A change of strategy for the locking system was therefore considered necessary. 

In particular, the operating principle of the motor-actuated quadrilateral was kept, 

but it was decided to change how the quadrilateral locks itself around the drogue, 

allowing a passive keeping of the locking position for an indefinite time. 

 

3.5 Nomenclature and Reference Systems 

Given the central symmetry of the system, to reduce complexity, the focus was 

placed on the in-plane behaviours of a single quadrilateral, taking respectively the 

external plate of the chaser and the opposite of the docking direction as the hori-

zontal and vertical axes of the system of reference centred in the motor link A as 

represented in blue in Figure 8.  From here on, the quadrilateral components will 

be considered as follows: AB is the input link connected at one end to the motor 

and at the other to the claw, CD is the output link, the second rod that connects the 

claw to the frame, DA is the distance between the two frame links and BC is the 

distance on the claw between the joint with AB and the joint with CD. Point T 

stands for the claw tip, the protruding part of the claw that makes contact with the 

drogue. During the position and forces analysis a second reference system has 

been introduced, parallel to the first one, but centred in the point T at the end of 

the motion, presented in red in Figure 8. 
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Figure 8: systems of references used in the thesis. 

 

 

3.6 First Motion Studies 

For a better understanding of the physics, the system was modelled in 2D using 

the Working Model 2D simulator. Starting from the original mechanism configura-

tion, motion studies were performed by varying the dimensions of the four com-

ponents to obtain a preliminary draft of the alternative closure. With the main goal 

to obtain a configuration that keeps the mechanism locked even in the presence of 

external forces pulling the drogue, the most fitting solution considered the intro-

duction of an extra-rotation to the input link AB with respect to the docking direc-

tion axis, to abut the mechanism against the frame. In this scenario, a solicitation 

on the tip of the claw opposite to the docking direction that would have the effect 

of moving the linkage along its trajectory is counteracted by AB already abutting 

the frame, so no further motion is possible in that direction. The link AB can be 

abutted in both directions of motor rotation, but considering a constant velocity 
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delivered by the motor, the counterclockwise rotation was chosen as it produced 

more gradual movements near the mechanism closure, ensuring better control 

and a rotation consistent with that of the claw, while the clockwise direction had 

the claw rotating in the opposite direction of the link AB. The counterclockwise 

solution also provided a wider range of motion, offering greater freedom of action 

in the subsequent work phases. 

To swiftly visualize the mechanism and its range of motion and make rapid adjust-

ments to sizes and positioning on the satellite plate, GeoGebra has been employed 

extensively, because well-suited for exploring and interacting with geometrical 

models parametrically, providing a quick and efficient means of assessing the de-

sign. 

 

 

Figure 9: GeoGebra geometrical model of the original mechanism. 
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Afterwards, SolidWorks was utilized for the detailed modelling of the final compo-

nents and for tailoring these components to seamlessly integrate into the complete 

assembly. The combination of GeoGebra and SolidWorks facilitated both the con-

ceptual understanding of the 2D mechanism properties and behaviours and the 

practical implementation of the whole design in the three-dimensional space. 

Throughout the development, both MATLAB and Working Model 2D helped in the 

mathematical modelling and understanding of the mechanism. 

 

 

 

Figure 10: Working Model and MATLAB models 
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4. Kinematic and Dynamic Analysis 

To better characterize the system, a kinematic analysis was conducted on the 

quadrilateral, following a further abstraction process that considered only the 

characteristic elements of the system: the position of the claw tip T, the distance 

between joints, which were considered point-shaped ideal rotational couplings, 

and the orientation of the quadrilateral with respect to the reference system men-

tioned in the previous chapter. 

 

4.1 Recalls of Applied Mechanics 

Considering the mechanism as a planar quadrilateral, with four rigid bars, here are 

presented some key concepts. 

The number of degrees of freedom is the number of free coordinates needed to 

define the position of a mechanism. Considering the planar case directly, it is pos-

sible to write the structural equation, or Grubler's equation, for calculating the de-

grees of freedom: 

 𝑛 = 3(𝑀 − 1) − 2𝑐1 − 𝑐2 ( 1 ) 

Where 𝑀 is the number of members including the frame, and 𝑐𝑘 is the number of 

pairs of class 𝑘, which allows 𝑘 degrees of freedom, preventing  3 − 𝑘 (with 𝑘 =

1,2) degrees each. 

In the cases at hand, we have kinematic couplings with 𝑘 = 1: each of the four ro-

tary pairs prevents the two relative translations between the connecting rods. 

 

4.2 Kinematic Analysis 

Applying Grubler's equation to the articulated quadrilateral for 𝑀 = 4, we get a 

single degree of freedom, thus a single free coordinate: 

 𝑛 = 3(4 − 1) − 2 ∙ 4 = 1 ( 2 ) 
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The closure equations of the quadrilateral are then the starting point for the fol-

lowing analysis:  

 {
𝐷𝐴 𝑐𝑜𝑠(𝜃𝐷𝐴) + 𝐴𝐵 𝑐𝑜𝑠(𝜃𝐴𝐵) + 𝐵𝐶 𝑐𝑜𝑠(𝜃𝐵𝐶) + 𝐶𝐷 𝑐𝑜𝑠(𝜃𝐶𝐷 + 𝜋) = 0

𝐷𝐴 𝑠𝑖𝑛(𝜃𝐷𝐴) + 𝐴𝐵 𝑠𝑖𝑛(𝜃𝐴𝐵) + 𝐵𝐶 𝑠𝑖𝑛(𝜃𝐵𝐶) + 𝐶𝐷 𝑠𝑖𝑛(𝜃𝐶𝐷 + 𝜋) = 0
 ( 3 ) 

The angle  𝜃𝐴𝐵 covered by the input link AB attached to the motor has been chosen 

as the free coordinate. 

Now, since all rod dimensions are constant and 𝜃𝐷𝐴 is fixed, as it is the angle be-

tween the two frame connections, the only unknowns are 𝜃𝐵𝐶  and 𝜃𝐶𝐷 , both func-

tions of 𝜃𝐴𝐵. To find the unknowns in this nonlinear arrangement, the Newton-

Raphson method can be implemented, starting from a suitable initial solution 𝜃𝐵𝐶∗ 

and 𝜃𝐶𝐷∗ and following the algorithm: 

 𝑠𝑜𝑙𝑖+1  =  𝑠𝑜𝑙𝑖   − 𝐽𝑖
−1 𝑓𝑖 ( 4 ) 

Where the closure equation 𝑓𝑖 , the Jacobian Matrix 𝐽𝑖 , and the solution 𝑠𝑜𝑙𝑖 calcu-

lated for each iteration 𝑖 are presented in the following formulas: 

 𝑓𝑖 = [
𝐷𝐴 𝑐𝑜𝑠(𝜃𝐷𝐴𝑖) + 𝐴𝐵 𝑐𝑜𝑠(𝜃𝐴𝐵𝑖) + 𝐵𝐶 𝑐𝑜𝑠(𝜃𝐵𝐶𝑖) + 𝐶𝐷 𝑐𝑜𝑠(𝜃𝐶𝐷𝑖 + 𝜋)

