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Abstract: With the increased demand for customisation, developing task-specific robots for industrial
and personal applications has become essential. Collaborative robots are often preferred over con-
ventional industrial robots in human-centred production environments. However, fixed architecture
robots lack the ability to adapt to changing user demands, while modular, reconfigurable robots
provide a quick and affordable alternative. Standardised robot modules often derive their characteris-
tics from conventional industrial robots, making them expensive and bulky and potentially limiting
their wider adoption. To address this issue, the current work proposes a top-down multidisciplinary
computational design strategy emphasising the low cost and lightweight attributes of modular robots
within two consecutive optimisation problems. The first step employs an informed search strategy to
explore the design space of robot modules to identify a low-cost robot architecture and controller.
The second step employs dynamics-informed structural optimisation to reduce the robot’s net weight.
The proposed methodology is demonstrated on a set of example requirements, illustrating that
(1) the robot modules allow exploring non-intuitive robot architectures, (2) the structural mass of the
resulting robot is 16 % lower compared to a robot designed using conventional aluminium tubes, and
(3) the designed modules ensure the physical feasibility of the robots produced.

Keywords: modular robots; reconfigurable robots; top-down design; robot systems; structural optimisation

1. Introduction

Current industrial robots make automation economical by providing reliable perfor-
mance for high-volume production over long timescales. However, due to the ongoing
trend towards mass customisation, specialised industrial robots are often purchased and
set up for low-volume processes, raising the overall cost of operation. Furthermore, con-
ventional industrial robots are bulky machines that are not well suited for human-in-loop
operations.

Moreover, the standards ISO 12018 [1] and ISO 15066 [2] provide guidelines enabling
robots to work alongside humans within a shared workspace. Several safety features
such as limited velocity and torque of the robot, hand-guided operation, safety rated stop,
separation monitoring, etc., have enabled collaborative robots to replace industrial robots
in human-centric tasks such as machine tending, sorting, and assembly [3]. A detailed
discussion on the safety and implementation of collaborative robots and experimentation
is presented in [4]. Despite their strong emphasis on safety, the fixed architecture of this
class of robots limits their ability to adapt to a new task [5].

Modular robots, on the other hand, can adapt to changing user needs, offering an
alternative to conventional fixed architecture robots. Additionally, reconfigurability unlocks
the potential to realise non-intuitive kinematic architectures by spanning a vast design
space with a wide range of interchangeable robot configurations. The work undertaken
in [6] explores the design of cost-effective modules and standardised interfaces, while the
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modelling of human safety in the presence of reconfigurable robots is presented in [7].
However, such robots inherit characteristics such as high gear ratio joints, solid metal bodies,
etc., from conventional industrial robots, increasing their weight, cost, and complexity.
Modular robotic kits (Robot modules from Keyi robotics), on the other hand, offer a simple
and user-friendly interface to build robots. Such modules, however, are limited to creating
robotic toys and lack the accuracy and stiffness required in an industrial setting. A wider
adoption of reconfigurable robots in the home, healthcare, and last-mile delivery sectors
can be made possible by bridging the gap between these two extremes. To address this
issue, we propose a systems design approach to generate low-cost, lightweight robots
without compromising their reconfigurability and stiffness.

The current work proposes a computational design strategy based on multidisciplinary
design optimisation [8] to address the gap between industrial and domestic robots to gener-
ate low-cost, lightweight robots on demand. The designed 3D printable modules comprise
joints, connectors, and end-effectors that interface with each other mechanically and elec-
trically to realise such robot manipulators. Furthermore, their interface design enables
realising physically feasible robots as shown in Figure 1. In contrast to typical structural opti-
misation approaches involving static loads, in this work, the topology optimisation problem
accounts for the dynamic loads resulting from the robots’ motion to generate lightweight
yet sufficiently stiff structural components. Apart from the reduced overall mass, low
inertia structural elements improve proprioceptive force control with quasi-direct-drive
robotic joints as described in [9], making the proposed systems design approach useful in
domains involving the design of robots for locomotion or multi-modal manipulation.

(a) (b) (c)
Figure 1. Robot depicted in (a) is the output of the automatic design procedure that identifies a
feasible architecture using the modules. The structural components at this stage are not optimised,
and the space shaded in green is the available domain Ω for topology optimisation. Following the
component optimisation step, the components of the robot in (b) consist of optimised structural
elements (OSEs). Finally, all the components are 3D printed and assembled to construct a physical
prototype of the robot shown in (c), (as shown in the Supplementary Materials).

The proposed methodology is evaluated with an example problem dealing with the
design of a robot capable of manipulating a payload of 1 kg between two given points
in the workspace within a cycle time of 4 s while limiting the structural deflection of
the end-effector to be less than 5.5× 10−3 m. The task chosen in the current work rep-
resents a standard stowing application between two points of interest and is similar to
the motion specification of pick and place tasks proposed in [10,11]. Firstly, identifying a
suitable robot configuration is posed as an informed search problem employing the A∗

algorithm. Following identifying a suitable controller, a distributed optimisation scheme
deals with component-level topology optimisation, accounting for the dynamic load cases
and resulting in a task-specific, low-cost, lightweight robot.

https://keyirobot.com/en-eu/products/clicbot-kit-upgraded
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While several strategies have been presented to identify task-specific robot composi-
tions, a few challenges remain open, including the simulation results’ physical feasibility,
i.e., sim-to-real transfer of the identified robot, and resolving the circular dependency be-
tween the robot configuration and mass optimal design of modules under dynamic loading.
The current work aims to address these gaps between the robot systems design and the
component-level structural optimisation. The main contributions of this work are:

1. The proposed end-to-end systems design procedure to generate task-specific, low-cost,
lightweight robots.

2. The developed hardware and electronic modules to construct physically feasible
robotic manipulators automatically.

3. The introduced top-down approach to producing tailor-made lightweight structural
components informed by dynamic loads.

