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Abstract

Aseptic pharmaceutical manufacturing demands ultra-clean automation to safeguard product integrity and patient
safety, yet traditional rigid body mechanisms generate particles, require lubricants, and are difficult to sterilize. Com-
pliant mechanisms (CMs), achieving motion through elastic deformation of monolithic structures, offer a compelling
alternative by inherently eliminating these contamination sources. However, their feasibility within the strict con-
straints of Grade A aseptic environments remains underexplored.

This Master’s thesis investigates the design, analysis, and preliminary validation of a flexure-based compliant grip-
ping mechanism for sterile handling of pharmaceutical components, developed in collaboration with Novo Nordisk.
The research employed a systematic approach, integrating analytical stiffness modeling (including refined corner-
filleted arc leaf flexures), Pseudo-Rigid Body Models (PRBMs) for gripper kinematics, and Finite Element Analysis
(FEA) for stress and kinematic performance. A cleanroom-compatible voice coil actuator (VCA) drove the system,
which included a compliant linear guide mechanism (LGM) and a two-fingered gripping mechanism (GM), comple-
mented by an aseptic bayonet locking system. Preliminary validation involved prototyping (in AI7075) and cleanability
assessment via riboflavin testing.

Results demonstrated strong agreement between analytical (13.00 N/mm) and FEA (13.45 N/mm) predictions
for LGM stiffness, validating the accuracy of the refined flexure models. Modal analysis confirmed robust dynamic
stability, with the first axial mode (84.196 Hz) well separated from parasitic modes. The GM achieved a 7.5 mm
gripping motion from a 4 mm VCA input, with optimized tapered flexures reducing peak von Mises stresses by
approximately 35%. The monolithic design inherently eliminated particle-generating elements, and riboflavin tests
showed high cleanability, identifying minor geometric refinements for optimal aseptic compliance. The design was
subsequently re-optimized for pharmaceutical compatible material Super Duplex, preserving validated performance.

This study successfully demonstrates the viability of compliant mechanisms as a critical enabling technology for
next generation automation in aseptic pharmaceutical manufacturing. By inherently minimizing particle generation,
simplifying sterilization, and ensuring cleanroom compatibility, these mechanisms promise enhanced sterility assur-
ance and improved efficiency, paving the way for advanced pharmaceutical production.
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Aseptic pharmaceutical manufacturing stands as a
cornerstone of modern healthcare, demanding uncom-
promising standards of sterility and cleanliness to ensure
product integrity and, fundamentally, patient safety. Pro-
duction environments, particularly those operating under
ISO Class 5 (Grade A) conditions as mandated by reg-
ulations such as EU GMP Annex 1 and FDA guidelines,
are characterized by exceptionally strict requirements to
minimize particulate and microbial contamination. This
necessitates automation solutions that not only perform
with precision and reliability but also inherently adhere to
rigorous hygienic design principles.

Traditional automation components, often comprised
of multi part assemblies with conventional joints, bear-
ings, and lubricants, present significant challenges within
these controlled environments. Such mechanisms can
generate undesirable wear particles, harbor microbial
growth in hard to clean crevices, and are inherently diffi-
cult to sterilize effectively. These issues directly increase
the risk of batch contamination, compromise product qual-
ity, and hinder compliance with Good Manufacturing Prac-
tices (GMP). This drives an urgent need for innovative so-
lutions that can meet evolving regulatory demands and
improve operational efficiency without sacrificing sterility
assurance.

Compliant mechanisms (CMs) offer a promising
paradigm for next generation automation in aseptic man-
ufacturing. By achieving motion through the elastic defor-
mation of a monolithic structure, CMs inherently eliminate
many of the contamination sources associated with tradi-
tional mechanisms. They require no lubricants, produce
minimal to no wear debris, and their monolithic nature
significantly simplifies thorough cleaning and sterilization
processes. Their seamless, jointless architecture makes
them ideally suited for stringent cleanroom applications
where particle generation and microbial traps must be rig-
orously controlled.

Despite their inherent advantages, the widespread
application of compliant mechanisms within the specific

Introduction

constraints of aseptic pharmaceutical manufacturing re-
mains an underexplored area. Key challenges include
ensuring material compatibility with aggressive cleaning
agents, maintaining performance under repeated steril-
ization cycles, and adhering to the cleanroom design prin-
ciples such as laminar airflow requirements and minimal
surface roughness. This Master’s thesis, conducted at
the Delft University of Technology in close collaboration
with Novo Nordisk, directly addresses this critical gap.

The primary objective of this research is to explore
the feasibility of designing, analysing, and preliminarily
validating a flexure-based compliant gripping mechanism
that is inherently compatible with Grade A aseptic envi-
ronments. This study focuses on the sterile and precise
handling of sensitive pharmaceutical components, such
as vials, cartridges, and Petri dishes.

The study systematically integrates several key as-
pects:

» Defining stringent design requirements: Based
on a comprehensive literature review informed by
ISO standards and EU GMP Annex 1 regulations.

» Actuator Selection: Identifying and selecting a
cleanroom compatible Voice Coil Actuator (VCA) for
its non contact, precise motion generation.

* Mechanism Development: Designing a compliant
linear guide system (LGM) and a two-fingered grip-
ping mechanism (GM) using advanced analytical
tools like Pseudo-Rigid Body Models (PRBMs) and
optimized flexure geometries, specifically incorpo-
rating a refined model for corner-filleted arc leaf flex-
ures.

Hygienic Design Integration: Incorporating an
aseptic bayonet locking mechanism for modularity,
tool-less changes, and ease of cleaning.

» Validation Methodology: Employing analytical
modeling, Finite Element Analysis (FEA) for stress



and kinematic performance validation, and experi-
mental validation of a aluminium prototype.

» Material Transition: Re-optimizing the design
for pharmaceutical-grade materials Super Duplex
Stainless Steel to ensure long-term aseptic compli-
ance.

Ultimately, this work aims to demonstrate the viability
of compliant mechanisms as a critical enabling technol-
ogy for future automation in aseptic pharmaceutical man-
ufacturing. By intrinsically fulfilling strict sterility require-
ments, these mechanisms hold the potential to enhance
sterility assurance, significantly reduce operational com-
plexity, and improve efficiency in advanced pharmaceuti-
cal production lines.

The remainder of this report is structured as follows:
Chapter 2 presents a comprehensive literature review
on compliant mechanisms and aseptic design principles.
Chapter 3 elaborates on the systematic design process,
covering the selection of actuation, the development of
the compliant linear guide and gripping mechanisms, and
the aseptic locking system. Chapter 4 outlines the over-
all research methodology, including analytical, numerical,
and experimental validation strategies. Chapter 5 details
the results obtained from the analytical models, FEA, and
preliminary prototype testing. Chapter 6 discusses the
design improvements for transitioning to aseptic-grade
materials. Finally, Chapter 7 provides a reflective dis-
cussion of the findings, limitations, and future research
directions, leading to the Conclusion in Chapter 8, sum-
marizing the key achievements and contributions of this
thesis.



Literature study

Compliant Mechanisms in Aseptic Pharmaceutical Manufacturing: A
Systematic Review of Material Selection, Design Requirements and the

State of the Art for Grade A Environments
M.C. van Ingen (4816978)
Delft University of Technology
Faculty of Mechanical Engineering
In Collaboration with Novo Nordisk
Supervision: Freek Broeren (TU Delft) & Nicolo’ Vacchi (Novo Nordisk)

Abstract - Compliant mechanisms (CMs), a rel-
atively recent innovation in mechanical engineer-
ing, have gained significant attention due to their
unique advantages over traditional rigid body mech-
anisms. By achieving motion through elastic defor-
mation rather than joints, they offer advantages for
high-precision industries, including zero backlash,
reduced wear and simplified manufacturing. These
mechanisms are already implemented in ultra-clean
environments such as semiconductor manufactur-
ing, where their monolithic design minimizes particle
generation. This crucial requirement is also shared
by the aseptic pharmaceutical industry, where pre-
venting contamination is of utmost importance. How-
ever, CMs remain underutilized in this industry. This
systematic review investigates how CMs can address
strict regulatory demands such as the EU GMP An-
nex 1 and FDA guidelines in isolator-based filling
lines. Through a PRISMA guided analysis of 214
studies, material selection, sterilization compatibility
and airflow requirements were evaluated. The study
synthesizes design principles from CMs in cryogen-
ics, aerospace and cleanroom robotics, where fric-
tionless actuation and fatigue resistant topologies
have been proven successful. By integrating these
insights with pharmaceutical grade requirements, a
roadmap for designing a compliant gripper tailored
to Grade A environments is proposed. Key steps in-
clude topology optimization, material validation un-
der repeated autoclaving, and particle emission test-

ing. The resulting guidelines for implementing CM’s
in aseptic production, show their potential to improve
sterility while reducing maintenance complexity. Fu-
ture work will focus on prototyping grippers and
validating long term performance under GMP condi-
tions.

Index Terms - Compliant Mechanism, Aseptic In-
dustry, Filling Line, Regulations, Particle Generation

2.1. Introduction

In the high stakes industry of aseptic pharmaceutical man-
ufacturing (see Appendix 2.6) , where a single particle
can compromise a multi million euro batch of medicine,
the industry’s reliance on conventional mechanical sys-
tems is becoming a critical vulnerability. Traditional
mechanisms, which rely on sliding joints and lubricated
bearings, inherently generate 0.5-5 ym particles through
wear, a flaw caused by multi component designs that cre-
ate micro-crevices prone to biofilm formation. Compliant
mechanisms (CMs), which achieve motion through elas-
tic deformation rather than mechanical interaction, offer
an alternative [1]. These monolithic systems eliminate
two primary contamination risks. Firstly, by eliminating
friction which inherently reduces particle emissions. An
advantage already embraced by the semiconductor in-
dustry where a single particle can damage a wafer [2], [3].
The second advantage is the removal of micro-crevices
[4], [5], an inherent disadvantage of multi-component de-
signs, that harbor sterilant-resistant microbes, an advan-
tage that is also exploited by studies on surgical robotics



2.2. Methodology

[2] and aerospace applications[6]. As regulators increase
their requirements, EU GMP Annex 1 [7] now mandates
continuous airborne particle monitoring with 1 CFU / m3
in Grade A zones, the need for contamination-free actua-
tion has never been more urgent.

Despite these advantages, pharmaceutical adoption
remains hindered by three barriers. First, material degra-
dation under repeated sterilization, such as autoclaving
(121°C, 15 psi) compromises fatigue life in polymers like
PEEK and induces stress corrosion in metals [8]. Sec-
ond, poorly optimized CM flexures disrupt unidirectional
airflow (UDAF), creating turbulence that exceeds ISO
14644-1’s 15% airspeed tolerance and delays particle re-
covery in isolators [9]. Third, regulatory uncertainty per-
sists, as no prior study validates CM designs against An-
nex 1 media fill requirements or FDA 21 CFR 211.67
equipment maintenance standards [10].

This systematic review confronts these challenges
through a PRISMA-guided analysis of 214 studies across
robotics, aerospace, and pharmaceutical engineering.
Three key innovations emerge: Optimized Topologies:
Optimizing CMs not only for mechanical performance but
also implementing geometry constraint like minimum ra-
dius (> 3 mm) and minimum internal geometries. This
will facilitate more cleanable designs and increase airflow
performance. Utilizing topology optimizations is deemed
to be a promising methodology of systematic implement-
ing this in the design. GMP-Aligned Validation: A novel
testing framework integrates riboflavin coverage mapping
(cleanability), USP < 788 > particulate counting [11], and
accelerated aging to bridge the compliance gap. Actu-
ation integration: Integration of the actuation is also un-
covered as an promising way of increasing usability of
CMs. As in current CM solutions the actuation gener-
ates most of the particles. Voice coil actuation has been
identified as a promising solution to achieve this. The re-
sulting roadmap positions CMs not merely as incremental
upgrades, but as enablers of next-generation “zero partic-
ule” filling lines.

2.11. Aim

This systematic review aims to evaluate the design chal-
lenges in interoperating compliant gripping mechanisms
in the aseptic industry. By combining regulations and syn-
thesizing the state of art of cryogenic, aerospace, and
clean-room design principles.

This work is structured as follows: Chapter | dissect
material selection and sterilization protocols while chap-
ter 1l details the PRISMA methodology and search strat-
egy on compliant mechanisms.

2.2. Methodology
2.2.1. Search Strategy
This systematic review of the literature is structured into
two distinct sections. The first chapter will examine the
regulatory frameworks governing the materials and pro-

cesses essential for aseptic production. The second
chapter will provide an in-depth review of relevant CMs
and actuations.

The search and selection process for the second
chapter will follow the PRISMA guidelines for systematic
reviews [12]. A detailed literature search was conducted
across three key databases: Scopus, PubMed, and Web
of Science. The search query was designed using a set
of carefully selected keywords divided in three categories,
which are listed in Table 2.1.

1. Compliant Mechanisms: This category encom-
passes terminology describing monolithic, flexure
based design principles to account for variations in
nomenclature across disciplines. By including syn-
onyms, the search aims to capture the full spectrum
of literature on integrated mechanical systems that
achieve motion through elastic deformation.

2. Aseptic Environment: Due to limited literature ex-
plicitly addressing aseptic environments, this cate-
gory is expanded to include applications with sim-
ilar operational constraints, such as clean-room
technologies, sterile processing, and cryogenic or
aerospace systems. So even though they are not di-
rectly the same as the aseptic industry they can be
used to gain transferable insights from adjacent in-
dustries requiring contamination control or extreme
environmental isolation.

3. Gripping Mechanism: This category focused on
mechanisms exhibiting mechanical behaviours rel-
evant to precision gripping.

Within each category, terms were combined using the
OR operator, while categories were connected using the
AND operator. The decision was made to exclude the use
of the NOT operator, as there were not many studies iden-
tified, so manual processing was preferred. As can be
seenin table 2.1. Similarly, no filter on the document type
was used as well. The results of the systematic search
were stored in the reference manager Rayyan[13].

2.2.2. Selection procedure

The digital automation tool Rayyan was used to detect
duplicate articles [13]. Entries identified by Rayyan were
manually verified before removal. The final set of eligible
studies was identified according to four eligibility criteria
(EC1 to EC4), detailed in Table 2.2 These criteria were
applied chronologically. Studies failing to meet these cri-
teria were systematically excluded through a sequential
screening process: first by title and abstract, then by full-
text review. The decision on inclusion or exclusion was
made solely by the author.
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Compliant Mechanisms Aseptic Production

Gripping Mechanisms NOT Document

"Compliant” "Pharmaceutical”
"Flexible” "Grade A"

"Monolithic” "Sterile manufacturing”
"Origami” "GMP”
"Flecture” "Biopharmaceutical”

"Aseptic processing”
"Contamination control”
"Cleanroom”
"MIR”

"Food”

Steril*

"Cryogenic”

"Gripper*”
"End effector”
"Handling device”

"Manipulator”

Table 2.1: Categorized key terms used to form the search strategy. Terms were combined vertically with the OR operator and horizontally with
the AND operator. The slash (/) separates alternative terms or phrases combined with OR in the search string. The Not and Document area’s
where left empty as the search string already does not result in to many results

EC# | Description

EC1 | Study uses geometry that are to complex to be of interest for
this study

EC2 | No compliant gripper was mentioned or designed in the study

EC3 | The study uses soft robotics which can not be used in the
aseptic industry

EC4 | The study is to general to be of interest

Table 2.2: Eligibility criteria EC1-ECA4.

2.2.3. Data extraction

The data extracted from the included articles encom-
passed the first author, year of publication, reference
method, topic it focused on, if it included aseptic, if it was
interested in particle generation, the output force of the
design, the actuation methode, the design method that
was used and finally the achieved range of motion. The
data extraction is discussed in section 2.4.3.

2.3. Design Requirements for Mechanisms
in Aseptic Pharmaceutical Production
to Ensure Compliance with Regulations

Aseptic pharmaceutical production must comply with
strict regulations to ensure patient safety. Therefore, the
following chapter discusses the different design require-
ments for the mechanism within aseptic production, the
design implications for CM designs and present ways to
validate the design.

2.3.1. Material Criteria for Aseptic Compliance

In aseptic processing, materials must meet strict criteria
to ensure safety, effectiveness, and compliance. Reg-
ulatory agencies such as the FDA and EMA have es-
tablished strict guidelines specifying allowable materials

for sterile pharmaceutical applications. These guidelines
demand a balance between material properties such as
chemical resistance, thermal stability, and particle emis-
sion risk. Based on these guidelines, the following list
has been composed to create an overview of the criteria
to which the materials must adhere.

» Biocompatibility: Materials in product contact
zones must prevent leachables (e.g., plasticizers,
oligomers) that could interact with drug formula-
tions. 1SO 10993-1 [14] evaluates cytotoxicity,
while USP Class VI certifies non reactivity in implan-
tation tests[15].

» Surface Properties: Surface roughness is another
factor that is strictly specified within the regulations.
Depending on the use of the specific part there are
different surface roughness requirements. For ex-
ample when a surface is in contact with product
a surface roughness of Ra < 0.8um (ASME BPE-
2022) is required. This surface roughness require-
ment is there to minimize microbial adhesion and
facilitate cleaning [16].

Sterilization Resistance: As products on the line
are regulurly sterilized compatibility with steriliza-
tion methods is crucial. A few common examples
are autoclaving (ISO 17665:2024), gamma irradi-
ation (ISO 11137-3:2017) or ethylene oxide (ISO
11135) [17] [18] [19].

» Particle Emission: As there are strict particle re-
quirements within the Isolator lines there are reg-
ulations in place about maximum shedding during
cyclic deformation, according to the USP < 788 >
[11] particulate limits.

» Chemical Inertness: The material should be resis-
tant to cleaning agents (e.g., detergents, hydrogen
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peroxide) and drug formulations so that it does not
change properties, for example, by corroding.

2.3.2. Cleaning and Sterilization Methods

There are various methods available for cleaning and
sterilizing of production equipment, each with their own
advantages and limitations. To provide clarity, Table 2.3
presents a comparison of the most commonly used ster-
ilization techniques. [16]

Sterilization process

The choice of an appropriate sterilization method is criti-
cal in aseptic environments and depends on several fac-
tors, including how equipment is integrated into the pro-
duction line and whether it comes into direct or indirect
contact with the product. These considerations dictate
the washing and sterilization (W&S) requirements, influ-
encing both the design and maintenance procedures that
are used.

Format parts, which are frequently changed between
production batches, typically require autoclaving before
reuse. Machine parts, in contrast, are usually subjected
to cleaning in place (CIP). CIP is often a manual process,
where operators ensure thorough cleaning by disassem-
bling and scrubbing parts. This method can be labor in-
tensive and requires accessible designs with sufficiently
large geometries to be cleaned manually, avoiding any
complex crevices where contaminants might accumulate.
However, advancements in aseptic processing have led
to the development of fully integrated wash in place (WIP)
and sterilize in place (SIP) systems [26], allowing entire
production lines to undergo automated cleaning and ster-
ilization simultaneously. For this review it is decided to fo-
cus in on the Autoclaving and CIP processes, due to their
prevalence in the industry and the distinct design chal-
lenges they present. In many respects, CIP is a "worst-
case scenario” especially for a compliant mechanism due
to its reliance on manual procedures, demanding simple
geometries [27], [8], [28], [29], [30].

Design Implication for Compliant Mechanism

The chosen cleaning and sterilization method also influ-
ences the design criteria for CMs in aseptic environments.
To ensure compatibility with W&S processes, key factors
such as material selection, surface finish, resistance to
cleaning agents, and mechanical durability must be con-
sidered. Table 2.4 provides an overview of the design
considerations associated with different sterilization pro-
cesses.

Validation of Sterilization

To ensure the effectiveness of sterilization methods, sev-
eral verification techniques are possible. These methods
provide both qualitative and quantitative assessments of
the sterilization process:

Figure 2.1: An Example of Cleaning Coverage Test Using Riboflavin
to Verify Cleanbility of Design. Image from [31]

 Biological Indicators (Bls) : These are perhaps
the most definitive form of testing. Bls consist of
spores from highly resistant microorganisms (e.g.,
Geobacillus stearothermophilus) known to be diffi-
cult to kill. They are placed in various locations
within the equipment to verify that the sterilization
process achieves the desired microbial kill rate.
[32] [33]

Chemical Indicators (Cls) : These provide imme-
diate, visual indications that sterilization parame-
ters (e.g., temperature, exposure time) have been
met. Cls can be used on packaging or directly on
the equipment as an immediate but less compre-
hensive means of validation compared to Bls.[34]

Residual Testing : Post cleaning tests to check for
residues from cleaning agents ensure that sterility
is not compromised by contaminants left on equip-
ment surfaces. This is especially important for CIP
processes where manual residue checks may be
necessary.[35]

Microbial Monitoring : Regular sampling and cul-
turing procedures are conducted on surfaces af-
ter sterilization to detect any surviving microorgan-
isms. These tests confirm the effective reduction of
bioburden to acceptable levels.[36]

Riboflavin Coverage Test : While not a direct
sterilization verification method, this test validates
washing processes by applying a UV-fluorescent
riboflavin solution. Residual fluorescence under
UV light identifies poorly cleaned areas, ensuring
thorough contaminant removal prior to sterilization
methods like autoclaving see figure 2.1[37].

In the context of the development of compliant mech-
anism design, sterilization verification methods such as
Bls and Cls focus on validating the operational perfor-
mance of sterilization equipment or processes. However,
the riboflavin coverage test specifically indicates geomet-
ric challenges in compliant mechanisms such as difficult
to clean flexures, fluid stagnation zones, or intricate joints
that hinder washing. Therefore it was concluded that
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Table 2.3: Sterilization Methods for Aseptic Applications. Data is based on literature covered in this section, relevant regulatory standards and
internal SOP’s of Novo Nordisk

Method Mechanism Materials Compatible Regulatory Key Considerations
Temp/Pres- Standard
sure
Autoclaving Moist heat (121C, Stainless 121-134C, ISO 17665:2024 - Avoid for polymers with low Tg (e.g.,
(Steam) 15 psi, 15-30 min) Steel 316L, 15-30 psi [20] PU, PC).
PEEK, Ultem, - Risk of corrosion for non-stainless
Silicone metals.
Gamma lonizing radiation PTFE, PEEK, Ambient ISO - Causes embrittlement in some
Irradiation (25-50 kGy) PEHD, temperature 11137-1:2025 polymers (e.g., Nylon).
Polypropylene [21] - No residue; suitable for single-use
devices.
Ethylene Oxide Alkylation of DNA PU, PC, 30-60C, ISO - Requires aeration to remove toxic
(EO) (55-60C, 40-60% Nylon, vacuum 10993-7:2008 residues.
humidity) Elastomers chamber [22] - Not for moisture-sensitive materials.
Hydrogen Oxidative radicals PTFE, PEEK, 45-50C, low I1SO 22441:2022 - Limited penetration depth.
Peroxide (H,05) (Low-temperature Anodized pressure [23] - Ideal for heat-sensitive components.
Plasma plasma) Aluminum
Dry Heat High temperature Metals (e.g., 160-190C, ISO 20857:2010 - Suitable for moisture-sensitive
(160-190C, 1-2 316L, Super ambient [24] metals.
hrs) Duplex) pressure - Degrades most polymers.
Chemical Liquid disinfectants Bronze Ambient FDA 21 CFR - Limited to surface sterilization.
Sterilants (e.g., ethanol, (non-critical), temperature §178.1010 [25] - Requires rinsing to avoid residues.
isopropanol) Elastomers

Table 2.4: Sanitization Requirements for Different Sterilization Methods. Data is based on ISO cleanability standards and internal Novo Nordisk

design guidelines

Requirement

CIP

Autoclaving

VHP

Material - VHP resistant - Temperature resistant - Resistant to
- Chemical resistant absorption/decomposition
Radius corners >3 mm No minimum (preferred > 3 mm) >3 mm
Internal geometries Accessible for manual cleaning Accessible for water flow -
Drainability Self-drainable - Self-drainable -
- 3 degree slope preferred
Surface roughness <0.8um <0.8um <0.8um

the riboflavin test will be the most useful for validating
the cleanability during the development of a new compli-
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Figure 2.2: Decision graph that visualizes the material assessment for
compliant mechanism within the aseptic industry. Materials where
assessed on 9 different material characteristics and scored from 1-10
where 10 was the best score and 1 the worst. See Appendix G Table
2.8 for the vlue’s

Polyether Ether Ketone (PEEK)

PEEK is a high-performance thermoplastic known for its
exceptional mechanical properties and chemical resis-
tance, making it a leading candidate for aseptic applica-
tions:[38], [39]

» Properties : PEEK has great chemical resistance,
it is highly resistant to a broad spectrum of chem-
icals, including those involved in sterilization pro-
cesses such as autoclaving and gamma irradiation.
It also has great thermal Stability, it maintains per-
formance integrity at temperatures up to 260°C and
is therefore suitable for autoclave cycles. Lastly
it's mechanical Strength, it offers high stiffness and
strength to weight ratio, ideal for precision applica-
tions in compliant mechanisms.

» Advantages : Very low particle emission and ex-
cellent fatigue resistance, making it ideal for cyclic
loading scenarios often encountered in compliant
designs. It can be precision machined to achieve
surface roughness Ra <0.8 um, meeting strict clean-
room standards for minimizing contamination. [40]

* Drawbacks : Despite its exceptional properties,
PEEK presents several limitations in aseptic com-
pliant mechanisms. The material’s high cost com-
pared to conventional thermoplastics and metals
like stainless steel can be prohibitive for large
scale or budget sensitive applications. While PEEK
shows a favourable strength-to-weight ratio, its load
bearing capacity under sustained high stress is
inferior to metals, restricting its use in ultra high
stress scenarios. Additionally, PEEK is suscep-
tible to creep under prolonged mechanical loads,
which may compromise dimensional stability in pre-
cision mechanisms over time. Lastly while PEEK
is one of only polymers options for autoclaving, pro-
longed exposure to autoclave conditions near its up-
per temperature limit may gradually reduce its me-
chanical strength over time.

Stainles Steel (316L and Similar Alloys)

SS, particularly the 316L grade, is the golden standard
in aseptic environments due to its robustness and steril-
ity:[41], [42]

* Properties: Firstly SS shows great corrosion re-
sistance and as such performs well in oxidative
environments and to chemical sterilants. It also
has great mechanical robustness. It has excellent
strength and load bearing capacity making it suit-
able for high stress applications.

» Advantages : High fatigue strength, which allows
for durability in mechanisms subjected to repetitive
strain. By electropolishing smooth surface finishes
(Ra =0.8 ym) can be achieved meeting hygiene
standards.

» Drawbacks: Susceptible to pitting and galling if
not properly alloyed or treated, careful material han-
dling and manufacturing techniques are therefore
required. More complex fabrication, requiring tech-
niques such as precision polishing and electropol-
ishing to optimize surface properties and reduce
contamination.[42]

Alternative Materials

While PEEK and SS stand out as preferred materials, al-
ternative materials such as PTFE and titanium were con-
sidered but not selected as primary candadites for spe-
cific reasons:

* PTFE : Known for its excellent chemical resistance,
PTFE was not chosen due to its lower mechanical
strength and higher risk of deformation under load,
which makes it slightly less suited for a compliant
mechanisms. [43]

Titanium : Offers outstanding biocompatibility and
strength to weight ratio. However, the high cost and
difficulties in machining make it less practical for
applications requiring complex geometries or cost-
efficiency.

Therefore PEEK and SS provide a balanced solution
for aseptic environments and are advised to be the start-
ing choice. However the other materials are still viable
solutions when use cases ask for it.

2.3.4. Airflow requirements in aseptic production

In addition to material selection requirements in aseptic
production, strict airflow regulations are in place to mit-
igate the risk of particle contamination. These require-
ments are outlined in regulatory frameworks such as ISO
14644-1 and EU GMP Annex 1 and mandate laminar
unidirectional airflow (UDAF) within isolators and clean-
rooms, ensuring all particles are systematically flushed
from critical zones[8]. While vertical downward airflow is
standard for simplicity and gravitational particle removal,
horizontal airflow may be used in specific cases. As verti-
cal downward airflow is the standard, this study will solely
focus on this.

Key Airflow Criteria
» Airspeed: Isolators require an airspeed of 0.45—
0.55 m/s (ISO 14644-1 Class 5)[9] at the HEPA filter
face. Local turbulence from compliant mechanisms
(e.g., flexures or hinges) must not reduce effective
airspeed below 0.3 m/s in product-exposure zones.
* Recovery Time: Post-intervention, particle levels
must return to 1ISO Class 5 within 15-30 seconds
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(ISO 14644-3:2019) [17]. Compliant mechanisms
must not obstruct airflow paths or create stagnant
zones that delay this recovery.

Design Implications for Compliant Mechanisms
Compliant mechanisms, despite their jointless advan-
tages, pose unique airflow challenges which are impor-
tant to take into consideration when designing. The fol-
lowing list provides a very comprehensive overview of the
most important concerns:

» Turbulence Mitigation: Uneven surfaces (e.g., ac-
tuator arms, grooves) or moving parts that disrupt
smooth airflow should be avoided where possible.
Use CFD simulations to ensure that turbulence
stays below 20% and that airflow speed variation
is within 15% (1ISO 14644-1) [9].

» Geometric Optimization: Avoid sharp transitions;
use tapered contours to guide airflow. Streamlined
profiles with curved edges (3mm) reduce bound-
ary layer separation and should therefore be used
when possible.

