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Abstract.

A particular challenging task in the context of the 4™ Industrial Revolution con-
sists in increasing production system automation in European small and medium
enterprises (SMEs). However, automation — often addressed with robotization —
represents major investments that are not always accessible for SMEs, in which
small batch production requires change in an efficient manner. In fact, software
programming and hardware (in terms of reachability and maximum payload) are
the flexibility barrier of current industrial robots. On the other hand, researchers
and industry are currently pushing their efforts to develop modular robots (in
terms of hardware and software), which are task-specific computable and change-
able. In this context, this paper aims to develop a new design methodology com-
bining both knowledge representation for task definition and computational tools
for structural and logical design using modular units. To demonstrate its suitabil-
ity in an industrial context requiring reconfiguration capabilities, specific devel-
opments have been made and tested with a simple case.
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1 Introduction

Robotic systems are part of the 4" Industrial Revolution and might change the way
on which products are designed and manufactured. However, current industrial robots
suffer from a lack of reconfiguration capabilities. Actually, they are built for large-scale
production and are not suitable enough for small batches with rapid production change
as needed in small and medium enterprises (SMEs) [1,2]. Manufacturing SMEs are
indeed dynamic organizations and tend to be more responsive and automated [3]. Past
academic and industrial efforts have been made towards the development and integra-
tion of more flexible robotic systems, enabling fast physical reconfigurations according
to manufacturing strategy changes. Thereby such systems still need additional efforts
for easier design, integration, and task programming [4].
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Beyond current existing solutions in industry, modular robotics seems to be a prom-
ising strategy to address these aforementioned challenges. Over the last two decades,
this research field has received huge attention from researchers, especially for develop-
ing devices able to evolve in hostile environment. However, their technology readiness
levels currently are not enough aligned with industrial requirements [5]. Now modular
robotic systems provide more versatility, robustness and are cheapest compared to in-
dustrial robots [6]. To ensure an industrial adoption, it is important to develop methods
and tools for supporting hardware and software (control system) design [6-8]. Although
research works have already been focused on reconfiguration and self-reconfiguration
strategies in order to adapt a system to a new task or a new manufacturing environment
using different computational procedures [6,9], efforts still remain on knowledge rep-
resentation for robotic system design [4].

Therefore, the main research issue consists in capturing and reusing robot task plan-
ning knowledge enhanced by computational capabilities for modular robotic design.
Actually, developing a knowledge base with reasoning capabilities will facilitate mod-
ular robot structure and behaviour generation over embodiment and detailed design
stages, especially in SMEs where resources and robotic knowledge are often limited
and partial. This structure of the paper is as follows. Section 2 presents a brief literature
review on task-specific robot system design and knowledge processing for robotic task
definition where motivation is highlighted. Then, in Section 3, a knowledge-based
methodology for modular robotic design is proposed. Lastly, a case study is introduced
with a developed computational layer to illustrate the proposal.

2 Literature Review

This section reports significant research works on task-specific robotic system de-
sign and knowledge processing for robotic task definition, on which research motiva-
tion has been highlighted.

2.1  Task Specific Robotic System Design

When a new manufacturing instruction is defined, required payload and reachability
might change. Using modular elements could then be useful to structurally adapt a ro-
botic system to any task. As modular robots are composed of individual parts, many
structural combinations are possible. Selecting the right structure fulfilling a given task
is thus a challenging issue. In such a context, Desai et al. [13] have developed a tool
dedicated to the generation of a heterogenous modular robot structure based on the de-
sired path with a modular robot library [13]. The developed tool uses an A* search
algorithm on a weighted tree representing array of structural configurations but does
not consider functional specifications (only trajectories). Similarly, Valente [14] has
used a stochastic algorithm to support decision during the modular robotic design pro-
cess. Based on 15 key performance indicators (KPIs) and more than 50 parameters, the
developed tool supports robot architecture definition by enabling the robotics engineer
to select modules fulfilling multiple tasks. Although this approach seems to be mature,



it lacks programming function and is not suitable for a non-robotic expert. Research
efforts become strategic on knowledge representation over the robotic cells design
stages to overcome combinatorial complexity of robot structure and robot task planning
generation.