The paper is organised as follows: Section 2 summarises the literature related to
the current work, Section 3 presents an overview of the entire design process, followed
by Section 4 describing the geometric and functional details of the modules and their
interfaces. Section 5 presents the automatic generation of robot architectures. The topology
optimisation of structural elements is described in Section 6. The details regarding the
construction of the physical robot and its evaluation are discussed in Section 7. Finally, the
conclusions and future work are presented in Section 8.

2. Related Work

The presented work lies in the intersection of several active research fields, including
modular and reconfigurable robots, the task-specific design of robots, 3D-printable robots,
and structural optimisation. This section summarises the research within these domains
relevant to the current work.

2.1. Modular and Reconfigurable Robots

Typically, modular robots are constructed using unit elements called modules as de-
scribed in [12], assuming different functions such as actuation, structural support, sensing,
processing, computation, etc. The work presented in [13–16] marks the early investigation
of the systematic construction of task-specific robots with primitive geometric elements.
Furthermore, the application of reconfigurable robots for search and rescue operations was
demonstrated as early as [17]. Alternatively, the self-reconfiguration of robots containing
repetitive cellular modules was explored in [18]. Modular elements in the form of skeletons
and organs developed in [19] were connected to form mechatronic systems performing
various tasks. The hardware platform presented in [20] provides insights and the authors
discuss trade-offs between different robot configurations via their assembly descriptions.
Recently, in [21], a multi-modal modular mobility system for last-mile delivery applications
was presented. Finally, the contact-aware design of robots was explored in [22], exploiting
an end-to-end differentiable modelling framework. Furthermore, the work shown in [23]
addresses module connection and communication challenges, providing an open-source
platform for quickly realising physical prototypes. However, as discussed in Section 1,
there exists a pertinent gap between industrial class modular robots and robots limited to
relatively less restrictive environments and applications.

2.2. Automatic Design of Task-Specific Robots

The evolution of robot morphology and associated controllers for a specified task has
been investigated previously in [12,14]. Optimising continuous design variables such as link
length, actuator performance, etc., for a fixed robot architecture was investigated in [24,25].
Additionally, the work presented in [26,27] examines ways to explore the design space with
predefined modules that satisfy desired task requirements. When dealing with a discrete set
of heterogeneous modules, design abstractions are necessary to generate meaningful robots
as described in [28,29]. Methods such as informed search in [30], reinforcement learning
in [31], genetic algorithms in [26], and graph heuristic search in [32] were investigated to
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overcome the combinatorial complexity associated with the problem of identifying the
correct order of the modules. Furthermore, the automatic generation of the equations of
motion for a given robot configuration was presented in [33]. The work presented in [34]
explores the co-design of modular tensegrity structures, whereas the evolution of modular
robots without inter-modular communication was presented in [35]. Moreover, several
evolutionary strategies for the design space exploration, such as the usage of novelty search
and local competition discussed in [36] and compositional pattern-producing networks
illustrated in [37], have also been investigated. The work presented in [7] emphasises the
need for automatic safe programming of modular robots in human-centric environments.
The importance of automatic generation of hardware and communication interfaces was
demonstrated in [6] to reduce the time required to deploy a reconfigured robot in an
industrial setting. The current work follows a similar approach while emphasising the
need to design modules that enable their physical feasibility, or in other words, guarantee
the physical realisation of a generated robot configuration.

2.3. 3D-Printable Robots

Rapid prototyping techniques have reduced the barrier to constructing robots, allow-
ing users to create 3D-printable components easily. Robot configurations resulting from
an evolutionary algorithm were realised as physical prototypes via 3D printing in [12].
Similarly, the generation of 3D-printable creatures optimised for a specified gait was pre-
sented in [38]. Parametrised electro-mechanical components were employed to generate
origami-inspired printable robots designed in [39]. In [40], an automatic design pipeline
was proposed for robot manipulators with tactile sensing capabilities to generate geometries
of sub-component assemblies that are 3D printable. Similar to the current work, a strategy
to automatically generate task-specific 3D-printable structures was presented in [41]. The
current work leverages the capabilities of such additive manufacturing techniques by
optimising structural components to produce lightweight yet 3D-printable components.

2.4. Structural Optimisation of Robots

Accommodating constraints arising from cable routing, actuator placement, assembly
feasibility, etc., can be dealt with effectively via topology optimisation. Moreover, 3D
printing enables realising the resulting complex geometry of the components cost-effectively.
Initial attempts at optimising robot structures were limited to a single load case. For
example, only the critical load case corresponding to a fully stretched configuration of the
robot arm was considered in [42]. Load conditions corresponding to more than one static
pose of the robot and different material properties were considered in [43–45]. Furthermore,
critical load conditions corresponding to a given set of trajectories within the workspace
were considered to arrive at globally valid performance measures for resulting structures
in [46]. However, identifying trajectories corresponding to critical load cases and their
relevance to a specific task of interest is non-trivial for robots. A distributed optimisation
paradigm was discussed in [47] to obtain individual structures of a multi-component robot.
Furthermore, a distributed optimisation consisting of co-designing component parameters
and controllers combined with structural optimisation for designing a humanoid arm
was presented in [48]. The benefit of such methods is in decomposing the system-level
optimisation problem into sub-problems, allowing for independent design. However,
most of these optimisation architectures are not fully decoupled, requiring a coordination
strategy to maintain consistency between shared design variables as described in [49]. An
approach based on the so-called solution space was presented in [50] as a strategy to decouple
a multi-component system, enabling the independent design of the respective components.
A meta-model-informed decomposition was introduced in [51,52], eliminating the need
for coordination between sub-problems. The current work adopts such a distributed
optimisation approach by decomposing the system-level requirements into component-
level specifications, presenting a computationally tractable way to compute mass optimal
topologies of robotic links.
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3. Method Overview

Conventional bottom-up design processes are generally experience driven and are
characterised by expensive, time-consuming design iterations. On the other hand, as
discussed in [53], top-down design approaches attempt to eliminate cyclic dependencies
for the efficient design of multidisciplinary engineering systems with inter-dependant
components. In this work, we propose the top-down design of modular robots, adopting
the V-model used in automotive and aerospace industries and introduced in [54]. This
approach’s essential idea, also discussed in [55,56], is the decomposition of system-level
goals as realisable component-level specifications.