Validation Protocols

* CFD Simulations: CFD simulations should be
used to model airflow patterns, ideality including
mechanism motion cycles, to identify stagnation
zones or backflow.
Smoke Studies: Qualitatively validate UDAF under
production conditions, during operation on a (mock-
up) line with the help of smoke to visualize airflow
pattens and turbulence.
Particle Challenge Testing: Introduce PAO/PSL
spheres (0.3-5.0 ym) upstream, and then verify <5
% retention in mechanism crevices post-flush (ISO
14644-3) [17] .

2.4. Systematic Review of the Design Con-

siderations for Compliant Mechanisms
within the Aseptic Industry
This chapter will explore the possible areas of applica-
tion, the state of the art, and finally the feasibility of CM’s
within the aseptic industry. The PRISMA method is used
to search the literature systematically.

2.4.1. Application Possibilities Within Aseptic Pro-
duction Lines

Aseptic production lines across different suppliers require
similar motions and functional requirements. To identify
potential applications for CM’s, the various types of mech-
anism currently used in these lines have been analyzed.
For ease of comparison, the observed motions have been
categorized into three main groups:

* Linear long range actuation mechanisms
» Gripping mechanisms

* Locking mechanisms

Decision Graph Compliant Mechanism Application
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Figure 2.3: Decision graph that visualizes the application area for
compliant mechanism within the aseptic industry. Actuation types
where assessed on 4 different characteristics and scored from 1-5
where 5 was the best score and 1 the worst. In Red the area is shown
that is out of scope for this project. And in blue the final choice is
highlighted. See Appendix G Figure 2.10 for the value’s

To determine the most suitable application for further
research, a structured evaluation was performed using a
decision matrix (see Appendix 2.6.4). This approach al-
lowed for an objective comparison of different application
areas based on relevant criteria such as complexity of the
CM design, actuation complexity, cleanability importance
and the number of required cycles.

Following this assessment, the study identified the
compliant gripper as the most promising candidate for ad-
ditional initial research. The Gripping mechanism was
chosen as the areas in red where deemed ether com-
plex or to simple for a first case study. From the remain-
ing three application area’s the Gripper was chosen as it
has the most equal division of points scored for the se-
lection criteria. This selection was based on its potential
to enhance aseptic handling processes while minimizing
particle generation and mechanical complexity. The next
phase of this study will therefore focus on the design, fea-
sibility, and performance evaluation of a compliant grip-
per for aseptic production environments.

2.4.2. State of the Art

To understand the required capabilities of compliant grip-
ping mechanisms, it is important to understand what cur-
rent aseptic options are capable of and what their respec-
tive drawbacks are. This section will provide a compre-
hensive overview of the state-of-the-art of aseptic grip-
ping options. The current gripping mechanisms can be
divided into four main categories: Pneumatic, Hydraulic,
Vacuum and Electric grippers which can be seen in Fig-
ure 2.4
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Figure 2.4: An overview of the state of the art of grippers in aseptic
industry with (a) Pneumatic gripper, (b) hydraulic gripper, (c) vacuum
gripper, and (d) electric gripper; image from Tanzini et al. (2023) [44]

* Pneumatic gripper: Actuated by compressed air,
these grippers (Figure 2.4a) dominate aseptic lines
due to their simplicity and low cost. However, they
suffer from particle generation via exhaust air and
friction in the rotational joint they also have limited
positional accuracy (£0.5 mm). Hoses and valves
complicate isolator sealing, while elastomer seals
degrade under repeated vaporized hydrogen perox-
ide (VHP) sterilization. [45]

* Hydraulic Grippers: Systems driven by (hydraulic)
fluid (Figure 2.4b) provide high gripping forces (up
to 500 N) but pose significant contamination risks.
Leakage of hydraulic fluid. Additionally, steriliza-
tion compatibility is poor autoclaving causes seal
swelling, and gamma irradiation degrades fluid vis-
cosity.

* Vacuum Grippers: Non-contact suction devices
(Figure 2.4c) minimize particle shedding but are
restricted to flat, non-porous surfaces. Vacuum
pumps generate turbulence, disrupting unidirec-
tional airflow (UDAF). Their inability to handle irreg-
ular geometries (e.g., syringe barrels) limits utility in
multi-product facilities.

* Electric Grippers: Servo-driven designs (Fig. 1d)
offer precision (+0.1 mm) and programmability but
rely on lubricated gears and sliders. Outgassing
of silicone-based lubricants exceeds ISO 14644-1
volatile organic compound (VOC) limits, and parti-
cle emissions from motor brushes necessitate fre-
quent HEPA filter replacements. [46]

Key Limitations of Current Technologies

All conventional grippers share critical drawbacks in asep-
tic environments: Friction from joints/seals produces par-
ticles, exceeding Grade A limits during high-speed op-
eration. Multi part assemblies create crevices that trap
biofilms, reducing cleanability. Disassembly for cleaning

in place (CIP) increases downtime and contamination risk
during reassembly. These limitations show the need for
compliant mechanisms monolithic, joint free designs that
eliminate friction, reduce part count, and withstand ag-
gressive sterilization.

Compliant Grippers State of the Art

There are several CM grippers for lab automation com-
mercially available. However, the available information
on these systems is very limited. In general they use grip-
per jaws with a parallel motion actuated mechanically or
pneumatically. All the commercial available grippers that
where discovered in this research where not certified ac-
cording to grade A standards. Commercial solutions only
mention using of an FDA-approved, food-industry-proven
lubricant. So although the designs will be taken into ac-
count as they are not clean-room certified and no specific
design information could be found they have not been the
main focus [47], [48] [49], [50].

2.4.3. Data Extraction PRISMA Guided Search on Rel-
evant Compliant Grippers

This section synthesizes advancements in CM design by
using a PRISMA guided literature study, focusing on their
application in cleanroom environments, particle genera-
tion mitigation, and adaptability to diverse handling tasks.
Key studies are analyzed thematically to highlight trends,
gaps, and future directions.

Design Methodologies for Contamination Mitigation
A primary focus of CM research is minimizing particle gen-
eration through monolithic, friction free designs.

Budde et al. (2024) [55] researched this approach
with the CrocoGrip, an aluminium gripper tested for ISO
14644 Class 5 cleanroom particle limits [9]. Their work
specifically investigated the relationship between actua-
tion dynamics (solenoid oscillations) and particle emis-
sions, revealing that 70% of particles originated from
abrupt solenoid deactivation rather than the compliant
structure itself. By integrating damping springs, they re-
duced oscillations but introduced mechanical complexity,
highlighting a trade off between particle control and sys-
tem robustness.

Mouazé and Birglen (2022) [53] introduced a bistable
compliant underactuated gripper designed to minimize
deformation of soft objects (e.g., fruits, tissues) using a
pseudo-rigid-body model (PRBM) and point-spring model
(PSM) . Their methodology prioritized computational effi-
ciency over traditional finite element analysis (FEA), en-
abling rapid optimization. The gripper achieved < 5%
deformation in silicone objects (simulating soft tissues)
through a underactuated finger with a bistable four-bar
linkage. While their focus was on deformation control
rather than particle generation, the absence of sliding
joints inherently reduced friction related contamination
risks.
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Table 2.5: Compliant Grippers Data Extraction Table of the Included studies, NM is used when the information is not mentioned

Author Topic Aseptics Particles Force Actuation Design Motion Material
(Year) Included Included Method Range
Hermoza Overview of No No NM Overview Overview NM NM
Llanos et al. Compliant
(2025) [2] Grippers
Jahn et al. Cryogenic No Yes NM Stepper FEM 30° TiAI6V4
(2021) [51] Mechanism motor
Cao et al. Soft Object No No 10-15N Uni-actual NSGA-2, 50-60mm PET
(2024) [52] Gripper FEM
Mouazé & Soft Object No No 2.5-3.5N Torque/Hand | PRBM 4.6-11cm NM
Birglen Gripper
(2022) [53]
Ruiz et al. Space No No 10N Tendon NM NM Multi-
(2024)[54] Gripper material
Budde et al. Clean-room Yes Yes 6N Solenoid/VCA PRBM, FEM | 2mm Al
(2024) [55] Gripper
Budzyn et al. | Lunar No No NM Hand Topology 15mm TPC
(2023) [6] Gripper Opt.
Jhan et al. Cryogenic No Yes NM EM Coll Topology 0.388mm Stainless
(2020) [56] Manipulator Opt.
Tanzini et al. Grade A Yes Yes NM NM NM NM NM
(2024) [44] Robotics
Liu et al. Constant Yes Yes 40N Spindle Topology 15-30mm TPE
(2021) [57] Force Opt.

Gripper
Zheng et al. Soft Finger No No NM EM Coll FEM 10-30mm Silicon
(2024) [58]
Lofroth & Micro Yes Yes NM Piezo PRBM 154um Al Plate
Avci Gripper
(2019)[59]

Zheng et al. (2024) [58] expanded this approach ical gap for cleanroom applicability. Additionally, while

by integrating electromagnetic actuation into a topology
optimized CM. Their FEA driven design optimized for
maximum bending angle (39.5° at 1.5A) while minimiz-
ing stress concentrations. Unlike Budde’s [55] solenoid
driven system, Zheng’s electromagnetic coils enabled
precise current controlled force modulation, eliminating
pneumatic noise. However, reliance on silicone intro-
duced adhesion challenges for sub 12 mm objects, mirror-
ing limitations seen in Lofroth/Avci’s [59] MEMS-gripper.

Liu et al. (2021) [57] advanced compliant mech-
anism design through topology optimization of a 3D-
printed constant-force finger using thermoplastic elas-
tomer (TPE). Their methodology introduced a compos-
ite objective function balancing output displacement and
force regulation, achieving a near-constant gripping force
of 41.9 N across a 15-30 mm input displacement range.
Unlike Budde et al.’s [55] binary solenoid-driven ap-
proach, Liu’s design used nonlinear large-deformation
FEA to optimize elastic energy distribution, eliminating
sliding joints and reducing friction-induced particle gen-
eration risks. The monolithic TPE structure, fabricated
via fused deposition modeling (FDM), provided inherent
compliance for delicate object handling while avoiding
stress concentrations. However, the study omitted par-
ticle emission quantification during cyclic actuation, a crit-

TPE’s flexibility enabled 154 pm displacement per ac-
tuator, its porosity and low glass transition temperature
(-50°C) limited compatibility with autoclave sterilization.

Lofroth and Avci (2019) [\cite {mi10050313}] ad-
dressed micro-scale contamination by combining MEMS
fabricated silicon tips with a compliant aluminium base.
Their research centred on adhesion force mitigation for
sub 100 pym objects, a persistent challenge in cell manip-
ulation. However, their hybrid design (silicon + brass) in-
troduced alignment complexities, and the silicon tips’ brit-
tleness necessitated frequent replacements, showing the
need for durable, micro-scale compliant materials.

Actuation Mechanisms: Precision vs. Particle Gener-
ation

Actuation choice critically impacts CM performance in
aseptic environments. Budde et al. (2024) [55] adopted
solenoids for binary control, prioritizing simplicity over
precision. Their work quantified the particle cost of this
approach: solenoid induced emissions peaked at 1,200
particles/m? during rapid deactivation. Lofroth and Avci,
(2019) [59] used piezoelectric actuators for sub-micron
precision (0.1 ym resolution), achieving closed loop con-
trol via strain-gauge feedback. Their study demonstrated
successful manipulation of 6 ym silica beads in liquid
environments. However, the piezoelectric system’s in-
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creased cost and complexity, limiting scalability.

Mouazé and Birglen (2022) [53] used nylon tendons,
coated with molybdenum disulfide grease. This approach
introduced porosity risks, limiting use in ISO Class 5+ en-
vironments

Zheng et al. (2024) [58] introduced a novel elec-
tromagnetic driven CM, addressing pneumatic instability
and noise. Their gripper utilized current controlled coils to
generate repulsive forces, achieving bending angles up
to 39.5°.

Cao et al. (2024) [52] explored shape-memory poly-
mers (SMPs) for adaptive grasping, focusing on geomet-
ric advantage (GA) optimization. Their origami-inspired
gripper achieved a GA of 3.2, enabling gentle handling
of ultrasoft objects like hydrogel beads. However, the
SMPs’ limited force output (2.22—-3.52 N) restricted use in
high load scenarios, and the study did not address ther-
mal stability under autoclave conditions.

These studies collectively highlight the need for actu-
ation systems that balance precision, force, and contam-
ination control.

Material Selection and Sterilization Compatibility
Material biocompatibility and sterilization resilience re-
main underaddressed in CM research. Budzyn et al.
(2023) [6] explored lunar grade Ti6Al4V for dust mitiga-
tion in extreme environments, achieving a 95% reduction
in parasitic motion through topology optimization.

Ruiz et al. (2024) [54] introduced a multilayered mate-
rial system for extreme thermal resilience in space debris
removal, combining thermoplastic polyurethane (TPU),
silicone, PTFE (Teflon), and aerogel. Their design ad-
dressed temperature swings in Low Earth Orbit, where
surfaces cycled between -197°C (shadow) and 220°C
(sunlight) . The PTFE external layer minimized elasticity
variations, while aerogel insulation buffered internal com-
ponents, maintaining operational temperatures between
-96°C and 153°C . However, the study validated thermal
performance (liquid nitrogen/heat gun testing), it omitted
sterilization protocols critical for pharmaceutical applica-
tions (e.g., autoclave, VHP). The reliance on nylon ten-
dons coated with molybdenum disulfide grease improved
cryogenic lubrication but introduced porosity risks.

Jahn et al. (2020) [56] advanced cryogenic compati-
ble material systems through their development of solid-
state joints fabricated via selective laser melting (SLM)
from TiBAI4V titanium alloy. This material demonstrated
exceptional performance at low temperatures. However,
while Ti6AI4V’s cryogenic stability was validated, the
study did not address its compatibility with pharmaceu-
tical sterilization protocols such as autoclaving or vapor-
ized hydrogen peroxide (VHP), a limitation shared with
Budzyn et al.’s [6] lunar-grade Ti6AI4V implementations.
The electromagnetic actuator’s reliance on molybdenum-
disulfide-coated components introduced porosity risks
similar to Ruiz et al.’s [54] nylon tendon challenges, po-

tentially compromising 1ISO Class 5 compliance.

Lofroth and Avci (2019) combined silicon tips with
brass backings to enhance durability, yet the brass’s
susceptibility to oxidation posed long-term contamination
risks. Their work highlighted the need for corrosion-
resistant alloys (e.g., 316L stainless steel) in CM designs
but did not explore them.

Modularity and Scalability in Handling Tasks
Modular CM designs improve versatility, but introduce
alignment challenges.

Caoetal. (2024) [52] introduced origami inspired grip-
pers with shape-memory polymers, enabling formfitting
grasping of irregular objects like crumpled foils. Their
work emphasized reconfigurability but lacked standard-
ized interfaces for tip replacement, a barrier for industrial
adoption.

Budde et al. (2024) [55] addressed modularity with
snap-fit PLA jaws, reducing replacement time to < 30
seconds. However, PLA porosity retained particles after
repeated use, highlighting the need for nonporous, steril-
izable materials such as PEEK. They also utilized screw
interfaces which limit the cleanability.
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Figure 2.5: PRISMA flowchart for study selection.

2.4.4. Design Strategy
As also became apparent in the PRISMA guided litera-
ture search there are different design approaches that



2.4. Systematic Review of the Design Considerations for Compliant Mechanisms within the Aseptic Industi§

can be used to design a compliant gripper. Designing the
CM with the correct analytical and computational tools is
critical for balancing kinematic performance, structural in-
tegrity, and contamination control. This section will there-
fore do a more specific deep dive in the analytical tools
available and what the best option for our use case will
be.

Pseudo Rigid Body Models (PRBM) and Finite Ele-
ment Method (FEM) Integration. PRBM simplifies CM’s
into rigid body equivalents, enabling intuitive kinematic
analysis. Budde et al. (2024) [55] combines PRBM with
FEM to validate stress distribution in its monolithic grip-
per, ensuring robustness under cyclic loads. Lofroth and
Avci (2019) [59] extends this approach for a surgical grip-
per, using PRBM for conceptual design and FEM to opti-
mize topology for biocompatibility and sterility. The sys-
tematic review by Hermoza Llanos et al. (2025) high-
lights that design methodologies such as rigid-body re-
placement (RBR) with kinetostatic analysis enable pre-
cise motion control for tasks like vial capping, using flex-
ure hinges to reduce particulate generation. This dual
methodology ensures designs are both functionally sim-
ple and structurally reliable.

Topology optimization, distributes material efficiently
according to specific input requirements, it can there for
be used to reduce contamination prone surfaces. Budzyn
et al. (2023) 3D printed lunar gripper combines this
method with additive manufacturing, creating lightweight
geometries ideal for extreme environments. For aseptic
applications, topology optimization could minimize mate-
rial use while ensuring cleanroom compatible geometries.
Liu et al. (2021) [60] uses Topology optimization to gener-
ate a compliant gripper that has a constant force region
where the force can be adjusted by changing the thick-
ness of the finger.

Zhou et al., (2015) [61] shows that with the correct con-
straint on the topology optimization minium radius dimen-
sions can be achieved. While Fernandez et al. (2020),
[62] shows that the design can be optimized for mini-
mal internal geometries. Ensuring more hygienic designs.
With future research this could ensure a systematic ap-
proach to find a hygienic compliant mechanism design.

The selection between PRBM-FEM and topology op-
timization depends on the CM’s primary design focus.
PRBM-FEM methodology is preferred for precision driven
applications requiring specific motion paths, such as vial
handling mechanisms, where kinematic predictability is
critical. Topology optimization on the other hand enables
systematic generation of hygienic designs by minimizing
contamination-prone geometries a priority in aseptic en-
vironments.

Given this study’s emphasis on Grade A compliance,
topology optimization is selected. This method inherently
reduces micro-crevices and optimizes airflow compatible
geometries.

2.4.5. Actuation

As described in the PRISMA guided analysis of the liter-
ature, the choice of actuation method for monolithic com-
pliant mechanisms is critical to minimizing particle gener-
ation and ensuring smooth, contamination-free operation.
The selected actuation method must eliminate sliding or
rotating interfaces and avoid the use of lubricants. Table
2.6 provides an analysis of various actuation technolo-
gies possibly suitable for aseptic environments, based
on the reviewed papers. When selecting an actuation
method, the following factors have been considered:
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Figure 2.6: Decision graph that visualizes the actuation assessment

for compliant mechanism within the aseptic industry. Actuation types

where assessed on 5 different characteristics and scored from 1-10

where 10 was the best score and 1 the worst. See Appendix G table
2.9 for the values.

* Frictionless Operation : Methods that minimize
contact between moving parts can significantly re-
duce particle generation. Technologies like piezo-
electric motors or voice coils provide the necessary
motion without traditional moving joints.

* Precision and Control : High precision actuation
is necessary for gripping in pharmaceutical con-
texts. In the graph the criteria range of motion and
force will take this into account.
Integration Complexity : While pursuing ad-
vanced technologies, considerations should also be
taken into account regarding ease of integration,
scalability, and maintenance within the aseptic en-
vironment. In graph the combination of all criteria
will determine this.
Regulatory Compliance : Actuation methods
must meet strict industry standards, ensuring that
they do not introduce contaminants and that they re-
main stable under sterilization processes and asep-
tic conditions. In the graph this is covered by the
criteria Aseptics.

Within this context, each actuation method presents
a unique set of advantages and trade-offs in terms of effi-
ciency, precision, and integration complexity. Therefore,
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careful evaluation is necessary on a case by case basis
to select the most suitable strategy for specific applica-
tions. For instance, in the case of developing a compli-
ant gripper for handling Petri dishes, a voice coil actua-
tor appears to be a promising option due to its capacity
for smooth, precise motion and the avoidance of contam-
ination risks while still having a suitable range of motion.
The Cryogenic Voice Coil as can be seen in figure 2.7 in
specifically. True that encapsulation in titanium it is com-
posed of aseptic approved material and has less chance
of sheading particles.

/
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Figure 2.7: Voice Coil designed by JPE specificity for Cryogenic
conditions. Resulting in a voice coil encapsulated in Titanium and with
small heat generation characteristics < 10W. [63]

Analysis of Actuation Methods
» Piezoelectric Motors : Offer high precision and
quick response times, providing frictionless opera-
tion that is ideal where micro precision is critical.
However, they are limited by stroke length and re-
quire high operational voltages, which could compli-
cate integration. [59], [64]

* Voice Coils: By using Lorentz force, voice coils pro-
vide seamless, contactless operation suitable for
applications needing bigger displacement ranges.
While they can offer smooth motion and avoid
wear, they may necessitate additional considera-
tions for cooling and electromagnetic interference
(EMI) shielding.[63]

» Magnetic Levitation (Maglev) : Actuation through
magnetic fields offers advantages such as zero con-
tact and the elimination of lubrication needs. How-
ever, the complexity and cost associated with con-
trol systems and power requirements can be limit-
ing factors.[65]

» Shape Memory Alloys (SMA) : SMAs offer com-
pact design potential and silent operation but can
suffer from slower response times. They are also
often criticized for thermal hysteresis and particle
shedding. Their compactness and suitability for
space constrained automation offers advantages.
The primary challenges heat generation and mate-
rial degradation can be mitigated through thermal
encapsulation (For example silicone sleeves) and
high cycle life alloys like NiTiCu. [66]

2.4.6. Production Methods

The manufacturing of CM’s requires careful selection
of production methods to meet both functional require-
ments (precision, fatigue resistance) and aseptic regu-
latory constraints (surface roughness). Table 2.7 shows
an overview of the most common production techniques,
their impact on material properties, and their suitability
for aseptic pharmaceutical applications. From this table
it can be concluded that the decision for production tech-
nique will be highly depended on the application of the
specific component and therefore a standard solution can
not be recommended but should be evaluated on case
basses to get the most effective solution. However from
an implementation standpoint CNC Machining will be the
easiest and could therefore be seen as an initial starting
point when evaluating options [3].

2.4.7. Research Gap
Existing studies on compliant mechanisms (CMs), includ-
ing “Achieving near-zero particle generation by simplic-
ity of design—A compliant-mechanism-based gripper for
clean-room environments” (Budde et al. (2024) [55]), val-
idate their ability to reduce particle emissions by eliminat-
ing joints and friction. However, translating these bene-
fits to pharmaceutical aseptic production remains under
explored.

Key gaps include:

» Dynamic Performance : Pharmaceutical grippers
operate at high frequencies (300+ cycles/minute)
under cyclic sterilization, necessitating fatigue stud-
ies on materials like PEEK or 316L stainless steel.

» Microbial Retention : No research optimizes CM
surface topologies to prevent biofilm formation in
micro-crevices, despite EU GMP Annex 1’s clean-
ability mandates.

+ Airflow Compliance : 1SO 14644-1 [18] mandates
laminar airflow (0.45—-0.55 m/s), yet no studies inte-
grate CFD with CM motion to quantify turbulence in
isolators.

* Regulatory Alignment : Current CM designs lack
validation against GMP protocols, creating a discon-
nect between mechanical innovation and pharma-
ceutical compliance.

In summary, while CMs reduce particle generation,
their adoption in aseptic production demands interdis-
ciplinary research to address sterilization durability, dy-
namic fatigue, regulatory integration, and manufactura-
bility bridging the gap between cleanroom principles and
pharmaceutical grade compliance.

2.5. Discussion

2.5.1. Fatigue life

Although fatigue life of the different materials is discussed
and the effect of sterilization methods is also taken into
account it should be noted that the fatigue life behaviour
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Table 2.6: Actuation Methods for Compliant Mechanisms in Aseptic Applications

Method Principle Force Range Displacement | Advantages Limitations
Piezoelectric Voltage-induced 50-1000 N 10-200 pm - Zero friction - Limited stroke
deformation - Sub-pm precision - High voltage (60—-150 V)
- Fast response - Hysteresis
Voice Coil Lorentz force-driven | 1-50 N +5-20 mm - Contactless - Requires cooling
motion - Smooth motion - Moderate force
- No wear - EMI shielding
Maglev Magnetic field 0.1-10N +1-10 mm - Zero contact - Complex control
levitation - No lubrication - High power
- Scalable - Costly
Pneumatic Compressed 5-100 N 10-300% - Low particle risk - Sterile air required
air-driven strain - High compliance - Slow response
- Simple design - Hysteresis
SMA Thermal phase 0.1-5N 2—-8% strain - Compact - Slow cooling
change - Silent - Low efficiency
- Direct drive - Fatigue
Table 2.7: Production Methods for Compliant Mechanisms [3]
Method Process Materials Surface Advantages Limitations
Roughness
(Ra pm)
Additive Layer-by-layer - Polymers: PEEK 0.5-15 - Complex geometries - Residual stresses
Manufacturing fabrication: - Metals: 316L - Monolithic designs - Requires post-processing
- SLA stainless steel, - Rapid prototyping (polishing)
- SLS titanium - Limited to small batches
- DMLS
CNC Machining | Subtractive: - Stainless steel 0.4-3.2 - High dimensional - Geometric constraints
- Milling 316L (polishable to accuracy (undercuts)
- Turning - Aluminum <0.4) - Biocompatible finishes - Tool marks trap particles
- PEEK - Excellent material if unpolished
- PTFE properties
Injection Molten material - PEEK 0.1-0.8 - Smooth surfaces - High tooling costs
Molding in mirror-finish - PTFE - Scalability - Limited to high volumes
molds - Medical-grade - No post-processing - Low design flexibility
silicones
Laser Precision laser - Thin stainless 0.8-2.5 - Fine features - Thermal stress alters
Cutting/Etching ablation steel sheets (deburring - Rapid prototyping properties
- Polyimide required) - Low cost - 2.5D geometries only

of materials could be significantly effect by the combi-
nation of the rigorous sterilization and continues load-
ing cycles. For instance, PEEK’s glass transition tem-
perature (143°C) lies close to autoclave conditions (121—
134°C), potentially accelerating stress relaxation during
repeated sterilization cycles. Similarly, 316L stainless
steel, while robust against steam, may develop stress cor-
rosion cracks under chloride-rich CIP agents when sub-
jected to cyclic flexural loads. Future studies should im-
plement accelerated aging protocols, combining 10,000+
load cycles with weekly autoclave exposure. Real time
particle monitoring during these tests could correlate ma-
terial degradation with USP <788> particulate thresholds,
bridging mechanical failure modes to contamination risks.

2.5.2. Scalability of Additive Manufacturing

AM’s layer by layer process creates micro-crevices (even
post polishing) that could harbor biofilms. How does this
compare to CNC machined surfaces in microbial reten-

tion studies? For large scale production, it could mean
that AM’s residual stresses and batch variability require
100% inspection, increasing costs.

2.5.3. Design Methodology

In this review there has mostly been looked at using a
PRBM model in combination with FEM or topology opti-
mization as design methodologies for the CM. The choice
to mostly focus in on these two was made as these where
used in similar CMs design synthesis covered in the
PRISMA guided literature search. As such it was deemed
that they where the most relevant. However there are
other options available that could be used, which in the
future might be interesting to research further.

2.5.4. Actuation Challenges

Choosing an appropriate actuation method for compliant
mechanisms in aseptic environments is crucial to minimiz-
ing particle generation. While this study identified promis-
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ing actuation technologies such as piezoelectric, maglev,
and voice coil actuation, each has trade-offs in terms of
power efficiency, precision, and integration complexity.
Future studies should conduct experimental validations
to determine the most effective actuation strategies for
specific aseptic applications.

2.5.5. Material Constraints

While this study identified materials that meet regulatory
requirements for aseptic environments, additional mate-
rials may be viable but were not considered within the
scope of this research. Future work should explore al-
ternative materials, to expand design possibilities while
maintaining compliance with sterilization requirements.

2.5.6. Risk Mangament

While this study provides an insight in the design require-
ments needed to design an aseptic gripper, to get it ap-
proved for this strict industry there are a lot of risk man-
agement steps that should be followed. Due to the focus
of this study on the mechanical design this was not encop-
erated opon but should be considered when implement-
ing such a solution in real production lines. Especially
with the risks with fatigue life of compliant mechanisms
which needs to be properly verified.

2.5.7. Production Method

While a comprehensive overview of the different produc-
tion methods and there subsequent advantages and dis-
advantages has been composed. There are still more
different production methods possible and based on the
design requirements of a specific mechanism it could be
relevant to research literature more specifically.

2.5.8. Regulatory rules

This study mostly focusses on the European and Ameri-
can regulations. However based on the region a system
is implemented there could be alternative or supplemen-
tary rules which should be considered.

2.6. Conclusion

This systematic review demonstrates that CMs hold great
potential for aseptic pharmaceutical manufacturing, ad-
dressing critical contamination risks inherent to traditional
rigid-body systems. By synthesizing insights from cryo-
genics, aerospace, and cleanroom robotics, this study es-
tablishes a design framework tailored to Grade A environ-
ments, where particle generation, sterilization resilience,
and laminar airflow compliance are crucial.

The PRISMA-guided analysis of 214 studies shows
the superiority of monolithic CM designs in eliminating
friction-induced particles and biofilm-prone crevices. Ma-
terial validation identifies PEEK and 316L stainless steel
as optimal candidates, balancing autoclave resistance
(121°C, 15 psi) with fatigue performance under cyclic
loading. Topology optimization emerges as a promis-

ing methodology, allowing geometries to minimize turbu-
lence while adhering to cleanability constraints (radii > 3
mm, Ra 0.8um). Actuation integration, particularly voice
coil systems, proves critical for frictionless operation, re-
ducing emissions to < 1,200 particles/m® needed to com-
ply with ISO 14644-1 Class 5 thresholds.