𝐷𝐴 𝑠𝑖𝑛(𝜃𝐷𝐴𝑖) + 𝐴𝐵 𝑠𝑖𝑛(𝜃𝐴𝐵𝑖) + 𝐵𝐶 𝑠𝑖𝑛(𝜃𝐵𝐶𝑖) + 𝐶𝐷 𝑠𝑖𝑛(𝜃𝐶𝐷𝑖 + 𝜋)
] ( 5 ) 

 

 𝐽𝑖 = [
−𝐵𝐶 𝑠𝑖𝑛(𝜃𝐵𝐶𝑖)

𝐵𝐶 𝑐𝑜𝑠(𝜃𝐵𝐶𝑖)
−𝐶𝐷 𝑠𝑖𝑛(𝜃𝐶𝐷𝑖 + 𝜋)

𝐶𝐷 𝑐𝑜𝑠(𝜃𝐶𝐷𝑖 + 𝜋)
] ( 6 ) 

 

 𝑠𝑜𝑙𝑖   = [
𝜃𝐵𝐶𝑖

𝜃𝐶𝐷𝑖
] ( 7 ) 

 

4.2.1 Position Analysis 

Knowing all the angles, the calculation of the position vectors of the three moving 

links AB, BC, CD follows directly: 
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𝒓𝐴𝐵   =  𝐴𝐵 [
𝑐𝑜𝑠(𝜃𝐴𝐵)

𝑠𝑖𝑛(𝜃𝐴𝐵)

0

] , 𝒓𝐵𝐶   =  𝐵𝐶 [
𝑐𝑜𝑠(𝜃𝐵𝐶)

𝑠𝑖𝑛(𝜃𝐵𝐶)

0

] ,

𝒓𝐶𝐷   =  𝐶𝐷 [
𝑐𝑜𝑠(𝜃𝐶𝐷)

𝑠𝑖𝑛(𝜃𝐶𝐷)

0

] 

( 8 ) 

 

Finally, the position of the tip T of the claw can be obtained starting from point C, 

extending of  𝑇1 from the line of BC and by  𝑇2 in a direction orthogonal to  𝑇1 (ro-

tating counterclockwise). 

 

4.2.2 Velocity Analysis 

From the position vectors and the angular velocity 𝜔𝐴𝐵 , the velocity of point B can 

be found as follows: 

 𝒗𝐵 = 𝜔𝐴𝐵 × 𝒓𝐴𝐵 ( 9 ) 

Velocity at C can be calculated in two different ways: 

 𝒗𝐶1 = 𝒗𝐵  +  𝜔𝐵𝐶 × 𝒓𝐵𝐶  ( 10 ) 

 𝒗𝐶2 = 𝜔𝐶𝐷 × 𝒓𝐶𝐷 ( 11 ) 

Equating the two velocities 𝒗𝐶1 = 𝒗𝐶2 and solving for 𝜔𝐵𝐶  and 𝜔𝐶𝐷  it is possible to 

find the two angular velocities and the value of 𝒗𝐶 . 

 

4.2.3 Acceleration Analysis 

In the same way as in the velocity analysis, starting from the input angular accel-

eration, 𝛼𝐴𝐵, it is possible to find the acceleration of B:  

 𝒂𝐵 = 𝛼𝐴𝐵 × 𝒓𝐴𝐵  − (𝜔𝐴𝐵)𝟐𝒓𝐴𝐵 ( 12 ) 

And the acceleration of C: 

 𝒂𝐶1 = 𝒂𝐵  +  𝛼𝐵𝐶 × 𝒓𝐵𝐶  − (𝜔𝐵𝐶)𝟐𝒓𝐵𝐶  ( 13 ) 
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 𝒂𝐶2 = 𝛼𝐶𝐷 × 𝒓𝐶𝐷  − (𝜔𝐶𝐷)𝟐𝒓𝐶𝐷 ( 14 ) 

 𝒂𝐶1 = 𝒂𝐶2 ( 15 ) 

For the purposes of the dynamic analysis, also the accelerations of the three mov-

ing bars centres of mass of AB, BCT, CD have been calculated: 

 𝒂𝐵 = 
𝛼𝐴𝐵 × 𝒓𝐴𝐵  − (𝜔𝐴𝐵)𝟐𝒓𝐴𝐵

2
 ( 16 ) 

 𝒂𝐵𝐶𝑇 = 𝒂𝐵  +  𝛼𝐵𝐶 × 𝒅𝐵𝐺  − (𝜔𝐵𝐶)𝟐𝒅𝐵𝐺 ( 17 ) 

 
𝒂𝐶𝐷 = 

𝛼𝐶𝐷 × 𝒓𝐶𝐷  − (𝜔𝐶𝐷)𝟐𝒓𝐶𝐷

2
 

( 18 ) 

Where 𝒅𝐵𝐺  =  [

𝐵𝐶+𝑇1

2
𝑇2

2

0

] is the vector from B to the centre of mass of the claw. 

A MATLAB script was then developed to perform the complete kinematic analysis 

for each input of 𝜃𝐴𝐵. Notably, already with the position analysis and considering 

a constant rotational velocity of AB, a good estimate of the mechanism behaviour 

could be extrapolated for example by plotting the trajectory of the tip of the claw 

T in the plane at regular angles 𝜃𝐴𝐵. This provides a visual representation where 

denser parts represent lower velocity of the tip and could also give a clear sight on 

the range of motion of the moving bars. As an example,  

Figure 11 shows a four-bar linkage configuration in which the claw tip decelerates 

until inverting the motion along the x axis. The denser part at the end of the trajec-

tory circled in red on the left graph corresponds to the highlighted part of the right 

graph. Although, performing a complete kinematics analysis allows for a better un-

derstanding of the general mechanism’s behaviours under specific conditions and 

could be reused for further studies, such as in simulating the motor actuation 

through a specific profile of acceleration. 
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Figure 11: example of four-bar configuration. On the left side is presented the tip trajectory, while on the 
right side the velocities along x and y. 

 

4.3 Force Analysis 

Knowing the position of the claw tip T from the kinematic analysis and the torque 

𝑇𝐴 delivered by the stepper motor from the component selection, the force analysis 

has been applied to evaluate the amount of force transferred from the actuation of 

the claw to the drogue. For the particular solution of this problem, some simplifi-

cations could be introduced: to evaluate the force at the claw tip, the vector 𝒓𝐴𝑇 

between the motor centre A and the point T can be used as the lever arm to directly 

calculate the actual force with an expected good approximation. 

 𝑭𝑇 = 
𝑇𝐴 × 𝒓𝐴𝑇 

𝒓𝐴𝑇 ∙ 𝒓𝐴𝑇

 ( 19 ) 

For a more complete dynamic analysis, forces and torques are computed for each 

three of the moving links AB, BCT and CD, with the momentum of inertia 

𝐼𝐴𝐵 , 𝐼𝐵𝐶𝑇 , 𝐼𝐶𝐷 and masses 𝑚𝐴𝐵 ,𝑚𝐵𝐶𝑇 , 𝑚𝐶𝐷  calculated through SolidWorks. 