The proposed multidisciplinary design process is summarised in an extended design
structure matrix (XDSM) [57] and is illustrated in Figure 2. The XDSM provides informa-
tion regarding both the inputs and the outputs at each stage of the design process and the
involved sequence of steps. For example, the design step D3 involving topology optimi-
sation of the components is only performed after step D2, which involves computing the
stiffness distribution per component from the quantities of interest (QoIs) associated with
the end-effector deflection.

K0, Cs(Ms), l
c
(i),Ω2,m2 Design-On-Demand M, c,Kp,l,Kd,l,Kp,u,Kd,u,pi, tcyc, C ∆x

K0, Cs(Ms)
D1 : Robot

Systems Design
Cs(Ms), q(t),F(t) F(t) Cs(Ms) Cs(Ms), q(t),K0

lc(i)
D2 : Stiffness

Systems Design
lc(i)

Ω1,m1
D3 : Component

Optimisation
Ω1

Ω2,m2
D4 : Physical

Robot Construction
Ω2,m2

D5 : Physical

Robot Control

Figure 2. The design process as an extended design structure matrix (XDSM [57]). The definitions of
the associated input–output variables corresponding to each design stage are provided in Table 1.
Each green rectangle corresponds to a design step, and the grey channels represent the information
flow. The white parallelograms are the outputs of a particular step, while the grey parallelograms are
the inputs to the following step. Furthermore, the black arrows show the direction and sequence of
the steps involved.

Table 1. Definitions of the input and output variables defined in the XDSM shown in Figure 2.

Inputs Outputs

M Set of all the modules Ms Selected modules
c Set of all the connection rules K0 Nominal control DV values

Kp,l , Kp,u, Control DV bounds Cs(Ms) Selected composition
Kd,l , Kd,u at each joint qi Robot poses

∆x End-effector displacement F Interface wrenches
threshold lc

(i) Component critical
tcyc Total cycle time compliance

to complete the task Ω1 Optimised topologies
pi Desired end-effector m1 Optimised mass

poses Ω2 Realised topologies
C Total budget m2 Realised mass
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The essential ingredient of the approach is an explicit definition of the higher-level
requirements of the system. These requirements are fed into the design process in Figure 2
and define the acceptable ranges of the QoIs. For example, to demonstrate the working
of the proposed computational systems design process, a robot design satisfying the
requirements specified in Table 2 needs to be identified. The requirements correspond to
a representative pick and place application where the robot’s end-effector is supposed to
move a payload of 1 kg between the specified initial and final positions. The top-down
design process aims to identify component-level specifications required to realise such a
robot using the so-called bottom-up and top-down mappings.

Table 2. System-level interdisciplinary requirements.

ID Quantites of Interest Step Variable Min Max Unit

1 Time to complete the task D1 tcyc 4 s

2 Error in the end-effector positions D1 pi 1× 10−3 m

3 Cost of the robot D1 C min -

4 The end-effector deflection for a 1 kg
payload D2 ∆xc

5.5× 10−3 m

5 Total mass of the robot D3 m min kg

3.1. Bottom-Up Mapping

The mapping between the lower-level design variables (DVs) to the higher-level QoI
variables, which are subject to the system-level requirements (such as in Table 2), is called
a bottom-up mapping. Such a mapping allows the evaluation of the QoIs for chosen DV
values. In other words, the satisfaction of the requirements by design sampled from the
design space can be evaluated using bottom-up mapping. For example, design step D1
involves computing the system-level properties such as the time taken to complete the task
via multi-body simulation of a robot design sampled from the design space. This allows
the classification of the design as satisfying or violating the specified requirements. In D2
in Figure 2, the system-level end-effector deflection under the applied load is computed
given the individual component-level stiffness values discussed in Section 6.

3.2. Top-Down Mapping

In contrast, top-down mapping refers to the decomposition of system-level require-
ments presented in the form of QoIs to identify admissible component-level DV values, for
example, identifying specific motor parameters to complete a task within the specified cycle
time. The first design step D1 poses the problem of finding a suitable robot architecture as
an informed search problem. In this case, a top-down mapping could correspond to the
permissible modules that can be used given the total allowable cost of the robot, as elabo-
rated in Section 5. Similarly, in the stiffness design step D2, the system-level requirement
of the end-effector deflection is decomposed as permissible component-level compliance
energies used in the structural optimisation problem.

4. Module Design

The designed set of modules M consists of actuation, structural, and end-effector
elements that can be assembled to generate fully functional robotic systems as depicted
in Figure 3. Generally, the kinematic configurations of such modules are chosen to span
a vast design space consisting of classical robot architectures as discussed in [58]. In
addition, the module design accounts for compatibility, manufacturability, and assembly
constraints to facilitate their physically feasible combination. Furthermore, to realise low-
cost, lightweight robots, all the modules are constructed only using lightweight 3D-printed
structural elements and low-cost off-the-shelf components.
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4.1. Detail Design

The modules are categorised into actuated, passive, and end-effector as shown in
Figure 3. The modules’ details and classifications are presented in the current section.

