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ABSTRACT 

Compliant mechanisms are monolithic mechanical 

devices that achieve motion through the elastic 

deformation of their flexible joints. These systems 

exhibit no wear, backlash, friction, or lubrication needs, 

making them ideal for applications requiring high 

precision, reliability, and operation in harsh 

environments, such as aerospace guiding mechanisms. 

Over the past decade, interest in functional Additive 

Manufacturing (AM) has increased. While the 

manufacturing of compliant mechanisms via additive 

means has been successfully demonstrated, current 

design processes do not exploit its potential. 

Furthermore, traditional approaches are often tedious, 

iterative processes that rely on designers’ experience. 

 

In this work, we present a Knowledge-Based Engineering 

(KBE) approach that combines heritage in the design of 

compliant mechanisms with advancements in design for 

AM (DfAM). 

The process begins with the identification of acceptable 

concepts using a new mobility analysis tool developed 

for generative design applications. This tool efficiently 

explores and evaluates the design space. These concepts 

are then ranked using a genetic, multi-objective 

optimization (MOO), scheme, which considers both 

functional requirements (e.g., stroke, stiffness, guiding 

performances, etc.) and non-functional requirements 

(e.g., critical buckling load, manufacturability, etc.). The 

optimization process leverages advanced dominance 

ranking algorithms to navigate the design space and 

identify Pareto-optimal solutions to support trade-off 

analysis. 

Once a suitable concept is selected, its sizing and 

configuration are optimized using a combination of 

user’s inputs, and genetic algorithms to ensure that the 

design meets all specified performance criteria. 

Finally, the rigid bodies that link the compliant joints and 

mechanical interfaces are automatically generated. This 

generator accounts for mechanical interferences during 

operation, as well as available envelope/non-design 

spaces and manufacturing constraints, integrating non-

sacrificial supports to minimize the need for post-

processing. 

This approach ensures that even unexperienced designers 

can generate not only functional but also optimized AM 

compliant mechanisms, with limited manufacturing 

complexity.  

In this paper, we detail each step of this novel workflow 

and demonstrate its capability to convert a set of 

requirements into a feasible AM-compliant guiding 

mechanism through the design of a 2 DOF pointing 

mechanism. The resulting design showcases the potential 

of the proposed methodology to support the development 

of high-performance, AM-compliant mechanisms for 

aerospace applications. 

 

1 Introduction 

Compliant mechanisms are mechanical systems that 

achieve motion through the elastic deformation of their 

constitutive elements rather than through traditional 

rigid-body joints [1]. This intrinsic flexibility offers 

several advantages, including elimination of friction, 

backlash, need for lubrication, and enhanced precision 

and reliability. 

Among the various types of compliant mechanisms, 

compliant guiding mechanisms form a distinct 

subcategory whose primary function is to constrain the 

kinematic of a payload along one or multiple directions. 

These mechanisms are employed in domains such as 

scientific instrumentation [2], and aerospace applications 

[3] – including pointing devices [4], sub-micron 

positioning stages [5], and focusing mechanisms [6]. The 

ability of compliant mechanisms to deliver precise, 

repeatable motion without the need for lubrication or 

maintenance makes them attractive in such harsh 

environments where reliability and cleanliness are 

required. 

However, the design of compliant guiding mechanisms is 

inherently complex. It involves balancing multiple, often 

conflicting objectives – such as maximizing stiffness in 

constrained directions while preserving high compliance 

in desired degrees of freedom – within tight spatial and 

performance constraints. 

Three principal approaches have emerged in the literature 

for the design of compliant mechanisms: 

1) Pseudo-Rigid Body Model (PRBM) [7]: This 

method begins with the conceptual design of a 

rigid-body mechanism, which is then translated 

into a compliant counterpart. The process 

typically involves four main steps: defining the 

desired motion, generating a suitable concept 

(i.e., the number and type of joints and their 

interconnections), replacing rigid joints with 

compliant elements, and optimizing the 

dimensions and orientations of these elements. 



 

 

While intuitive and widely used, this approach 

relies on the designer’s experience and may not 

exploit the design freedom brought by AM . 

2) Freedom and Constraint Topology (FACT) 

[8]: FACT provides a more structured, tool-

assisted approach to conceptual design. It uses 

graphical representations of freedom and 

constraint spaces to guide the generation of 

mechanism’s concepts that achieve the desired 

motion characteristics. Although FACT helps in 

the conceptual phase, the subsequent steps – 

such as sizing, configuration optimization, and 

rigid bodies design – remain similar to those in 

the PRBM approach. 