Starting with AB, the momentum equilibrium has been calculated from the centre 

of gravity, which is located at 
𝐴𝐵

2
 from A, so the three equilibrium equations are: 

 𝐹𝐴𝑥  −  𝐹𝐵𝑥 = 𝑚𝐴𝐵 𝑎𝐴𝐵𝑥 ( 20 ) 
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 𝐹𝐴𝑦  −  𝐹𝐵𝑦 = 𝑚𝐴𝐵𝑎𝐴𝐵𝑦 ( 21 ) 

𝑇𝐴 + 𝐹𝐴𝑥

𝐴𝐵

2
𝑠𝑖𝑛(𝜃𝐴𝐵) − 𝐹𝐴𝑦

𝐴𝐵

2
𝑐𝑜𝑠(𝜃𝐴𝐵) + 𝐹𝐵𝑥

𝐴𝐵

2
𝑠𝑖𝑛(𝜃𝐴𝐵) + 

− 𝐹𝐵𝑦

𝐴𝐵

2
𝑐𝑜𝑠(𝜃𝐴𝐵) = 𝐼𝐴𝐵𝛼𝐴𝐵 

( 22 ) 

The body BCT has its centre of gravity G located at distance 𝑑𝐵𝐺  from B, which is 

chosen as the pole for the momentum equilibrium, and distance 𝑑𝐶𝐺  from C and 

𝑑𝑇𝐺 from T.  

 𝑑𝐵𝐺 = √(
𝐵𝐶 + 𝑇1

2
)
2

+ (
𝑇2

2
)
2

 ( 23 ) 

 𝑑𝐶𝐺 = √(
𝐵𝐶 + 𝑇1

2
− 𝐵𝐶)

2

+ (
𝑇2

2
)
2

 ( 24 ) 

 𝑑𝑇𝐺 = √(−
𝐵𝐶 + 𝑇1

2
)
2

+ (−
𝑇2

2
)
2

 ( 25 ) 

The three equilibrium equations are then: 

 𝐹𝐵𝑥  −  𝐹𝐶𝑥  −  𝐹𝑇𝑠𝑖𝑛(𝜃𝐵𝐶 + 𝜃𝑇) =  𝑚𝐵𝐶𝑇𝑎𝐵𝐶𝑥 ( 26 ) 

 𝐹𝐵𝑦  −  𝐹𝐶𝑦 + 𝐹𝑇𝑐𝑜𝑠(𝜃𝐵𝐶 + 𝜃𝑇) =  𝑚𝐵𝐶𝑇𝑎𝐵𝐶𝑦 ( 27 ) 

𝐹𝐵𝑥𝑑𝐵𝐺𝑠𝑖𝑛(𝜃𝐵𝐺 + 𝜃𝐵𝐶) − 𝐹𝐵𝑦𝑑𝐵𝐺𝑐𝑜𝑠(𝜃𝐵𝐺 + 𝜃𝐵𝐶) + 𝐹𝐶𝑥𝑑𝐶𝐺𝑠𝑖𝑛(𝜃𝐶𝐺 + 𝜃𝐵𝐶) + 

−𝐹𝐶𝑦𝑑𝐶𝐺𝑐𝑜𝑠(𝜃𝐶𝐺 + 𝜃𝐵𝐶)  + 𝐹𝑇𝑐𝑜𝑠(𝜃𝑇𝐺 + 𝜃𝐵𝐶) =  𝐼𝐵𝐶𝛼𝐵𝐶  
( 28 ) 

For the last moving body, CD, the momentum equilibrium pole has been chosen in 

the centre of gravity which lays at  
𝐶𝐷

2
 from C and final three equations of equilib-

rium are: 

 𝐹𝐶𝑥  −  𝐹𝐷𝑥 = 𝑚𝐶𝐷𝑎𝐶𝐷𝑥 ( 29 ) 

 𝐹𝐶𝑦  −  𝐹𝐷𝑦 = 𝑚𝐶𝐷𝑎𝐶𝐷𝑦 ( 30 ) 
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𝐹𝐶𝑥

𝐶𝐷

2
𝑠𝑖𝑛(𝜃𝐶𝐷) − 𝐹𝐶𝑦

𝐶𝐷

2
𝑐𝑜𝑠(𝜃𝐶𝐷) + 𝐹𝐷𝑥

𝐶𝐷

2
𝑠𝑖𝑛(𝜃𝐶𝐷) + 

−𝐹𝐷𝑦

𝐶𝐷

2
𝑐𝑜𝑠(𝜃𝐶𝐷) =  𝐼𝐶𝐷𝛼𝐶𝐷 

( 31 ) 

There are 9 unknowns: 𝐹𝐴𝑥 , 𝐹𝐵𝑥 , 𝐹𝐶𝑥 , 𝐹𝐷𝑥 , 𝐹𝐴𝑦 , 𝐹𝐵𝑦, 𝐹𝐶𝑦 , 𝐹𝐷𝑦, 𝐹𝑇 , so the system is solv-

able. 

Implementing it as a matrix system as in eq. 32, the solutions can be evaluated eas-

ily in a MATLAB script, with particular regard to the force 𝐹𝑇 , which is the one that 

ultimately keeps the drogue locked in case of external solicitations: 

 

[
 
 
 
 
 
 
 
 
 
 

1 0 −1 0 0 0 0 0 0
0 1 0 −1 0 0 0 0 0

𝐴𝐵

2
𝑠𝜃𝐴𝐵 −

𝐴𝐵

2
𝑐𝜃𝐴𝐵

𝐴𝐵

2
𝑠𝜃𝐴𝐵 −

𝐴𝐵

2
𝑐𝜃𝐴𝐵 0 0 0 0 0

0 0 1 0 −1 0 0 0 𝑠(𝜃𝐵𝐶 + 𝜃𝑇)
0 0 0 1 0 −1 0 0 𝑐(𝜃𝐵𝐶 + 𝜃𝑇)

0 0 𝑑𝐵𝐺𝑠(𝜃𝐵𝐺 + 𝜃𝐵𝐶) −𝑑𝐵𝐺𝑐(𝜃𝐵𝐺 + 𝜃𝐵𝐶) 𝑑𝐶𝐺𝑠(𝜃𝐶𝐺 + 𝜃𝐵𝐶) −𝑑𝐶𝐺𝑐(𝜃𝐶𝐺 + 𝜃𝐵𝐶) 0 0 𝑐(𝜃𝑇𝐺 + 𝜃𝐵𝐶)
0 0 0 0 1 0 −1 0 0
0 0 0 0 0 1 0 −1 0

0 0 0 0 −
𝐶𝐷

2
𝑠𝜃𝐶𝐷 −

𝐶𝐷

2
𝑐𝜃𝐶𝐷

𝐶𝐷

2
𝑠𝜃𝐶𝐷 −

𝐶𝐷

2
𝑐𝜃𝐶𝐷 0 ]

 
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
 
 
 
 
 
𝐹𝐴𝑥

𝐹𝐴𝑦

𝐹𝐵𝑥

𝐹𝐵𝑦

𝐹𝐶𝑥

𝐹𝐶𝑦

𝐹𝐷𝑥

𝐹𝐷𝑦

𝐹𝑇 ]
 