(a) (b)

(c) (d) (e)
Figure 3. Modules: (a) The passive OSE modules with green regions representing the design do-
main Ω accommodating fastener assembly and cable routing. The grey boundaries are the interfaces
that connect the OSEs to the other modules. (b) The passive connectors, excluded from the topology
optimisation. (c) Actuated joint module housing the motors. (d) The base module housing the
electronics and the microcontroller. (e) An end-effector module.

4.1.1. Actuation Modules

Owing to their low cost, torque range, and compact dimensions, servo motors of the
SMS series offered by Feetech (https://feetechrc.com/, last accessed on 16 June 2023) were
chosen as the drivers of the actuation modules. Furthermore, three specific torque classes
of the motors were chosen to design the actuation modules.

Base module: The base module houses the electronics, controller, and base motor within
a housing. The highest torque-rated motor from the chosen family of motors, the SM120BL,
is included in the base. Moreover, all further modules assembled on the base module are
powered via a standard wall power outlet or by a portable battery https://www.makita.
de/product/bl1850b.html, last accessed on 16 June 2023) that can be connected to the base
module shown in Figure 3d. The base module is always fixed, allowing the other modules
to be connected to it to generate serial manipulators.

Joint module: The joint module consists of a housing that holds the motor and provides
interfaces for cabling, electronic connectors, and a housing cover. This housing cover, when
unscrewed, enables easy troubleshooting of the joint motors. Two classes of joint modules
with different maximum torque outputs are constructed using the SM45BL and SM80BL
motors.

4.1.2. Passive Modules

To simplify the structural optimisation problem, the passive structural elements are
broken into two categories, i.e., optimised structural element (OSE) modules and connectors.
OSE modules: In the current study, an OSE module consists of a primitive cylindrical

https://feetechrc.com/
https://www.makita.de/product/bl1850b.html
https://www.makita.de/product/bl1850b.html
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geometry with constraints accounting for assembly, manufacturing, and compatibility.
Therefore, the modules comprise a design domain available for topology optimisation and
standardised interfaces for connection. For example, as shown in Figure 3a, the volume
coloured in green constitutes the design domain Ω available for structural optimisation,
whereas the excluded area provides access to the necessary fastener assembly and cable
routing. This involves identifying tools necessary to insert, locate, and fasten the screws
and providing free access throughout the tools’ range of motion. Furthermore, the spaces
for the cable routing account for the number of cables and the additional slack needed for
the unhindered movement of the joint throughout its range.

Connectors: Passive elements that assume non-cylindrical geometry are categorised
as connectors and are excluded from the topology optimisation problem. The connectors
facilitate the modification of the rotation axis of any two consecutive modules.

4.1.3. End-Effector Modules

An end-effector module, such as the one shown in Figure 3e, allows the constructed
robots to interact with the environment and perform the specified task. An end-effector is
always the terminal module attached to the kinematic tree, i.e., at the end of the robot’s
arm, as shown in Figure 1c.

4.2. Interface Design

To enable modularity, the design of both the mechanical and electrical interfaces be-
tween the modules must be addressed. The interface design allowing a flexible combination
of modules is presented in the current section.

4.2.1. Mechanical Interfaces

The modules can be connected via standardised interfaces designed to reduce com-
plexity and simplify the assembly process, and are illustrated in Figure 3. The interfaces
(1) enable the effective decoupling of the OSEs from components that are not involved in
the structural optimisation, (2) allow the connection of the OSEs with the connector and
joint modules, making them physically realisable, and (3) accommodate physical attributes
for cable routing and component assembly. As shown in Figure 3a, an OSE shown in green
is sandwiched between the interfaces shaded in grey, forming the OSE modules.

Several practical design choices have also been made to simplify the assembly process.
All the modules use standard M3 screws for assembly, and the chosen fastener orientation,
size, and torque strength ensure secure and reliable connections. Not only does this inform
the design domain of the OSE, but it also determines the print orientation of the respective
OSEs such that the embedded nuts can handle the loads upon fastening. Furthermore, the
design enables the assembly of a joint module to an OSE within 10 min and the complete
assembly of a five-degrees-of-freedom robot within 2 h. This enables quick troubleshooting
and lowers the downtime of the robot.

4.2.2. Electrical Interfaces

A serial communication layer is chosen, which enables realising a relatively sim-
ple electronic architecture while accommodating several actuated modules. All the joint
modules are independently connected to the microcontroller via a serial communication
interface with a unique bus index. This unique index associated with each actuated module
is automatically inferred post-assembly. The motors used are actuated in velocity control
mode, where the user can set the reference position and velocity. The overall electronics
layout for the physically realised robot resulting from the design step D4 (in Figure 2) is
presented in Figure 4. Within the scope of the current work, the robot is limited to simple
robot control tasks such as tracking a predefined trajectory, leading to the choice of a low-
cost microcontroller. However, one may need more capable control hardware when dealing
with computationally intensive sensors (such as images or point cloud inputs) or scenarios
involving expensive decision-making steps (online planning or MPC). While off-the-shelf
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systems are accessible and cheap for prototyping, as the number of modules increases,
custom PCBs could potentially be economically viable. They provide more flexibility in
design and enable easy replacement of electronic components in cases of shortage.

DCDC 24V/12V

IN+

IN-

OUT+

OUT-

DCDC 24V/9V

IN+

IN-

OUT+

OUT-

DCDC 24V/5V

IN+

IN-

OUT+

OUT-

Line Driver

12V

GND

9V

GND B
u
s
2

B
u
s
1

UART

Teensy

5V

GND B
u
s

U
S
B

UART

SMB120BL

SMB40BL SMB40BL SMB40BL

LEDS

LED

Figure 4. Electronics architecture of the entire robot, consisting of power supply, motor configuration,
LED output, and a micro-controller. Each black box corresponds to an active joint module housing a
motor centrally controlled by a microcontroller.