3) Full Topology Optimization (TO) [9]: This 

computational approach seeks to generate 

optimal compliant structures directly from 

performance specifications. While promising in 

its ability to explore non-intuitive designs, TO 

faces several limitations, including the difficulty 

of defining appropriate objective functions for 

multi-objective optimization, numerical 

instabilities, and high computational demands. 

As a result, its application is often restricted to 

two-dimensional or coarse-resolution designs. 

In recent years, the manufacturing of compliant 

mechanisms via additive means has been successfully 

demonstrated, offering a new design freedom and the 

ability to produce intricate geometries [10]. This 

expanded design space opens new possibilities for 

functional integration and performance optimization. 

However, these traditional compliant mechanisms’ 

design methodologies struggle to accommodate the 

specific constraints and opportunities presented by AM. 

 

To address these challenges, this paper introduces a novel 

KBE methodology for the automated design of compliant 

guiding mechanisms. The proposed approach bridges the 

gap between intuitive, experience-driven design and 

computational optimization by combining domain-

specific knowledge with MOO and automation schemes. 

This framework enables the automatic generation of 

valid mechanism concepts, the MOO of joints’ sizing and 

configuration, and the synthesis of rigid-body structures 

that satisfy both functional and non-functional 

requirements, including those specific to AM processes. 

Hence, our methodology accelerates the design 

exploration process while supporting trade-off analysis. 

 

2 Methodology overview 

Knowledge-Based Engineering is an engineering design 

paradigm that uses domain-specific knowledge to 

automate and guide complex design processes [11]. By 

embedding heuristics, and design logic into a structured 

framework, KBE enables consistent, efficient, and 

traceable decision-making throughout the product 

development cycle. 

Using KBE, we define functional blocks, and objects that 

represent a physical components, allowing for modular 

and hierarchical modelling of the design process and its 

implementation. 

The proposed methodology is structured as a near-linear 

design workflow tailored to the development of 

compliant guiding mechanisms. The methodology is 

organized into four functional design blocks, each 

corresponding to a step of the design process. Together, 

these blocks support the development of a mechanism 

from a set of requirement to a complete mechanism 

mature enough for its final refinements and analysis, 

required for Preliminary Design Review (PDR). 

The four functional blocks are as follows (see Figure 1): 

1. Concept Generation: This initial step focuses 

on generating a set of mechanism concepts that 

fulfill the desired mobility requirements. Using 

design rules based on the heritage on the design 

of compliant mechanisms, the methodology 

produces a range of acceptable concepts, which 

are then ranked based on their functional and 

non-functional performances. This guided 

selection process ensures that the most 

promising concepts – relative to the application 

and stakeholders’ needs – is chosen for further 

development.  

2. Joints Implementation: Once a concept is 

selected, it is translated into a detailed design 

through the implementation of compliant joints. 

Figure 1. Methodology workflow overview 



 

 

Supported by a parametric library of joint, this 

step involves selecting appropriate joints and 

optimizing their sizing and position. A multi-

objective genetic algorithm is employed to 

balance competing performance criteria, such as 

stiffness, range of motion, and parasitic motion. 

3. Actuation Integration: With the guiding 

function established, this optional step 

introduces actuation loops to transmit motion or 

force from actuators to the payload. These loops 

must be designed to guide the actuator interface 

and, if necessary, uncouple the actuation to 

avoid interfering with the other mobilities of the 

mechanism. Once the actuation concept is 

defined, it is implemented using the same 

principles as in the previous step. 

4. Rigid Bodies Generation: The final step 

involves synthesizing the rigid-body structure 

that connects the compliant joints and transmits 

forces and displacements throughout the 

mechanism. This is achieved using a modified 

iterative cable simulation approach [12], which 

ensures that the resulting structure satisfies both 

functional and non-functional requirements. 

Special attention is given to avoiding 

mechanical interferences during operations and 

ensuring manufacturability. 

In addition to defining functional steps, the methodology 

also employs physical objects: modular, parameterized 

components drawn from the libraries previously 

mentioned. These include compliant joints, mechanical 

interfaces, and rigid-body geometries, each controlled by 

a set of tuneable parameters. This integration of abstract 

design logic with concrete geometry generation is key to 

enabling automation while maintaining design flexibility 

and manufacturability. 

 

3 Concepts generation 

To systematically generate guiding mechanism concepts, 

we developed a hierarchical design framework inspired 

by graph grammar [13] and (multi)category theory [14]. 