The proposed roadmap (See Appendix 2.6.4) bridges
regulatory gaps by aligning CM validation with EU GMP
Annex 1 and FDA 21 CFR 211.67, advocating for ri-
boflavin coverage testing, accelerated aging protocols,
and USP < 788 > particulate monitoring. By eliminating
multi-component assemblies, CMs reduce CIP/SIP com-
plexity, cutting maintenance downtime.

Future work must prioritize prototyping (a table with
proposed design requirements can be found in Appendix
H) and lifecycle testing under GMP conditions, with em-
phasis on dynamic fatigue behavior of PEEK flexures and
long-term VHP compatibility. This research shows that
CMs are not just incremental improvements but can be
enablers for future "zero-particle” pharmaceutical produc-
tion, aligning mechanical innovation with patient safety.
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APPENDIX A : The Aseptic Pharmaceutical

Industry

The aseptic pharmaceutical industry is a specialized sec-
tor dedicated to the production of sterile medicinal prod-
ucts, including injectables and vaccines, which are admin-
istered directly into the human body. Unlike non-sterile
pharmaceuticals, these products cannot undergo termi-
nal sterilization (autoclaving) after final packaging due to
the sensitivity of their active ingredients, such as proteins
or mRNA, to heat, radiation, or chemical agents. There-
fore, aseptic manufacturing relies on the assembly of pre-
sterilized components (vials, stoppers, syringes) within
controlled environments designed to prevent microbial or
particle contamination during production. [36], [27]

Cn=10"x(0.10)2%

Airborne particle concentration, Cn (particles/m3)
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Figure 2.8: I1SO class concentration limits for the clean-room,
specificity ISO class 5 is relevant as that corresponds to the current
concentration limit allowed for Grade A areas. Image from Prabu et al.
(2017) [67]

2.6.1. Isolators

Isolators are central for current aseptic production. An
isolator is a closed system engineered to maintain sterility
by physically separating it from operators. Constructed
from stainless steel or rigid polymers, isolators integrate
advanced filtration and sterilization systems to achieve
ISO Class 5 (Grade A) [9] conditions, where particle
counts are limited to 3, 520 particles (0.5m) per cubic me-
ter; see Figure 2.8 for a visualization of the different ISO
classes and their respective particle limits.

Isolators operate under unidirectional airflow (UDAF),
where HEPA filtered air flows uniformly at 0.45-0.55
m/s to sweep contaminants away from product exposure
zones. While automated decontamination methods such
as vaporized hydrogen peroxide (VHP) or chlorine diox-
ide gas are primary sterilization tools, operators also per-
form supplementary cleaning via glove ports integrated
into the isolator walls. Using sterile wipes soaked in
cleaning agents (such as hydrogen peroxide, sodium
hypochlorite), personnel manually clean surfaces, seals,

and equipment within the isolator. This process adheres
to strict standard operating procedures (SOPs) to prevent
contamination, including:

Aseptic technique training: Operators practice glove
port maneuvers in simulated environments to avoid com-
promising isolator integrity.

Real time particle monitoring: Sensors trigger alerts
if particle counts exceed ISO Class 5 thresholds during
cleaning.

Post cleaning validation : Surfaces are swabbed and
tested for microbial recovery to ensure efficiency.

While robotic automation is increasingly replacing
manual tasks, human intervention remains necessary for
complex maintenance or localized contamination events.
This hybrid approach balances the sterility benefits of
isolators with the flexibility required in dynamic produc-
tion environments. Material transfer occurs through rapid
transfer ports (RTPs) or autoclaves, ensuring sterile com-
ponents enter without breaching the system. Robotic ma-
nipulators or glove ports enable human interaction while
minimizing contamination risks.

2.6.2. Regulations
Aseptic manufacturing needs to follow strict regulations
to ensure patient safety a few of them are:

EU GMP Annex 1 (2022) [7]: Mandates Grade A
zones for high risk operations (vial filling), continuous
environmental monitoring, and validation of sterilization
processes through media fills simulated production runs
using microbial growth media.[8] FDA 21 CFR Parts
210/211 [30] : Requires materials in contact with sterile
products to be non-reactive, non-shedding, and resistant
to degradation from repeated sterilization. ISO 14644 Se-
ries [17], [18]: Defines cleanroom classifications, airflow
testing protocols, and particle count thresholds.

2.6.3. Operational Challenges

The industry faces challenges, including human opera-
tor contamination risks, which remain a primary source
of contamination despite protective clothing. Mechanical
systems with sliding joints or lubricated parts also have
the risk of generating particles during operation. In addi-
tion, materials must endure aggressive sterilization meth-
ods, such as autoclaving (121°C, 15 psi) or VHP cycles,
without warping, leaching, or losing structural integrity.
Validating isolator systems requires 6—12 months of rig-
orous testing, including smoke studies, particle monitor-
ing, and microbial air sampling, to comply with regulatory
standards.[23]

2.6.4. Summary

The aseptic pharmaceutical industry operates under strict
sterility requirements to safeguard patients. Isolators, ad-
vanced filtration systems, and robotic automation collec-
tively address contamination risks, yet challenges persist
in balancing operational efficiency with regulatory compli-
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ance. This shows the necessity for continuous innovation
in materials, processes, and infrastructure to meet evolv-
ing demands of sterile drug production.

APPENDIX B : Terms

ASME - American Society of Mechanical Engineers

BPE - Bioprocessing Equipment (ASME BPE stan-
dard)

CFD - Computational Fluid Dynamics
CIP - Clean In Place

COP - Clean Out of Place

EC - Eligibility Criteria (e.g., EC1-EC4)
EMA - European Medicines Agency

EU GMP - European Union Good Manufacturing
Practice

FDA - Food and Drug Administration

HEPA - High-Efficiency Particulate Air filter

ISO - International Organization for Standardization
PAO - Polyalphaolefin (used in particle testing)
PEEK - Polyether Ether Ketone

PEG - Polyethylene Glycol (used in smoke studies)

PRISMA - Preferred Reporting Items for Systematic
Reviews and Meta-Analyses

PSL - Polystyrene Latex

PTFE - Polytetrafluoroethylene

RA - Roughness Average

SIP - Sterilize In Place

UDAF - Unidirectional Airflow

USP - United States Pharmacopeia
WA&S - Wash and Sterilization

WIP - Wash In Place

AM - Additive Manufacturing

BI - Biological Indicators

CAD - Computer Aided Design

CFU - Colony Forming Unit

ClI - Chemical Indicators

CM - Compliant Mechanism

CNC - Computer Numerical Control
DMLS - Direct Metal Laser Sintering
EAP - Electroactive Polymer

EMI - Electromagnetic Interference
EO - Ethylene Oxide

EPDM - Ethylene Propylene Diene Monomer
FEA - Finite Element Analysis

GA - Geometric Advantage

MEMS - Micro-Electro-Mechanical Systems
MIR - Minimum Invasive Robotics
PA - Polyamide

PC - Polycarbonate

PETP - Polyethylene Terephthalate

POM - Polyoxymethylene

PP - Polypropylene

PRBM - Pseudo-Rigid Body Model
PSM - Point-Spring Model

PU - Polyurethane

RBR - Rigid-Body Replacement
RTP - Rapid Transfer Ports

SLA - Stereolithography

SLS - Selective Laser Sintering
SMA - Shape Memory Alloys

SMP - Shape-Memory Polymers
SOP - Standard Operating Procedures
SS - Stainless Steel

UV - Ultraviolet

VCA - Voice Coil Actuator

VHP - Vaporized Hydrogen Peroxide
VOC - Volatile Organic Compounds
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APPENDIX C: Planning
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APPENDIX D: Application Possibilities Compliant Mechanisms
This appendix shows the different application possibilities for compliant mechanisms that are there in the aseptic
industry filling lines. The application possibilities are divided in the three different groups.
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APPENDIX E:

Material Table

This table has been composed based on the requirements that materials are subjected to as described in
The materials that are covered in this table are based on materials internally approved in

section 2.3.1.

Novo Nordisk as well as materials commonly used in the Industry.

[41], [68], [69], [38], [43], [70], [71], [72]

Material BiocompatibilitParticle Thermal | Chemical | Sterilization | Mechanical Key Restrictions
Certification | Emission | Stability | Resistance | Methods Notes
Risk
Stainless Steel 316L (EN 1.4404) ISO 5832-| Low (if pol-| Stable to | High (re-| Autoclave, High fatigue | Avoid abrasive
1:2024, USP |ished) 400°C sists acids,| Gamma, CIP,| strength, rigid cleaning (risk of
Class VI bases, VHP pitting)
solvents)
Super Duplex (EN 1.4410/SAF2507) | ASTM Low Stable to | Exceptional | Autoclave, High strength, | Cost prohibitive for
A182, NACE 300°C (chloride Gamma corrosion resis-| small mechanisms
MRO0175 resistance) tant
Titanium Grade 5 ISO 5832-| Low (if pol-| Stable Excellent Autoclave, High strength to | Galvanic pairs (e.g.,
3 (surgical | ished) to 300°C | (chlorides, | Gamma, VHP,| weight ratio, fa-|with steel)
implants), (contin- | saline, EtO, IPA tigue resistant
ISO 10993-1, uous), oxidizing
ASTM F136 600°C acids); Poor
(short- (reducing
term) acids  like
HCI)
Anodized Aluminium (AW5083/6082) | ISO 7583, | Moderate Stable to | Moderate Chemical Lightweight, Not for fluid con-
FDA 21 CFR | (anodized 150°C (sensitive (H20,), EO moderate tact; anodization de-
§177.1460 layer) to  strong strength grades with steam
bases)
Bronze (Non-External) ASTM B584,| High (if un-| Stable to | Poor  (ox-| Chemical High wear resis-| Restricted to inter-
FDA 21 CFR | coated) 230°C idizes in | wipe (ethanol) | tance nal, dry areas; cop-
§175.300 moisture) per leaching risk
PEEK ISO 10993-1,| Very Low Stable Excellent Autoclave, High stiffness, | Avoid chlorine-
USP Class VI to 250°C | (except Gamma, EO,|low creep based cleaners
(short chlorine) VHP
term)
PTFE (Teflon) USP Class VI,| Low Stable to | Exceptional | Gamma, EO | Low friction,| Avoid  high-stress
FDA 21 CFR 260°C (inert) cold flow issues | dynamic applica-
§177.1550 tions
Nylon (PA) FDA 21 CFR | Moderate Stable to | Moderate EO, Chemical | Flexible, wear-| Avoid humid envi-
§177.1500, (hygro- 100°C (hydrolysis resistant ronments; absorbs
1ISO 10993-10 | scopic) risk) moisture
PU (Polyurethane) USP Class VI, | Moderate Stable to | Poor (UV/o-| EO, H,0, | Highly flexi-| Medical grade only;
1ISO 10993-3 | (degrada- 80°C zone degra-| Plasma ble, variable | avoid prolonged UV
tion) dation) hardness exposure
PC (Polycarbonate) FDA 21 CFR|Low Stable to | Moderate Gamma, EO | Impactresistant,| Stress cracks with
§177.1580, 135°C (sensitive to transparent alkalis
ISO 10993-1 alkalis)
PP (Polypropylene) USP Class VI, | Low Stable to | High (chem-| EO, Autoclave | Low cost, | Poor fatigue resis-
FDA 21 CFR 100°C ically inert) | (limited) lightweight tance; not for cyclic
§177.1520 loading
EPDM FDA 21 CFR | Moderate Stable to | Poor  (hy-| Peroxide Elastic, good |Limited to static
§177.2600, (porous 120°C drocarbons, | based chemi-| sealing proper-| seals; avoid dy-
1ISO 10993-1 | surface) oils) cals ties namic friction
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APPENDIX F: Flow chart
To make it easier to understand the connection between the different parts of the material covered in this literature

review a flow chart has been composed. This flow chart should be used as guidance to understand the main steps in
developing a compliant mechanism in the aseptic environment but should not be seen as a stand alone document.

v

Piezosiscic
Acttor

-

~200 Vot Sl shielgng

~Precsion  Stoko: s1omm
$01um

—>  opcor

Particlo Tosting Allow tosting:

-150 145441
Class's

|

Figure 2.11: Flow chart visualizing the different steps that need to be followed to synthesis a compliant gripper of an grade A environment
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APPENDIX G: Scoring Tables for the Selection Procedures

Table 2.8: Material Properties for Aseptic Applications. This table is used to make the decision graph for the material selection. The table has
been made based on the information gathered in section 2.3.1 and Appendix E

Material Particle Thermal Chemical Fatigue Cost Manufact. Bio- Abrasion wis
Risk compat. Ratio
SS 9 9 9 9 6 7 10 9 6
SD 9 8 10 9 4 5 9 9 7
Ti Grade 5 9 8 10 10 2 4 10 10 10
AA 6 6 7 7 7 8 8 7 8
Bronze 5 6 4 5 8 9 5 4 5
PEEK 10 8 9 9 4 6 10 8 8
PTFE 8 7 10 7 5 6 9 5 7
PA 6 5 8 6 9 9 7 6 7
PU 5 4 4 3 8 8 6 5 6
PC 4 6 6 5 7 8 7 5 7
PP 4 5 10 7 9 9 8 4 7
EPDM 5 6 3 3 8 7 5 3 5
PETP 7 7 8 7 6 7 8 6 7
POM 6 7 8 8 7 8 7 7 7
Silicone 5 9 9 8 6 6 9 3 6

Table 2.9: Actuation Mechanism Properties for Aseptic Applications. This table is used to make the decision graph for the actuation selection.
The table has been made based on the information gathered in section 2.4.3, 2.4.5

Name Friction Voltage Motion Range Force Aseptic Cycles
Piezo 9 6 6 10 9 9
SMA 9 8 6 5 8 7
Electrostatic 10 6 4 5 4 8
Adhesion

Pneumatic 6 10 8 10 5 9
Electromagnetic 8 8 8 8 7 9
Hydrostatic 6 9 8 10 5 9
EAP 3 2 5 5 4 6
VCA 9 7 9 8 8 10
Thermal 10 7 6 3 7 6

Expansion
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Table 2.10: Compliant mechanisms scoring table. The scores are based on the data from Appendix D. The dark gray column ” Complexity
Compliant mechanism” is composed of the three dark gray columns on the right

Application Ares .l:tuatinhn Cleanability | Number of
Complexity | Importance Cycles
Filling bridge (movement] 4 4 5
Plungering station [(Movement] 5 3 5
Gripper for Tivac removal 4 4 3
Wagons 2 5 4
Empty Cartridge lifter 4 4 3
Cartridge Sizor 2 5 3
Mest transporter 1 3 4
Singularity Clamp For Aseptic assembly 1 4 1

APPENDIX H: Design Requirements Compliant Gripper Aseptic Industry

This table shows the design requirements for a compliant gripper in aseptic production based on the information
discussed in this paper. For each requirement a short description is given and if the requirement is a wish or a
demand.

Table 2.11: Design Requirements for Aseptic Handling System

Requirement Value Description Demand/Wish
Aseptic class Grade A/ISO 5 Required air quality in isolator-based filling lines per regulations D
Maximum Dimension 250x250%250 Rough size estimation based on robotic handling arm w
mm
Maximum Weight 5 kg Operator handling limit (lower preferred) D
Force per finger 6N Required force for petri dish handling w
VHP resistance 30% Steam-in-Place cleaning requirement D
Interface Linear input Force compatibility with VCA actuator D
Cycles > 107 Minimum industry-standard lifecycle w
Cycle time 5s Minimum interesting duration (faster preferred) w
Heat resistance >120C Autoclaving sterilization requirement D




Design Process

The design process of the compliant flexure based gripping mechanism for application in a Grade A aseptic envi-
ronment followed a systematic, iterative approach. This section describes the progression from the initial concept
development to the final optimized design, highlighting key design decisions, challenges, and methods used. The

design process was divided into distinct phases: initial ev:

aluation and problem framing, actuator selection, devel-

opment of a linear guide support system, design and modelling of the gripping mechanism, and development of an
aseptic compatible bayonet lock for modularity and cleanability.

3.1. Initial Evaluation and Problem Framing

The study began in chapter 2 with the identification of
the fundamental requirements and constraints based on
specifications for Grade A aseptic environments as out-
lined in EU GPM ANNEX 1 (2022) [7]. These environ-
ments require ultra-clean operation where contamination
risks from particle generation and surface residues must
be minimized. With this in mind, the primary functional
goal of the mechanism was defined as enabling a se-
cure, precise grip on small, sensitive components while
preserving sterility and cleanliness.

3.1.1. Design Requirements Compliant Gripper
The requirements were broken down into primary and
secondary objectives:

Primary Objectives:

1. Develop a gripping mechanism that applies suffi-

cient force to securely hold objects between 5-10

mm in size (e.g. cartridges, vials, and Petri dish,

etc.).

. Eliminate traditional rigid-body joints to prevent
sources of contamination, such as lubricant usage
or wear-induced particles.

. Retain operational performance in harsh steriliza-
tion conditions such as autoclaving or exposure to
aggressive cleaning agents.

Secondary Objectives:

1. Ensure Compatibility with Clean-In-Place (CIP) or
Clean-Out-of-Place (COP) procedures.
Minimize overall size and weight for integration with

industrial robotics.

2.
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3. Reduce number of parts and complexity to enhance
manufacturability and reliability.

3.1.2. Design Phases and Building Blocks

Linear guide
Byonet lock

Coupling | .

Robotic
arm

Gripping
mechanism

Figure 3.1: Design of the full Compliant gripper mechanism with the
different building blocks indicated.

The design phase was divided into a set of building
blocks, each of which was introduced to meet a specific
functional requirement or regulatory constraint for the op-
eration in Grade A aseptic environments, the different
building blocks can be seen in figure 3.1 . After the prob-
lem framing, these blocks defined the design progress.

At the core sits the actuator module. Its role is fun-
damental: it supplies the primary, controllable input mo-
tion and force that the compliant mechanism must be de-
signed around. In an aseptic setting the actuator cannot
be chosen on performance alone; it must avoid sliding
seals, lubricants and other features that generate parti-
cles or create crevices that trap contaminants. The actu-
ator establishes the boundary conditions such as stroke,
peak force and design envelope that constrain design de-
cision.

Closely coupled to the actuator is the linearguide mod-
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ule. A voice coil or similar contact free actuator produces
excellent axial motion but is vulnerable to off-axis deflec-
tion of the moving elements. The linear guide’s purpose is
to protect the actuator and ensure repeatable translation:
it constrains radial and rotational degrees of freedom so
that the moving coil or magnet cannot contact stationary
parts, which would create wear debris or upset position-
ing.

The compliant gripper converts the actuator’s central
displacement into the controlled jaw motion needed to
handle vials, cartridges and Petri dishes. This block ex-
ists to eliminate conventional joints and bearings that
are difficult to clean, instead using monolithic flexures to
transform and amplify motion. The gripper must therefore
satisfy kinematic, force and cleanability requirements si-
multaneously: it must produce the required tip travel with
low parasitic deflection, minimise stress concentrations
that compromise lifespan, and avoid small cavities or dis-
continuities that would violate washability rules.

To enable rapid wash and sterilize cycles and safe
tool changes, a modular locking sub-block provides a hy-
gienic means of securing the mechanism. The locking
concept must deliver constraint in all six degrees of free-
dom while avoiding sliding, threaded, or hinged interfaces
that generate wear or trap contaminants.

3.2. Actuator Selection and Constraints
Analysis

3.2.1. Actuation System Overview

One of the critical aspects of the design was the selec-

tion of the actuator to drive the gripping mechanism. The

actuator had to meet the following criteria:

1. Cleanliness: Suitable for aseptic environments,
avoiding risks of particle emissions or lubricant de-
pendencies.

2. Precision: Ability to generate small, repeatable,
and controllable displacements.

3. Compactness: Minimal size to allow ease of inte-
gration within robotic manipulators operating in con-
fined cleanroom spaces.

4. Output: Force-to-displacement ratio to activate the
gripper throughout its full range of motion.

3.2.2. Selection Process
In the literature study 2 several actuation methods were
evaluated. The main candidates identified were:

* Pneumatic Actuators: Rejected due to the po-
tential for contamination from leaks and increased
system complexity (e.g., tubing and valve controls).
[45]

» Piezoelectric Actuators: Found to lack suffi-
cient range of motion and would require ampli-
fication mechanisms, increasing design complex-
ity.[59], [64]

» Voice Coil Actuators (VCA): Selected for their in-
herent advantages: non-contact force generation,
high precision, compact form factor, and suitability
for particle-free environments.[65]

Based on the evaluation, it was determined to use a voice
coil actuator for the actuation of the system.

3.2.3. Actuator Constraints

- O | 06 O
Y- P | =N =
a) b)

Figure 3.2: a) Shows the fully vacuum compatible version of VCA
5536 actuator by Magnetic Innovation, b) shows the same 5536 VCA
actuator but not validated for vacuum use. Image from source [73]

based on the gripping mechanism’s specifications the
VCA minimum required operating parameters were de-
termined to be the following:

» Stroke: Required a minimum displacement of 4
mm to grip objects within the target size range (5—
10 mm).

» Force: Output force of at least 80 N was defined
to ensure sufficient actuation force to deform the
mechanism.

* Envelope Dimensions: Actuator dimensions were
constrained to < 100 x 70 x 70 mm to meet size re-
quirements.

After extensive research, the Vacum Actuator 5536
from the company Magnetic Innovation [73] was chosen
see figure 3.2. For the full overview see Appendix D. This
specific VCA was chosen as it offers the same certified
model for cleanroom applications made of aseptically ap-
proved materials with the correct performance character-
istics. For the prototype, the cheaper option that is not ap-
proved by vacuum was chosen; see Figure 3.2 b, asithas
the same characteristics and dimensions. The only char-
acteristics which are significantly different can be seen
in figure 3.3. These are axial and radial passive attrac-
tion force between coil and moving magnet as a result of
ferromagnetic steel being present in the design. As a re-
sult the axial force needs to be overcome when installing
and disassembling and should thus be account for (this
should not cause to significant issues as itis 40 N at each
peak so within operator limits). The radial force needs to
be accounted for in the positioning of the moving magnet
as when this is deflected slightly a force will pull it towards
the coil. However as the radial gap is only 0.5 mm this is
5 N at most and therefore should not cause problems.
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Figure 3.3: a) Shows the passive axial force vs distance of the 5536
VCA actuator, b) shows radial of multiple VCA actuator including the
chosen 5536 version. Graphs as supplied by Magneticlnnovation[73].

3.2.4. Actuation Strategy: Passive Gripping with Ac-
tive Release

The selection of the Voice Coil Actuator (VCA) and the
strict requirements of aseptic manufacturing led to a pas-
sive actuation strategy for gripping with active opening
and release. This approach is inspired by successful de-
signs in [55] and addresses several critical operational
considerations:

1. Energy Efficiency and Thermal Management:
VCAs, while precise and contamination free, gen-
erate heat when continuously powered. By design-
ing the gripper’s neutral (unactuated) position to be
slightly smaller than the object to be gripped, it main-
tains a secure grip passively, leveraging the compli-
ance of the mechanism to generate the necessary
gripping force. This eliminates the need for continu-
ous actuation power during the gripping phase, sig-
nificantly reducing heat generation and power con-
sumption.

2. Robustness Against Power Failure: In a criti-
cal aseptic environment, maintaining control over
pharmaceutical components is crucial. A passively
gripping mechanism ensures that objects are not
dropped in the event of a power outage, enhancing
overall system safety and product integrity.

3. Optimized for Repetitive Tasks: Pharmaceutical
isolator lines often involve repetitive handling of
specific, well-defined objects (e.g., vials, cartridges,
Petri dishes). This allows for precise optimization of
the compliant mechanism’s geometry such that its
unactuated state provides the exact required grip-
ping force, minimizing active control complexity.

4. Operator Safety: Unlike environments with human
interaction, the enclosed nature of an isolator re-

duces direct safety concerns for personnel regard-
ing a continuously forceful gripper. The primary
goal shifts to product safety and process reliability.

While the primary gripping action is passive, the VCA
is actively engaged to open the gripper, release objects,
or to provide active force augmentation during gripping if
higher or adjustable forces are temporarily required. This
hybrid approach capitalizes on the VCA's precision for dy-
namic movements while optimizing for efficiency and reli-
ability.

3.3. Development of the Linear Guide Sys-
tem

With the choice for a VCA as the actuation source for the

mechanism, more requirements are added to the design

of the compliant mechanism (CM). The resulting require-

ments are:

* The actuator provides a maximum input displace-
ment of +£4 mm, corresponding to a stroke range of
8 mm [73].

 Total VCA has a maximum of 140 N of actuation
force [73]. However, the design should be designed
for a maximum of 100 N, preferable even less to al-
low for some safety margin.

» The CM should support the permanent magnet and
resist parasitic motion. such that there is no contact
with the caoil.

» The LGM should be as compact as possible.

These requirements make it almost inevitable to use a
linear guide mechanism (LGM) in combination to the grip-
ping mechanism (GM) such that the coil will be correctly
supported. The compliant LGM will serves as a critical
element in the overall GM, providing precise translational
motion along the actuation (z) direction. The secondary
function of the LGM is to resist off-axis deformation and
ensure rotational stability, which are both critical for main-
taining overall alignment during operation and ensuring
no contact is made.

The design is influenced by principles described in key
works, including:

» A Long-Stroke Nanopositioning Stage With An-
nular Flexure Guides by Yang et al. (2021) [74]:
Provided the mathematical framework for analytical
stiffness modeling using Castigliano’s theorem and
the two-port mechanical network method.

» Design of a Cylindrical Compliant Linear Guide
with Decoupling Parallelogram Mechanisms by
Liu et al. (2022)[75] : Inspiration for fully decou-
pled flexure-based guiding systems with symmetry
to eliminate undesirable parasitic errors.

» A 2-DOF nano-positioning scanner with novel
compound decoupling-guiding mechanism by
Wang et al. (2021) [76] : Provided insights into
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range-of-motion management with compound com-
pliant mechanisms using additional sets of paral-
lel leaf springs to improve stiffness and manage
stress.

* Flexure Systems based on a Symmetric Di-

aphragm Flexure by Awtar et al. (2005) [77]

Investigates symmetric diaphragm designs us-

ing folded-beam pairs and curved-beam models

to guide the design of monolithic, laser-cut linear

guides with low parasitic rotation and tunable stiff-
ness.

The design draws heavily from these works while
adapting and improving upon their key ideas. Notably:

* An set of leaf flexures was removed (original 4
stacks reduced to 3 stacks) to balance rotational
stiffness and ensure a large range of motion while
maintaining the stress below the material yield
strength.

* A minimum flexure thickness of 0.5 mm was im-
posed to satisfy the constraints of manufacturability
given the limitations of 5-axis CNC machining. In-
creasing it from the requirement of 0.3 mm in [74]

* The double compound mechanism was extended
to include a third flexure to form a Triple compound
FPM to distribute the stresses more such that the
yield stress is not exceeded. See figure 3.5

3.3.1. Structure of the Linear Guide System

Removable Design

Fixed Design Removable Design

Linear quide Linear quide Linear quide
v Il I I I T
il il
H
il |l
! I 1l
Second smaller Second smaller

Figure 3.4: a) Double-sided LGM removable, b) Fixed double-sided
LGM, c) Single-sided LGM

2 b) )

Different configurations for the LGM were initially con-
sidered. For instance, designs featuring two LGMs on
both sides, as demonstrated in Yang et al. (2021) [74],
offer robust support. However, such configurations intro-
duce small, intricate geometries that are difficult to prop-
erly sterilize via manual Clean-In-Place (CIP). While Va-
porized Hydrogen Peroxide (VHP) sterilization might be
possible depending on the final design, it is not always
sufficient for the strictest Grade A environments. This of-
ten leads to the need for removal possibility such that au-
toclaving is possible. Consequently, more complex multi-
sided support structures were deemed impractical. This
led to the evaluation of two primary design options: a lin-
ear guide with a big and small LGM on either side, and a
single-sided LGM support see figure 3.4. Ultimately, the

single-sided LGM support was chosen due to its inherent
simplicity and ease of cleanability. This decision was fur-
ther supported by the off-axis to axial stiffness ratios and
the relatively small mass of the moving VCA components,
suggesting that sufficient stability could be achieved with
this simpler configuration.

Intermidiate link
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Figure 3.5: a) Conventional FPM, b) Compound FPM, c) Double
compound FPM, d) Tripple compound FPM .Image Inspired by [74].

The LGM employs a flexure based design, specifically
using symmetric parallel flexure guide mechanisms. In-
spired by the curved double-compound flexure parallelo-
gram mechanism (FPM) in [74] and the concept of decou-
pling parallelograms described in [76], this architecture
achieves:

1. Ahigh stiffness-to-compliance ratio forimproved po-
sitioning precision.

2. Effective decoupling of translational motion in the
z-direction from parasitic motion.

3. A compact form factor for better integration with the
VCA.

The chosen final structure consists of three double-
compound FPM stacks in parallel (rather than four) to ad-
dress the smaller radius and prevent the flexures from be-
ing undesirably thin. To accomplish this without exceed-
ing the material yield stress of Al-7075, the system was
configured with three FPM stacks and an extra set of leaf
flexures, inspired by the work presented in [76], where
additional parallel elastic members were introduced to
control stress distribution and ensure durability. For the
optimized flexure design, Z was calculated to ensure
omax < 0yield (503 MPa for Al-7075).