5. D1 : Robot System Design

As illustrated in Figure 2, the design step D1 accepts the requirements defined in
Table 2 along with the available modules M and assembles them to identify a feasible robot
architecture. The systems design of the robot involves two main steps: (1) the identification
of a feasible robot architecture and (2) the synthesis of a suitable controller. The first step
involves traversing the design space to search for a suitable set of modules capable of
reaching the required positions. The second step involves identifying a suitable controller
to track the given path while satisfying the performance requirements.

5.1. Connection Rules c and Compositions C(M)

While connecting the modules to generate robots, not all combinations yield useful
outputs. As discussed in [28], connection rules ground the algorithm to identify physically
feasible configurations and to guide the design process with the semantic information
of the modules. For example, connecting the outputs of two joint modules to each other
would effectively not produce any useful output torque. To capture only meaningful module
combinations, a specific set of connection rules are defined that govern the interaction
between the modules. This enables the generated robot assemblies, called compositions,
to be meaningful and physically realisable. The phrases composition, robot composition,
and architecture can be used interchangeably in the current context. The set of all the
connection rules is denoted by c = {c1, c2, . . . , cn}, where ci is the ith connection rule. A
more comprehensive discussion on computational abstractions for the design of modular
robots can be found in [29].

Among all the available modules M, any number can be selected (Ms ∈ M) and
assembled to generate robot compositions, C(Ms). Additionally, for a composition to be
meaningful, the assembly of modules must adhere to the prescribed connection rules c.
Therefore, a physically feasible composition Cp(Ms, c) admits a given set of modules and
their associated connection rules. Restricting the designs to Cp guarantees the physical
feasibility of the compositions resulting from step D1.
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5.2. Automatic Design of Modular Robot Manipulators

As described in Section 3, identifying a feasible composition is posed as an informed
search problem. Additionally, an inverse dynamics controller parameterised in terms of
its controller gains Kp and Kd is employed to simplify the controller synthesis. Every
composition sampled from the design space is evaluated using the Drake simulation
toolbox with respect to the defined task, following which the controller gains Kp and Kd
are tuned to satisfy the cycle time requirement.

Alternatively, one could also pose the synthesis of the controller as an optimal control
problem to minimise auxiliary QoIs such as energy expended, as done in [59]. Furthermore,
as discussed in [58], a holistic approach could be taken for identifying architecture and
controllers together. Another method could involve posing the entire problem as a mixed
integer non-linear programming problem with the choice of the discrete modules and
continuous control parameters as design variables as suggested in [60], along with a path
planning strategy presented in [61].

5.3. Problem Formulation

Owing to the effective identification of modular robot architectures by posing them as
informed search problems, as described earlier in Section 2, we employ the A∗ algorithm
presented in [62] to explore the design space of the robot compositions. During the traversal
of the kinematic tree, each intermediate composition is iteratively expanded until the
kinematic requirements are met, i.e., until the robot’s end-effector reaches the prescribed
configurations. Each expanded composition is enforced to conform to the connection rules
described in Section 5.1. For a quantitative distinction between the modules, they are
associated with a cost based on their relative complexity. For example, the joint modules
housing the actuators would have higher associated costs than the 3D-printed connectors
or the OSEs. Therefore, for the search problem, the path cost gpath(·) is the same as the cost
associated with the modules. Additionally, the distance between the realisable position of
the end-effector of the composition and the prescribed position is used as a heuristic h(·) to
guide the search process. The heuristic cost is evaluated by solving an inverse kinematics
(IK) problem. As described in [10], such a heuristic does not overestimate the cost to reach
the goal and is hence admissible. Therefore, the design step D1 can be mathematically
formulated as,

min
C(M),Kc

∑
I,G

(gpath(C(M)) + h(C(M))), (1a)

subject to, pee f (0) = pI , ṗee f = 0, (1b)

g(q(t), q̇(t)) ≤ 0, (1c)

ggoal(q(T), q̇(T), pG) ≤ 0, (1d)

C(M) ∈ Cp(M, c), (1e)

where q(·) ∈ Q is the configuration of the robot. Limits on joint angles, velocities, torques,
and the permissible ranges of the QoIs are enforced as inequality constraints g(·) (1c).
Additionally, inequality constraints restricting the minimum distance between any two
bodies accounting for potential self and environmental collisions are also implemented
in (1c). The sum of the path cost, gpath(·), and the heuristic cost, h(·), corresponds to the
cost function f (·) for the optimisation problem as explained in [62]. The cost function is
evaluated at both the initial and final end-effector positions pI , pG, whereas the constraint
on the total completion time is used to tune the control DVs, Kp and Kd. The required end-
effector positions and velocities, pee f , ṗee f ∈ R3, at times t = 0 and t = T are enforced as
boundary constraints (1b,1d). Finally, the constraint (1e) guarantees the physical feasibility
of the compositions by connecting the modules according to their admissible connection
rules. To demonstrate the automatic design process involved in systems design step D1, an
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example involving the identification of a composition moving between two locations in
the presence of collisions is illustrated in Figure 5. Primitive geometric elements in light
grey were placed within the robot environment as obstacles. Furthermore, the robot must
move between two prescribed locations depicted as brown spheres. In such a scenario,
an admissible module satisfies the compatibility rules and the collision constraints are
enforced as a minimum distance threshold constraint between two bodies. However, it is
important to note that the formulation in Problem (1a) does not guarantee a solution for
the stated requirements.

Figure 5. Example demonstrating the ability to identify a feasible robot composition capable of navi-
gating obstacles (represented as collision constraints by the grey cylinders and spherical geometric
primitives) within the workspace.