 
 
 
 
 
 
 
 
 

=  

[
 
 
 
 
 
 
 
 
𝑚𝐴𝐵 𝑎𝐴𝐵𝑥

𝑚𝐴𝐵𝑎𝐴𝐵𝑦

𝐼𝐴𝐵𝛼𝐴𝐵

𝑚𝐵𝐶𝑇𝑎𝐵𝐶𝑥

𝑚𝐵𝐶𝑇𝑎𝐵𝐶𝑦

𝐼𝐵𝐶𝛼𝐵𝐶

𝑚𝐶𝐷𝑎𝐶𝐷𝑥

𝑚𝐶𝐷𝑎𝐶𝐷𝑦

𝐼𝐶𝐷𝛼𝐶𝐷 ]
 
 
 
 
 
 
 
 

 

( 33 ) 
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5. Comprehensive System Understanding and Configuration 

Evolution 

 

5.1 Kinematic Analysis of the Original Design 

Based on the position analysis explained in Chapter 4.2.1, the path of the original 

claw can be visualized in Figure 12, where the axis origin has been centred in the 

point of contact between the drogue and the claw tip, giving insights on the total 

horizontal and vertical length of the path. 

 

 

Figure 12: original claw tip movement. 

 

The original mechanism consists of a parallelogram, with the length of the four 

bars reported in Table 2. With this configuration, the input link AB rotates from -

90° to -43° and shares the same angular rotation of the output link CD, which de-

scribes the same motion. As a consequence, the claw moves along its path without 

rotating, making the locking movement a perfect translation.  
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Element AB BC CD DA 𝐓𝟏 𝐓𝟐 

Length (mm) 10 20 10 20 4.3 12.2 
Table 2: original linkage lengths 

 

The MATLAB kinematic and force analysis proposed in Chapter 4 were subse-

quently cross-referenced with the Working Model simulation to ensure compara-

bility in both motion and forces. For both the Working model and MATLAB simu-

lations firstly a constant speed of the motor was set, to evaluate the kinematic anal-

ysis model and then a torque of 20mNm was considered applied to the joint A cor-

responding to the motor shaft while the mechanism was on its final position, fully 

closed around the drogue to analyse the force. The velocities of the tip along the 

curve, and force of contact between the claw and the drogue at the end of the mo-

tion are presented respectively in Figure 13 and in Table 3. 

 

 

 

Figure 13: velocities of the claw tip in MATLAB and Working Model. 

 

 

 Working Model MATLAB 

|𝑭𝑇| 2.07N  0.35N 

𝜃𝑭𝑇
 64.9°  -18.5° 

Table 3: force of contact with simplification 
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Observing Figure 13, the results of the kinematic analysis introduced in Chapter 

4.2 are consistent with the measurements obtained from the Working Model sim-

ulation. On the contrary, the simplifications introduced in Chapter 4.3 considering 

the force 𝑭𝑇 as         𝑻𝐴 = 𝒓𝐴𝑇 × 𝑭𝑇 have proven to be incorrect and Table 3 presents 

discrepancies compared with the values of the simulation. Specifically, after a 

deeper analysis, for positions of the claw tip to the left of the vertical from point A, 

as illustrated in Figure 14, the computed force exhibited a negative vertical com-

ponent, even though the claw trajectory was in the upward phase. In addition, the 

simplification introduced a crucial oversight by neglecting the actual shape of the 

two components in contact. While the claw tip could be reasonably assumed to be 

point-like, the surface of the drogue in contact with the claw tip has a precise angle 

and the resulting contact force must be perpendicular to this angle, a consideration 

overlooked by the introduced simplification. 

 

 

Figure 14: comparison between simplification (A), expected behaviour (B) and simulation (C) 

 

Therefore, from that moment the more complete force analysis has been consid-

ered and the results for the starting configuration are reported in Table 4. The 

force at closure, calculated with the dynamic analysis, for a torque of 20mNm 
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reached a value of 0.89N along x and 1.90N along y, oriented at 65° from the hori-

zontal, returning similar values to the ones of the Working Model simulation. 

 

 Working Model MATLAB 

|𝑭𝑇| 2.11N  2.10N 

𝜃𝑭𝑇
 64.9° 65° 

𝑭𝐴 = −𝑭𝐵 2.04N 1.98N 

𝑭𝐶 = −𝑭𝐷 0.89N 0.70N 
Table 4: Complete force analysis comparison 

 

5.2 Extra Rotation 

After understanding the range of operability of the mathematical model, the first 

parameter to be defined with the objective of improving the locking capabilities of 

the mechanism was the extent of extra rotation of link AB in respect to the vertical 

axes, to hold the locked position. In this stage an angle of 25° from the vertical was 

considered enough to avoid motor missteps and to be effective against external 

forces on the claw tip. However, changing only the starting and ending angles of 

the input AB to achieve the extra rotation without modifying the other links re-

sulted in a impractical path, rendering the mechanism unusable: the total height 

of the path was comparable with the distance between the two spacecrafts, mean-

ing an eventual interference during docking operations with misaligned satellites; 

the linkage collided with the drogue, while the motor compenetrated the satellite 

wall, as depicted in Figure 15. Also analysing the velocities in Figure 16, at the end 

of the motion the claw is inverting its motion ad is starting to open. Consequently, 

modifications were made in the next iterations to achieve a desirable path. 
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Figure 15: original linkage with extended path. 

 

 

 

 

Figure 16: velocities of original linkage extended path. 
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5.3 First Batch of Iterations 

Throughout this batch of iterations, the objective is to comprehend general behav-

iours of the mechanism as its components undergo modifications. Restoring spa-

tial constraints for both the linkage and the motor, while simultaneously achieving 

a smoother coupler curve than the one discussed in Chapter 5.2, presented several 

challenges. As a synthesis of this stage of the design, three different configurations 

are presented here to describe some of the encountered critical aspects. 

 

Configuration 1: the original one, with the change of CD and 𝑇1, 𝑇2 accordingly to 

keep a proper distance from the plate to place the motor. 

 

Element AB BC CD DA 𝑻𝟏 𝑻𝟐 

Length (mm) 10 20 18.75 20 15.5 1.5 
Table 5: configuration 1. 
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Configuration 2: maintains the same parameters of Configuration 1, except for 

the frame angle 𝜃𝐷𝐴, which has been changed to 10° instead of 25°. 

 

Element AB BC CD DA 𝑻𝟏 𝑻𝟐 

Length (mm) 10 20 18.75 20 15.5 1.5 
Table 6: configuration 2. 
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Configuration 3: changing all the linkage lengths, while maintaining the same 

frame angle 𝜃𝐷𝐴 of the original configuration. 

 

Element AB BC CD DA 𝑻𝟏 𝑻𝟐 

Length (mm) 8 24.5 14 16 11 6.5 
Table 7: configuration 3. 
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In the exploration of different configurations for the system, the coupler curve 

manifested different behaviours. 