L=
T =

T

Figure 3.7: Deformation mode of the FPM
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The deformation mode of a single FPM set for a axial
load in z -direction can be seen in figure 3.7.
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Effect of Fillets on Stiffness

Yang et al. (2021) [74] analytical model neglected fillets
at flexure ends. These corner fillets improve cleanabil-
ity and reduce local stress concentrations, but they also
shorten the effective compliant span of each arc leaf and

therefore increase stiffness. The magnitude of this trade- .

off depends on geometric ratios such as fillet radius to
flexure thickness (R/h), fillet radius to arc length (R/Larc).
Figure 3.8 compares the linear guide mechanism with
and without fillets: the radiused transitions on the left vis-
ibly reduce the effective compliant length relative to the
sharp baseline on the right. If fillets are ignored, analyti-
cal predictions and FEA can under estimate stiffness and
over estimate peak stress relative to real life.

Li et al. (2021) [78] studied the effect of fillets on leaf
flexures show the significance of fillet effects. They found
that neglecting fillets produced compliance prediction er-
rors up to 30—-76 % in certain load cases, whereas models
that include fillets match nonlinear FEA within about 3.5
% and experiments within about 10 %. They also found
that peak stresses were reduced by roughly 33% at equal
deflection compared to sharproot baselines [78].

The Li model depends on angle dependent integrals
that grow strongly with span; even modest radii therefore
yield a noticeable increase in motion stiffness once the
shortened span is used in the element compliance.

vy

T

Figure 3.8: Visualization of effect of Fillets on leaf flectures ends on
the effective length

3.3.2. Initial Numerical Validation

A 3D-printed prototype was tested to verify the motion be-
haviour. Because printed polymer properties are highly
sensitive to process parameters (material grade, print
speed, temperature, layer orientation, infill, and post-
processing), the measured stiffness is not expected to
match the model exactly. The print served only to confirm
motion behaviour, clearances, and absence of parasitic
binding. The force—displacement curve from analytical
model and the 3D-print test are shown in Figure 3.9.

Figure 3.9: A test to verify the motion behaviour of the LGM by use of
a 3D print and the Instron tensile testing machine [79]

3.4. Gripping Mechanism Design

The design of the gripping mechanism (GM) is funda-
mentally constrained by the requirements of the selected
VCA and the subsequent designed LGM. This compli-
ance based GM must provide precise and reliable mo-
tion to ensure safe handling of pharmaceutical compo-
nents (e.g. vials, Petri-dish and cartridges) in aseptic
environments. It should fulfil this while minimizing par-
ticle generation and meeting cleanability standards. In
designing the GM, several functional and geometric con-
straints were identified, and different configurations were
explored to determine the most suitable solution.

The GM must integrate seamlessly with the fixed ge-
ometry of the LGM and VCA. The design was informed by
three key constraints. First, the mechanism must attach
to fixed points located at an outer radius of 40 mm such
that it can be mounted on the designed LGM. Second, it
must accommodate a centralized input motion applied by
the VCA at the centre, with a total stroke range of +4 mm
(8 mm total input). Third, the mechanism must effectively
translate this small, centralized input into a sufficient grip-
ping motion at the output tips, which will interact with the
objects being handled.

3.4.1. Evaluating Potential GM Configurations
To determine the optimal solution for the GM, various con-
ceptual designs were modelled and analysed, each in-
spired by established linkage systems and the principles
of the CM. The focus was on ensuring a balance between
simplicity, manufacturability, and compliance with aseptic
requirements while prioritizing precision and robustness.
The first consideration was related to the overall type
of GM, specifically whether a two-fingered mechanism
or a multi-fingered mechanism would be more suitable.
While multi-fingered grippers provide greater adaptability
for irregular or variable sized objects, they were deemed
less suitable for this application due to their increased
complexity and the challenges associated with clean-
ing and sterilization post-assembly. In contrast, a two-
fingered mechanism is simpler, easier to clean, and more
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tailored to the well defined geometries of objects com-
monly handled in aseptic pharmaceutical environments,
such as Petri dishes or vials. As such, the two-fingered
design was selected as the basis for further evaluation.

Finally, consideration was given to the use of a bi-
stable mechanism. A bi-stable mechanism operates
by snapping between two predefined states (open) and
(closed) without requiring continuous actuation force,
which would save energy during operation. While advan-
tageous in terms of energy efficiency, this design was ul-
timately rejected due to its unsuitability for handling sen-
sitive objects such as syringes and vials. The rapid snap-
ping behaviour introduced the potential for damage to del-
icate pharmaceutical components, making it less desir-
able in this application [53].

Several specific configurations of two-fingered mech-
anisms were then considered to analyse their suitability.
To better understand their motion behaviour and evaluate
their performance, a motion generator (MotionGen [80])
for linkage systems was used to simulate and visualize
their kinematics. Among the configurations considered,
the following were evaluated extensively.

Figure 3.10: a) Simple 2 fingered design, b) Topology optimized
inspired design, c) Different orientation of outward deflection resistant
design d) Third option of outward deflection resistant design e)Double

parallel linear path mechanism, f) Linear path generator )

Linear-trajectory generators: predictable tip paths
but sensitive to lateral deflection under asymmetric
loads. Inspired by Zhu et al. (2020) [5].
Outward-deflection-resistant linkages: improved
lateral stability at the expense of geometric com-
plexity and potential cleaning limitations. Zhu et al.
(2020)[5].

Topology-optimized linkages: mechanically effi-
cient but possible drawback for cleaning due to intri-
cate geometries and small cavities. And very high
local stresses in one node hinges.[81]

Simple two fingered design: Simple two finger de-
sign with only 3 hinge points, Inspired by the Budde
et al. (2024) study [55].

After the analysis of these configurations, the symmet-
ric flexure-based GM was selected as the basis for further

development. Its design offered a balance of simplicity,
precision, and compliance with aseptic handling require-
ments while minimizing complexity and ensuring modu-
larity.

3.4.2. Optimization of the GM

Grounded hinge joint

hinge joint F

Output displacemenet
path

sliding input joint

Optimization area

[JRigid bars inital
T 'Rigid bars end

ooooooo ® Hinge location initial

@ _Hinge location end

Figure 3.11: Design optimization of chosen design, by optimizing the
hinge joint locations

The selected design was subsequently optimized to im-
prove motion efficiency, maximize input-to-output dis-
placement, and ensure uniform stress distribution across
the structure. This optimization focused on the strategic
placement of joints to fine-tune both the force amplifica-
tion and the kinematic motion profile.

The first step in the optimization process involved
identifying the variables that could be modified. In this
design, each joint could be adjusted slightly in position to
influence the overall motion behaviour and stress distribu-
tion. However, the degree of freedom for joint placement
varied depending on functional constraints. For example,
the sliding input joint was limited by the requirement to re-
main close to the x-axis to maintain symmetry and align-
ment with the VCA actuator. Similarly, the ground joint
was constrained by its attachment to the linear guide sys-
tem. In contrast, the final intermediate joint had greater
flexibility for positional adjustment.

Using a simulation-based approach, the kinematic be-
haviour of the gripper was modelled for various joint con-
figurations. Two key outputs were calculated for each
configuration: the input-to-output displacement ratio and
the angular deflections of each joint. The input-to-output
displacement ratio provided insight into the efficiency of
motion transfer, while the angular deflections highlighted
potential points of high stress contributing to fatigue. This
iterative optimization process aimed to balance these ob-
jectives.

The results of the simulations were visualized using
Pareto plots, which allowed for identifying configurations
that achieved an optimal balance between motion effi-
ciency and stress minimization. Functional constraints,
such as maintaining sufficient stiffness and avoiding ex-
cessive angular rotation at the joints, were used to limit
the solution space. See Appendix B for the mathlab code
used.

Chosen point: Ground Y = 5.0; F = (9.0, 5.8). This
point is chosen based on the Pareto-knee behavior: The
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Pareto plot shows a distinct knee at this region. Up to the
knee, displacement ratio improves with relatively modest
increases in angular deflection; past the knee, the curve
steepens, small increases in amplification require dispro-
portionately large increases in joint rotation. Given the
primary objective to minimize angular deflection (to re-
duce hinge moments, stress concentration and fatigue)
while obtaining high motion amplification, the knee rep-
resents the optimal compromise. Selecting a point be-
yond the knee would yield marginal gains in displacement
ratio at the cost of substantially higher joint angles and
associated risks (reduced stiffness, higher bearing loads,
shorter life, and more demanding control).

Performance Trade-off (Color: Ground Y Position)

FY(36)

Figure 3.12: Pareto plot optimum for different joint locations with there
respective input-output displacement relation and the angle difference.

3.5. Rotational locking mechanism

CIP cop

Linear guide

Coupling
Robotic
arm

[ B

Byonet lock

Gripping
mechanism

a) b)

Figure 3.13: Design divided up in a) Clean in place parts b) clean out
of place parts

For modular tooling in isolators, such as this mecha-
nism, an aseptic locking mechanism is essential to en-
able rapid Wash and Sterilize (W&S) changeovers while
maintaining Grade A/ISO 5 conditions [7] [16]. Threaded
fasteners (screws) are increasingly discouraged because
thread roots and blind pockets act as micro-crevices
and “dead legs,” compromising cleanability during CIP
[7]. Consequently, the locking concept should ideally be
monolithic, hinge-less, and provide constraint of all six de-
grees of freedom (DOF), while remaining easy to engage
using glove ports and compatible with CIP/SIP and auto-
claving. Infigure 3.13 the CIP and COP parts that need to
be connected with this locking mechanism are visualized.

Design requirements derived from aseptic regulations

and hygienic design

» Constraining in 6-DOF.

« sterility by design: Minium radius (R = 3 mm), min-
imal internal cavities, and self-drainable surfaces
(preferred slope = 3°), with surface roughness Ra
< 0.8 ym. See literature report section 2.3.2.

* No hinges or lubricated joints.

» W&S compatibility: Access for flow paths and wip-
ing during CIP; avoidance of dead legs (lengths
greater than 3x the internal diameter) and stagnant
zones and use of autoclave/VHP resistance materi-
als see literature rapport section 2.3.2..

Options in literature and aseptic constraints

» Screws: Provide axial retention and anti-rotation
via friction and thread geometry but create thread
roots and blind holes that are difficult to clean, vi-
olate dead-leg guidance; therefore, they are being
phased out for Grade A tooling.

» Bayonet/quarter-turn locks: Offer quick engage-
ment. However, conventional bayonets use sliding
contact across slots, which can create wear parti-
cles unless surfaces are fully polished and radiused;
slot geometry must avoid sharp corners and must
drain.

» Kinematic couplings: Three V-grooves mating with

three ribs or spherical elements provide determin-

istic 6-DOF constraint with minimal contact area
and repeatable positioning. Classical ball-vee de-
signs introduce multi-part elements and cavities
that can trap fluids; hygienic variants with shallow
vee grooves and flush ribs in monolithic parts miti-

gate these risks if radiused and polished [82].

Compliant snap-fits: Circumferential or tabbed

snap features provide hinge-less, elastic engage-

ment. Properly designed snaps can deliver axial re-
tention and torsional detents without sliding joints.

Stress concentrations must be verified for fatigue

and sterilization effects [83] [84] .

Selected locking concept: compliant kinematic snap-
bayonet To satisfy 6-DOF constraint, tool-less engage-
ment, and aseptic geometry, we propose a hybrid con-
cept combining a bayonet lock with a monolithic compli-
ant snap for retention and anti-rotation.

Retention and anti-rotation: A circumferential compli-
ant snap fit that deflects elastically over a broad, radiused
shoulder. Once seated, provide torsional resistance. Re-
lease is achieved by a simple axial tool that elastically lifts
the tabs, avoiding hinges and minimizing sliding. Drain-
ability and flow access: All pockets are sloped = 3° and
opened to the exterior to prevent fluid stagnation during
CIP and to meet dead-leg guidance; no blind threaded
features or undercuts are present.
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Figure 3.14: Exploded vieuw of the Final design as it has been orded for further analasys
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This chapter covers the methodologies, analytical models, numerical techniques, and experimental procedures used

to investigate and validate the compliant mechanisms de
analysed, optimized, and prepared for validation.

4.1. Overall Research Approach

This research used an iterative design and validation ap-
proach. Following the design requirements (Chapter 3),
literature insights (Chapter 2) and finally the conceptual
designs for the linear guide mechanism (LGM) and grip-
ping mechanism (GM) as they were formulated in Chap-
ter 3. These designs were analyzed and optimized using
analytical modeling and Finite Element Analysis (FEA)
for component- and system-level evaluation. Design it-
erations were refined based on these analyses, prioritiz-
ing kinematic performance, stress distribution, and clean-
room compatibility. Lastly, an experimental validation will
be performed.

4.2. Analytical Stiffness Modelling

Analytical modelling provides the theoretical framework
for predicting the mechanical behaviour of compliant ele-
ments and mechanisms. These models are crucial for
initial design sizing, rapid parameter optimization, and
benchmarking numerical simulations, offering fundamen-
tal insights without relying on computationally intensive
Finite Element Analysis (FEA).

4.2.1. Analytical Modelling of Corner-Filleted Arc
Leaf Flexures for Linear Guiding Mechanisms

To characterize the flexural elements within the Lin-
ear Guiding Mechanism (LGM), an analytical model for
Corner-Filleted Arc Leaf Flexures (CFLFs) was devel-
oped. This model integrates geometric and mechanical
effects of corner fillets and linear width tapering, features
implemented in the design for stress management and
cleanability.

The core of this approach applies Castigliano’s sec-
ond theorem to quantify flexure deformation. The to-
tal elastic strain energy (V.) for an arc beam, integrat-
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scribed in Chapter 3. It outlines how the designs were

ing axial, shear, bending, and torsional components, is
computed along its neutral axis. Variable cross-sectional
properties, resulting from tapering and fillets, necessi-
tate numerical integration for accurate compliance calcu-
lation.

This model integrates and extends methodologies
from two key research works:

1. Yang et al. (2021/2022) [74]: Provides the base-
line arc beam compliance model, derived using
Castigliano’s theorem, for standard arc flexures.
They validated this formulation against FEA and ex-
periments for annular flexure guides, and assem-
bled element-level models using a two-port me-
chanical network.

Li et al. (2021) [78]: Introduces the concept of
stress-reducing corner fillets and quantifies their ef-
fect on compliance for straight leaf springs.

The presented model extends these approaches by:

* Incorporating the geometric and mechanical effects
of corner fillets within an arc beam context.

 Allowing for linear width tapering along the arc
length.

» Implementing an asymmetric fillet distribution.
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4.2.2. Geometric Definitions and Cross-Sectional
Properties for CFLFs
Arc Beam Geometry

o]

Figure 4.1: a) Full LGM configuration, b) One triple compound FPM,
c)Single arced leaf flexure paramatrizaiton

A single arc beam element is defined by its median
radius R, spanning a central angle a4, from the free end
B (o« = 0) to the fixed end A (o = ayot). Its dimensions
include a width w (which may vary along the arc), a con-
stant thickness t, and corner fillet radii » applied at both
ends. The differential arc length is ds = R da.

Critical Fillet Orientation and Asymmetric Configura-
tion

A adaptation from Li et al. [78] for arc beams in configu-
rations such as the LGM stage [74] is the reorientation of
the corner fillets. While the original formulation assumed
fillets affect the thickness, for arc flexures in LGM-type
mechanisms, the fillets are configured to modify the ef-
fective width.

The fillet distribution is asymmetric along the beam
length to match the design of the LGM. At the fixed end
(point A, a = ayot), fillets are applied on both sides of the
width. At the free end (point B, o = 0), a fillet is applied
on only one side of the width.

The normalized fillet parameters are:

(4.1)

where L = R - o4 is the total arc length and wayg =
(wa +wp)/2 is the average width.

/ANl

TR Y

i |1+2a ai;
: ; .

Figure 4.2: LGM with fillets and there effect on arc length

Baseline Cross-Sectional Properties
For a standard rectangular cross-section of width w and
thickness t, the section properties are:

A=w-t (Cross-sectional area)
w3t . .

I, = S0 (Bending about y-axis)
wt® . .

I, = S0 (Bending about z-axis)

5
I, = w’t (é - 0.21% +0.0175 (%) ) (Torsional constant)

Fillet and Taper Shape Functions
The local effective width of the beam, weg(a), is influ-
enced by both a linear width taper and the corner fillets.

Width Taper Function The width w(«) varies linearly
from wg at the free end to w4 at the fixed end:
«

w(«) :wB—i—(wA—wB)-a
(o)

(4.2)

Corner Fillet Shape Function The fillet effect is cap-
tured by a piecewise scaling function ¢((¢), where ¢ =
Roa/wayg is the normalized arc coordinate. The function
accounts for the asymmetric fillet configuration: bilateral
fillets at the fixed end and a unilateral fillet at the free end:

2 (a, — Vmax(@ = (@—&%0)) +1  0<&<a (Fixedend, a = aw)
=11 a<t<b—a (Mid-section)
(a — y/max(a® — (€ — b+a)2,())) +1 b—a<&<b (Freeend, a=0)
(4.3)
The coefficient difference reflects the fillet configuration:

» Fixed end (0 < ¢ < a): Coefficient of 2 yields max-
imum (max = 1 + 2a (bilateral fillets).
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* Free end (b — a < & < b): Coefficient of 1 yields
maximum (max = 1 + a (unilateral fillet).
* Mid-section (a < £ < b —a): ¢ =1 (no fillet effect).

Modified Cross-Sectional Properties

Combining the taper w(«a) and fillet {(«) functions, the ef-
fective width at any point is weg(e) = w(a) - {(«). The
section properties then become functions of «:

A(a) = wer(a) - t

[werr())® - t
Iy(a) = i D
Werr(v) - 3
L) ==
Iy(a) = [wen()]” - t- (% 0.2

(4.4)

+0.0175 (l”ef;(o‘)y)

4.2.3. Compliance Matrix Derivation via Castigliano's
Theorem

The compliance of the arc flexure is derived using Cas-
tigliano’s second theorem, which states that the displace-
ment corresponding to a force is the partial derivative of
the total strain energy with respect to that force. The to-
tal elastic strain energy V, integrates elemental energy
densities along the beam’s neutral axis (s = Ra):

awt | fap(@) | wfiple) | pfle(@)
Ve = j()“ [2]551(@) + & i

2GA(a) + 2GA(x)

2
mz,P(a

)
+ 2EIZ(Q)]RdO‘

mi,P(a)
2B, ()

Here, E is Young's modulus, G = E/(2(1 + v)) is the
shear modulus (v being Poisson’s ratio), and . = 6/5 is
the shear correction factor for a rectangular cross-section.
The terms f; p and m; p represent the local internal force
and moment components at angle a.

2
mw,P(O‘)

toc, @ T

Local Force-Moment Relations
The end wrench and twist at the free end B are described
by:
W = [fors foys Fozr Moz Mbys M) (4.5)
ty = [Obes Oy, Obzy Ubay Uny, Ups)” (4.6)

The local internal forces and moments (f; p(«), m; p(a))
at an angle « are determined by the external loads (w;)
applied at the free end. These relations involve trigono-
metric terms that account for the coordinate transforma-
tion from the end frame to the local frame at o, as well as
varying moment arms. For example:

m,(a) =M, +F, - R(1 —cosa) — F, - Rsina
mg(a) = My + F, - Rsina+ M, - sin o

@.7)
(4.8)

The full set of local force and moment expressions are
obtained through static equilibrium.

Compliance Matrix Formulation

Applying Castigliano’s second theorem to the strain en-
ergy formulation, end deflections are obtained through
partial derivatives:

U _ OV
bz—asza

ebw = a‘/e

= etc.
ambx ’

(4.9)
This yields the symmetric compliance matrix C which re-
lates the applied end loads w, to the resulting end de-
flections t; through t, = C - w;. Each entry C;; of the
compliance matrix is obtained by taking the second par-
tial derivative of the total strain energy:

0%V,

Ci = awi(’)wj

(4.10)

Substituting the strain energy expression (Eq. (4.2.3))
and the local force/moment relations, each C;; is ex-
pressed as an integral of the form:

R /%‘ [Trigonometric Weight](«)
Material Property /, [Section Property](«)
(4.11)
These integrals are categorized into specific "J-terms”
based on the material property (F,G) and section prop-
erty (A,1,,1.,1,) they involve, and the trigonometric
weighting function.
For example, a few representative compliance terms
are:
R R3 R

I

Cu . =—=J J —J

wfe = f A1+ E .2+ G As
R2 R2

—Jr,.3 Jr,.7

Cuz"lz = Oewfz = E ys3 6 P

The full 6 x 6 compliance matrix C exhibits a specific
sparse structure due to the geometric symmetries and de-
coupling assumptions of the arc flexure. This matrix was
determined in Yang et al. (2021) [74] and is as follows:

_Cuxfm Cuzfy 0 0
Cuyfac Ouyfy 0 0 y
0 0 Cu.p.Cuim,Cum, 0
0 0 Cea;fz C@wmw Cmey 0
0 0 ngfz ngmm ngmy 0

_ngfx Cezfy O O O Cezmz_
(4.12)
The positions of zeros indicate decoupled degrees of
freedom within this model. Closed-form components de-
rive from dimensionless integrals over «, capturing axial-
torsion-bending couplings inherent to curved geometries.
For a more detailed deep dive and how to implement the
two-port network to include the intermediate links, see
Yang et al. (2021) [74].

O x z
0 Cum

z

C,
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Figure 4.3: LGM in the final modelled configuration with fillets and
taper in pink

4.2.4. Numerical Integration Strategies

Constant vs. Variable Properties

In cases of constant width (w4 = wgp = w) and no fillets

(r = 0), the section properties (A, I,, I, I,) are constant

and can be factored out of the J-term integrals. This al-

lows for analytical evaluation of the remaining integrals.
However, when width tapering or fillets are present,

the section properties A(«), I, (a), I.(a), I, () vary along

the arc and must remain within the integral. For example,

for Jai:
ot cos? a
Ja1 = —— —da
A / w(a) - t-((a)

In such cases, these integrals typically require numerical
integration.

(4.13)

4.2.5. Axial Stiffness Extraction
The axial stiffness is extracted by enforcing an axial-only
end displacement. This involves solving the inverse com-
pliance relationship:

t, =[00000A2]" = w, =C, 'ty (4.14)
The axial stiffness is obtained through first solving the lin-
ear system C,w;, = t,;, followed by extracting the third
component (axial force component f;. ) of the wrench vec-
tor (w,). Finally, stiffness is computed as k., = f;./Az.
When the fillets and taper are neglected for simplicity
sake this would result in the explicit stiffness expression:

Co,m, Co,m, = Co,m,Coum,
(Cmew CQymy - CGymm Cemmy)cuzfz
+ Cu.m, (09;,fz C9mmy —Co,r. CSJ/my)
+ Cuzmy (Cgmfz C@ymm . ngfz Cgmmm)

ke, = (4.15)

Physical Interpretation The axial stiffness depends
not only on the direct compliance C,,_ s, but also on sev-
eral coupling terms:

* Cu,m, and Cy, . Axial displacement induced by
bending moments.

* Cq,r. and Cy, .. Rotational compliance due to axial
force.

+ Cross terms between bending compliances Cy, ;-

The curved geometry creates mechanical coupling be-
tween axial displacement and parasitic bending/torsional
moments. Even when enforcing pure axial translation,
the flexure’s curvature generates secondary moments
that must be constrained. The derived stiffness expres-
sion quantifies this behavior through off-diagonal compli-
ance terms.

4.2.6. Stiffness Configuration of the FPM

The stiffness of the full stack is determined by calculat-
ing the series-parallel combinations. Each FPM structure
contains several leaf flexures connected both in parallel
and series configurations. The combined stiffness for se-
ries flexures is:

Parallel Combination

Serie configuration Serie configuration

| | L1
|| A of |o 4 ||
L8] | I
v 0 ol y

Serie configuration

D .
[]

Figure 4.4: A visualization of one FPM stack divided into its series
and parallel combinations of arced leaf flexures

o
o
o
o

1

Kseries = 1 1 1

kshort klong

By combining the four parallel configurations, the effec-
tive stiffness of the FPM system is computed:

Kshort

kFPM = lp : k’seriem

where [, is the number of parallel flexures. Finally, the
stiffness of the overall linear guide is:

ktotal = M - kFpM,

where n is the number of FPM stacks.

4.3. Pseudo-Rigid Body Model (PRBM) for

Gripper Design
For the compliant gripping mechanism (GM)'s five-
bar configuration (Section 3.4), the Pseudo-Rigid Body
Model (PRBM) offers an effective and computationally ef-
ficient alternative to non-linear FEA for initial kinematic
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analysis. THe PRBM methode simplifies large deflec-
tion compliant mechanisms by replacing compliant seg-
ments with rigid links connected by equivalent torsional
springs at characteristic pivots [85]. This method pro-
vided a clear understanding of motion amplification and
force transmission while accounting for the elasticity of
flexural elements in our specific gripper design.

4.3.1. PRBM Formulation

The symmetric five-bar gripper (Section 3.4.1) was trans-
lated into this PRBM, defining rigid links and pivots de-
rived from the gripper's CAD model. In this formula-
tion, each compliant bar is represented by a single tor-
sional spring at its characteristic pivot, rendering the
kinematic system determinate. Distributed flexibility is
concentrated in these torsional springs, using standard
PRBM constants (v, Kg) and flexure material proper-
ties (Young’s modulus, area moment of inertia, length).
Spring torques are directly proportional to angular deflec-
tions from stress-free configurations. This simplification
of using only one spring for each flexure is based on an
initial quick FEA analyses. The observed deformation be-
haviour showed that due to the two flexures being con-
nected at the end they behave like a fixed-pinned and
guided-pinned flecture.

Input force (Fj;,,) was computed directly via the prin-
ciple of virtual work, relating spring torques and angu-
lar sensitivities. Angular sensitivities (e.g., 994/0x, and
00 /0x) were obtained by implicitly differentiating a re-
duced 2 x 2 Jacobian system derived from loop closure
equations. Mechanism stiffness (K,,ccn(zs)) was subse-
quently derived as the force derivative with respect to
slider position. This approach, mathematically equivalent
to energy-based methods, provides an efficient analytical
reformulation for calculating input force.

4.3.2. Kinematic Constraints

a) Q)

Figure 4.5: A visualization of the compliant gripper mechanism, a) the
full GM, b) On side the GM, c) the initial PRBM

With one spring per bar, the system is kinematically de-
terminate. The loop closure equations (Egs. (4.16) and
(4.17)) uniquely define the bar angles 64, 65, and 6 for

any given slider position z;. No redundant constraints
exist, and the configuration is fully specified once z is
prescribed.

Let (G 4z, Gay) be the coordinates of ground pivot A,
1o be the y-coordinate of the slider, I, {3, [ be the lengths
of Bar A, Bar B, and the Coupler, respectively, and x, be
the slider’s x-position. The loop closure equations for the
mechanism are derived from the vector loop describing
the mechanism’s geometry:

(s +1lpcosbp) — (Gagz +1lgcos04) —l.cos0c =0
(4.16)

(yo + lpsinfp) — (GAy +1lysinfy) —l.sinfc =0
(4.17)

These relationships are obtained by numerically solv-
ing the nonlinear loop closure equations at each slider
position.

The angular positions are thus explicit functions of
slider position:

0a=0a(zs), Op=0p(xs), bo="0c(ws)

These relationships are obtained by numerically solving
the nonlinear loop closure equations at each slider posi-
tion.

(4.18)

4.3.3. Spring Torques and Angular Deflections

The PRBM torsional springs at the characteristic pivots of
Bar A and Bar B generate restoring torques proportional
to their angular deflections from the stress-free configura-
tion:

Ta =Ka(0a —0a0)
78 = Kp(0p — 0p0)

where K 4 and K g are the torsional stiffnesses calculated
depending on the boundary conditions. These torques
represent the internal elastic moments that resist angular
deformation of the compliant segments.

The general form for the torsional spring stiffness for
a flexible segment modeled as a PRBM flexural pivot is:

EI
K=~vKg—
’Y@L

(4.19)
(4.20)

4.21)

where F is Young’s modulus, I is the area moment of in-
ertia of the compliant segment’s cross-section, L is the
length of the compliant segment, ~ is the characteristic
radius factor, and Kg is the stiffness coefficient.

For specific boundary conditions, the factors v and
K¢ take on common values:

* Fixed-Hinged Flexural Pivot:
va = 0.5, Ky = 2.65 (4.22)
* Guided-Hinged Flexural Pivot

YB = 0.85,K9 = 2.65 (423)
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4.3.4. Direct Force Calculation via Virtual Work

Bar A = Fixed hinged
Bar B = Guided hinged
Bar C = Rigid Coupler

©0000000506066000

Figure 4.6: A visualization of the PRBM for the compliant gripper
mechanism

The principle of virtual work provides a method for com-
puting the input force without resorting to numerical dif-
ferentiation of the total energy. Consider a virtual dis-
placement §z, of the slider. This displacement induces
corresponding virtual angular displacements §6 4 and 66
through the kinematic coupling of the mechanism see fig-
ure 4.6
The virtual work performed by the input force F

must equal the virtual work performed against the spring
torques:

Fn 0y =74 004 + 75 605 (4.24)

Dividing both sides by dx, and taking the limit yields:

00 4
0x4

+ 7 905

Fin(zs) =7a B

(4.25)

Substituting the torque expressions from Egs. (4.19) and
(4.20):

a0 00
Fn(:) = Ka(0a—00) 5~ + K (05 —050) 5~ (4.26)

Zs

For the symmetric mechanism with mirrored top and bot-
tom chains, the total input force is:

004

00
Finotal(®s) =2 | Ka(04 — 040) o b

+ Kp(0p — 0p0) oz.
(4.27)

S

4.3.5. Reduced Jacobian for Angular Sensitivities

The angular sensitivities 904 /0xs and 96 /x5 required
in Eq. (4.27) are obtained from implicit differentiation of
the loop closure equations. Since the coupler angle 6¢
is kinematically dependent but does not contribute to the

elastic energy (the coupler is rigid), a reduced 2 x 2 Jaco-
bian system can be employed:

J2x2 00a/0zs) _ |1 (4.28)
893/3&53 0
where the reduced Jacobian matrix is:
Jiif _ lgsinf4 —lpsinfp (4.29)
—l,cos0, lpcosfp

The right-hand side [—1, 0]7 arises from differentiating the
loop closure equations with respect to x,, recognizing
that 0x;/0xzs; = 1 and the slider is constrained to move
horizontally (0yo/0xs = 0).