Alternatively, by setting the cost function f = 0, the problem can be converted to one
of feasibility, leading to a constraint satisfaction problem [62,63]. Instead of one solution, a set
of solutions that satisfy the given requirements could be identified by constructing the so-
called solution spaces as demonstrated in [50,55]. However, it is not directly applicable in the
current case involving a mixed set of continuous and discrete DVs. The current approach
can be easily extended to identify a family of feasible compositions by not terminating the
search but continuing it until all the compositions satisfying the requirements are identified.

6. D2, D3: Lightweight Structure Design

The outputs of the computational design step D1 solving Problem (1a) described
in Section 5 are a composition and a corresponding controller (Figure 2). The design
step D2 involves optimising selected passive structural elements of the robot or the OSEs
as described in Section 4. Unlike in [42] or [45], we consider multiple load cases, each
corresponding to a quasi-static snapshot of the robot during its motion, accounting for
the dynamic loads. Therefore, unlike the works described in Section 2, the current work
accounts for dynamic load cases corresponding to the robot’s motion between the given
pick and place locations.

6.1. Structural Optimisation Setup

Structural optimisation of modular robots is generally challenging as it (a) involves
elements with complex geometries, (b) requires handling complex and case-dependent
boundary conditions, (c) contains multiple interdependent components that need to be
optimised together, and (d) needs to account for multiple load conditions. As discussed
briefly in Section 4, problem (a) is avoided by decoupling the structural components to
be optimised, called the OSEs, from the components with fixed geometries that are not
optimised. A primitive cylindrical design domain is chosen for the OSEs, as illustrated
in Figure 3a. Furthermore, as also discussed in Section 4, the OSEs are connected to the
other modules via fixed interfaces, standardising the boundary conditions for all the OSEs,
addressing (b). Finally, based on the requirement of the end-effector deflection ∆xc stated
in Table 2, the system-level critical compliance energy lc of the robot is decomposed to
allowable component-level compliance specification corresponding to each of the OSEs lc

(i).
This decomposition allows the optimisation of the components independent of each other,
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thus parallelising the process and significantly reducing the computational time, alleviating
problem (c). The system-level critical compliance and its distribution corresponding to the
length of the OSE follows from Equation (3).

lc = mpg∆xc, (2)

lc
(i) = lc s(i)

∑i s(i)
, (3)

where s is the length of the ith OSE, mp is the mass of the payload (1 kg), and g = 9.81 m
s2 is

the acceleration due to gravity. The decomposition depicted in Equation (3) enables break-
ing down the system-level requirements to the component level without compromising
the system-level performance. Additionally, such a decomposition allows the independent
optimisation of individual OSEs, essentially parallelising the optimisation sub-problems.

For the obtained composition and controller from D1, the wrenches experienced at
each interface (constituting the forces and moments) during the robot’s motion between
time t = 0 and T are extracted as F (t) ∈ R6 via simulation. One such interface wrench F1
corresponding to the base of the first OSE is illustrated in Figure 6. Critical load cases
corresponding to each dimension j = 1 . . . 6 of the ith interface wrench are extracted
as F c

(i),j, which corresponds to their respective absolute maximum values, as defined
in Equation (5). Each OSE would be subjected to six load cases, each corresponding to the
absolute maximum values of the respective degree-of-freedom.

F c
(i),j = F(i)(t

c
(i),j), where j = 1 . . . 6, (4)

tc
(i),j = argmax

t
F(i),j(t), (5)

where F c
(i),j is a vector of size 6 containing the jth critical load case for the ith component.

For the structural optimisation of the ith OSE, the objective is to minimise its mass while
not exceeding the component-level critical compliance computed from Equation (3) for
all j critical load cases.
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Figure 6. Interface loads, F (t), refer to the forces (F) and moments (M) acting at the base of the first
link during the robot’s motion.

6.2. Problem Formulation

Following Equations (3) and (5), each sub-problem is a topology optimisation problem
corresponding to an OSE. It is to be noted that, following the proposed procedure, the
problem of monolithic optimisation of a multi-component robotic system in the presence of
dynamic load cases is decomposed into smaller sub-problems dealing only with the static
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structural optimisation of OSEs, thus significantly reducing the complexity of the problem.
The topology optimisation sub-problem is mathematically formulated as,

min
ρe(x)

m(i)(ρe(x)), (6)

such that l(i) ≤ lc
(i),

for load cases F c
(i),j, and j = 1 . . . 6,

where m(i), l(i) are the mass and compliance energy of the ith OSE, respectively, and ρe
represents the elemental density field over the available design domain Ω of the ith OSE.
Following the procedure would result in four independent topology optimisation sub-
problems formulated according to Equation (6). Each topology optimisation sub-problem
optimises the elemental density field ρe over the design domain shown in Figure 3. More-
over, each sub-problem is subjected to unique critical compliances lc

(i) and loads, derived
according to Equations (3) and (5), resulting in unique topologies for each of the OSEs, as
seen in Figure 7.

7. Results and Discussion

Following the steps described in Figure 2, a robot with a feasible architecture, controller,
and structural stiffness that satisfies the specified requirements Table 2 was obtained along
with the optimised OSE modules, as depicted in Figure 1b. While exploring feasible designs
via an informed search in D1, the capability of the intermediate compositions to reach the
given initial and final positions was then evaluated using the IK and the inverse dynamics
controller within the Drake simulation toolbox [64]. The constructed robot is controlled in
the velocity control mode, where the user can manipulate both the position and control
of each robot joint. The trajectory resulting from the simulation is extracted and tracked
in hardware via a custom controller. The controller used in the current work to actuate
the hardware prototype is also made available in the data availability statement present
in Section 8.