In Configuration 1 the modifications in the lengths of CD and 𝑇1, 𝑇2 aim to restore 

the spatial constrains for both the linkage and the motor while obtaining a 

smoother coupler curve. After the modifications, the curve results smoother, but 

the tip trajectory still retains a notable vertical profile, impacting the overall sys-

tem dynamics. This shows that isolated adjustments to individual components in 

the four-bar linkage may have unintended consequences on the overall motion. 

In Configuration 2 instead of changing the lengths of components, only the frame 

angle 𝜃𝐷𝐴 was modified, to observe the effects of rotating the whole 4-bar linkage 

in achieving a predominantly horizontal path. This configuration demonstrates 

success in maintaining a nearly flat trajectory for a substantial portion. However, 

as the system progresses to 𝜃𝐴𝐵 = 43°, the coupler curve reaches its maximum 

height -or minimum distance from the chaser's wall- and subsequently, an inver-

sion in the vertical trend occurs, resulting in an ineffective closure as reported in 

Figure 17. 

 

 

Figure 17: detail of Configuration 2. In red the decreasing part of the trajectory. 
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In Configuration 3 a complete resize of all four components is made to achieve a 

quasi-horizontal path throughout the motion and, while successful in maintaining 

a predominantly horizontal trajectory, the coupler curve in Configuration 3 still 

presents an inversion of motion for the claw at the end of the trajectory, leading to 

an incomplete blockage as showed in Figure 18. 

 

 

Figure 18: zoom on Configuration 3 with inversion of motion at closure. 

 

Despite the overall attempts to improve the claw trajectory, these three configu-

rations highlights the complexity of achieving a seamless closure and presents 

some hints to take care of in the next iterations, such as the effect of rotation of the 

frame link DA and the frequent presence of the vertical maximum before the end 

of the trajectory leading to a loose closure that will be further discussed in the next 

sections. 
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5.3.1 Gap at Closure 

Because B reaches its maximum height at 𝜃𝐴𝐵 = 90° with respect to the horizontal, 

it was suspected that as a general consequence the new configuration had the claw 

tip to behave similarly, reaching the minimum distance from the plate before com-

pleting its motion and leaving a gap with the drogue that had to be compensated. 

After computing some iterations in the design and analysing the claw path, most 

of the curves presented a minimum distance between the point T and the 𝑥 axis 

before the complete rotation. For this reason, a first hypothesis was to include an 

elastic element in the design to keep the drogue pushed against the claw at the 

minimum distance, compensating the gap at end of path. 

 

 

Figure 19: Working Model simulation with spring and dampener. 

 

To size the elastic element to remain compressed, the force of contact between the 

claw tip and the drogue was calculated within the portion of the trajectory of the 

claw included in the ∆𝑦 between the vertical peak and the height of the final posi-

tion of the tip. Half of the minimum force obtained in this interval was set as the 

compressing one. An additional increment ∆𝑦2 = 0.5𝑚𝑚 has then been added to 

keep the spring compressed after the end of motion. Considering the example in 
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Figure 20, with a  ∆𝑦 of 0.3mm, the additional increment ∆𝑦2 of 0.5mm and a com-

pressing force of 1N, which is half of the actual one at claw tip, the required spring 

needs a 𝑘 of 1.25N/mm, using the following equation: 

𝑘 =

𝐹min

2
∆𝑦 + ∆𝑦2

 ( 34 ) 

 

 

Figure 20: zoom on claw tip ending path. 

 

The presence of this elastic element adds complexity in the whole system, espe-

cially during the real implementation, which implies an eventual modification of 

the drogue-probe shape or to find the proper location to place the new element 

without modifying other components. An alternative solution to completely avoid 

this addition has been explored in a second iteration of the design, focusing on 

configurations with the vertical peak of the coupler curve outside the range of mo-

tion of the mechanism or with a flatter portion in the nearby of the peak. 

 

5.4 Second Batch of Linkage Iterations 

During this phase, gaining deeper understanding on the system behaviour, some 

hints were obtained in the process and can be reported as follows. 
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5.4.1 Frame link rotations 

First of all, in the context of four-bar mechanisms, each configuration presents a 

unique coupler curve and when the frame link undergoes rotation, the shape of 

the coupler curve remains constant, simply rotating along with the linkage. Con-

sidering the imposition of specific initial and final angles 𝜃𝐴𝐵 for the input link with 

respect to the horizontal axis, this effectively selects a distinct segment of the cou-

pler link. When the frame link is rotated –concurrently rotating the entire linkage 

and, by extension, the coupler curve– both rotation and the selection of a different 

part of the coupler curve occurs. As an example, with initial and final angles 𝜃𝐴𝐵𝑖
=

0° and 𝜃𝐴𝐵𝑓
= 115°, the selected portion of the coupler curve is highlighted in red 

in Figure 21. When the frame link is rotated about 𝜃𝐷𝐴 = 10° , the coupler curve 

rotates and the selected portion changes consequently, as highlighted in green in 

Figure 21. As a consequence of the rotation, and with consistent link lengths, in-

creasing the inclination of the frame link DA, causes an overall increase in the 

curve’s height ∆𝑦 while decreasing the maximum horizontal extension ∆𝑥, for 

same initial and final 𝜃𝐴𝐵 given that the coupler curve rotates along with it. 
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Figure 21: manipulation of coupler curve. Initial curve in black, selected portion before (in red) and after ro-
tation (in green). 

 

This behaviour becomes particularly useful when aiming to choose a flatter por-

tion of the coupler curve while eliminating its inclination with respect to the hori-

zontal and applying this insight in the context of this thesis implies that the rota-

tion of the entire four-bar linkage can be harnessed beyond simply altering the 

orientation of the coupler curve, as explored in Chapter 5.3 with Configuration 2. It 

can also have the potential of isolating specific parts of the coupler curve, allowing 

for the selection of the shape of the peak and of a flatter portion of the path.  

 

5.4.2 Force increases at point of inversion 

As a second hint, when the curve of the claw tip is tangent to the drogue surface, 

the torque force reaches a discontinuity and the tip reaches motion inversion. A 

solution with the final input link angle 𝜃𝐴𝐵 too close to the inversion of motion of 

the claw can make the mechanism unreliable, having small tolerances in proximity 

of the inversion point (0.01mm) to cause rapid changes in the behaviour of the 

linkage, tending to open it if not properly constrained.  

Designing the curve with the point of tangency for 𝜃𝐴𝐵 = 𝜃𝐴𝐵𝑒𝑛𝑑
− 5° allows to ex-

ploit the initial inversion of the curve to avoid the opening taking place. 
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Figure 22: forces calculated at end of path. Highlighted area is in proximity of inversion. 