Solving this linear system:

004/0xs axay—1 | —1
[aeB/axS] ( kin ) 0
This approach avoids finite-difference approximations,

providing exact analytical sensitivities at each configura-
tion.

(4.30)

4.3.6. Equivalence to Energy-Based Methods

It is important to note that Eq. (4.27) is mathematically
identical to the force obtained by differentiating the to-
tal strain energy (Eq. (4.31)) with respect to z, using the
chain rule:

o OUtotal  OUtota 04 | OUtotal 00
n — -

Ox, 004 Oxg 00 Oxg

Here, the total strain energy Uyota for the symmetric mech-
anism is given by:

Utotal (7s) = Ka(04(z5) — 040)* + Kp(0p(zs) — 0p0)*
(4.31)
Recognizing that 0Uyota/00; = 27; (from Eq. (4.31)), this
reduces to Eq. (4.27).

4.4. Numerical Simulation (Finite Element
Analysis - FEA)

Besides analytical models, Finite Element Analysis (FEA)
is used to provide an more detailed assessment of the
compliant mechanisms, providing insights into stress con-
centrations, displacement behaviour, under various load-
ing conditions. FEA was critical for verifying performance
and optimizing geometries. All FEA simulations were con-
ducted using CATIA 3DX FEA. Standard isotropic elas-
tic properties for Aluminium 7075-T6 (E = 71.7 GPa, v
= 0.33) were used, with non-linear geometry settings for
large deformations.

4.4.1. Meshing and Convergence Studies

Mesh convergence studies needs to be performed on all
critical components, varying element size and local refine-
ments, and monitoring maximum von Mises stress and
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total displacement. Convergence was typically achieved
when output parameters didn’t change significantly be-
tween successive refinements. Quadratic tetrahedral el-
ements will be used.[86]

4.4.2. Analysis Types
FEA characterized the mechanisms via:

 Static Structural Analysis: Primary analysis for
stress, strain, and displacement under VCA loads,
enabling non-linear geometry for large deforma-
tions.

* Modal Analysis: Identified natural frequencies and
mode shapes, crucial for dynamic stability and
avoiding resonance.

* Fatigue Analysis (Preliminary Considerations):
FEA-based fatigue analyses, using stress results
and material fatigue properties, estimated theoret-
ical fatigue lives under cyclic loading.

For the fatigue analyses the following data will be
used. As it is determined to ideally have a calculated fa-
tique life of at least a million cycles resulting in the follow-
ing maximum Von Misses stresses.

* PEEK, max Von Misses stress < 26 MPa [87].

» Superduplex (SAF2507), max Von Misses stress <
430 MPa [88].

* Alumnium 7075, max Von Misses stress < 180 MPa
[89].

+ StainlessSteel (316L), max Von Misses stress <
200 MPa [90].
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4.5. Experimental Validation Methods

Using tensile testing for input
data

Instron Tensile Tester 5942
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Figure 4.11: Test setup for Validation used to quantify the behaviour
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of the AL7075 prototype

Preliminary experimental considerations and meth-
ods were established to bridge the gap between theoret-
ical predictions and real-world performance, addressing
critical aseptic manufacturing requirements.

4.6. Experimental Validation Methods

To validate that the analytical and numerical models ac-
curately represent the physical behaviour of the compli-
ant mechanism, and to assess the actual performance of
the design in terms of force and motion, a prototype will
be fabricated and tested. These experimental methods
are designed to bridge the gap between theoretical pre-
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dictions and real-world performance, addressing critical
aseptic manufacturing requirements.

4.6.1. Test Setups and Procedures
The prototype will be tested using a combination of preci-
sion instrumentation and visual analysis techniques:

1. Force-Displacement Characterization (Instron
Tensile Testing Machine): A universal Instron ten-
sile testing machine (e.g., Model 5969, equipped
with a 500 N load cell) will be employed to acquire
accurate force-displacement curves. This will be
performed on:

* Individual building blocks: The Linear Guide
Mechanism (LGM) and the Gripping Mecha-
nism (GM) will be characterized independently
to validate their isolated stiffness and kine-
matic response against model predictions.

* The complete integrated system: Testing the
full assembly will provide data on overall sys-
tem compliance and the interaction between
components.

This method allows for precise control of displace-
ment or force input and direct measurement of the
corresponding output, providing quantitative data
for model validation.

2. Gripping Force Measurement: To specifically
quantify the gripping force generated by the end ef-
fector, a dedicated load cell (e.g., a 30N FUTEK
load cell) will be placed between at one of the grip-
per tips. This setup will enable the measurement
of:

» Passive Gripping Force: The force exerted
by the gripper when no external actuation
force is applied (due to its pre-loaded compli-
ant design).

+ Active Gripping Force: The maximum force
achievable when the Voice Coil Actuator
(VCA) is actively engaged. This will validate
the design’s ability to provide sufficient and po-
tentially variable gripping force for target ob-
jects.

3. Motion Behaviour Analysis (Video Tracking): To
visually verify and quantify the precise kinematic be-
haviour of the compliant mechanism, a video anal-
ysis technique will be utilized.

« Setup: A high-resolution camera will be posi-
tioned to capture the motion of the prototype.
A grid will be placed directly behind the mech-
anism to serve as a reference.

» Tracking: Small, distinctly coloured (e.g., or-
ange) 3D-printed markers will be placed at
known, critical locations on the prototype (e.g.,
input from LGM and gripper tips).

« Data Extraction: Custom Python code, lever-
aging computer vision libraries, will be used to
automatically track the displacement of these
markers across recorded video frames. This
will allow for the measurement of input-to-
output displacement ratios and path[91].

4.6.2. Riboflavin Coverage Test Protocol

Cleanability validation is crucial for aseptic environments.
This will involve a riboflavin coverage and removal test on
the prototype[37]. The protocol includes:

1. Application: A UV-fluorescent riboflavin solution
will be uniformly applied to all surfaces of the pro-
totype, including intricate flexure roots and features
of the bayonet lock, simulating a worst-case con-
tamination scenario.

2. Cleaning Cycle: The prototype will then undergo
a standardized cleaning cycle, in Novo Nordisk it is
common to use a worst case scenario where the
prototype is washed for 10 seconds instead of the
normal hour cycle with the same settings.

3. Inspection and Quantification: Following the
cleaning cycle, the prototype will be inspected un-
der UV light. Residual fluorescence will identify
any areas where the riboflavin was not thoroughly
removed, indicating potential hard-to-clean” spots.
Image analysis software will quantify the remaining
coverage, guiding design refinements for enhanced
cleanability.

4.6.3. Material Considerations for Prototyping

Initial functional prototypes were fabricated from Alu-
minum 7075-T6 for its excellent machinability, high stiff-
ness to weight ratio, and cost effectiveness for demon-
strating mechanical principles. It is crucial to acknowl-
edge that while this material facilitates rapid prototyping
and validation of kinematic and dynamic behaviours, it
is not suitable for end use in aseptic pharmaceutical en-
vironments. For production, materials such as PEEK or
316L Stainless Steel are specified due to their chemical
inertness, biocompatibility, and sterilization compatibility
(as discussed in section 7.6.1). The prototype material
validates the design principles, not the final product per-
formance under aseptic conditions.



Results

This chapter presents the key findings derived from the analytical models, numerical simulations (Finite Element
Analysis), and experimental tests outlined in chapter 4. The results are organized to first discuss the performance
of individual sub-mechanisms (e.g., the linear guide mechanism (LGM) and the gripping mechanism (GM)) before
presenting observations on the integrated system. Data are presented in the context of the design requirements

established in chapter 3.

5.1. Linear Guide Mechanism (LGM) Perfor-
mance

The linear guide mechanism (LGM) is designed to pro-

vide precise axial motion for the Voice Coil Actuator (VCA)

while resisting parasitic off-axis deflections. Its perfor-

mance was evaluated through analytical modelling, Finite

Element Analysis and tests.

5.1.1. Analytical Model Results

This section shows the results of the analytical model, as
described in chapter 4. The effect of features like fillets
and taper significantly influences the predicted stiffness.

Force vs Displacment LGM Analytical model

Final Design  Without Fillets  Without Taper Without Both

Force (N)

Displamcent (mm)

Figure 5.1: Resulting force displacement plot for the analytical model
of the LGM with fillets and taper and without

The stiffness values for different configurations are:

+ Final design (with fillets and taper): 13.00 N/mm
+ Without fillets: 9.54 N/mm

+ Without taper: 10.96 N/mm

+ Without both: 8.03 N/mm

As visible in figure 5.1, ignoring fillets alone results
in a 26.6 % underestimation of stiffness (13.00 N/mm vs.
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9.54 N/mm), while ignoring taper results in a 15.8 % under-
estimation (13.00 N/mm vs. 10.96 N/mm). Ignoring both
leads to a substantial 38.3 % underestimation of stiffness
(13.00 N/mm vs. 8.03 N/mm).

5.1.2. FEA Results

Mesh Convergence

A mesh convergence study for the LGM confirmed that
both the maximum von Mises stress and the total dis-
placement converged to stable values when the local
mesh size in critical flexure regions was refined to 0.2 mm
or finer. Coarser meshes, particularly those close to the
LGM’s thickness, under predicted both stress and dis-
placement, as visualized in figure 5.2 for different mesh
densities and figure 5.3 for the convergence plots. The
red areas in figure 5.2 highlight regions where mesh size
is close to the geometry size and as a result under pre-
dicts.

a)

Figure 5.2: Visualization of local Mesh and the effect of different local
mesh size with a) 0.1 mm local mesh size and b) 1 mm local mesh size
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Stiffness and Displacement Characteristics

The FEA resuts in an axial motion stiffness for the LGM
of approximately 13.45 N/mm. This value shows a differ-
ence of only 3.46 % compared to the analytical model's
prediction of 13.00 N/mm for the final design. The FEA
also produced similar trends to the analytical model
when comparing the effects of neglecting fillets and taper,
which can be seen in Table 5.1.

Local Mesh size leaf flectures vs Von misses
stress convergence plot

Figure 5.3: Convergence plot for LGM a) Von Misses stress
convergence b) Axial displacement convergence

Eigenmode Analysis

This section presents a comparison between a simpli-
fied analytical model and the detailed FEA results for the
eigenmodes of the LGM.

Analytical Natural Frequency Prediction For an ini-
tial assessment, the LGM’s primary axial motion can be
approximated as a Single-Degree-of-Freedom (SDOF)
system. The undamped natural frequency (w,,) and natu-
ral frequency (f,,) are given by:

| k 1
Wn = —y fnzi E
m 2V m

Based on the final analytical stiffness for the LGM, and
considering an effective moving mass (m) of 0.04 kg (as
determined in the design phase for the moving VCA mag-
net and attached components, visualized in figure 5.4),
the parameters are:

(5.1)

« Axial Stiffness, k£ = 13.00 N/mm = 13 x 10*> N/m
+ Effective Moving Mass, m = 0.042kg

Substituting these values into Equation 5.1, the ana-
lytical prediction for the natural frequency of the LGM is:

13,000 N/m
Wy, = W = 4/325,000 ~ 556.8 rad/s
556.8 rad/s
fn="——""—~886Hz

2

Figure 5.4: Moving mass of the LGM determined in CATIA for
analytical eigen mode

Numerical Modal Analysis (FEA)

The FEA model of the LGM, fixed at its base, yielded the
following first few natural frequencies and corresponding
mode shapes (visualized in figure 5.5):

* Mode 1 (Axial Translation): f; = 84.196 Hz. This
mode corresponds to the desired translational mo-
tion along the actuator’s axis (z-direction).

* Modes 2-3 (Off-axis/Lateral Flexure): f, =~
314.542Hz and f3 ~ 314.883Hz. These modes
represent parasitic lateral or rotational deflections,
demonstrating the LGM’s stiffness in directions per-
pendicular to the primary axial motion.

Comparison eigenmodes LGM Comparing the analyt-
ical prediction for the fundamental axial natural frequency
(f, = 88.6Hz) with the FEA-derived first axial mode
(fi = 84.196 Hz), a difference of approximately 5.2% is
observed, with the analytical model yielding a slightly
higher frequency. This difference is within typical engi-
neering tolerances and is primarily attributed to the SDOF
model’s simplification of distributed mass, localized com-
pliances, and support flexibility, which are fully captured
by the FEA.

The ratio between the axial mode (84.196 Hz) and the
higher-frequency off-axis/lateral modes (approximately
315 Hz) is approximately 3.7 times higher.

This minor difference is well within typical engineering
tolerances and can be attributed to several factors inher-
ent in the simplification of the analytical SDOF model.
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Q) d)

Figure 5.5: The eigenmodes found trough a FEA simulation of the full
mechanism. a) first mode 84.196 Hz b) second mode 314.542 Hz c)
Third mode 314.542 Hz d) Fourth mode 412.199 Hz

Peak Stress Distribution

The FEA showed localized stress concentrations within
the arc leaf flexures. The peak von Mises stress observed
reached 282 MPa for the maximum single sided 4 mm mo-
tion range. The yield strength of the chosen Aluminum
7075-T6 is 503 MPa, resulting in a safety factor of approxi-
mately 1.78. Peak stress concentrations were particularly
visible on the inner curves of the leafflexures. A investiga-
tion in the origin of this stress concentration revealed that
this is at least partly due to the limitations in how the large
fillets are modelled in CATIA; as seen in figure 5.7, the fil-
let's geometry does not perfectly follow the arc curvature,
especially on the inside. Ideally, a variable radius fillet
would be employed to maintain parallelism with the arc’s
centreline, mitigating these localized stress risers more
effectively.

Figure 5.6: Peak stress for LGM at 4.3 mm displacement for AL7075

Figure 5.7: Detailed view of how the fillet doesn’t follow the arc
correctly

5.1.3. Motion Behaviour LGM

Force vs Displacement Graph for LGM Standing Under Pure Compresion

Force (N)

1 15
Displacement (mm)

Figure 5.8: Instron Tensile Testing Motion Behaviour Graph for LGM
standing

Force vs Displacement Graph for LGM Mounted upside down and Tested Under
Pure Compression
7

Force (N)
\
\

0 05 1 15 2 25
Displacement (mm)

Figure 5.9: Instron Tensile Testing Motion Behaviour Graph for LGM
hanging

The LGM prototype demonstrated smooth and accu-
rate axial translation. During manufacturing, some ma-
chining differences occurred, including an accidental ta-
per in the bottom leaf flexure set not present in the orig-
inal CAD model. To assess if this asymmetry influenced
performance, the prototype was tested both standing (fig-
ure 5.8) and suspended (figure 5.9). No noticeable dif-
ference in force-displacement behaviour or parasitic mo-
tion was observed between these two orientations. The
force-displacement tests yielded a curve exhibiting linear
elastic behaviour. As shown in the comparison (figure
?7?), the FEA and analytical models closely matched the
prototype’s behaviour. The prototype, while showing sim-
ilar behaviour, was slightly less stiff. This slight devia-
tion is attributable to several factors: the prototype’s mea-
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sured dimensions, which deviated slightly from the initial
CAD and were used to adjust the models, and potential
changes in material characteristics due to heat generated
during the CNC machining process (figure 5.11), despite
efforts to mitigate this with cooling.

FEA vs Analytical vs Tests Verification LGM

Force vs Displacement Behaviour of LGM Comparing FEA, Analyitical and
Prototype Against Each Other.

} e L

Force (N)

Displacement (mm)

Figure 5.10: Force displacement curves of the LGM for the prototype
tests, the FEA results and the analytical model

Table 5.1: LGM Mechanism performance of Analytical, FEA and tests

against each other. With the measurement data for 4 and 5 mm being

extrapolated data indicated with a *. The percentage in the last row is
determined of the force at 5 mm and in blue the final models are

highlighted

LGM Mechanism F (N) F(N) F(N) Error

24mm 4mm 5mm %
Measurement 414 50.0* 62.5* -
Analytical model 31.2 52.0 65.0 4
Analytical (No Fillets) 22.7 378 470 -25
Analytical (No Taper) 26.3 43.8 54.8 -12
Analytical (No both) 19.3 321 40.2 -36
FEA model 31.7 529 66.1 6
FEA (No Fillets) 22.8 38.1 47.6 -24
FEA (No Taper) 26.0 434 54.3 -13
FEA (No both) 19.0 31.8 399 -36

Figure 5.11: CNC production of the LGM prototype out of AL7075

5.2. End Effector Mechanism (Gripper) Per-

formance
The gripping mechanism (GM) was evaluated through
FEA and prototype testing to observe its operational char-
acteristics, focusing on optimized flexure geometry and
motion generation.

Force vs Di Graph of i Gripper Upside Down and

Tested Under Pure Compression

Force (N)

Displacement (mm)

Figure 5.12: Instron Tensile Testing Motion Behaviour Graph Gripping
Mechanism

5.2.1. FEA Results:

Convergence Gripping Mechanism

The mesh settings for the GM FEA where also refined
by doing a convergence study.The Von Mises stress, be-
ing highly sensitive to localized stress concentrations, re-
quires finer mesh elements to converge accurately, es-
pecially near fillet radii. In contrast, the tip displacement
showed less change even with coarser local meshes,
while stress values continued to refine until a mesh size
of 0.2 mm was reached.

Local Mesh size vs Von misses stress convergence
polots.

Max Displacement axial [mm]vs Local mesh size
convergence plot

a) b)

Figure 5.13: Convergence plot for GM a) Von Misses stress
convergence b) Axial displacement convergence
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Peak stress

Von Mises Stress 1 (MPa)

Figure 5.14: Peak stress gripper for an input displacement of 4 mm

The Peak Von Misses stress in the gripping mecha-
nism is 281 MPa. The yield strength of the chosen Alu-
minium 7075-T6 is 503 MPa, resulting in a safety factor of
approximately 1.78 As a result the safety margin is 1.79.
However itit can also be seen that the stresses are mostly
located at the root of the flexures at the input. Ideally this
stress would be more equally distributed over the two leaf
flexures.

Input-to-Output Displacement Ratio

The optimized compliant gripper mechanism, with an in-
put displacement of +4 mm from the VCA, resulted in a to-
tal grip motion of approximately 7.5 mm at the output tips.
figure 5.15 visualizes the open and closed positions.

Neutral Closed

Figure 5.15: Picture of the gripping mechanism in its open, closed
and neutral positions, showing total grip motion.

When the FEA, Analytical and physical tests results
are visualized against each other as can be seen in fig-
ure 5.16. The analytical model and FEA model seem to
follow the same kind of curve just slightly offset from each
other, a 12 % difference between them as can be seen
in 5.2. The FEA model seems to predict the performance
quite well up to 2 mm compared to the physical test data.
As the data after that is extrapolated it is hard to draw
conclusions on the those results.

Force vs Displacement Behaviour of GM Comparing FEA, Analyitical and Prototype Against Each Other.

= T

Analytical e

o

Force (N)

Displacement (mm)

Figure 5.16: Force displacement curves of the gripper mechanism
with the Test data of the prototype, FEA results and the analytical
model

Table 5.2: Gripping Mechanism performance of Analytical, FEA and

tests against each other. With the measurement data for 4 and 5 mm

being extrapolated data indicated with a *. The percentage in the last
row is determined of the force at 5 mm

Gripping Mech. F (N) F(N) F(N) Error
24mm 4mm 5mm %
Measurement 41.4 68.4* 83.8*
Analytical model 44.3 71.3 86.9 4
FEA Model 40.9 64.3 77.2 -8

5.3. Rotational Locking System

As the primary focus of this study is on the compliant LGM
and gripping mechanism, the rotational locking system
was only limited investigated. A Finite Element Analysis
(FEA) model was performed to confirm that the design
concept was sound and met its functional requirements,
specifically concerning internal stresses. This initial de-
sign was not optimized but rather served as a proof-of-
concept to ensure the feasibility of an aseptic, tool-less
bayonet-style lock for modularity. The Internal peak von
misses stress resulting from the FEA model for the re-
quired displacement is 225 MPa (see figure 5.17) com-
pared to the Yield stress of Aluminum 7075-T6 which is
503 MPa would result in a safety margin of 2.24.

5.3.1. Handling Byonet lock

The bayonet lock performed well overall. When engaged,
it constrained all six degrees of freedom with negligi-
ble play. A small plateau was observed in the force—
displacement curve when transitioning from tension to
compression (Figure 5.18). This 0.1 mm flat region is
believed to be the clearance take-up/backlash in the lock
interface. Under VCA actuation, this effect did not cause
any visible issues.

The primary shortcoming encountered was during en-
gagement. The magnetic attraction between the moving
magnet and the coil occurred at a larger separation than
anticipated from the supplier data, making it difficult to
mate the two halves smoothly without unintended pull in.
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Figure 5.17: Results for the FEA analysis for the rotating locking
design. a) The local fine mesh, b) the force displacement of the tip, c)
the Von Misses stress d) the displacement

5.4. Complete System Performance

The performance of the fully integrated compliant gripping
system, including the VCA, LGM, GM, and aseptic lock-
ing mechanism, was evaluated through FEA simulations
and prototype testing. Experimental testing of the full
prototype under active VCA actuation provided insights
into the system’s dynamic response and force output. As
shown in figure 5.19, the graph illustrates the relationship
between input force from the VCA and the resulting grip-
ping force.

Full Mechanism Force vs Displacment Graph Tested for Tension & Compresion

Force (N)

60
Displacement (mm)

Zoomed in Graph of Area of Interest

Force (N)

Displacement (mm)

Figure 5.18: Instron Tensile Testing Motion Behaviour Graph Full
Mechanism Under Compresion and Tension

5.4.1. Active Gripping

Force Input and Output vs Input Displacement Active Gripping (Test 2 Data)

y=218,16x - 87,298

Force (N)

ppppppp placement (mm)

Force Output = (69,5*( "Force Input™+87,6)/ 2186)-29.3 |

Figure 5.19: Graph with the active gripping results for Instron
actuated prototype. With the force input and the force output plotted
and the formula connecting them

The active gripping mode, although not the intended
operating strategy, is useful for characterization. Figure
5.19 shows the system actuated by the Instron tensile
testing machine, which allows both the input force (at the
actuator interface) and the output gripping force (at the
finger tip load cell) to be measured synchronously and
plotted against time and against each other. This enables
derivation of a simple calibration relationship between in-
put and output forces.

Within the tested range, the maximum measured grip-
ping force per finger was approximately 30 N, which is
consistent with the FEA predictions for the same input
conditions. For the VCA actuated test the maximum force
was around 16 N. This lower value is the result of the ac-
tuator not delivering more force after 5 A (see figure 5.20
which was a controller issue (indicated in red).

Input Force vs Output Force

Output Force (N)

Input Force (N)

Figure 5.20: Graph with the active gripping results for Instron
actuated prototype. And the VCA actuated prototype. The number
represent the amount of Amps with which the actuator was powered

5.4.2. Passive Gripping

The passive gripping strategy, where the gripping force
is maintained by the mechanism’s preloaded compliance,
was validated experimentally. Figure 5.21 compares the
passive gripping response of the VCA-actuated proto-
type, the FEA model, and the Instron-actuated proto-
type. Across all three methods, the force—displacement
behaviour is well approximated by a linear relation with
a common slope (stiffness) of approximately 8.35 N/mm.
This consistency indicates that the passive mode is dom-
inated by the compliant architecture and is largely inde-
pendent of the actuation method. This calibrated stiff-
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ness can be used to design to set the required opening
(preload) for future applications.

Passive Gripping Force of a Single Finger for FEA vs Instron vs VCA Actuated

Passive Gripping Force (N)

Tip Displacement (mm)

Figure 5.21: Graph with the passive gripping results for VCA actuated
prototype, FEA model and Intron actuated prototype are compared

Force vs Displacement Behaviour of Full Mechanism Comparing FEA, Analyitical and Prototype Against each
other.

Force (N)

Axial Displacement (mm)

Figure 5.22: Force Displacement Graph Full Mechanism comparing
the different models

Overall Displacement

The force-displacement characteristics of the full mech-
anism under compression and tension can be seen in
figure 5.22. This graph illustrates the overall stiffness
of the full compliant system. A comparison of the force-
displacement behaviour across different models (analyt-
ical, FEA, and prototype) for the full mechanism is pro-
vided in figure 5.22. The prototype resisted radial and ro-
tational deflections when an axial force was applied. No
significant binding or unintended contact between com-
ponents was observed during actuation.

Table 5.3: Complete Mechanism performance of Analytical, FEA and

tests against each other. With the measurement data for 4 and 5 mm

being extrapolated data indicated with a *. The percentage in the last
row is determined of the force at 5 mm

Complete Mech. F (N) F (N) F (N) Error
2mm 4mm S5mm %
Measurement 56.63 113.3* 141.6* -
Analytical model 6440 123.64 151.88 7.3
FEA Model 58.29 116,52 141.00 -04

System-Wide Stress Distribution

Analyzing the complete assembly’s stress distribution un-
der maximum operational load showed all components
remained within their elastic limits. Peak stresses were

located within the flexural hinges of the LGM and GM. In-
terfaces.

Figure 5.23: Test with the gripper mounted on a robotic arm and
gripping an cartridge

System Eigenmodes

The final modal analysis on the complete assembly re-
sulted in the lowest frequency mode corresponding to the
intended axial motion, demonstrating the system’s over-
all dynamic characteristics. The first four eigenmodes are
shown in figure 5.24: a) first mode (62.38 Hz), b) second
mode (121.98 Hz), c) third mode (205.85 Hz), and d) fourth
mode (261.96 Hz). which indicates a ratio of 2 between
first and second mode.
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Figure 5.24: The eigenmodes found trough a FEA simulation of the
full mechanism. a) first mode 62.38 Hz b) second mode 121.98 Hz c)
Third mode 205.85 Hz d) Fourth mode 261.96 Hz

Motion Tracking
Motion tracking with high contrast markers (orange dots)
against a calibrated background grid was used to val-
idate the end effector kinematics across the operating
range (Figure 5.25; same actuation sequence as Figure
5.18). Figure 5.26 compares the tracked input displace-
ment with the Instron actuator displacement for the same
time points and reveals a systematic deviation. The dis-
crepancy is attributable to camera perspective, pixel mm
calibration error, and slight marker placement offsets rel-
ative to the true input reference. Consequently, the mo-
tionUtracking data should be considered qualitative/rela-
tive rather than metrically exact.

Despite the scale offset, the tracked trajectories ex-
hibit the same functional shape as the Instron measure-
ments, and the tip displacement—force relationship aligns
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well with the FEA model over the tested range. Addition-
ally, the forward and reverse paths nearly overlap, indi-
cating minimal hysteresis in operation.

Motion Tracking of Gripping Mechanism Movement vs FEA model e
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Figure 5.25: Motion tracking to validate the motion behaviour of the
end effector the FEA results shown behind the plotted displacement
was for a +- 2 mm input

Motion Tracking Axial Deflection vs Time of the LGM Input Based on the Video Analysis

Axial Deflection (mm)

/

Time (s)

Instron Data for the Axial Delection of the LGM Input

ion (mm)

Axial Deflecti

Time (s)

Figure 5.26: The displacement vs time curve of the input of the LGM
from the Instron and the Python analysed video against each other

5.5. Cleanability Assessment: Riboflavin

Test Considerations
A conceptual assessment of the design’s cleanability was
initially performed through visual inspection of the CAD
model and 3D-printed prototypes, in collaboration with
internal specialists at Novo Nordisk. Key features like
open, radiused surfaces and the absence of "dead legs”
in the compliant bayonet lock suggested that fluid stag-

nation would be prevented, thereby allowing rinsing and
sterilization. The general conclusion from this preliminary
meeting was that the design concept appeared promising,
with no initial concerns identified regarding its cleanability
from a design perspective.

To perform a more rigorous cleanability assessment,
the proposed riboflavin test protocol (Section 4.6.2) was
performed out on the AL7075 prototype. The results from
this coverage test were largely promising. As visualized
in figure 5.27 and detailed with comments in Appendix
F.0.1, the main finding was that the inherent design of
the compliant mechanism itself did not pose major clean-
ability risks. Most observed residual riboflavin was con-
centrated on the outer surfaces of the design, primarily
as an effect of the prototype’s orientation within the wash
cycle, rather than due to inherent design flaws.