It should be noted that the total number of degrees of freedom of the identified task-
specific robot is four and hence is cheaper for the number of actuators used as opposed
to similar generally deployed standard robots (for example, the commercially available
MyCobot Pro 600 from Elephant robotics) with six or seven degrees of freedom. This is
attributed to the designed robot specialising only in solving the required task. However,
such a comparison should be performed, noting that the latter is a general-purpose robot,
while the former is tailor-made robot for only a specific task. While the total number of
required degrees of freedom depends significantly on the task description, chosen modules,
and obstacles present in the workspace, the reconfigurability of the modules allows for
realising tailor-made robots for any new scenarios. In addition, as demonstrated, the
systems design procedure can potentially identify compositions with fewer actuators and
non-intuitive kinematics for a specified task.

The interface wrenches F recorded during the robot’s motion are input to the design
step D2. One such interface wrench corresponding to the base of the first OSE, F(1), is
presented in Figure 6. Critical loads corresponding to first OSE F c

(1),j, extracted according
to Equation (5), are marked with the diamond shape (�) in Figure 6.

Table 3 presents the component-level critical compliance energies decomposed from
the system-level critical compliance energy following Equation (3). Following this, the
optimisation problem formulated in Problem (6) is solved using a commercially available
topology optimisation software, Altair Optistruct 2019.1.1, and the resulting topologies of
all the OSEs are illustrated in Figure 7a. Additionally, the obtained OSEs are post-processed
in Meshmixer 3.5 and Autodesk Fusion 360 2.0. As a final step, the OSEs are smoothed and
combined with the interface flanges to form the complete modules, illustrated in Figure 7b.
The masses of the resulting 3D-printed OSE modules (mprint,rigid) are tabulated in Table 4.

https://www.elephantrobotics.com/en/mycobot-600-en/
https://www.elephantrobotics.com/en/mycobot-600-en/
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Table 3. The length of each of the modules used and their corresponding component-level critical
compliance computed by decomposing the system-level critical compliance according to Equation (3).

Link Module i 1 2 3 4

lc
(i) (mJ) 9.3 6.2 3.1 3.1

s(i) (mm) 150 100 50 50

Table 4. The resulting thickness of the modules made of aluminium hollow tubes computed by
decomposing the system-level critical compliance according to Equation (3).

Link Module (i) 1 2 3 4 Total

t(i) (mm) 0.39 0.10 0.02 0.01 -
tp
(i) (mm) 0.50 0.50 0.50 0.50 -

mtubes,alu
(i) (kg) 0.14 0.13 0.11 0.11 0.49

mprint,rigid
(i) (The Rigid 10k material from Formlabs) (kg) 0.18 0.10 0.07 0.07 0.42

(a)

(b)
Figure 7. (a) Results of the topology optimisation of the OSEs. (b) Post-processed OSEs fused with
the interfaces, i.e., the resulting design of the modules that can be additively manufactured.

The simulated motion of the robot with the post-processed modules between the
specified positions, along with the corresponding joint torques realised, is illustrated
in Figure 8.

7.1. Comparison of Modules with Design Domain as Aluminium Tubes

Alternatively, hollow, thin metallic cylindrical tubes made of aluminium are often
used as structural elements of robots, for example, in the case of Universal Robots. To
demonstrate the benefit of the proposed systems design procedure, we compare the result-
ing robot with one that is designed using only cylindrical tubes. In such a design, a module
consists of a cylindrical tube and interfaces made from aluminium 6061. For comparison,
we repeat the decomposition of the system-level critical compliance to the component level
for the tube modules. In contrast to the topology optimisation problem, the optimal tube
thickness that satisfies the prescribed requirements is computed by performing a parametric
optimisation. The resulting thicknesses t(i) per module are tabulated in Table 4. However,
considering the physical feasibility of realising such components, the smallest commercially
available thickness tp

(i) of 0.5 mm is chosen. Finally, the masses of the realisable modules

(mtubes,alu) are presented in Table 4.

https://formlabs.com/de/shop/materials/rigid-10k-resin/
https://www.universal-robots.com/
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Figure 8. (a) Visualisation of the simulated motion of the robot with the topology optimised modules
and (b) corresponding torques realised at each of the joints.

The total mass of the manufactured topology-optimised modules is 0.42 kg compared
to the 0.49 kg of the aluminium modules. The comparison of masses in Table 4 illustrates
a 16% lower mass of the structural components between the two designs. The reduction in
mass also translates to reduced peak torques, associated with the resulting composition
while in motion. Moreover, the latter does not account for the design space constraints
such as wiring and fastener assembly as explained in Section 4, which could potentially
result in further heavier components when incorporated. However, it should be noted
that the choice of components depends on the specific choice of loads and the scale of the
robot. For example, aluminium tubes are accessible to the source and manufacturer and
provide enough stiffness for most common load cases. On the other hand, any decrease in
the mass of components of tetherless robots such as humanoids, drones, or quadrupeds
can be associated with a benefit corresponding to a longer operation time. In general,
the difference in the benefits may not be significant for smaller-scale fixed-base robots
as they are industrial scale robots [65]. However, a detailed study on such components’
scalability and the associated costs must be conducted to understand their applicability to
other scenarios.