This approach enables the exploration of the design space 

while embedding domain-specific knowledge to ensure 

the relevance of the solutions. 

Following the principles of graph grammar, we define a 

set of elementary design rules – such as serial and parallel 

constructions, as well as a closing operation – that are 

used to iteratively build concept’s connection graphs. 

These graphs represent the topological structure of 

potential mechanisms, capturing the type of joints and 

how they are interconnected. 

Building on this, we use (multi)category theory to map 

these connection graphs onto mathematical functions that 

describe the mobility characteristics of each concept. 

This categorical representation allows us to formalize the 

relationships between joints’ individual mobilities and 

the degrees of freedom (DoF) of the full concept with 

high efficiency. 

Drawing from both the literature and CSEM’s design 

heritage, we identified a set of specialized design rules 

for compliant guiding mechanisms. These rules constrain 

the design space to solutions that are functional, 

practically realizable, and promising in term of 

performance.  

A key outcome of our study on concept generation is the 

development of a mobility analysis tool based on 

categorical representations [15]. This tool can evaluate 

the mobility of a given concept in approximately 1 

microsecond, enabling the screening of large design 

spaces. Concepts that do not meet the required degrees of 

freedom are filtered out early in the process, reducing 

computational overhead in later stages. 

To further streamline the selection process, we cluster 

similar solutions and augment each concept with 

configuration-specific rules. This enriched representation 

supports informed decision-making and facilitates the 

transition from abstract concept to physical 

implementation. 

However, relying solely on mobility as a selection 

criterion would still place a significant burden on the 

designer’s intuition and experience. To address this, we 

implemented a scoring system based on a genetic MOO 

framework. For each augmented concept, we evaluate its 

potential performance across a range of functional, non-

functional, and manufacturing criteria. These include 

stroke, stiffness, guiding performances, parasitic motion, 

critical buckling load and AM constraints. 

Using the Nondominated Sorting Genetic Algorithm II 

(NSGA-II) scoring system, we identify the Pareto-

optimal set of concepts and rank them according to their 

utilities [16]. This provides the user with a clear, data-

driven basis for selecting the most suitable design, 

aligned with stakeholder priorities and application-

specific requirements. 

 

4 Sizing and configuration optimization 

Once a guiding concept has been selected, the next phase 

involves the implementation of the guiding mechanism. 

This step translates the abstract topology into a physically 

realizable structure by instantiating and optimizing the 

compliant joints. To manage the complexity of this task, 

the implementation process is divided into three main 

phases: the instantiation of the joints, the sizing 

optimization and the configuration optimization. 

 

4.1 Joints’ instantiation 

Each joint in the selected concept is instantiated using a 

parametric library of compliant joints, which contains a 

set of implementations for each joint type. These 

implementations are defined by analytical models that 

relate the joint’s geometric parameters to its key 

performance metrics – such as stroke, stiffness, guiding 

accuracy, and parasitic motion. This library ensures that 

only feasible and well-characterized joint designs are 



 

 

considered during optimization. 

For each joint in the concept, a compatible 

implementation is selected based on its type and intended 

function. This selection is constrained by the concept’s 

topology and ensures consistency with the desired 

degrees of freedom. 

 

4.2 Sizing optimization 

Once the joint types are instantiated, the sizing 

optimization phase begins. Here, the geometric 

dimensions of each joint are optimized to maximize the 

overall performance of the mechanism with respect to 

both functional requirements (e.g., stroke, stiffness, 

guiding performances, parasitic motion) and non-

functional constraints (e.g., critical buckling load, 

overhang limitations for AM). 

The optimization is performed using a custom 

implementation of the NSGA-II genetic algorithm, which 

efficiently explores the multi-dimensional trade-offs 

between the competing objectives. After several 

generations, the algorithm produces a set of Pareto-

optimal solutions, each representing a different balance 

of performance criteria. 

These solutions are then ranked and presented to the user, 

who can select the most appropriate configuration based 

on application-specific requirements and stakeholder 

preferences (see different sizing variants of or 2 DOF 

pointing mechanism use case in Figure 2). This process 

ensures that the final design is not only functionally 

sound but also optimized for manufacturability and 

operational constraints. 

 

4.3 Configuration optimization 

After the joint dimensions have been optimized, the next 

step involves determining the spatial configuration of the 

joints – specifically, their positions and, when applicable, 

their orientations within the design space. 

 

For each joint, a candidate position and orientation are 

assigned. These configurations are then evaluated for 

geometric feasibility by checking for potential 

interferences, which include collisions between joints 

during operations, intrusions into non-design spaces, 

violations of the predefined design envelope. 