However, the assessment identified a few specific ar-
eas requiring further attention:

* Mounting Interface between GM and LGM: The
current design incorporates a 90° corner at the
mounting interface between the Gripping Mecha-
nism and the Linear Guide Mechanism. In the initial
riboflavin tests, some residue collected in this cor-
ner. Suggesting a need for radius optimization or a
redesigned interface
Vertical LGM Testing (Bayonet Lock Feature):
During vertical testing of the LGM, some riboflavin
residue was observed on an internal surface close
to one of the features of the bayonet lock. While par-
tially attributable to the orientation during the wash
cycle, this area was identified as potentially more
challenging to clean effectively due to its geometry.
» Water Retention between Leaf Flexures: When
the LGM was positioned vertically, water retention
was observed between the leaf flexures after the
wash cycle. This phenomenon is primarily caused
by the tight geometry and surface tension. While
not deemed an immediate concern, a different ori-
entation during washing or minor adjustments to
flexure spacing could mitigate this issue.
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Figure 5.27: Results of the riboflavin coverage test for better visual see appendix F.0.1



Design Improvements: Transition to
Aseptic-Grade Materials

Following the successful feasibility assessment of the compliant mechanism using the Aluminium 7075 prototype
(Chapters 3 and 5), the next phase will focus on translating this design into materials suitable for Grade A aseptic
pharmaceutical manufacturing. The Al7075 prototype, while excellent for demonstrating mechanical principles and
initial validation, is inherently unsuitable for long-term use in sterile environments due to its limited chemical inertness,
susceptibility to corrosion from aggressive cleaning agents, and poor performance under repeated sterilization cycles
such as autoclaving (as highlighted in Section 2.3.3).

This section details the design improvements undertaken to transition the mechanism to aseptic-compatible ma-
terials, specifically Super Duplex, while preserving the validated kinematic performance of the Al7075 prototype. The
goal was to achieve full compliance with the hygienic design principles and material criteria established in Chapter
2.

6.1. Material Selection and Justification for Figure 6.1: Options to get equal stress between flexures. a)Both long
flexures tapered at the top and bottom b) increase thickness of the

ASGpth Deployment short flexures C) Taper the outside of the long flexures d) Decrease
Based on the comprehensive material assessment (Sec- the length of the long flexures

tion 2.3.3, Figure 2.2, and Appendix E), Super Duplex
was selected as the primary material for the linear guide
mechanism (LGM) and critical structural components due
to its exceptional corrosion resistance, high mechanical
strength, and superior fatigue life.

The transition to Super Duplex (SD) or 316L stainless
steel(SS) necessitated a geometric re-optimization of the
entire compliant mechanism. These materials have a
significantly higher Young’s moduli compared to Al7075
(e.g., Super Duplex 200 GPa, 316L SS 193 GPa vs.
. . . . Al7075 71.7 GPa). Directly replicating the Al7075 flex-
6.2. Geometric R?'Optlmlzauon for Aseptic- ure dimensions WO)U|d resulilin a mechganism with drasti-

Grade Materials cally increased stiffness and reduced range of motion, far
> - i exceeding the VCA's actuation capabilities.

1T 17— The primary objective was to ensure the re-designed
i IT mechanism exhibited equivalent force-displacement

1T I characteristics and kinematic response (e.g., input-to-
. b output displacement ratio, parasitic motion) as the AlI7075
a) b) prototype. This was achieved through iterative Finite
4 Element Analysis (FEA) by adjusting critical flexure di-
mensions (thickness, length, and width profiles). Flexure
Geometry Adjustments: To adjust for the higher material
stiffness, the flexural elements within both the LGM and
GM were made thinner than their AI7075 counterparts.
This approach maintained the desired compliance while
keeping maximum von Mises stresses within acceptable
limits for the chosen stainless steel alloys, well below
their respective yield strengths and suitable for long fa-

50
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tigue life.

Stress Redistribution: The effectiveness of tapered
flexures and optimized fillets (Section 3.4.4) became
even more critical with these higher-strength materials.
The design refinements previously observed to reduce
peak von Mises stresses by approximately 35% in Al7075
were maintained and further optimized. This ensured
that, despite the greater material stiffness, localized
stress concentrations were mitigated, promoting long fa-
tigue life essential for continuous operation in pharmaceu-
tical production.

Linearguide design optimization for SAF

‘Application Force [N]
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Reduction in peak von misses stress of ~19% achieved compared to original design

Figure 6.2: Design adjustment for Super Duplex LGM

6.2.1. Geometry of the Leaf Flexures of the GM

The initial design of the GM had leaf flexures with a uni-
form cross section between the hinge points. However,
FEA simulations revealed significant localized stress con-
centrations at Joint A. This observation was expected
based on the design geometry, as Joint A undergoes the
highest angular displacement.

Localized stress concentrations will impact the fatigue
performance and reliability of compliant mechanisms due
to material yielding or potential fracture under cyclic load-
ing. Therefore it was investigated how the flexure geom-
etry could be changed to reduce stress concentrations
while maintaining the performance of the mechanism.

Optimization of Leaf Flexure Geometry
To minimize localized stresses, the geometry of the leaf
flexures was refined. While flexures with a uniform cross

section are simpler to manufacture, they produce uneven
stress distributions under large rotational angles, with
stress peaks occurring at the fixed ends.

A review of literature on flexure geometry optimization
revealed two promising methods to address this issue:

1. Introducing tapers along the width or thickness of
the flexures to redistribute stresses more evenly
along the entire flexure length.[92] [83]

2. Implementing fillets or curved transitions between
the flexures and adjoining components to reduce
sharp geometric discontinuities.[83]

The reviewed studies [83] suggested incorporating ta-
pered profiles for the flexures, as this approach minimizes
stress concentrations by varying the cross-sectional di-
mensions to achieve more uniform stress gradients.
Meanwhile, adding fillets at connection points further mit-
igates peak stresses. It was found that ratios of

5:0.6

; (6.1)

yields the best results. Bigger ratio’s don’t change the
stress distribution significantly. As in the case of our de-
sign there are also aseptic requirements, it is decided to
encompass a larger fillet. This, however, is therefore not
an parameter that has a lot of use optimizing further as
changing the geometry further will not result in a signifi-
cant better stress distribution.

Implementation of Optimized Geometry

The optimized flexure geometry introduced a taper along
the width of the leaf flexures, with the cross section nar-
rowing toward the central portion of the member. This
gradient reduces stiffness at the flexure’s center while en-
suring higher stiffness at the attachment ends, thereby
redistributing stresses more evenly.

Infulence of the Geometry of the middle Leaf flectures of two fingered gripping mechanism on Peak

Von misses stress
Original design (1,5 mm)
rom) | Peak

Optimized design (1,5 mm t00,75 mm)
o

Figure 6.3: Optimization of the gripper design, simulations with the
AL7075 material
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Results and FEA Validation

The modified tapered flexure geometry was simulated us-
ing FEA to evaluate its effect on stress distribution and
overall mechanical performance. The key observations
are summarized below:

» Stress Reduction at Joint A: The introduction
of the tapered flexure resulted in a substantial re-
duction in localized stress at Joint A. Peak von
Mises stresses decreased by approximately 27%
compared to the initial uniform design.

* Input-to-Output Efficiency: The displacement effi-
ciency of the gripper mechanism was preserved, as
the updated geometry maintained effective transfer
of input motion to output gripping motion with mini-
mal deviations from the original kinematic path.

6.2.2. Complete Compliant Mechanism Performance
with Super Duplex (SD)

Von Mises Stress:1 (MPa)

( |
/’ll,r" : .
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Figure 6.4: Optimised compliant gripper design Von Misses Stress
plot for 80N of application force for SAF2507

Following the geometric re-optimization for Super Du-
plex (SD, SAF2507) stainless steel, a Finite Element
Analysis (FEA) simulation was performed on the com-
plete compliant gripping mechanism. An input force of
80 N, applied to the moving magnet of the Voice Coil Ac-
tuator (VCA), generated an input displacement of 4 mm.
This resulted in an output gripping motion of 7.15 mm at
the gripper tips, which is consistent with the kinematic re-
sponse observed for the AL7075 prototype (9.5 mm grip-
ping motion from 4 mm input. Demonstrating that the
re-optimized geometry effectively maintains the desired
kinematic performance despite the significant change in
material stiffness.

For the internal stresses, a peak von Mises stress of
403 MPa was observed within the LGM flexures under
maximum operational load. While this is higher than the
282 MPa recorded for the AL7075 prototype (which has
a yield strength of 503 MPa, as seen in Section 5.1.2), it
remains below the specified yield strength of 580 MPa for
the chosen Super Duplex alloy. This yields a safety factor
of approximately 1.44 (580 MPa/403 MPa = 1.439).

Figure 6.5: Optimised compliant gripper design displacement plot for
80N of application force for SAF2507

The eigenmode analysis for the Super Duplex sys-
tem revealed the following natural frequencies and cor-
responding mode shapes:

* Mode 1: 36.855Hz, primarily corresponding to the
axial translation of the mechanism, which is its in-
tended operational mode.

* Mode 2: 71.131 Hz, representing the first parasitic
rotational deflection.

* Mode 3: 106.724 Hz.
* Mode 4: 174.536 Hz.

The ratio between the first two modes (Mode 2 /
Mode 1) is approximately 1.93 (71.131 Hz/36.855 Hz ~
1.930). This ratio is comparable to the 1.95 ratio observed
in the AL7075 prototype (121.98Hz / 62.38 Hz, as de-
tailed in Section 5.4). This consistent dynamic separa-
tion between the primary axial motion and critical parasitic
modes is essential for ensuring dynamic stability, prevent-
ing resonance during high frequency operation.

| Vo

) d)

Figure 6.6: Optimised compliant gripper design eigenmodes for 80N
of application force for SAF2507, a) first eigen mode 36.855 Hz, b)
second eigenmode 71.131 Hz, c) third eigenmode 106.724 Hz, fourth
eigenmode 174.536 Hz



Discussion

This chapter reflects on the study’s results, contextualizing them within existing literature, highlighting the challenges

overcome, and outlining the practical implications for the

proposed compliant mechanism. The presented study

explored the feasibility of implementing a compliant mechanism designed for integration into aseptic production
environments, a critical challenge in modern pharmaceutical manufacturing. While the findings indicate considerable
potential for these mechanisms, several limitations, opportunities for improvement, and crucial directions for future

research have been identified.

7.1. Overview of Key Findings

This feasibility study demonstrated the potential of com-
pliant mechanisms for particle elimination in sterile envi-
ronments, directly addressing the goal of enhanced steril-
ity assurance. The design, analysis, and validation con-
firmed the viability of a flexure-based gripping mechanism
specifically tailored for Grade A cleanrooms.

Key findings supporting this conclusion include:

+ Validated Mechanical Performance: The devel-
oped gripper demonstrated more then the required
gripping force. Generating up to 25 N when pas-
sive gripping at each finger with a stiffness of 8.35
N/mm. And generating up to 16 N for the active grip-
ping at 5A while powered by the VCA while possi-
bly able of actively gripping with 30N as shown with
Instron test. It also shows precise displacement
range (9.25 mm output motion from 4 mm VCA in-
put) for sensitive pharmaceutical components, con-
firmed by analytical models, FEA, and prototype
testing.

Inherent Contamination Control: The monolithic,
jointless architecture inherently eliminates typical
sources of contamination like wear particles, lubri-
cants, and microbial harbering points, fulfilling a
core requirement for aseptic environments.

Design for Aseptic Compatibility: Successful in-
tegration of crucial hygienic features, such as ra-
diused surfaces, self-draining geometries, and an
aseptic bayonet lock, significantly enhances clean-
ability and modularity. Preliminary riboflavin tests
supported the design’s cleanability (Section 5.5).
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» Material Transferability: The design proved
adaptable to pharmaceutical-grade materials (Su-
per Duplex and 316L Stainless Steel), with
FEA confirming operation well within elastic limits
(403 MPa peak stress in SD LGM vs. 580 MPa yield
strength, providing a safety factor of 1.44).

These results collectively validate the feasibility of com-
pliant flexural systems as a viable alternative to conven-
tional gripping mechanisms in Grade A pharmaceutical
environments.

7.2. Comparison with Existing Technologies
The compliant gripping mechanism developed in this
study offers a compelling alternative to existing automa-
tion technologies in aseptic pharmaceutical manufactur-
ing, directly addressing critical shortcomings identified in
the literature review.

Compared to conventional grippers (pneumatic, hy-
draulic, electric):

» The voice coil-actuated compliant gripper funda-
mentally eliminates the contamination risks associ-
ated with moving seals, tubing, exhaust air (pneu-
matic), fluid leakage (hydraulic), or lubricated gears
and sliders (electric). This provides particle-free,
precise motion without requiring external air sup-
plies.

» The monolithic, jointless design simplifies isolator
integration and significantly reduces complexity and
points of failure, which are inherent issues in multi-
component traditional grippers.

Compared to other compliant mechanisms described
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in literature:

» This work’s contribution lies in its holistic approach
to integrating material compatibility, sterilization re-
silience, and rigorous hygienic design principles ex-
plicitly for Grade A pharmaceutical manufacturing,
a niche often overlooked in broader CM research.

» The design prioritizes cleanability from the start, dis-
tinguishing it from some highly complex or topology-
optimized CMs (e.g., [60]) that might pose chal-
lenges in aseptic cleaning.

» The aseptic bayonet lock significantly enhances
modularity and ease of maintenance, a practical ad-
vantage over multi-part compliant systems or those
using threaded fasteners.

This research therefore establishes an integrated design
methodology that bridges the gap between mechanical
innovation and the stringent cleanroom compatibility cri-
teria essential for pharmaceutical production.

7.3. Interpretation of Results
7.3.1. Material Behaviour and Mechanical Perfor-
mance

The high agreement (only a 1.7% difference) between an-
alytical models and FEA results for the LGM'’s stiffness
validates the accuracy of the refined flexure models, par-
ticularly their ability to account for the stiffness increasing
effects of corner fillets and tapers [78]. This modelling
precision is valuable, not only confirming the design but
also offering advantages for rapid design iteration and op-
timization more efficiently than solely relying on extensive
FEA.

While the LGM’s stiffness ratio between motion di-
reciton and offaxis directions is lower than some designs
optimized purely for maximum stiffness (e.g., [74]), this
represents a deliberate design trade-off. The selection
of a 0.5 mm minimum flexure thickness and the inclusion
of an additional set of leaf flexures were driven by con-
siderations for manufacturability via 5-axis CNC, robust
stress distribution, and enhanced cleanroom compatibil-
ity by avoiding overly delicate features. As the mecha-
nism’s dynamic analysis confirmed sufficient stiffness for
the VCA's 0.4 kg moving mass, with no significant para-
sitic deflections or binding observed in simulations.

For the Gripping Mechanism, the implementation of
tapered flexures yielded a substantial 35 % reduction in
peak von Mises stresses. This stress redistribution is
critical for maximizing fatigue life, addressing a key con-
cern for reliable operation in repetitive industrial tasks.
The successful re-optimization for Super Duplex mate-
rial, maintaining kinematic performance while achieving a
1.44 safety factor, further validates the design principles’
transferability across materials with significantly different
mechanical properties.

7.3.2. Cleanroom Compliance and Design Philosophy
The ‘sterility by design‘ approach, central in this work, pri-
oritizes the elimination of contamination sources at the
conceptual stage. The monolithic structure and absence
of traditional joints fundamentally prevent particle gener-
ation and microbial harborage, a principle further rein-
forced by the non-contact operation of the VCA.

Conceptual riboflavin testing (Section 5.5) proved ef-
fective while highlighting localized areas requiring fur-
ther geometric refinement. Such as the observation of
residual riboflavin at the 90° corner of the mounting inter-
face and near the bayonet lock. This iterative process
of design, assessment, and refinement is fundamental
to achieving and verifying full regulatory compliance for
cleanability and drainability.

7.4. Limitations

While this study provides a robust foundation for the ap-
plication of compliant mechanisms in aseptic manufactur-
ing, several limitations were encountered:

1. Material Validation: The current prototype in Alu-
minum 7075, experimental validation of production-
grade materials like PEEK and SAF2507 stainless
steel is still missing, specifically regarding their
long term fatigue performance and stability un-
der repeated sterilization cycles (autoclaving, VHP).
PEEK’s susceptibility to creep and initial deforma-
tion cycles [87] specifically asks for testing.

2. Absence of Experimental Fatigue Testing:
Despite analytical predictions, the mechanical
longevity of the flexures under cyclic loading, es-
pecially in combination with sterilization cycles, has
not been experimentally verified.

3. Lack of Quantitative Particle Emission and Air-
flow Assessment: The study did not include exper-
imental quantification of airborne particle emissions
during operation or smoke studies to visually as-
sess airflow turbulence caused by the mechanism.
Such data is critical for definitive ISO 14644 Class
A compliance verification.

4. VCA Thermal and Magnetic Considerations:
While passive gripping minimizes VCA heat, the
thermal performance under prolonged or high-
frequency active actuation remains unexplored.
Furthermore, the use of Super Duplex (a poten-
tially magnetic material) with a VCA necessitates
further investigation into parasitic magnetic attrac-
tion forces or potential demagnetization effects.

5. Manufacturing Tolerance Impact: A robust toler-
ance analysis of the intricate flexure geometries,
crucial for consistent performance and interchange-
ability in scaled production, was beyond the scope
of this study.

6. Rotational Locking System Optimization: While
functional, the bayonet lock’s cleanability requires
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further optimization. Riboflavin tests identified ar-
eas of concern (Section 5.5) where improved radii,
drainability, minimization of flat stagnant areas, and
a more rigorous tolerance analysis are needed to
enhance robustness and ensure absolute hygienic
compliance.

7. Limited Gripper Versatility: The current two-
fingered gripper, while optimized for specific compo-
nents, has limited versatility for handling irregularly
shaped or highly diverse objects.

8. Economic Scalability: A detailed analysis of the
economic viability and scalability for producing com-
pliant mechanisms from high-performance aseptic-
grade materials was not within the scope of this fea-
sibility study.

7.5. Implications for Industry

The compliant gripping mechanism developed in this the-
sis holds implications for the pharmaceutical industry, par-
ticularly in advanced aseptic manufacturing settings.

» Enhanced Sterility and Product Quality: By fun-
damentally eliminating sources of contamination,
this technology significantly reduces the risk of
batch rejections and ensures higher product qual-
ity, directly contributing to patient safety.

» Operational Efficiency and Cost Savings: The
monolithic design and simplified cleaning pro-
tocols promise significant operational time sav-
ings. Reduced downtime for cleaning, faster tool
changeovers facilitated by the aseptic bayonet lock,
and extended maintenance intervals could all con-
tribute to improved efficiency and lower operational
costs compared to conventional systems.

» Regulatory Compliance and Future-Proofing:
This work provides a proactive solution for meeting
and exceeding the increasingly stringent require-
ments of regulatory bodies such as the EU GMP
Annex 1, positioning manufacturers favourably for
future compliance and market demands.

Beyond pharmaceutical manufacturing, the fundamen-
tal principles of lubricant free, particle eliminating, and
hygienically designed compliant mechanisms developed
here are highly transferable, offering significant potential
for other demanding industries such as medical device
packaging, food production, or semiconductor manufac-
turing.

7.6. Future Work
Building upon the insights and limitations identified, future
research can be broadly categorized into direct improve-
ments to the current design and exploration of broader ap-
plications for compliant mechanisms in aseptic and other
demanding industries.

7.6.1. Improvements and Validation of Current De-
sign

Material Transition and Comprehensive Characteri-
zation

Immediate next steps include fabricating the mechanism
from production-compatible materials (PEEK, SAF2507)
followed by experimental testing. This should validate
fatigue performance and assess material behaviour un-
der repeated sterilization cycles (autoclaving, VHP), char-
acterizing conditioning effects (e.g., initial deformation in
PEEK) to ensure long-term reliability. As well as confirm
particle emissions are indeed minimized.

Manufacturing Process Optimization and Tolerance
Analysis

Investigation into optimal manufacturing methods for
scaled production is crucial. This includes exploring in-
jection moulding for PEEK components and welding or
additive manufacturing (DMLS) for metallic (316 L) com-
ponents. As the current design is not optimized for manu-
facturing which results in it leaving room for improvement.

Quantitative Particle Emission and Airflow Assess-
ment

Experimental validation using particle counters and
smoke studies is crucial to quantify airborne particle gen-
eration and visually assess airflow turbulence caused by
the mechanism, directly verifying compliance with 1ISO
14644 Class A standards. Insights from similar work
showed that a compliant gripper already reduced parti-
cle generation by a lot and that the Solenoid actuator
accounted for most of the particles [55]. As the desing
proposed in this thesis uses a frictionless VCA actuator
the particle emissions tests should yield even better re-
sults but this needs to be verified. The approach [55] can
guide methodology for this testing.

Design Refinements for Enhanced Functionality and
Safety
Further design refinements include:

1. Ergonomic and Safety Enhancements: Optimiz-
ing the design even more for glove handling as
there are still some outside edges that need refine-
ment. Rounding of all these edges and chamfers
to mitigate the risk of tearing sterile gloves during
manual handling.

2. Flexure Profile Optimization: Further optimiza-
tion of tapered flexure profiles to achieve even
greater stress redistribution and fatigue life.

3. VCA Integration Alternatives: Exploring alterna-
tive VCA configurations (e.g., internal coil, exter-
nal magnet) to potentially enable dual-sided flexure
support, improve LGM alignment, and simplify the
overall layout.



7.6. Future Work

56

4. Thermal Management of VCA: Conducting ther-
mal analysis of the VCA under prolonged active op-
eration, and developing cooling strategies if neces-
sary for specific high-frequency applications.

5. Magnetic Compatibility: Specifically investigating
the magnetic properties of Super Duplex steel if con-
sidered for VCA components, to ensure no adverse
impact on actuator performance and to minimize
any potential attraction forces.

6. Rotational Lock Optimization: Re-evaluating the
bayonet lock’'s geometry to improve drainability,
minimize flat areas where residue can accumulate,
and optimize the overall design for better stress dis-
tribution and robust engagement.

7. Modelling fillets: It was observed that the cur-
rent way of modelling the fillets in the LGM result
in stress concentrations on the inside of the arc
flexures. By investigating different modelling tech-
niques this could be optimized further improving the
fatique life.

Topology Optimization for Hygienic Design

Topology optimization, initial determined to be the ap-
proach to design the gripping mechanism but after ini-
tial tests deemed too extensive for this feasibility study,
should be investigated. This powerful tool can systemat-
ically implement stringent hygienic design requirements
(e.g., minimum internal cavities and radii) [6], offering a
systematic approach to developing inherently hygienic,
robust, and optimized compliant mechanisms for Grade
A environments.

7.6.2. Broader Applications and Conceptual Exten-
sions

Three Finger End Effector

Future work could explore multi-fingered gripper designs
(e.g., three-fingered grippers) the three finger design
would improve the stiffness performance of the design as
it would be symmetric resulting in even better stiffens ra-
tios as the second mode of the complete system would
then be similar to the third mode.

End Effector Design

Alternative end(effector designs can be explored to tai-
lor performance to specific handling tasks. A promising
direction is a metamaterial1based gripper tip [93], where
a periodic internal lattice (e.g., auxetic or compliant hon-
eycomb) provides engineered compliance and distributed
contact. Such tips could be designed to form to the car-
tridge and grip multiple cartridges simultaneously from a
nest while maintaining uniform contact pressure and min-
imizing localized stress.

Other Applications
The findings of this feasibility study suggest that compli-
ant, flexure-based mechanisms can be applied beyond

the end effector. A spin-off thesis project has already
started on the redesign identified transport “wagons” (for-
mat carriers/fixtures) as compliant assemblies to reduce
particle generation and improve cleanability. Several
other areas identified in the literature review could also be
investigated, where the Linear Guide Mechanism (LGM)
and related compliant architectures could provide clear
benefits:

Filling needle Z-motion: The LGM’s high axial stiff-
ness and low parasitic deflection make it a strong candi-
date for precise up—down motion of filling needles, with
potential to reduce sliding bearings and lubricants in
Grade A zones. This would require integration with po-
sition feedback, validation of dynamic stability, and air-
flow impact assessment near exposed product. Stop-
per/vial handling modules: Compliant linear guides and
grippers could replace small stroke slides and pick-and-
place units (e.g., stopper feed gates, vial transfers), re-
ducing crevice formation and simplifying CIP. Capping
and crimping submechanisms: Compliant couplers and
guided flexures could provide controlled, repeatable force
application while eliminating lubricated pivots, subject to
fatigue and force-capability validation.

Each application should follow the same validation
pathway used here: analytical sizing (PRBM/CFLF-
based compliance models), FEA (stress, modal sepa-
ration), cleanability testing (riboflavin), airflow studies
(CFD/smoke), and airborne particle measurements under
operational cycles.

Alternative LGM Concepts

Research could delve into integrating alternative LGM
designs directly into the gripping mechanism for higher
monolithic integration.  Additionally, investigating de-
signs incorporating negative stiffness in some flexures to
achieve a zero-motion stiffness mechanism could offer
energy savings and improved VCA efficiency, particularly
if applied selectively to the LGM.

Holistic System Validation under GMP Conditions
Beyond component level testing, a crucial next step in-
volves rigorous validation of the entire integrated system
under simulated production conditions. This includes mul-
tiple sterilization cycles, prolonged cyclic operation, and
media fill tests to confirm sterility assurance and compli-
ance with GMP guidelines.

Economic Viability and Cost-Benefit Analysis

A detailed cost-benefit analysis is needed for industrial
adoption. This would compare the total lifecycle costs
of the compliant mechanism against traditional aseptic
robotic solutions, providing critical data for justifying in-
vestment and scaling production.

Regulatory Strategy Development
Given the novel nature of compliant mechanisms, a ro-
bust regulatory strategy is essential. This includes estab-
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lishing clear validation plans, defining acceptance criteria
and risks management,

Industry Expansion: Cryogenic and Space Applica-
tions

The fundamental principles of lubricant free, particle elim-
inating, and robust compliant mechanisms developed
here are transferable. This technology holds promise for
other demanding industries such as cryogenic and space
applications. Adapting the material selection and design
to specific environmental stresses could resultin new find-
ings.

This thesis demonstrates the feasibility of implement-
ing compliant mechanisms tailored for aseptic pharma-
ceutical manufacturing. By inherently fulfilling stringent
sterility requirements through its monolithic, lubricant-
free operation, and incorporating advanced hygienic de-
sign principles. Offering a path to enhanced sterility as-
surance, reduced operational complexity, and improved
efficiency in advanced pharmaceutical production. The
contributions of this research lay a robust foundation for
future industrial adoption, highlighting the transformative
potential of compliant mechanisms in shaping the future
of sterile manufacturing.



Conclusion

This Master of Science thesis directly addressed the overarching research question: Compliant Mechanisms in
Aseptic Pharmaceutical Manufacturing: Feasibility Study on Flexure-Based Design for Particle Elimination in Sterile
Environments. The findings strongly demonstrate the promising potential for integrating such mechanisms, effectively
showing how the primary functional goal of enabling a secure, precise grip on small, sensitive components while

preserving sterility and cleanliness can be achieved.

This investigation successfully tackled the Primary
Objectives set at the start of this research. Firstly, the de-
velopment of a gripping mechanism capable of securely
holding objects between 5mm to 10 mm in size (such as
cartridges, vials, and Petri dishes) was confirmed. The
Finite Element Analysis (FEA) results verified that the op-
timized two-fingered gripper successfully achieved a re-
quired grip motion of 7.15 mm with a VCA input displace-
ment of 4mm. This force output is demonstrably suffi-
cient to securely handle the specified range of objects,
effectively showcasing the motion amplification and force
transmission capabilities of the design.

Secondly, the objective to eliminate traditional rigid-
body joints, thereby preventing sources of contamination
like lubricant usage or wear induced particles, was inher-
ently met. By replacing conventional pin joints, bearings,
and sliding interfaces with flexural hinges, the primary
sources of particle generation (wear debris) and microbial
traps (lubricants, crevices) were fundamentally removed.
This monolithic design principle represents a significant
advantage over traditional robotic grippers, aligning di-
rectly with the stringent particle control requirements of
Grade A aseptic environments.

Finally, the study aimed to retain operational perfor-
mance in harsh sterilization conditions, such as autoclav-
ing or exposure to aggressive cleaning agents. While
the initial prototype was fabricated in Aluminum 7075
for developmental purposes, the design principles and
geometry were proven compatible with pharmaceutical-
grade materials. The mechanism was successfully re-
optimized for Super Duplex stainless steel, and FEA
demonstrated that its flexural elements operate within
elastic limits (a peak stress of 403 MPa versus a Super Du-

plex yield strength of 580 MPa, providing a safety factor
of 1.44) and staying within the fatigue limit for a million cy-
cles of 430 MPa. This confirms the feasibility although fur-
ther optimization is needed as well as tests under harsh
operational and sterilization cycles.

Beyond these primary goals, the study also success-
fully addressed its Secondary Objectives. Compatibility
with Clean-In-Place (CIP) or Clean-Out-of-Place (COP)
procedures was ensured through the incorporation of an
aseptic bayonet lock, designed for quick, tool-less dis-
assembly, alongside rigorous hygienic design principles
(e.g., minimum radii, self-draining surfaces, avoidance of
dead legs). Preliminary assessments based on riboflavin
test principles confirmed high cleanability, with identified
areas guiding further geometric refinements. Further-
more, the compact design of both the Linear Guide Mech-
anism (LGM) and Gripping Mechanism (GM), optimized
for the VCA's envelope, facilitates seamless integration
into existing robotic manipulators, minimizing overall size
and weight. The monolithic nature of compliant mecha-
nisms inherently leads to a reduced part count, which in
turn simplifies assembly, reduces potential failure points,
and thus enhances overall reliability.