 

In this phase, particular attention was dedicated in realizing a path that was hori-

zontal, with a height between 1-5mm, to avoid excessive protruding of the claws 

in the opened position. To obtain the maximum force, the coupler curve has been 

crafted to move the vertical peak slightly before the end of the motion range, ex-

ploiting the minimal inversion. The formula for evaluating the force can be re-

trieved from the force analysis matrix in eq. 35: 

𝐹𝑇 =
𝑇𝐴 ∙ 𝑠𝑖𝑛(𝜃𝐵𝐶 − 𝜃𝐶𝐷)

𝐴𝐵 ∙ (𝑠𝑖𝑛(𝜃𝐴𝐵 − 𝜃𝐵𝐶) ∙ 𝑠𝑖𝑛(𝜃𝐶𝐷 + 𝜃𝑇) + √(1 +
𝑇1
𝐵𝐶)

2

+ (
𝑇2
𝐵𝐶)

2

∙ 𝑠𝑖𝑛(𝜃𝐴𝐵 − 𝜃𝐶𝐷) ∙ 𝑠𝑖𝑛(𝜃𝐶𝑇 − 𝜃𝑇))

 

( 36 ) 
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5.5 Final Iterations and 3D Modelling 

Considering the size of the actual components of the mechanism, some constraints 

were then made on the length of the four links, obtaining the final lengths reported 

in Table 8. 

 

Element AB BC CD DA 𝑻𝟏 𝑻𝟐 

Length (mm) 12 22 17 13 15.7 2 
Table 8: final links 

 

In the final stages of the design process, the real components were implemented 

through SolidWorks modelling, and a trade-off between optimal force and com-

pactness was reached. In these last iterations, the challenges related to trajectory 

observed in previous chapters were successfully addressed, obtaining a functional 

design that aligns with expectations and requirements. Further details on the ob-

tained performance will be discussed in the Chapter 7, while accounting for the 

physical dimensions of the components, some constraints were imposed on the 

sizes of the four links, resulting in the final lengths in Table 8. More in detail, the 

claw needed to accommodate the two ball bearing joints, so a width of 9mm was 

set as the minimum and for the same reason the length of BC could not be less than 

9mm, while to give enough available surface of contact with the drogue, the thick-

ness was set to 10mm. The shape of the claw has been modelled to match with the 

surface of the drogue. For the input and output links, AB and CD, the minimum 

width was set to 5mm, hosting only 2mm pins, but has been raised to 6mm to give 

additional strength, while the thickness was set to 3mm. For the two lengths, the 

minimum was considered as the 10mm of the original design. The link AD has been 

designed in accordance with the size and position of the other components on the 

plate. More specifically, point A coincides with the motor shaft, held in place at the 

correct distance from the plate by a modelled housing component, meanwhile 
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point D is located at the centre of the ball bearing housing in the other frame ele-

ment in Figure 23.  

To complete the functional setup and obtain passive closure at the end of motion, 

an additional piece has then been modelled to abut the mechanism. To avoid ex-

cessive loads on the link AB, it was decided to abut the claw BCT instead, which is 

thicker. As a mean of detection for the mechanism fully opened position, an optical 

switch was introduced, and a protrusion was incorporated into the link AB to trig-

ger the switch. 

 

 

 

Figure 23: four-bar linkage final design. 
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6. Release Mechanism for Drogue Ejection 

To overcome potential unlocking failures, such as those arising from motor mal-

functions, a mechanism has been developed to be incorporated on the back of the 

drogue to eject it at a controlled direction and velocity in case of this occurrence. 

 

6.1 Design Overview 

The proposed mechanism involves Shape Memory Alloy (SMA) actuation to break 

a rigid connection between the drogue and the rest of the target, which is estab-

lished via tie rod coupling. When actuated, the SMA imposes a tensile force to the 

tie rod, which is specifically designed with a notch to localize the desired fracture 

point. To expel the drogue away with a controlled velocity, the mechanism incor-

porates a preloaded elastic element. Additionally, a guide is required to move the 

ejected components through a precise trajectory. A schematic representation of 

the concept mechanism is depicted in Figure 24, while the detailed design and op-

erating principle are further elaborated in the subsequent sections. 

 

 

Figure 24: schematics of release mechanism. 
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6.2 Elastic element sizing 

Some evaluations have been conducted to find the values of the spring rate and 

compressed length of the elastic element, matching the results with available off-

the-shelf-components. The 12U chaser has been considered connected to the 

drogue and weighting 24kg. A desired escape velocity 𝑣𝑓 was set at 10mm/s. 

The compression length 𝑥0 was initially set in the range between 1-10mm and the 

spring rate 𝑘 was found consequently, based on the principle of energy conserva-

tion: 

 
1

2
𝑘𝑥0

2 = 
1

2
𝑚𝑣𝑓

2 ( 37 ) 

Where the elastic element is considered compressed at time 𝑡 = 0 and at free 

length at 𝑡 = 𝑡𝑓 . 

Knowing 𝑘, the natural frequency and the time to reach the free length are: 

 𝜔 =  √
𝑘

𝑚
 ( 38 ) 

 𝑡𝑓 = 
𝜋

2𝜔
 ( 39 ) 

From these values, the three equations of motion for the ejected chaser-drogue 

assembly can be written: 

 
𝑥(𝑡) = 𝑥0 ∙ 𝑐𝑜𝑠(𝜔 ∙ 𝑡 + 𝜑) 

 
( 40 ) 

 𝑣(𝑡) = −𝑥0 ∙ 𝑠𝑖𝑛(𝜔 ∙ 𝑡 + 𝜑) 

 

( 41 ) 
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 𝑎(𝑡) = −𝑥0
2 ∙ 𝑐𝑜𝑠(𝜔 ∙ 𝑡 + 𝜑) ( 42 ) 

To better visualize the results, a MATLAB script has been implemented and the 

resulting graphs are reported in Figure 25:  

 

Figure 25: range of springs. 

 

Following a first analysis of the results and comparing catalogues of springs from 

different sellers, the escape velocity has been raised at 20mm/s, due to the small-

ness of the spring rate or the compression length being too short. To give the 

ejected bodies a better aligned push, a wave spring has been preferred to a more 



58 

common cylindrical one, obtaining more contact surface and a bigger radius while 

keeping the length of the spring as short as possible. Maintaining the compression 

higher than 2mm and an outer diameter bigger than 10mm, very few components 

were available off-the-shelf. The chosen model is a wave spring with outer diame-

ter of 12mm, inner one of 9mm, spring rate of 2.09N/mm and free length of 

14.48mm. 

With the selected model, to obtain a velocity of 20mm/s the spring is compressed 

of 2.14mm and the graphs are updated as in Figure 26. The spring imposes an ac-

celeration of 190mm/s2, 2% of the acceleration of gravity, which rapidly decreases 

as the time of total extension of the spring is around 1.7 milliseconds. 

 

Figure 26: chosen spring performances. 
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6.3 Frangible bolt 

The second part of the mechanism consists in a frangible dual threaded rod or bolt, 

specifically designed with a notch in the body which serves as a predetermined 

weak point, to localize the break. This element is then fastened through nuts or 

screwed in place after being surrounded by a cylindrical SMA actuator, which has 

been preloaded before. When the actuator is operated, it triggers the breakage of 

the bolt, which reaches fracture loads.  

 

6.3.1 Rupture process 

SMAs, such as NiTi, NiTiCu, CuAlNi and CuAlNiMn [38], possess a unique ability to 

return to a predefined shape or length when heated, allowing for controlled actu-

ation. When preloaded, the SMA is mechanically compressed, increasing its poten-

tial energy. At occurrence, the SMA is heated through delivered power until it 

reaches the critical temperature for the Shape Memory Effect (SME) to take place. 