To quantify these issues, we define an interference index, 

a positive scalar value that aggregates all forms of spatial 

conflict. The goal is to minimize this index, ideally 

reaching zero. To incorporate this into the optimization 

framework, we define an interference utility function 

using a smooth decreasing step function, with a 

performance threshold set at the interference index of 0.5. 

This allows the optimizer to gradually penalize 

configurations with increasing interference while 

maintaining sensitivity near the acceptable limit. 

In addition to minimizing interference, several other 

objectives are considered during this phase: 

• Total envelope of the mechanism 

(compactness). 

• Overhang angles, which are critical for additive 

manufacturing feasibility. 

• Minimum length of rigid bodies required to 

connect the joints, influencing both mass, 

stiffness and printability. 

To further ensure the validity of the resulting 

configurations, we impose a set of design constraints, 

including: 

• Mobility preservation: The configuration 

must maintain the degrees of freedom defined 

during the concept generation phase. These 

constraints are embedded in the augmented 

concept representations as previously 

mentioned. 

• User-defined design rules: Optional 

constraints can be applied to enforce 

application-specific requirements, such as 

symmetry, alignment of rotation axes, or 

spatial localization of certain features. 

Under these objectives and constraints, we use NSGA-II 

to explore the configuration space and identify Pareto-

optimal joint arrangements. The resulting set of dominant 

solutions provides the user with a range of feasible 

configurations, each representing a different trade-off 

between spatial efficiency, manufacturability, and 

mechanical performance (see different configuration 

variants of our 2 DOF pointing mechanism use case in 

Figure 2). 

  

Figure 2. Diverse sizing and configuration dominant solution for the implementation of a 2 DOF pointing mechanism 



 

 

5 Actuation loops integration 

The integration of parallel actuation loops into the 

compliant mechanism is carried out in two main steps: 

(5.1) the definition of the actuation concept, and (5.2) its 

physical implementation. This process ensures that 

actuation is introduced without compromising the 

mechanism’s intended mobility. 

 

5.1 Definition of the actuation concept: 

The goal of this step is to define the type and arrangement 

of joints required to fulfill the two primary functions of 

the actuation loop: guiding the actuator interface 

(optional) and, when required, uncoupling the unactuated 

degrees of freedom to prevent interference with the 

mechanism’s other motions. 

In the current version of the framework, actuator 

selection is not included. Instead, we assume that the 

actuator delivers either a linear or rotational displacement 

through its interface. Accordingly, the guiding function 

is straightforward to implement: 

• For linear actuation, the actuator interface is 

connected to the ground stage via a linear 

stage. 

• For rotational actuation, a pivot joint is used. 

The uncoupling function is more complex and requires a 

systematic approach. First, we identify the most suitable 

location for actuation. To minimize the number of 

required uncoupling joints, we locate the farthest joint 

from the ground stage that introduces the desired 

actuation mobility. This joint’s output becomes the 

actuation point. 

 

 
Figure 3. Actuation concept of a 2 DOF pointing mechanism - 

highlights of actuation functions for each axis. 

The square and triangle are the ground and output stages. The 

joints (compliant pivot and blades) are represented with 

crosses and thick lines. The colors of the joints have been 

choosen to match their implementation in Figure 4Figure 4. 

Finally, the rigid connections are displayed as the cyan graph. 

Next, we analyze the relative mobilities between this 

joint and the ground to determine which degrees of 

freedom must be uncoupled. A predefined lookup table 

is used to select the most appropriate serial leg 

configuration that can isolate these mobilities while 

maintaining the desired actuation path. Figure 3 

illustrates the integration of the actuation loops in the 

concept graph of our 2 DOF pointing mechanism. 

 

5.2  Implementation of the actuation loop 

The implementation of the actuation loop follows a 

similar process to that used for the guiding mechanism.  

 

Once the actuation concept is defined, the corresponding 

joints are instantiated using the parametric joints library. 

The sizing of the actuation joints is then performed. 

Unlike guiding joints, the dimensions of the uncoupling 

joints are constrained to ensure manufacturability 

(avoiding overly small features, or high overhang), no 

impact on mechanism’s stroke, and minimum impact on 

its natural stiffness. Furthermore, since actuation is 

transmitted through the locked degrees of freedom of the 

actuation leg, it is essential that the leg exhibits high 

guiding performance – typically at least 5 to 10 times 

greater than that of the primary mechanism – to ensure 

accurate and efficient force transmission. 