7.2. Construction and Testing of the Physical Prototype

For the construction of the physical prototype, the OSEs were 3D printed using the
Rigid 10K (the Rigid 10k material from Formlabs) resin developed by Formlabs (https:
//formlabs.com/, last accessed on 16 June 2023). A prototype of the manufactured post-
processed modules is shown in Figure 1c. Finally, the constructed robot was evaluated
with respect to the requirements in Table 2. The recorded motion time for the physical
robot between the specified locations is observed to be 4.5 s, close to the prescribed limit
value. Moreover, the end-effector deflection of the robot under 1 kg loading is tested.
The robot’s initial pose is chosen for testing since the load conditions (Figure 6) are for
the specified motion starting from this pose. The setup to test the end-effector deflection
is presented in Figure 9. The measured deflection of the end-effector is around 11 mm,
deviating from the specified requirements. Although the observed structural deflection of
the OSEs is relatively small and potentially within the derived component-level compliance
energy, it is essential to note that a considerable portion of the end-effector deflection can be
attributed to the unaccounted structural stiffness of the joints. Therefore, several potential
modifications could be made to the joint and end-effector modules to improve the overall
system stiffness. For example, the joints could be redesigned using alternative materials
to reduce compliance. Furthermore, the stiffness of the end-effector module itself could
be modified. By exploring these modifications, it may be possible to reduce the observed
system-level deflection further.

https://formlabs.com/de/shop/materials/rigid-10k-resin/
https://formlabs.com/
https://formlabs.com/
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Figure 9. Setup used to test the system-level deflection of the robot at its initial configuration with
a 1 kg payload attached to the end-effector.

As described earlier, the robot consists of OSE modules made of rigid resin, while
the joint modules were printed in ABS. This ensures that the joint modules can handle the
necessary operational loads while not being expensive to manufacture. It is observed that
the ABS components undergo deformation, particularly under prolonged stress or elevated
temperatures. However, these deformations do not significantly affect the performance
of the robot. On the other hand, continuous exposure to sun or water may substantially
deteriorate the strength and stiffness of the components, even within a few months. De-
spite loading the end-effector, the 3D-printed parts did not fail during the static loading
experiments. However, it is observed that any misalignment between the modules while
mounting and the backlash of the modules are two additional contributors to deflection.

7.3. Cost and Scalability of the Modules

A detailed analysis of various costs involved in the production of the prototype
is presented in this section. The details shown in Table 5 provide an overview of the
cost breakdown of the entire robot prototype. The constructed robot prototype is esti-
mated to cost around EUR 2862.6, significantly cheaper than the robots from the indus-
trial or collaborative classes. On the other hand, a commercial robot of the same class
from Elephant Robotics (https://shop.elephantrobotics.com/en-ie/collections/mycobot/
products/mycobot-pro-raspberry-pi, last accessed on 16 June 2023) costs around EUR
2369.95. It should be noted that the current costing concerns low volume prototyping, and
a comprehensive study on the effect of scaling on the total cost of production needs to
be conducted.

Table 5. A detailed breakdown of the estimated costs under various categories.

Category of cost Amount (EUR)

Cost of purchased parts EUR 1110.21

Cost of 3D-printed components EUR 123.95

Direct cost of the materials EUR 1234.16
Additional material costs EUR 98.73

https://shop.elephantrobotics.com/en-ie/collections/mycobot/products/mycobot-pro-raspberry-pi
https://shop.elephantrobotics.com/en-ie/collections/mycobot/products/mycobot-pro-raspberry-pi
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Table 5. Cont.

Material costs EUR 1332.90

Manufacturing labour costs EUR 426.67
Machine costs EUR 102.98
Manufacturing development costs EUR 476.63
Additional manufacturing costs EUR 7.16
Manufacturing costs EUR 1013.37

Production costs EUR 2346.38
Development and construction costs EUR 234.64

Administrative and selling overhead EUR 281.57

Cost of the robot sold EUR 2862.58

8. Conclusions and Future Work

The current work proposes a multidisciplinary computational design strategy to
realise low-cost and lightweight modular serial manipulators. A set of custom-designed
modules accounting for manufacturability and assembly is presented. The design choices
associated with material selection, manufacturing, and scale of production, i.e., the context
for using aluminium tubes vs. 3D-printed elements, are briefly discussed. An attractive
future direction could be using 3D-printed components and aluminium tubes to realise a
feasible composition.

A search-based exploration strategy is employed to find a feasible robot architecture.
However, since the modules are pre-defined, any physically feasible compositions may
not satisfy the given requirements. The requirements must be modified or new modules
must be introduced. Moreover, the choice of heuristics can be improved to include module-
specific information. Alternatively, the heuristic can encode system-level information to
guide towards a non-intuitive design. Future work would extend the current heuristic
function, exploring the usage of the eigenvalue of the resulting mass matrix at each iteration
as an indicator of peak torques needed, as discussed in [66].

A procedure to decompose system-level structural requirements to component-level
specifications accounting for dynamic loads, leading to independent topology optimisation
sub-problems, is introduced. The structural optimisation of the OSEs is performed via mass
minimisation while constraining their critical compliance energy. The resulting components
are realised via additive manufacturing and assembled to generate a physical prototype.
However, the shortcoming of the design process shown in Figure 2 is that the mass and
inertial properties of the components are not known in step D1 and are only computed
later in D2. Therefore, future work would extend the procedure to a fully automatic
optimisation process that includes an informed decomposition by training meta-models
for design domains, as introduced in [52]. Another potential direction is to perform mass
minimisation with the minimum eigenfrequency requirement as a constraint, accounting
for the dynamic stiffness of each of the OSEs, as explored in [67].

In conclusion, while the proposed top-down design procedure has shown promising
results for the design of modular robots, several avenues of research may be explored.
Firstly, the applicability of the proposed method with a different set of modules [6,7] than
the ones proposed may be investigated. Additionally, the application of the proposed
method to an industrial scale robot and an exhaustive comparison and benchmarking
according to [68] could be explored. This could shed light on the module design and its
effect on the resulting robot architectures to help develop a general design guideline for
realising modular robots.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/robotics12040091/s1.

https://www.mdpi.com/article/10.3390/robotics12040091/s1
https://www.mdpi.com/article/10.3390/robotics12040091/s1
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