The SMA tries to return to its original shape and while doing so, it expands exerting 

a significant force which is harnessed to break the notched bolt. This force is con-

trolled and predictable, offering a reliable means of actuation in the drogue ejec-

tion process. 

 

Figure 27: SMA actuator (A: actuator preloading process; B: actuator assembly; C-D: actuation and break-
age of bolt through heating). 
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Usually, SMA are sold together with notched bolts and regarding the latter, there 

is generally a large variety of models or the option to request customized designs. 

After studying the compatible bolt size range from different SMA providers, the 

sizing of the frangible element can focus on the bolt itself. 

For the size of its Triggy actuators, Nimesis has been considered as a valuable so-

lution, including in its catalogue devices within the M2-M12 diameters range. For 

the frangible element, a dual threaded rod shape has been considered to connect 

both the drogue and the damper case, while housing the SMA actuator. The mate-

rial of the available rods is Stainless Steel 15-5 PH with a fracture stress of 1300 

N/mm². 

 

6.3.2 Sizing 

While the breakage is needed during the release of the drogue, the notched bolt 

must be sized to withstand the launch loads and the solicitations throughout the 

docking operations, because it is the connecting element between the drogue and 

the rest of the target satellite. To determine the appropriate frangible bolt size, the 

following considerations are made: 

- Docking Impact Loads: The mass of the drogue (0.2 kg) and the satellite 

(24 kg) is factored in to evaluate launch loads. In a docking scenario with a 

non-damped impact at an expected velocity of 50mm/s, the estimated im-

pact force is 242 N, assuming it as a fully elastic collision. 

- Launch Loads: Considering the drogue as the sole component attached to 

the release mechanism (0.2kg) and as loads the ones impressed by a Vega C 

booster to its payload [39], the maximum experienced accelerations for the 

quasi-static loads are 5g in compression and 3g in tension. The forces expe-

rienced during the launch are then resulting in loads of 9.8 N (compression) 

and 5.8 N (tension). 
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With the calculated loads, an M2 bolt might already support the anticipated forces, 

having a fracture load of 454 N. However, to provide a safety margin and accom-

modate potential impulsive loads of 968 N, which is the case of a faster docking 

impact at 100mm/s, a minimum diameter of 3mm is suggested, which gives an 

extra protection, resisting up to 1021 N. The chosen SMA follows as a consequence 

of the diameter of the rod and consists of a TRHT03, capable of 3376 N of maxi-

mum preload, which details are presented in Table 9. 

 

Material 

Screw 

diameter 

(mm) 

Max. 

preload 

(N) 

Nominal 

power 

(W) 

Outer 

diameter 

(mm) 

Elongation 

(mm) 

Armed 

length 

(mm) 

Pulled 

length 

(mm) 

Weight 

(g) 

CuAlNi M3 4689 4689 12 7.80 0.90 10.10 15.9 

Table 9: datasheets of TRHT03. 

 

The power required by the actuator is stated at 12W, requiring 7-8.4V or 14-16.8V 

to successfully activate the SMA by heating it at 163°C for approximately 60s. Since 

the system lays on the larger satellite, it should be a minor concern in terms of 

power consumption. 

 

6.4  Proposed release mechanism design 

To maintain a compact design, the entire mechanism is integrated around the tie 

rod, housing a single SMA actuator and a single wave spring acting as the elastic 

element. Knowing the armed length of the SMA actuator and considering proper 

washers, nuts and spacers, the proposed configuration of the drogue ejection 

mechanism is depicted as follows: 

The release mechanism comprises an assembly concentric to the dual threads rod, 

arranged in the following order from bottom up as in Figure 28: a washer (grey), 

the SMA actuator (red), a second spacer (grey), and the compressed spring (dark 



62 

grey). The ferromagnetic plate (light grey) is connected to the drogue, featuring a 

concentric cylindrical guide to ensure the release motion aligns with the docking 

direction. The rod is threaded on the two sides to the guide plate and the damper, 

respectively. The dimensions of the considered system are 25.35 mm in length and 

13 mm in diameter, which gives the necessary framework for integrating the solu-

tion into the existing structure. 

 

 

Figure 28: release mechanism final configuration (A: before actuation; B: after actuation).  
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7. Discussion of Results and Comprehensive Assessment 

In the preceding chapters, the initial system was introduced, along with the objec-

tives established for enhancing it and the process that led to the current model. 

This chapter will present the final system in its entirety, accompanied by a thor-

ough comparison with the initial design. The assessment will evaluate the actual 

improvements in both functional and quantitative terms relative to the initial de-

sign. Considering the targeted refinement of specific aspects of the mechanism in 

this work, it is imperative to articulate the aspects that necessitate or allow further 

intervention. Moreover, it is essential to provide a detailed account of the limita-

tions inherent in the results obtained to date. 

 

7.1 Final design 

As in the original design, the final iteration of the mechanism integrates three 

quadrilaterals actuated by stepper motors. Considered the selected model, Faulha-

ber AM2224, the motors have a step angle of 15° and each one is set to compute 8 

full steps with the motor link AB of the four-bar mechanism rotating from the ini-

tial 0° position to the closure at 120° in respect of the satellite wall. As reported in 

Figure 29, the device is capable of pulling the drogue from within the last 3mm in docking 

direction with a force that increases from 3 N to 15 N  with an angle of 65° from the horizontal 

x axis when the motor is providing a torque of 20 mNm. This means that the actuated four-

bar linkage can eventually correct soft docking misclosures within the 3mm along the y axis, 

exerting at least 2.71 N along the docking direction and 1.27 N on the x axis. Considering the 

synchronous operation of the three linkages during the hard docking phase, it could poten-

tially hold around 8N on the y axis, but further studies shall prove the actual capabilities in a 

three-dimensional scenario, involving also axial misalignment between the drogue and the 

probe. 
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Figure 29: force of contact from y=-3mm to y=0mm. 

 

At the end of the motion, when the claw is closed around the drogue, it is abutted 

to the frame transferring eventual drogue’s loads in the negative y direction with-

out further moving the mechanism. To open again the claws, a rotation in the op-

posite direction can be applied by the motors. 

 

 

Figure 30: original and final versions of the four-bar mechanism at closure. 
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7.2 Comparison 

Substantial modifications in the dimensions of the linkage, and consequently, the 

trajectory of the claw tip, made possible to develop a mechanism capable of hold-

ing the lock against external forces pulling the drogue along the negative vertical 

axis. In contrast, the initial design could only sustain a limited load on this axis 

without active actuators, relying solely the geometry of the mechanism and the 

intrinsic residual torque within the stepper motors.  

This pivotal modification significantly enhances the energy efficiency and mechan-

ical effectiveness of the mechanism, obviating the necessity for a more capable mo-

tor. 