Finally, the configuration of the actuation joints is 

optimized using the same multi-objective framework and 

NSGA-II algorithm employed for the guiding joints. 

However, the constraints are adapted to ensure 

compatibility between the rotation axes of the guiding 

and uncoupling joints, preserving the integrity of the 

actuation path and avoiding mechanical conflicts. 

 

The complete implementation of the actuation loops for 

our 2 DOF pointing mechanism is illustrated in Figure 4. 

 

 
Figure 4. Implementation of the actuation for a 2 DOF 

pointing mechanism 

  



 

 

6 Rigid bodies optimization 

The design of rigid bodies in compliant mechanisms is a 

critical yet often underappreciated aspect that influences 

the overall performance, reliability, and 

manufacturability of the system. 

In the context of design automation, especially for AM, 

it is essential to adopt an approach that integrates both 

design for performance and design for manufacturing 

principles. 

In this work, we include the generation of rigid bodies by 

adapting the iterative cable simulation approach 

proposed by Biedermann and al. for fluid manifolds 

generation [12]. This method enables the synthesis of 

structurally efficient, interference-free, and AM-

compatible rigid geometries that connect the compliant 

joints and transmit displacements/forces throughout the 

mechanism. The process consists of three main stages 

(see Figure 5): 

1. Initialization of the Guiding Curves 

Network: A lightweight network of guiding 

curves is initialized to connect all required joints 

and mechanical interfaces.  

2. Optimization of the Guiding Curves: The 

initial network is then optimized, through the 

iterative cable simulation, to meet operational 

constraints, such as avoiding mechanical 

interferences during motion, respecting 

envelopes and non-design spaces, and 

minimizing non-functional properties like total 

length. Manufacturing constraints, particularly 

overhang angles, are also incorporated into the 

optimization process to ensure 

manufacturability. 

3. Generation of 3D Rigid Bodies: The optimized 

guiding curves are transformed into 3D rigid 

bodies using tubular geometries with locally 

tuned cross-sections. This step ensures 

structural integrity while avoiding critical 

overhangs and integrating non-sacrificial 

support features. The resulting geometries are 

smooth, compact, and directly manufacturable 

using AM technologies, minimizing the need 

for post-processing. 

By embedding this process into the overall design 

automation framework, we ensure that the final 

mechanism design is not only functionally valid and 

optimized but also ready for printing. The integration of 

rigid body synthesis into our workflow represents a 

significant advancement in the design automation of 

compliant mechanisms. 

 

7 Conclusion 

This paper presents a automated methodology for the 

design of AM compliant guiding mechanisms. By 

integrating heritage on the design of compliant 

mechanisms within a structured KBE framework, the 

proposed approach bridges the gap between intuitive, 

experience-driven design and computational 

optimization schemes. 

The methodology is built around four functional blocks – 

concept generation, joint implementation, actuation 

integration, and rigid body synthesis – each supported by 

parametric modelling, analytical performances 

evaluation, and multi-objective optimization. 

The use of graph grammar and category theory enables 

the generation and evaluation of valid topologies, while 

the hierarchical structure of the design process ensures 

traceability and modularity. The inclusion of a dedicated 

actuation loops integration strategy and an automated 

rigid body’s synthesis allows the generation of complete 

and manufacturable designs. 

 

A key strength of this approach lies in its ability to 

support informed trade-off analysis through the 

generation and ranking of Pareto-optimal solutions. By 

presenting designers with a range of valid solutions, each 

optimized across multiple functional and non-functional 

criteria, and by the automation of complex design tasks, 

our methodology streamlines the development process, 

allowing for early-stage design explorations. 

The resulting mechanisms are not only functionally 

optimized and AM-compatible but also accessible to 

non-expert users, democratizing the design of high-

performance compliant systems. Figure 6 showcases an 

AM compliant 2 DOF pointing mechanism designed with 

our approach. 

Future work will focus on expanding the design 

evaluation to include dynamic performance criteria, 

integrating additional functions (e.g., actuator selection, 

internal mode suppression, etc.), improving the 

parametric libraries, and considering more complex 

manufacturing factors or additional manufacturing 

Figure 5. Rigid bodies generation process using our modified multi-objective cable simulation approach 

 



 

 

technologies – such as thermal distortion minimization in 

AM process, consideration of electrical discharge 

machining, milling, multi-material or multi-functional 

processes. 

By continuing to refine and expand this framework, we 

aim to further advance the capabilities and adoption of 

compliant mechanisms in high-precision, high-reliability 

applications and to promote functional AM. 
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