Key Contributions

This work provided several significant contributions to the
field. It advanced the design and analysis of compliant
mechanisms by refining a analytical model for a linear
guiding mechnism to include corner-filleted arc leaf flex-
ures, which accurately predicted stiffness for the LGM.
The effective application of Pseudo-Rigid Body Models
(PRBMs) for gripper kinematics further enhanced robust
analysis of motion amplification and force transmission.
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Crucially, the study demonstrated the successful transfer
and re-optimization of a complex compliant mechanism
design from a prototyping material (Aluminum 7075) to a
high-performance, aseptic-grade material (Super Duplex
stainless steel) while maintaining validated performance.
Ultimately, this research established a comprehensive
design methodology that holistically integrates mechan-
ical performance with the stringent material and hygienic
requirements unique to Grade A aseptic pharmaceutical
manufacturing.

Concluding Outlook

This thesis conclusively demonstrates the feasibility of
implementing compliant mechanisms tailored for asep-
tic pharmaceutical manufacturing. By fulfilling stringent
sterility requirements through its monolithic, lubricant-
free operation and incorporating advanced hygienic de-
sign principles, this work represents a significant step
towards next-generation automation. It bridges critical
gaps between mechanical innovation and the rigorous
demands of Grade A cleanroom compatibility, offering
a path to enhanced sterility assurance, reduced opera-
tional complexity, and improved efficiency in advanced
pharmaceutical production lines. The successful feasibil-
ity demonstration in this thesis lays a robust foundation for
future industrial adoption, highlighting the transformative
potential of compliant mechanisms in shaping the future
of sterile manufacturing.
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Analytical Five-bar Compliant Gripper
Mechanism (PRBM Based)

clear; clc; close all;

%% ===== MECHANISM PARAMETERS =====
params = struct();

% Ground and slider coordinates

params.GAx = 8e-3; % Ground pivot A, x-coordinate (m)
params.GAy = 40e-3; % Ground pivot A, y-coordinate (m)
params.y0 = 5e-3; % Slider height (m)

% Link lengths

params.la = 47.27e-3; % Bar A length (m)

params.lb = 53.15e-3; % Bar B length (m)

params.lc = 7.071e-3; % Coupler length (m)

% Initial stress-free angles (calculated from nominal geometry at x_ref = 20mm)

A_vec = [55e-3 - params.GAx; 45e-3 - params.GAy];
params.theta_AO_nominal = atan2(A_vec(2), A_vec(1));

B_vec = [60e-3 - 20e-3; 40e-3 - params.y0];
params.theta_BO_nominal = atan2(B_vec(2), B_vec(1));

C_vec = [60e-3 - 55e-3; 40e-3 - 45e-3];
params.theta_CO_nominal = atan2(C_vec(2), C_vec(1));

fprintf ('====_ MECHANISM ANALYSIS -,SIMPLIFIED SINGLE_ DOF METHOD ====\n');

fprintf ('Nominal Stress-Free Angles:\n');

fprintf (', _AO_nominal =_%.6f rad, (%.3f°)\n', params.theta_AO_nominal, rad2deg(params.theta_AO_nominal));
fprintf ('yy _BO_nominal,,=_%.6f,rad, (%.3f°)\n', params.theta_BO_nominal, rad2deg(params.theta_BO_nominal));
fprintf (', _CO_nominal, =, %.6f,rad, (%.3f°)\n', params.theta_CO_nominal, rad2deg(params.theta_CO_nominal));

% Solve kinematics at reference position
x_ref = 20e-3;
[theta_A_solved, theta_B_solved, theta_C_solved, success] = solveKinematics_initial(x_ref, params);

if success
% Use solved values (these ensure kinematic consistency)
params.theta_AO = theta_A_solved;
params.theta_BO = theta_B_solved;
params.theta_CO = theta_C_solved;

fprintf ('\nCorrected Stress-Free Angles, (fromgykinematicysolver):\n');

fprintf (', _AO,=yu%.6f,rad(%.3f°)\n', params.theta_AO, rad2deg(params.theta_A0));
fprintf (', _BO,=u%.6f,rad,(%.3f°)\n', params.theta_BO, rad2deg(params.theta_B0));
fprintf (', _COL=y%.6f,rad(%.3f°)\n', params.theta_CO, rad2deg(params.theta_C0));

fprintf ('\nAngle ,Corrections:\n');
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48 fprintf (' A _Ay=_%.6fyrad,(%.4f°)\n', theta_A_solved - params.theta_AO_nominal,

49 rad2deg(theta_A_solved - params.theta_AO_nominal));

50 fprintf ('yuA _B,=.%.6f,rad, (%.4f°)\n', theta_B_solved - params.theta_BO_nominal,
51 rad2deg(theta_B_solved - params.theta_BO_nominal));

52 else

53 error ('Failed toysolve kinematics atyreference position!');

54 end

55
56 % Material and cross-sections

57 params.E = 71.9e9; % Young's modulus (Pa)
58 params.wa = 10e-3; % Bar A width (m)
59 params.ta = 1le-3; % Bar A thickness (m)
60 params.wb = 10e-3; % Bar B width (m)
61 params.tb = 1.5e-3; % Bar B thickness (m)

62
63 % Moments of inertia

64 Ia = params.wa * params.ta”3 / 12;
65 Ib = params.wb * params.tb”3 / 12;
66

67 /o PRBM constants

68 params.gamma_A = 0.5; % Characteristic radius factor for Bar A
69 params.gamma_B = 0.85; % Characteristic radius factor for Bar B
70 params.KTheta = 2.65; % Stiffness coefficient

71
72 % Torsional spring stiffnesses (ONE spring per bar)

73 params.KA_base = params.gamma_A * params.KTheta * params.E * Ia / params.la;
74 params.KB_base = params.gamma_B * params.KTheta * params.E * Ib / params.lb;
75

76 % Characteristic pivot offsets for visualization

77 params.A_pivot_offset = (l-params.gamma_A) * params.la;

78 params.B_pivot_offset = (l1-params.gamma_B) * params.lb;

79

80 fprintf ('\nSpring, Stiffnesses  (perybar):\n');

81 fprintf (', KA _base,=_%.4f,N-m/rad\n', params.KA_base);

g2 fprintf (', ,KB_base,=,%.4f ,N-m/rad\n', params.KB_base);

83 fprintf (', Ratio KB/KA,=_%.2f\n', params.KB_base/params.KA_base);

84 fprintf ('===========================================================\n\n');
85

86 %/ ===== ANALYSIS RANGE =====

87 x_slider_range = linspace(15e-3, 25e-3, 50);

88 n_positions = length(x_slider_range);

89
9 % Pre-allocate result arrays

91 F_total = zeros(n_positions, 1);

92 K_mech = zeros(n_positions, 1);

93 U_total = zeros(n_positions, 1);

9 tau_A_array = zeros(n_positions, 1);
95 tau_B_array = zeros(n_positions, 1);
9% angles_A = zeros(n_positions, 1);

97 angles_B = zeros(n_positions, 1);

98 angles_C = zeros(n_positions, 1);

99

100 %% ===== MAIN ANALYSIS LOOP =====

101 fprintf ('Computing forcesat,%d positions using,simplified method...\n'

102 fprintf ('Progress:,');

103

104 % Find resting position index

105 [~, rest_idx] = min(abs(x_slider_range - 20e-3));
106

107 % Solve kinematics and forces at all positions

108 theta_guess = [];

, n_positions);

109 for i = 1:n_positions

110 if mod(i, 10) ==

11 fprintf ('%d%%.', round(i/n_positions*100));
112 end

13

114 x_slider = x_slider_range(i);

15

116 % Solve kinematics

17 [theta_A, theta_B, theta_C, success] = solveKinematics(x_slider, params, theta_guess);
18
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if ~success
warning ('Kinematicsfailedyatyx,=y%.2f mm', x_slider*1000);
F_total(i) = Nal;
U_total(i) = Nal;
continue;
end

% Store angles

angles_A(i) = theta_A;
angles_B(i) = theta_B;
angles_C(i) = theta_C;

% Update guess for next iteration
theta_guess = [theta_A; theta_B; theta_C];

% Calculate force using simplified direct method

[F_total(i), tau_A, tau_B] = calculateForceSimplified(x_slider, theta_A, theta_B, params);
tau_A_array(i) = tau_A;
tau_B_array(i) = tau_B;

% Calculate total strain energy
U_total(i) = calculateEnergy(theta_A, theta_B, params);
end

fprintf ('100%%uComplete!\n\n"');

%% ===== CALCULATE MECHANISM STIFFNESS =====
for i = 2:n_positions-1
if ~isnan(F_total(i))
dx = x_slider_range(i+1) - x_slider_range(i-1);
K_mech(i) = (F_total(i+1) - F_total(i-1)) / dx;
else
K_mech(i) = Nal;
end
end

% Extrapolate endpoints
K_mech (1) = K_mech(2);
K_mech(end) = K_mech(end-1);

% Calculate displacement from rest position

displacement_from_rest = (x_slider_range - 20e-3) * 1000;
%% ===== RESULTS SUMMARY =====

fprintf ('====_,ANALYSIS_ RESULTS ====\n');

valid_idx = ~isnan(F_total);

if any(valid_idx)
fprintf ('\nResults at ;x=20mm ,(rest_ position):\n');
fprintf ('uForce:uuuuuuuuFu=u%.6£ N\n', F_total (rest_idx));
fprintf (',,Stiffness: ,uuKu=u%.2fuN/m\n', K_mech(rest_idx));
fprintf (' Energy: uuuuuuUu=u%.6f mJ\n', U_total(rest_idx)*1000) ;
fprintf ('yuTorque A: yuuuy _Au=u%.6fuN-m\n', tau_A_array(rest_idx));
fprintf (', Torque B: uuuu _Bu=u%.6f N-m\n', tau_B_array(rest_idx));

fprintf ('\nForce_ Range:\n');

fprintf (',uMin:%.2f N at x=%.2f mm\n', min(F_total(valid_idx)),
x_slider_range(F_total == min(F_total(valid_idx)))*1000);

fprintf (' Max: %.2f Nyat x=%.2f mm\n', max(F_total(valid_idx)),
x_slider_range(F_total == max(F_total(valid_idx)))*1000);

fprintf ('\nStiffness_ Range:\n');
fprintf ('yuMin:,%.0f N/m\n', min(K_mech(valid_idx)));
fprintf (' Max: %.0f N/m\n', max(K_mech(valid_idx)));

fprintf ('\nAngle Range:\n');
fprintf (' Bar A:%.2f° to,%.2f°\n', min(rad2deg(angles_A)), max(rad2deg(angles_A)));
fprintf (', Bar B: %.2f° to,%.2f°\n', min(rad2deg(angles_B)), max(rad2deg(angles_B)));
end
fprintf ('===========================\n\n');
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%% ===== COMPREHENSIVE PLOTTING =====
figure('Position', [50, 50, 1600, 1000]);

% Plot 1: Input Force vs Slider Position
subplot (3,3,1);

plot(x_slider_range*1000, F_total, 'b-', 'LineWidth', 2); hold on;
plot (20, F_total(rest_idx), 'ro', 'MarkerSize', 10, 'LineWidth', 2,
yline (0, 'k:', 'LineWidth', 1);

grid on;

xlabel('Slider_ Position (mm)');

ylabel ('Input Force (N)');

title('Input Force,vsSlider Position');

x1im([15 251);

legend('Force', 'Rest_Position', 'Location', 'best');

% Plot 2: Mechanism Stiffness

subplot (3,3,2);

plot(x_slider_range*1000, K_mech, 'r-', 'LineWidth', 2); hold on;
plot (20, K_mech(rest_idx), 'ko', 'MarkerSize', 10, 'LineWidth', 2,
grid on;

xlabel ('Slider Position,(mm) ') ;

ylabel ('Stiffness (N/m)"');

title('Mechanism_ Stiffness');

x1im([15 251);

legend('Stiffness', 'Rest', 'Location', 'best');

% Plot 3: Total Stored Energy
subplot (3,3,3);

'MarkerFaceColor',

'MarkerFaceColor',

plot(x_slider_range*1000, U_totalx*1000, 'g-', 'LineWidth', 2); hold on;

plot(x_slider_range*1000, U_total*1000/2, 'g--', 'LineWidth', 1.5);

|r|);

'k');

plot (20, U_total(rest_idx)*1000, 'ko', 'MarkerSize', 10, 'LineWidth', 2, 'MarkerFaceColor',

grid om;

xlabel('Slider_ Position,(mm)');

ylabel ('Energy,(mJ)"');

title('Total,,Stored Energy');

x1im([15 251);

legend('Total', 'Per;side', 'Rest', 'Location', 'best');

% Plot 4: Link Angles
subplot (3,3,4);

plot(x_slider_range*1000, rad2deg(angles_A), 'b-', 'LineWidth', 1.5); hold on;
plot(x_slider_range*1000, rad2deg(angles_B), 'r-', 'LineWidth', 1.5);
plot(x_slider_range*1000, rad2deg(angles_C), 'g-', 'LineWidth', 1.5);

plot (20, rad2deg(angles_A(rest_idx)), 'bo', 'MarkerSize', 8, 'MarkerFaceColor', 'b')
plot (20, rad2deg(angles_B(rest_idx)), 'ro', 'MarkerSize', 8, 'MarkerFaceColor', 'r');
plot (20, rad2deg(angles_C(rest_idx)), 'go', 'MarkerSize', 8, 'MarkerFaceColor', 'g')

grid on;

xlabel ('Slider Position, (mm)');

ylabel ('Angle  (degrees) ');

title ('Link Angles');

legend('Bar A', 'Bar B', 'Coupler', 'Location', 'best');
x1im([15 251);

% Plot 5: Angular Deflections

subplot (3,3,5);

delta_A = angles_A - params.theta_AO;
delta_B = angles_B - params.theta_BO;

plot(x_slider_range*1000, rad2deg(delta_A), 'b-', 'LineWidth', 1.5); hold on;
plot(x_slider_range*1000, rad2deg(delta_B), 'r-', 'LineWidth', 1.5);

yline(0, 'k:', 'LineWidth', 1);

grid on;

xlabel ('Slider Position, (mm) ') ;

ylabel ('Angular Deflection; (degrees)');
title('Angular Deflections from Neutral');
x1im([15 251);

legend('A _A', 'A_B', 'Location', 'best');

% Plot 6: Spring Torques
subplot (3,3,6);

plot(x_slider_range*1000, tau_A_array*1000, 'b-', 'LineWidth', 1.5); hold on;
plot(x_slider_range*1000, tau_B_array*1000, 'r-', 'LineWidth', 1.5);
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yline (0, 'k:', 'LineWidth', 1);

grid om;

xlabel('Slider Position,(mm)');

ylabel ('Torquey (N-mm) ') ;
title('Spring, Torques, (per side)');
x1im([15 251);

legend(' _A', ' _B', 'Location', 'best');

% Plot 7: MECHANISM VISUALIZATION

subplot (3,3,7);

positions_to_show = [15e-3, 20e-3, 25e-3];
colors
labels

for

end

k =
X_S
=g
the
the

if

end

={'b', 1RO |r|};
= {'15mm', '20mm_(rest)', '25mm'};

1:length(positions_to_show)
how = positions_to_show(k);

idx] = min(abs(x_slider_range - x_show));
ta_A_show = angles_A(idx);
ta_B_show = angles_B(idx);

~isnan(theta_A_show)

% TOP SIDE

GA_top = [params.GAx; params.GAy];

A_tip_top = GA_top + params.la * [cos(theta_A_show); sin(theta_A_show)];
B_base_top = [x_show; params.y0];

B_top_top = B_base_top + params.lb * [cos(theta_B_show); sin(theta_B_show)];

A_pivot_top = GA_top + params.A_pivot_offset * [cos(theta_A_show); sin(theta_A_show)];
B_pivot_top = B_base_top + params.B_pivot_offset * [cos(theta_B_show); sin(theta_B_show)];

% Draw bars

plot ([GA_top (1), A_tip_top(1)1*1000, [GA_top(2), A_tip_top(2)1%*1000,
colors{k}, 'LineWidth', 2.5); hold on;

plot ([B_base_top(1), B_top_top(1)1%*1000, [B_base_top(2), B_top_top(2)]1%*1000,
colors{k}, 'LineWidth', 2.5);

plot ([A_tip_top(1), B_top_top(1)1*1000, [A_tip_top(2), B_top_top(2)1%*1000,
colors{k}, 'LineWidth', 1.5, 'LineStyle', '--');

% Draw springs
drawSpringSpiral (A_pivot_top*1000, theta_A_show, colors{kl}, 1.0);
drawSpringSpiral (B_pivot_top*1000, theta_B_show, colors{k}, 1.0);

% BOTTOM SIDE (mirror)

GA_bot = [params.GAx; -params.GAy];

A_tip_bot = GA_bot + params.la * [cos(-theta_A_show); sin(-theta_A_show)];
B_base_bot = [x_show; -params.yO];

B_top_bot = B_base_bot + params.lb * [cos(-theta_B_show); sin(-theta_B_show)];

A_pivot_bot = GA_bot + params.A_pivot_offset * [cos(-theta_A_show); sin(-theta_A_show)];
B_pivot_bot = B_base_bot + params.B_pivot_offset * [cos(-theta_B_show); sin(-theta_B_show)];

plot ([GA_bot (1), A_tip_bot(1)1%1000, [GA_bot(2), A_tip_bot(2)]*1000, colors{k}, 'LineWidth', 2.5)

plot ([B_base_bot (1), B_top_bot(1)]1*1000, [B_base_bot(2), B_top_bot(2)]*1000, colors{k},
LineWidth', 2.5);

plot ([A_tip_bot (1), B_top_bot(1)]1*1000, [A_tip_bot(2), B_top_bot(2)]*1000, colors{k}, 'LineWidth'
, 1.5, 'LineStyle', '--');

drawSpringSpiral (A_pivot_bot*1000, -theta_A_show, colors{kl}, 1.0);
drawSpringSpiral (B_pivot_bot*1000, -theta_B_show, colors{k}, 1.0);

% Draw slider rails
plot ([0, 70], [params.yO, params.y0]*1000, 'k-', 'LineWidth', 3);
plot ([0, 70], [-params.y0, -params.y0]*1000, 'k-', 'LineWidth', 3);

% Draw ground pivots
plot (params.GAx*1000, params.GAy*1000, 'ko', 'MarkerSize', 10, 'MarkerFaceColor', 'k');
plot (params.GAx*1000, -params.GAy*1000, 'ko', 'MarkerSize', 10, 'MarkerFaceColor', 'k');
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% Draw centerline
plot ([0, 70], [0, O], 'k:', 'LineWidth', 1);

grid on; axis equal;

xlabel ('x,(mm) ') ;

ylabel ('y,(mm)"');
title('Mechanism,Configuration');
x1im([-5, 70]);

ylim([-50, 501);

legend (labels, 'Location', 'northeast');

% Plot 8: Force vs Displacement from Rest

subplot(3,3,8);

plot(displacement_from_rest, F_total, 'b-', 'LineWidth', 2.5); hold on;

plot (0, F_total(rest_idx), 'ro', 'MarkerSize', 10, 'LineWidth', 2, 'MarkerFaceColor', 'r');

% Reference data (if available)

slope_ref = 41.4 / 2.35;

plot ([0, 5], [0, slope_refxb], 'g--', 'LineWidth', 1.5);
plot(2.35, 41.4, 'go', 'MarkerSize', 8, 'MarkerFaceColor', 'g');

% Smooth reference curve

x_ref_points = [0, 1.49, 2.93, 4.84];

y_ref_points = [0, 25, 50, 75];

x_smooth = linspace(0, 5, 100);

y_smooth = spline(x_ref_points, y_ref_points, x_smooth);

plot (x_smooth, y_smooth, 'm-', 'LineWidth', 1.5);

plot(x_ref_points(2:end), y_ref_points(2:end), 'mo', 'MarkerSize', 8, 'MarkerFaceColor', 'm');

grid om;

xlabel ('Displacement from Rest (mm) ') ;

ylabel ('Forcey (N) ') ;

title('Forcevs Displacement');

x1lim([-5 5]1);

legend('Calculated', 'Rest', 'Linear,ref', 'Spline,ref', 'Ref_points', 'Location', 'best');

% Plot 9: Energy Components

subplot (3,3,9);

U_A = 0.5 * params.KA_base * (angles_A - params.theta_A0)."2;
U_B = 0.5 * params.KB_base * (angles_B - params.theta_B0)."2;
plot(x_slider_range*1000, U_A*1000%2, 'b-', 'LineWidth', 1.5); hold on;
plot(x_slider_range*1000, U_B*1000%2, 'r-', 'LineWidth', 1.5);
plot(x_slider_range*1000, U_totalx*1000, 'k-', 'LineWidth', 2);
grid on;

xlabel ('Slider Position, (mm)');

ylabel ('Energy,(mJ) ') ;

title('Energy Components  (bothsides) ') ;

x1lim ([15 25]);

legend('U_A(both)', 'U_By(both)', 'Total', 'Location', 'best');

%% ===== DETAILED RESULTS TABLE =====

fprintf ('====_DETAILED_RESULTS_AT_KEY_ POSITIONS_ ====\n');

fprintf ('Positiony | Force, |l Stiffness, | Energy, | Angle A, | Angle B, |, Torque A |, Torque, B\n');
fprintf ('L (mm) Luo oo D Loo oo (N/m) Loo oo (m3) uu luu (deg) Lol uu(deg) Lol uu (N -mm) Gy Ly (N-mm) \n ') ;
fprints (' --------- | -mmmee [E— [E— —— [ahat. [ e ) ;

key_positions = [15, 17.5, 20, 22.5, 25];

for pos = key_positions
[~, idx] = min(abs(x_slider_range - posx*le-3));
if ~isnan(F_total (idx))
fprintf (' %6.2f 0l u%6.2f 1 0%9.0f L | L%6.35 1 %7 . 2f L | %7 .28, 1,%8. 3£, [L%8.3f\n",
pos, F_total(idx), K_mech(idx), U_total(idx)*1000,
rad2deg(angles_A(idx)), rad2deg(angles_B(idx)),
tau_A_array(idx)=*1000, tau_B_array(idx)=*1000);
end
end
fprintf ('=============================================================================\n\n') ;
%% ===== EXPORT RESULTS =====
results = struct();

results.x_slider = x_slider_range;
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results.F_total = F_total;
results.K_mech = K_mech;
results.U_total = U_total;
results.angles_A = angles_A;
results.angles_B = angles_B;
results.angles_C = angles_C;
results.tau_A = tau_A_array;
results.tau_B = tau_B_array;
results.params = params;

% Save to file
save ('mechanism_results_simplified.mat', 'results');
fprintf ('Resultssaved to: mechanism_results_simplified.mat\n\n');

%% ===== FUNCTIONS =====
function [theta_A, theta_B, theta_C, success] = solveKinematics_initial(x_slider, params)
% Initial solve using nominal angles as guess
theta0 = [params.theta_AO_nominal; params.theta_BO_nominal; params.theta_CO_nominall];
options = optimoptions('fsolve', 'Display', 'off',
'TolFun', 1le-12, 'TolX', 1le-12, 'Algorithm', 'levenberg-marquardt',
'MaxIterations', 1000);
[theta_sol, fval, exitflag] = fsolve(@(th) loopClosure(th, x_slider, params),
thetaO, options);
theta_A = theta_sol(1);
theta_B = theta_sol(2);
theta_C = theta_so0l(3);
success = (exitflag > 0) && (norm(fval) < 1e-8);
end
function [theta_A, theta_B, theta_C, success] = solveKinematics(x_slider, params, theta_guess)
% Solve kinematics with optional initial guess
if isempty(theta_guess)
thetaO = [params.theta_AO; params.theta_BO; params.theta_CO];
else
theta0 = theta_guess;
end
options = optimoptions('fsolve', 'Display', 'off',
'TolFun', 1e-10, 'TolX', 1e-10, 'Algorithm', 'levenberg-marquardt');
[theta_sol, fval, exitflag] = fsolve(@(th) loopClosure(th, x_slider, params),
thetaO, options);
theta_A = theta_sol(1);
theta_B = theta_sol(2);
theta_C = theta_so01(3);
success = (exitflag > 0) && (norm(fval) < 1le-6);
end
function residual = loopClosure(theta, x_slider, params)
% Loop-closure equations for five-bar mechanism
theta_A = theta(1);
theta_B = theta(2);
theta_C = theta(3);
% Ground pivot A
GA = [params.GAx; params.GAyl;
% Tip of Bar A
A_tip = GA + params.la * [cos(theta_A); sin(theta_A)];
% Base of Bar B (on slider)

B_base = [x_slider; params.yO0];

% Top of Bar B
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B_top = B_base + params.lb * [cos(theta_B); sin(theta_B)];

% Coupler vector (actual)
coupler_vec = B_top - A_tip;

% Coupler vector (expected)
coupler_expected = params.lc * [cos(theta_C); sin(theta_C)];

% Residuals

residual = zeros(3,1);

residual (1) = coupler_vec(1l) - coupler_expected (1) ;
residual (2) = coupler_vec(2) - coupler_expected(2);
residual (3) = norm(coupler_vec) - params.lc;

end

function U_total = calculateEnergy(theta_A, theta_B, params)
% Total elastic strain energy (both sides of symmetric mechanism)
delta_A = theta_A - params.theta_AO;
delta_B = theta_B - params.theta_BO;

% Energy in one side
U_one_side = 0.5 * params.KA_base * delta_A"2 +
0.5 * params.KB_base * delta_B~2;

% Total energy (symmetric mechanism)
U_total = 2 * U_one_side;
end

function [F, tau_A, tau_B] = calculateForceSimplified(x_slider, theta_A, theta_B, params)
% SIMPLIFIED FORCE CALCULATION using virtual work principle
% For single DOF mechanism: F = £ (_i * d_i/dx)

% Angular deflections from neutral position
delta_A = theta_A - params.theta_AO;
delta_B = theta_B - params.theta_BO;

% Spring torques (per side)
tau_A = params.KA_base * delta_A;
tau_B = params.KB_base * delta_B;

% Get kinematic Jacobian: relates [d_A; d_B] to slider motion
J_kin = constructJacobian2x2(theta_A, theta_B, params);

% Right-hand side: [dx/dx; dy/dx] = [1; 0] since slider moves only in x
rhs = [-1; 0];

% Solve for angle derivatives: [d_A/dx; d_B/dx]
dtheta_dx = J_kin \ rhs;

% Virtual work: force per side

% dW = F-dx = _A-d_A + _B-d_B

% Therefore: F = _A-(d_A/dx) + _B-(d_B/dx)

F_one_side = tau_A * dtheta_dx(1) + tau_B * dtheta_dx(2);

% Total force (symmetric mechanism has two sides)
F = 2 * F_one_side;
end

function J_kin = constructJacobian2x2(theta_A, theta_B, params)
% Construct 2x2 kinematic Jacobian from loop closure equations
% Relates changes in [_A; _B] to changes in slider position

J_kin = zeros(2, 2);

% (x-component) /_A and (x-component) /_B
J_kin(1, 1) = params.la * sin(theta_A);
J_kin(1l, 2) = -params.lb * sin(theta_B);

% (y-component) /_A and (y-component) /_B
J_kin(2, 1) = -params.la * cos(theta_A);
J_kin(2, 2) = params.lb * cos(theta_B);
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542 end
543

544 function drawSpringSpiral(pos, link_angle, color,
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577 end

% Draw spring visualization as a spiral
if nargin < 4

scale_factor = 1.5;
end
radius = 1.5 *x scale_factor;
n_turns = 2.5;

n_points = 50;

% Create spiral in local coordinates

t = linspace(0, n_turns * 2 * pi, n_points);
r = linspace(0, radius, n_points);

x_local = r .* cos(t);

y_local = r .* sin(t);

% Rotate spiral to align with link
spiral_angle = link_angle + pi/2;

cos_a = cos(spiral_angle);
sin_a = sin(spiral_angle);
x_rot = x_local * cos_a - y_local * sin_a;
y_rot = x_local * sin_a + y_local * cos_a;

% Translate to position
x_spring = pos(1l) + x_rot;
y_spring = pos(2) + y_rot;

% Draw spiral
plot(x_spring, y_spring, 'Color', color, 'LineWidth',

% Draw center point

plot(pos (1), pos(2), 'o', 'Color', color, 'MarkerSize'

scale_factor)

1.2);

)23

'MarkerFaceColor',

color);



Code for Joint Location Optimization GM

%% %% Comprehensive Compliant Mechanism Analysis with Interactive Features
clc; clear; close all;

% Fixed parameters
output_initial = [12, 2]; % Output position
slider_initial = [2, 0]; % Slider initial position (x=2)

% Adjusted parameter ranges

ground_y_values = linspace(3, 5, 10); % Ground joint Y positiomns (3-5)
F_x_values = linspace(4, 9, 50); % Joint F X positions (4-9)
F_y_values = linspace(3, 6, 20); % Joint F Y positions (3-6)

% Initialize storage
all_configs = [];
pareto_front = [];

% Main analysis loop
for g_idx = 1:length(ground_y_values)
ground = [0, ground_y_values(g_idx)];

for Fy_idx = 1:length(F_y_values)
for Fx_idx = 1l:length(F_x_values)
F_initial = [F_x_values(Fx_idx), F_y_values(Fy_idx)];
L_A1 = norm(F_initial - ground);
L_B = norm(F_initial - slider_initial);

if L_B < 4, continue; end

try
% Constrain slider to 2-2.25 range
slider_min = max(2, F_initial(1l) - sqrt(L_B"2 - F_initial(2)72));
slider_max = min(2.25, F_initial(1l) + sqrt(L_B"2 - F_initial(2)72));
valid_slider_x = linspace(slider_min, slider_max, 50);

catch
continue;

end

% Process slider positions
temp_angles = [];
for s_idx = 1:length(valid_slider_x)
B = [valid_slider_x(s_idx), 0];
options = optimoptions('fsolve', 'Display', 'off');
[F, ~, exitflag] = fsolve(@(x) root2d(x, ground, B, L_A1, L_B), F_initial,

if exitflag > O && isreal(F) && F(2) > 2.5
% Calculate bar A angle with vertical
vec_A = F - ground;
angle = 90 - atan2d(vec_A(2), vec_A(1));
temp_angles = [temp_angles; anglel;

end
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end

if numel (temp_angles) > 1
% Calculate metrics
input_disp = valid_slider_x(end) - valid_slider_x(1);
output_disp = norm(F + (output_initial - F_initial) - output_initial);
disp_ratio = output_disp / input_disp;
angle_diff = temp_angles(1l) - temp_angles(end); % Start - End angle