Across the various configurations studied during this thesis, the adjustments to 

quadrilateral components not only influenced the trajectory of the claw tip but 

also imparted a discernible impact on the output force exerted at the tip of the 

claw, obtained upon the motor torque. Through the study of kinematics and force 

analysis, it was observed that in the attempt to maximize the output force, config-

urations became progressively bulkier. To reach the desired locking capabilities of 

the final design, while obtaining a predominantly horizontal path of the claw tip, a 

compromise was reached, prioritizing the compactness of the system over the 

maximum achievable output force. In comparison to the initial mechanism, the tra-

jectory obtained reduces of 1.7mm its maximum height, moving from 12.4mm 

from the chaser’s plate to 10.7mm consequently remaining within the 24.5mm dis-

tance between the two plates. Meanwhile on the x-axis, the trajectory widens by 

13.3mm from the original 29.7mm measured from the centre of the probe. With a 

fully opened mechanism distant 43mm from the centre of the probe, it provides 

increased clearance for drogue-probe coupling and mitigating the risk of interfer-

ence or damage to the locking mechanism during the delicate mating operations. 

Figure 31  gives an insight on the space and trajectory of original and final mecha-

nism versions. 
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Figure 31: comparison of occupied spaces and trajectories between the original (black) and final (blue) ver-
sions of the mechanism. 

 

It is noteworthy that while the final version of the mechanism improves the overall 

trajectory of the claw, it boasts a larger footprint on the inside of the chaser satel-

lite than the original one as it is enclosed within a circle of diameter 126.8mm ra-

ther than the initial diameter of 100mm. Specifically, even though the mechanism 

itself has a slimmer profile, the motor is positioned farther from the centre of the 

drogue. This compromise is deemed acceptable in light of the functionalities ac-

quired, and the prospect of further optimization is not precluded. Such optimiza-

tion could potentially reduce the footprint even more, reverting it to within the 

desired 100mm diameter. 

With regard to geometric tolerances and the precision required for manufacturing 

mechanism components, an evaluation has been conducted, noting that variations 

in the dimensions of the four links yield 0.5 to 2 times the displacement so, for an 



67 

error of +0.5mm in the length of link AB which may be caused by imprecisions in 

mounting ball bearing or in crafting the link AB itself, it results in a final position 

of the claw tip shifted of 1.26mm (0.95mm along X axis and 0.84mm along Y axis), 

while an error of -0.5mm on the same link length results on a shift of 1.3mm (1mm 

along X and 0.82mm along Y). While the aforementioned displacement is higher 

than standard machining for aluminium at around 0.13mm, which results in more 

manageable 0.33mm of tip shift if applied to the same link AB, combining different 

errors in the whole assembly could compromise the functionality of the mecha-

nism. As an example, in Figure 32 are reported the effects of length variation of  

±0.13 for each single component. 

 

 

 

Figure 32: effects on the final position of the claw tip, given the machining tolerance of ±0.13mm for different 
links. In black without tolerances. 
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In particular, forces can drastically change in the nearby of toggle point. This 

means that with even a small amount of displacement, it is possible to reach very 

different results in term of output force module and direction. For this reason, it 

was chosen to remain ∆𝜃𝐴𝐵 = 5° after the toggle position to avoid excessive solic-

itations to the joints and eventual misclosure. 

 

 

 

Figure 33: effects on the output force for a torque of 20mNm, given the machining tolerance of ±0.13mm for 
different links. In black without tolerances. 
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8. Conclusion and Future Work 

This thesis focused on the hard-docking system of SROC, a future 12U CubeSat mis-

sion by the European Space Agency. The main requirement of the locking mecha-

nism was to establish and sustain a rigid connection between the two interfaces of 

the docking system for small and microsatellites named DOCKS (DOCKS-A and 

DOCKS-B), developed by the University of Padova. Within this study, an iterative 

design process was employed to develop the four-bar mechanism used in the hard-

docking procedure. Additionally, a release mechanism was incorporated to ensure 

undocking in case of a malfunction in the locking mechanism. 

Chapter 1 served as an introduction to the work of this thesis, highlighting its ob-

jectives and structure, and presenting the state-of-the-art in docking solutions. In 

Chapter 2, docking procedures were described in more detail to provide context 

for the work developed in the following chapters. 

Starting from Chapter 3, the original system was introduced and analysed, identi-

fying possible areas of improvement to focus on. In this phase, it was crucial to 

identify the current availability of COTS to define the development limits of the 

actual system. Motors and joints were identified within this context to meet the 

constraints and requirements of the system. Specifically, finding a motor with con-

sumption below 5W, remaining within spatial constraints, and producing useful 

torque (greater than 10mNm) proved to be a complex task. 

Having assessed the capabilities and envelope of the available components, the 

next three chapters focused on modifying the mechanism. In Chapters 4 and 5, par-

ticular attention was given to the locking system, aiming to achieve a more effec-

tive closure capable of resisting even with the motor turned off and under strong 

loads pulling the drogue along the docking direction. Given the axial symmetry of 

the claws-drogue-probe-system, a two-dimensional implementation was adopted, 

focusing on a single linkage. This led to parallel mathematical modelling of the 

four-bar mechanism through kinematic and force analysis, implemented in 
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MATLAB, and the creation of a simulation using multibody software, specifically 

Working Model 2D, to compare the obtained results. This phase of the thesis 

proved to be the most complex as the iterative modification of the linkage required 

numerous adjustments, gradually leading to a deeper understanding of the system. 

The mathematical model used in force analysis aligned with observations in sim-

ulations, with the quadrilateral in a locked position under stationary conditions. 

Due to the rapid actuation of the mechanism by means of stepper motors (less than 

a second) without microstepping, significant impulsive loads could be generated, 

potentially influencing the hard-docking performance. Proper velocity profile will 

help in mitigating these effects. 

As highlighted in the results discussion in Chapter 7, the goal of maintaining the 

mechanism passively locked was achieved, and the maximum force at closure was 

increased, considering the same input torque. Given the various areas of interven-

tion, introducing the required innovations to obtain a mechanism that retains the 

compact qualities of the initial design has been notably challenging, leading to a 

compromise among different solutions. Consequently, the system's dimensions in-

creased from an envelope of 100 mm to 127 mm. 

In Chapter 6, the aim was to further enhance the system's functionalities by intro-

ducing a protection device against an eventual failure in opening the claws. A con-

cept for a release mechanism was presented, involving a wave spring and SMA ac-

tuator, with a preliminary sizing and identification of the respective COTS compo-

nents. The conducted study is still in the preliminary stages, and additional efforts 

may be directed towards a deeper understanding of the actuation process and the 

effects of screw breakage to ensure system reliability. 

Lastly, in Chapter 7, the final design was compared with the initial one, and its per-

formance was evaluated. To ensure full confirmation of the practicality of the pro-

posed improvements, experimental validation will be essential. Physical proto-
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types can be tested under controlled conditions, allowing the validation of simu-

lated results and the identification of any unforeseen challenges. This iterative 

feedback loop between simulation and experimentation ensures a robust and re-

liable final design. 

Based on the results obtained so far, it can be concluded that the work conducted 

in this thesis has increased the value of the docking system, enhancing locking ca-

pabilities and reducing power consumption. Through component analysis and 

modelling, a better characterization of the system has been provided, paving the 

way for the future developments mentioned throughout this chapter. 
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