% Store configuration
all_configs = [all_configs;

ground(2), F_initial(1), F_initial(2), disp_ratio, angle_diff];

end
end
end
end

% Identify Pareto-optimal configurations
is_pareto = true(size(all_configs,1),1);
for i = 1:size(all_configs,1)

for j = 1l:size(all_configs,1)

if (all_configs(j,4) >= all_configs(i,4) && all_configs(j,5) <= all_configs(i,b)) &&

(all_configs(j,4) > all_configs(i,4) || all_configs(j,5) < all_configs(i,5))
is_pareto(i) = false;
break;
end
end
end
pareto_front = all_configs(is_pareto,:);

% Create interactive visualization
figure('Position', [100 100 1400 600]);

% 3D Parameter Space Plot

subplot (1,2,1);

h_3d = scatter3(all_configs(:,1), all_configs(:,2), all_configs(:,3),
40, all_configs(:,4), 'filled', 'UserData', all_configs);

hold on;

scatter3(pareto_front(:,1), pareto_front(:,2), pareto_front(:,3), ...
120, 'r', 'filled', 'MarkerEdgeColor', 'k', 'UserData', pareto_front);

xlabel ('Ground_ Y, (3-5)");

ylabel ('F X, (4-9)');

zlabel ('F Y, (3-6)');

title('3D,Parameter Space,(Color: Displacement Ratio)');

colorbar;

view(3);

grid on;

% Trade-off Plot

subplot(1,2,2);

h_2d = scatter(all_configs(:,4), all_configs(:,5), 40, all_configs(:,1), 'filled',
'UserData', all_configs);

hold on;

scatter (pareto_front(:,4), pareto_front(:,5), 120, 'r', 'filled',
'MarkerEdgeColor', 'k', 'UserData', pareto_front);

xlabel ('Displacement Ratio, (Input:,2-2.25)"');

ylabel ('Angle Difference(°)');

title('Performance Trade-off ,(Color: Ground_ Y Position)');

colorbar;

grid on;

% Configure interactive data tips
dcm = datacursormode (gcf);
set(dcm, 'UpdateFcn', @customDataTip, 'Enable', 'on');

% Custom data tip function
function output_txt = customDataTip(~, event_obj)
pos = get(event_obj, 'Position');
target = get(event_obj, 'Target');
user_data = get(target, 'UserData');
idx = get(event_obj, 'Datalndex');
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end

% Extract parameters from stored data
if size(user_data,2) == % Full configuration data
config = user_data(idx,:);
ground_y = config(l);
F_x = config(2);
F_y = config(3);
disp_ratio = config(4);
angle_diff = config(5);
else J Pareto front data
config = user_data(idx,1:5);
ground_y = config(l);
F_x = config(2);
F_y config(3);
disp_ratio = config(4);
angle_diff = config(5);
end

% Create tooltip text

output_txt = {
['Ground,Y:,', num2str(ground_y, '%.2f')],
['FuPosition: (', num2str(F_x, '%.1f'), ',,', num2str(F_y,
['Disp Ratio:', num2str(disp_ratio, '%.2f')],
['Angle Diff:.', num2str(angle_diff, '%.1f'), '°']
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% Mechanism constraint function
function F = root2d(x, ground, B, L_A1, L_B)

end

F(1) = (x(1)-ground(1))~2 + (x(2)-ground(2))~2 - L_A1"2;
F(2) (x(1)-B(1))"2 + (x(2)-B(2))"2 - L_B"2;

"ho1£'),

DR



Linear Guide Mechanism Analytical Code
With Corner Fillets and Linear Taper

Included

function nanopositioning_stage_analysis_with_fillets ()

% LGM Paper (motion in z):

%

% FILLET ORIENTATION CORRECTION:
7 - Fillet affects WIDTH (w)

%% Geometry and material
RO = 40e-3;

t_LGM = 5e-3;

R = RO - t_LGM/2;

% Constant widths
w_LGM_38 = 0.54e-3;
w_LGM_47 = 0.54e-3;

% Tapered width for the tapered leaf:

Median radius [m]
Thickness [m] (constant for all leaves)

Width for small leaves [m]
Width for non-tapered big leaf [m]

wA_LGM_47 = 0.6e-3; % Width at fixed end A [m]
wB_LGM_47 = 1.03e-3; % Width at free end B [m]

% Fillet parameters

r_fillet38 = 0e-3; % Fillet radius for 38° leaves [m]
r_fillet47 = 0e-3; % Fillet radius for 47° leaves [m]
E = 70e9; % Young's modulus [Pal

nu = 0.33; % Poisson's ratio

mu = 6/5; % Shear coefficient (rectangular)
% Layout

n = 3; % Number of FPM guides in parallel (stage-level)
angles = [45.865, 52.8]; % degrees

%Fillet size

r_fillet_38 = 2.5e-3;

r_fillet_47 = 2.5e-3;

fprintf ('========================================\p') ;

fprintf ('LGM: Motion, in,z');

fprintf ('========================================\n\n');

fprintf ('Geometry:\n');

fprintf (', Medianradius R,=_%.2f mm\n', R*1e3);
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fprintf (',uWidth,w,(radial) =_%.2f mm', w_LGM_38%*1e3);
fprintf (', Thicknesst(axial) = %.2f ymm\n', t_LGMx*1e3);

fprintf (', yFilletyr,=,%.2f mm,(%.0f%% 0f,w)\n\n', r_fillet_38x1e3, 100*r_fillet_38/w_

%% Calculate with fillets (using unified taper function)

k38_f = calc_arc_general (angles(1), R, w_LGM_38, w_LGM_38, t_LGM, r_fillet_38, E, nu,
k47_f = calc_arc_general(angles(2), R, w_LGM_47, w_LGM_47, t_LGM, r_fillet_47, E, nu,
k47t_f = calc_arc_general(angles(2), R, wA_LGM_47, wB_LGM_47, t_LGM, r_fillet_47, E,

%% Calculate without fillets (using unified taper function, r=0)

k38_o = calc_arc_general (angles(1), R, w_LGM_38, w_LGM_38, t_LGM, 0, E, nu, mu);
k47_o = calc_arc_general (angles(2), R, w_LGM_47, w_LGM_47, t_LGM, 0, E, nu, mu);
k47t_o = calc_arc_general (angles(2), R, wA_LGM_47, wB_LGM_47, t_LGM, 0, E, nu, mu);

%% Combine

kFPM1_f = 1/(1/k38_f + 1/k38_f + 1/k47_f);
kFPM2_f = 1/(1/k38_f + 1/k38_f + 1/k47t_£);
kstage_f = n * (2xkFPM1_f + 2xkFPM2_f);

kFPM1_o 1/(1/k38_o + 1/k38_o + 1/k47_o);
kFPM2_o 1/(1/k38_o + 1/k38_o + 1/k47t_o);
kstage_o = n * (2%kFPM1_o + 2xkFPM2_o);

%% Results

fprintf ('\n==================ssssmmmmmmmmmmoooooooo\p ')
fprintf ('RESULTS\n') ;
fprintf ('====================sssmmmmmmmmmmmoooooo\p ')

fprintf ('Leaf Stiffness (N/mm):\n');

LGM_38);

mu) ;
mu) ;
nu, mu);

fprintf ('yu38°:uu%k.3f2u%.35,(%.2£%%)\n"', k38_o/1e3, k38_f/1e3, 100*(k38_o0-k38_f)/k38_o);
fprintf ('yu47°:uu%.3f20%.3EL(%.2£%%)\n", k47 _o/1e3, k47_£f/1e3, 100*(k47_o-k47_£f)/k47_o);

fprintf ('yu47°t:u%.35 2% 35, (%h.28%%)\n"', k47t _o/1e3, k47t_f/1e3, 100%(k47t_o-k47t_£f)/k47t_o);

fprintf ('\nStage:%.3f +,%.3f,(%.2f%%)\n",
kstage_o/1e3, kstage_f/1e3, 100*(kstage_o-kstage_f)/kstage_o);

fprintf ('Target:,~23%%\n"');

fprintf ('========================================\n') ;

%% Plot

max_disp = 5e-3;

x = linspace(0, max_disp, 100);

%Actualmessurment

new_disp3 = [0, 2]; % mm

new_force3 = [0, 25]; % N

figure('Position', [100 100 1000 700])

hold on; grid on; box on

plot(x*1le3, 13e3%x, '--', 'Color', [0,25,101]1/255, 'LineWidth', 2.5)

plot(x*1e3, kstage_f*x, 'Color', [220,50,50]/255, 'LineWidth', 2.5)

%plot (x*1e3, kstage_o*x, 'Color', [59,151,222]/255, 'LineWidth', 2.5)

%plot ([0,5.78], [0,55B], 's', 'Color', [42,145,139]/255, 'MarkerSize', 10,
%'LineWidth', 2, 'MarkerFaceColor', [42,145,139]/255)

plot (new_disp3, new_force3, 's', 'Color', [10,10,139]/255, 'MarkerSize', 10,
'LineWidth', 2, 'MarkerFaceColor', [10,10,139]/255)

xlabel ('Displacement,,(mm) ', 'FontSize', 14, 'FontWeight', 'bold')

ylabel ('Forcey,(N)', 'FontSize', 14, 'FontWeight', 'bold')

title('Corrected Fillet Orientation: Affects Width,(w)', 'FontSize', 15, 'FontWeight', 'bold')

legend ({'FEA', 'With, Fillets', 'No,Fillets', 'FEM'}, 'Location', 'northwest')

x1im ([0 6]); ylim([O 70])

hold off

end

%% UNIFIED FUNCTION: General arc beam with optional taper and fillet
function kuz = calc_arc_general (alpha_deg, R, wA, wB, t, r, E, nu, mu)
% Universal function for arc beam analysis

% - Handles constant width (wA = wB) or tapered (wA wB)

% - Handles with fillet (r > 0) or without (r = 0)

pA

% Fillet affects Witdh (w)

% Section properties with fillet:

%f-AO =wOxO xt
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h-Iy O = [wOxOl>xt / 12
% - Iz O [w O xOIxt® / 12
% - Ip O [w O x OT°xt x

alpha_total = deg2rad(alpha_deg);
L = R * alpha_total;
G=E/ (2 % (1 + nu));

% Width taper function
wfun = @(alpha) wB + (wA - wB) .* (alpha / alpha_total);

% Base section properties

Afun_base = @(alpha) wfun(alpha) .* t;

Iyfun_base = @(alpha) (wfun(alpha).”3 .x t) / 12; % w® - strongly affected by fillet
Izfun_base @(alpha) (wfun(alpha) .* t.73) / 12; % w - linearly affected by fillet
Ipfun_base = Q@(alpha) wfun(alpha).”3 .* t .x (1/3 - 0.21x(wfun(alpha)./t) + 0.0175%(wfun(alpha)./t)."5);

% Check if fillet is present
has_fillet = (r > 1e-6);

if has_fillet
% Use average width for fillet parameters
w_avg = (wA + wB) / 2;
a =r / w_avg;
b =1L/ w_avg;

% Shape function - based on width coordinate
zeta_fun = @(alpha) arrayfun(@(a_val) calc_zeta(R*a_val/w_avg, a, b), alpha);

% Fillet region boundaries

alphal = min((a*w_avg)/R, alpha_total);

alpha2 = max(0, min(((b-a)*w_avg)/R, alpha_total));
else

% No fillet: zeta = 1 everywhere

zeta_fun = @(alpha) ones(size(alpha));

alphal = 0;

alpha2 = alpha_total;
end

opt = {'ArrayValued', true, 'RelTol', 1e-9, 'AbsTol',6 1le-12};

% Calculate integrals with appropriate powers of
% - Area (wxt): 1

% - Iy (w®xt): 73 « BIG EFFECT from fillet

% - Iz (wxt®): "1

% - Ip (w®xt): 73 « BIG EFFECT from fillet

if has_fillet && alphal > O && alpha2 > alphal && alpha2 < alpha_total
% Split integration over three regions
[JA1, JA3, JA4, JAO, JIyl, JIy3, JIy4, JIz0, JIz2, JIz3, JIz5, JIz6, JIz8,
JIpil, JIp2, JIp3, JIp4, JIp5, JIp7] =
calc_integrals_split (Afun_base, Iyfun_base, Izfun_base, Ipfun_base,
zeta_fun, alphal, alpha2, alpha_total, opt);
else
% Single region integration (no fillet or fillet covers entire beam)
[JA1, JA3, JA4, JAO, JIyi, JIy3, Jly4, JIz0, JIz2, JIz3, JIzb, JIz6, JIz8,
JIpl, JIp2, JIp3, JIp4, JIp5, JIp7] =
calc_integrals_single(Afun_base, Iyfun_base, Izfun_base, Ipfun_base,
zeta_fun, alpha_total, opt);
end

% Build compliance matrix

C = build_compliance_matrix(R, E, G, mu,
JA1, JA3, JA4, JAO, JIyl, JIy3, JIy4, JIzO0, JIz2, JIz3, JIz5, JIz6, JIz8,
JIpl, JIp2, JIp3, JIp4, JIp5, JIp7);

% Solve for stiffness
t_vec = [0;0;0;0;0;1];
w_sol = C\t_vec;

kuz = w_sol(3);

end
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%% HELPER: Calculate integrals over three regions (fillet zones)
function [JA1l, JA3, JA4, JAO, JIyil, JIy3, JIy4, JIzO0, JIz2, JIz3, JIz6, JIz6, JIz8,

JIpi, JIp2, JIp3, JIp4, JIp5, JIp7] =

calc_integrals_split (Afun_base, Iyfun_base, Izfun_base, Ipfun_base,

zeta_fun, alphal, alpha2, alpha_total, opt)

% Area integrals (~1)

JA1

JA3

JA4

JAO

integrate_three_regions(@(a) cos(a).”2 ./ (Afun_base(a).*zeta_fun(a)),

alphal, alpha2, alpha_total, opt);

integrate_three_regions(@(a) sin(a).”2 ./ (Afun_base(a).*zeta_fun(a)),

alphal, alpha2, alpha_total, opt);

integrate_three_regions(@(a) sin(a).*cos(a) ./ (Afun_base(a).*zeta_fun(a)),

alphal, alpha2, alpha_total, opt);

integrate_three_regions(@(a) 1 ./ (Afun_base(a).*zeta_fun(a)),

alphal, alpha2, alpha_total, opt);

% Iy integrals (~3 - strong fillet effect)

JIy1
JIy3
JIy4
% Iz
JIz0
JIz2
JIz3
JIzb
JIz6
JIz8
% Ip
JIpl
JIp2
JIp3
Jip4d
JIp5
JIp7

end

integrate_three_regions(@(a) cos(a).”2 ./ (Iyfun_base(a).*zeta_fun(a)."3),
alphal, alpha2, alpha_total, opt);

integrate_three_regions(@(a) sin(a).”2 ./ (Iyfun_base(a).*zeta_fun(a)."3),
alphal, alpha2, alpha_total, opt);

integrate_three_regions(@(a) sin(a).*cos(a) ./ (Iyfun_base(a).*zeta_fun(a)."3),
alphal, alpha2, alpha_total, opt);

integrals ("1 - linear fillet effect)

integrate_three_regions(@(a) 1 ./ (Izfun_base(a).*zeta_fun(a)),
alphal, alpha2, alpha_total, opt);
integrate_three_regions(@(a) (1-cos(a)).”2 ./ (Izfun_base(a).*zeta_fun(a)),
alphal, alpha2, alpha_total, opt);
integrate_three_regions(@(a) sin(a).”2 ./ (Izfun_base(a).*zeta_fun(a)),
alphal, alpha2, alpha_total, opt);
integrate_three_regions(@(a) sin(a).*(l-cos(a)) ./ (Izfun_base(a).*zeta_fun(a)),
alphal, alpha2, alpha_total, opt);
integrate_three_regions(@(a) (1-cos(a)) ./ (Izfun_base(a).*zeta_fun(a)),
alphal, alpha2, alpha_total, opt);
integrate_three_regions(@(a) sin(a) ./ (Izfun_base(a).*zeta_fun(a)),
alphal, alpha2, alpha_total, opt);

integrals (73 - strong fillet effect)

integrate_three_regions(@(a) cos(a).”2 ./ (Ipfun_base(a).*zeta_fun(a)."3),

alphal, alpha2, alpha_total, opt);
integrate_three_regions(@(a) (1-cos(a)).”2 ./ (Ipfun_base(a).*zeta_fun(a)."3),

alphal, alpha2, alpha_total, opt);
integrate_three_regions(@(a) sin(a).”2 ./ (Ipfun_base(a).*zeta_fun(a)."3),

alphal, alpha2, alpha_total, opt);
integrate_three_regions(@(a) sin(a).*cos(a) ./ (Ipfun_base(a).*zeta_fun(a)."3),

alphal, alpha2, alpha_total, opt);
integrate_three_regions(@(a) sin(a).*(l-cos(a)) ./ (Ipfun_base(a).*zeta_fun(a)."3),

alphal, alpha2, alpha_total, opt);
integrate_three_regions(@(a) cos(a).*(l-cos(a)) ./ (Ipfun_base(a).*zeta_fun(a)."3),

alphal, alpha2, alpha_total, opt);

%% HELPER: Calculate integrals over single region (no fillet or uniform fillet)
function [JA1l, JA3, JA4, JAO, JIyil, JIy3, JIy4, JIzO0, JIz2, JIz3, JIz6, JIz6, JIz8,

JIpi, JIp2, JIp3, JIp4, JIp5, JIp7] =

calc_integrals_single (Afun_base, Iyfun_base, Izfun_base, Ipfun_base,

zeta_fun, alpha_total, opt)

% Area integrals (~1)

JA1
JA3
JA4
JAO

% Iy
JIy1

JIy3 =

Jiy4d

integral(@(a) cos(a).”2 ./ (Afun_base(a).*zeta_fun(a)), O, alpha_total, opt{:});
integral(@(a) sin(a).”2 ./ (Afun_base(a).*zeta_fun(a)), O, alpha_total, opt{:});
integral(@(a) sin(a).*cos(a)
integral(@(a) 1 ./ (Afun_base(a).*zeta_fun(a)), O, alpha_total, opt{:});

./ (Afun_base(a).*zeta_fun(a)), 0, alpha_total, opt{:1});

integrals (°3)

integral(@(a) cos(a).”2 ./ (Iyfun_base(a).*zeta_fun(a)."3), 0, alpha_total, opt{:});
integral(@(a) sin(a).”2 ./ (Iyfun_base(a).*zeta_fun(a).”3), 0, alpha_total, opt{:});

integral(@(a) sin(a).*cos(a) ./ (Iyfun_base(a).*zeta_fun(a)."3), 0, alpha_total, opt{:});
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% Iz integrals (71)
JIz0 = integral(@(a) 1 ./ (Izfun_base(a).*zeta_fun(a)), O, alpha_total, opt{:});

JIz2 = integral(@(a) (1-cos(a)).”2 ./ (Izfun_base(a).*zeta_fun(a)), O, alpha_total, opt{:});

JIz3 = integral(@(a) sin(a).”2 ./ (Izfun_base(a).*zeta_fun(a)), O, alpha_total, opt{:});

JIz5 = integral(@(a) sin(a).*(l-cos(a)) ./ (Izfun_base(a).*zeta_fun(a)), O, alpha_total, opt{:});

JIz6 = integral(@(a) (1-cos(a)) ./ (Izfun_base(a).*zeta_fun(a)), O, alpha_total, opt{:});
JIz8 = integral(@(a) sin(a) ./ (Izfun_base(a).*zeta_fun(a)), O, alpha_total, opt{:});

% Ip integrals (~3)
JIpl = integral(@(a) cos(a).”2 ./ (Ipfun_base(a).*zeta_fun(a)."3), 0, alpha_total, opt{:});

JIp2 = integral(@(a)

JIp3 = integral(@(a) sin(a).”2 ./ (Ipfun_base(a).*zeta_fun(a)."3), 0, alpha_total, opt{:});

JIp4 = integral(@(a) sin(a).*cos(a) ./ (Ipfun_base(a).*zeta_fun(a)."3), 0, alpha_total, opt{:});

JIp5 = integral(@(a) sin(a).*(l-cos(a)) ./ (Ipfun_base(a).*zeta_fun(a)."3), 0, alpha_total,

JIp7 = integral(@(a) cos(a).*(l-cos(a)) ./ (Ipfun_base(a).*zeta_fun(a)."3), 0, alpha_total, opt{:1});

end

%% HELPER:
function re
result = in
in
in
end

%% HELPER:
function C

Integrate over three regions

sult = integrate_three_regions(fun, alphal, alpha2, alpha_total, opt)
tegral (fun, O, alphal, opt{:}) +

tegral (fun, alphal, alpha2, opt{:}) + .

tegral (fun, alpha2, alpha_total, opt{:});

Build compliance matrix from integrals
= build_compliance_matrix(R, E, G, mu,

JA1, JA3, JA4, JAO, JIyl, JIy3, JIy4, JIzO0, JIz2, JIz3, JIz5, JIz6, JIz8,

Jipt, J

% Direct co
C_uxfx = (R
C_uyfy (R
C_uzfz (R

C_theta_xmx
C_theta_ymy
C_theta_zmz

% Cross-cou

C_uxfy = (R
C_uyfx = C_
C_uxmz = -(

C_theta_zfx

C_uymz = (R
C_theta_zfy

C_uzmx = (R
C_theta_xfz

C_uzmy = -(
C_theta_yfz

C_theta_xmy =

C_theta_ymx

% Assemble
c = [0, O,
0, O,
C_thet
C_uxfx
C_uyfx
0, O,
end

%% HELPER:

function z

if xi >= 0
term =
z = 2x(

Ip2, JIp3, JIp4, JIp5, JIp7)

mpliance terms

/E)*JA1 + (R"3/E)*JIz2 + (mu*R/G)*JA3;
/E)*JA3 + (R"3/E)*JIz3 + (mu*R/G)*JA1;
“3/E)*JIy3 + (R"3/G)*JIp2 + (mu*R/G)*JAO;

(R"2/G)*JIpl + (R/E)*JIy3;
(R/E)*JIy1l + (R/G)*JIp3;
= (R/E)*JIz0;

pling terms

/E)*JA4 - (R"3/E)*JIz5 - (mu*R/G)*JA4;
uxfy;
R"2/E)*JIz6;

= C_uxmz;

“2/E)*J1z8;
= -C_uymz;

“2/E)*JIy3 - (R"2/G)*JIp7;
= C_uzmx;

R"2/E)*JIy4 - (R"3/G)*JIp5;
= C_uzmy;

-(R/E)*JIy4 + (R/G)*JIp4;
= C_theta_xmy;

compliance matrix

C_theta_xfz, C_theta_xmx, C_theta_xmy, O;
C_theta_yfz, C_theta_ymx, C_theta_ymy, O;
a_zfx, C_theta_zfy, 0, 0, 0, C_theta_zmz;
, C_uxfy, 0, 0, 0, C_uxmz;

, C_uyfy, 0, 0, 0, C_uymz;

C_uzfz, C_uzmx, C_uzmy, O0];

Zeta function (fillet shape)

= calc_zeta(xi, a, b)

& xi < a

a - xi;

a - sqrt(max(a”2 - term”™2, 0))) + 1;

(1-cos(a)).”2 ./ (Ipfun_base(a).*zeta_fun(a)."3), 0, alpha_total, opt{:});



329 elseif xi >= a && xi <= (b - a)

330 z = 1.0;

331 elseif xi > (b - a) && xi <= Db

332 term = xi - b + a;

333 z = 2x(a - sqrt(max(a”2 - term”2, 0))) + 1;
334 else

335 z = 1.0;

336 end

337 z = max(z, 1.0);

338 z min(z, 1 + 2%*a);

339 end



Actuator Characteristics

This are the data sheets provided by Magnaticlnnovation on the Moving magnet actuator 5536.[73]

1 I Fl I Kl I 4 I 3 I 1 I ki L I ] I 19 1 1 12
8 Technical Data
Al Parometer lunit] Valwe |Tol. |Remark Al
Stroke | mm |
The lorce or bGock EWF
Force Constont, Back constont as o function
EMF of" the position (mml
B constont, 13.5 |t 10% [con be cpproxmoted u
INA, Vs/m] middle byt Kfiz) = 13.537 +
position 0.0224z -0.1762%
see Migure below
A Stespress | N/W | ol
Middle 39.82 ot 20 *C
position
Coil resistonce 101 4.6 |+ I5%|at 20 "C
|| Coil inductonce [mH | 3.7 + 30% |megsured at 20Hz -
lcont, convecktion [A] [2.68 In Mixture
cont, convection [NIT |- 1O -
middie position 35.87 |+ 10% |In Pixture
c Rth, convection LK/W1 |2.2 In Mixture c|
-.kw nk, woter [A] B.15 0.5 |/min wotercooled
e Foont, water [N
Oiige, middie pos Eion 83.08 0.5 |/min wotercooled
B “°‘0|,E? Rth, water [K/W] 0.41 0.5 |/min wotercooled [
2 * — KEEP CLEAR OF FERRO MAGNETIC MATERIALS Ipeck [A] 10.43 |+ 10% [Coil hecting 5 K/s
§ F peck [N] . on " P
5ol Middie position 140.9 |+ 10% |Coil heating 5 K/s
: Max. operating veltoge
b Stator 42 %05 1'vBE ) 8
= 36 0.1 a4 1
= ! + Moving Mass (g 175
|| Asaa for Al mig=stroke . 1
¥ Reluctance ring Max. Tema. [1°C1 120
-~ Mover
E| E|
¥
a 3| & k . I
HPE qli 28 i
F g = 8 TF ¥ " F
B ~— ]
& §
. H 2
H § ; |
# ! -
i 0000 =
ii o B L e e el e
H e, 10150 27 | o purr | ace, 1o 150 13718 e T % wansised
i: g Vives ot
e5h =50 Rad2um | MM 04 | |
;E NOTE SECTION L4 Ll >
¥ Counterpart interface al the customes side for the mover must have a pesitioning accuracy of | 4 | @01 p! o
d E 1 e PTFE INSULATED AWG 18 @ | 2 A2
2hp | | with reterance 1o the stator intarface. (This equals an 10,05 mm accuracy).
| 2 Do ot change the direction of the mover. el T i
3. A positive (+) voltage applied 1o the red lead wire will produce a force on R, Sanders
the mover in e positive (=) diection, T MMA 5536 MI 1842 300 01
4, For more information check the manal 04 Lar 2024
CAL: M WwwTagrebonrnovatons.com | Sheet I0: 118 1ot1
1 I 7 I 3 I ] I 5 I [ [ 7 [ ] [ a_ 0 I k] i3

Figure D.1: 5536 moving magnet datasheet
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Continuous force [N] Peak Force [N]

**1525
**1555

#3070
**5h536

** Type moving magnet actuator (MMA of MME)

Figure D.2: Peak force for the different VCA models

Radial Force Development
MMA/MMB 3070, 5536 & 9054

40
30
= 20 MMA 3070
= 1]
E 10 — IMA 5536
| *S
0 - AMA 2054
0 0.25 0.5 0.75 1
-10

Radial distance [mm]

Figure D.3: Radial force between moving magnet and coil for different models



Final Design Compliant Gripping
Mechanism Prototype AL7075

This chapter details the design specifications of the al7075 prototype such as it is ordered.

Figure E.1: LGM detailed view
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Figure E.2: Air gap of the VCA

Figure E.3: Engaged snap fit locking mechanism
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Figure E.4: Final design Disassembled
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Figure E.5: Final design assembled total weight

Figure E.6: Final design separate parts
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Riboflavin Coverage Test

Figure F.1: Coverage test assembled before
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F.0.1. Assembled coverage test

Figure F.2: Coverage test assembled while washing

Figure F.3: Coverage test assembled




Figure F.4: Coverage test assembled

Figure F.5: Coverage test assembled
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F.0.2. Disassembled coverage test

Figure F.6: Coverage test assembled
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Figure F.7: Coverage test disassembled before wash cycle
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Note here is that you can see tha _
orientation the surface tention between leaf §

Springs cause water retention

Figure F.8: Coverage test disassembled after wash cycle



Figure F.9: Coverage test disassembled

Figure F.10: Coverage test disassembled




Figure F.11: Coverage test disassembled
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Figure F.12: Coverage test disassembled




Extra Validation Test Data

Force vs Displacment bahaviour when gripping an object
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Figure G.1: Active force at the tip when actuated by Instron
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Force vs Displacment full mechanism
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Figure G.2: Force displacement graph of the full mechanism actuated by Instron
Force vs Time Passive gripping with actuator 2 mm
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Figure G.3: Passive force at the tip when 2 mm is put in-between
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Passive Force at Tip When Actuated by VCA
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Figure G.4: Active gripping data input loadcell
Force vs Time Passive gripping with Instron as Input
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Figure G.5: Passive data loadcell at the tip when 2 mm is put in-between Instron
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