2.2 Knowledge Processing For Robotic Design And Task Definition

Knowledge-based design is a research domain that has been widely investigated over
the last decades [15]. Such research works — covering knowledge acquisition, represen-
tation and reuse — have decreased the required expertise with automation procedures
while increasing tasks abstractions level. As an example, a knowledge base describing
relationships between robot capabilities, robot structure and robot environment associ-
ated to a reasoner can infer new knowledge from a partially defined input problem [16].
From this perspective, ontologies have been developed to capture knowledge related to
robot design, robot behaviours in terms of controller programming and trajectories
planning. Ontologies are a set of concepts, parameters and relationship belonging to the
same domain. Ontologies, among others, have been widely used in Knowledge Base
System (KBS), for semantic reasoning in engineering design [18]. If appropriately com-
bined, both ontologies provide assistance in robot architectural design for a specific
task. Moreover, efforts have also been made for high abstraction task formalization
through the KnowRob framework [17]. It can be seen as an ontology-based framework
enabling any robotic system to perform tasks based on abstract instructions.

2.3 Research Issues

The above-mentioned studies have stressed the importance of both designing and
programming modular robots for a specific task. Among the research works, two rele-
vant approaches have been highlighted to automatically generate robot architecture and
to support robots design and programming via a knowledge base associated to an infer-
ence engine. At first glance, these approaches seem to partially tackle fast reconfigura-
tion planning issues in SMEs. The novelty here consists in combining computational
tool and multi-perspective knowledge therefore enabling architectural and program-
ming reconfiguration of modular robots.

3 Proposed Methodology

This section gives an overview of the proposed methodology for designing and pro-
gramming modular robot system based on functional and behavioral specifications,
such as pay load or needed tools (functional) and speed or torque (behavioral). In such
a routine robotic design context, the proposed framework — illustrated in Fig. 1 — starts
by considering the need to implement one or several assembly operations (i.e. manu-
facturing bill of materials mBOM) defined by the assembly planner in the manufactur-
ing process management (MPM) system. Such information is defined according to the
assembly plan that is co-generated with the CAD model of the product and its related



engineering BOM (eBOM) stored in the product data management system (PDM)
[19,20]. Among the defined assembly plan, assembly tasks requiring robotic assistance
are elicited for initiating robotics engineer activity. Then, this robotic oriented mBOM
is mapped within the proposed ontology. The latter actually requests all surrounding
knowledge (i.e. working environment, available tools, initial/final part position, part
mass, etc.) in order to infer robot trajectories as functional specifications, and payload
and reachability as behavioural specifications with the support of an inference engine.
Afterwards, these specifications are used in a computational tool embedding an A* al-
gorithm to generate both modular robot structure (structural design) and programme
(logical design).

Fig. 1. Proposed knowledge-based methodology for modular robotic system design
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3.1  Functional and Behavioural Design

In the preliminary steps of the proposed framework, engineering and manufacturing
data from PDM and MPM systems are used and link to an ontology (i.e. knowledge
base) that describes relations and rules for robot tasks definitions. The fact of combining
ontology and an inference engine ensures the autocompletion of related knowledge of
an actual context from an unconstrained problem. As such, Fig. 1 shows how a robotics
engineer defines robot tasks such as ‘assemble with’ or ‘move from X to Y’. These
descriptive needs are linked to CAD models, e.g. workpieces, working environment,
that are also mapping to the ontology in order to infer important parameters for robot
structural design. By using the pre-defined requests filled with input data from the ro-
botics engineer and PDM and MPM systems, it is possible to infer, from the ontology,
parameters such as the payload, movement range or even working rates and to compute
the robot trajectory. This is doable because the ontology capture relations between as-
sembly operations, robotic task, robot environment, robot action and motion planning.



For instance, if the robotics engineer defines a task corresponding to the following as-
sembly operation ‘Assemble part-1 with part-2’, SPARQL requests will return the data
related to the initial position, the assembly information of part-1 and part-2 (e.g. assem-
bly sequence, orientation, etc.), and so on, until defining a set of subsequences of move-
ments needed to achieve the desired task. These subsequences reflect trajectory dis-
cretization into points and orientation vectors with action such as closing a gripper or
screwing. In addition, data such as mass, part tolerance, maximum distance to reach,
are used for the structural configuration and programme computation as shown in
Fig. 1.

3.2 Structural and Logical Design

The structural design of the modular robot is then based on a computational algo-
rithm to elaborate a physical configuration, which fulfils the previously inferred func-
tional and behavioural specifications. In such a context, an A* search algorithm — based
on a weighted graph which represents all possible module configurations — is proposed.
Here each module could have zero or one rotational degree of freedom and a fixture
system, allowing modules aggregation. By following the work done in [15], a similar
computational strategy has been made, on which the weighted graph is built upon the
functional specifications. Indeed, it is essential to adjust weight of the graph to orient
A* algorithm towards not only possible solutions, but also efficient solutions for the
specific task. In other words, by penalizing some nodes n (i.e. representing a module)
of the graph, it is possible to eliminate invalid solutions and put forward better solution.
In such a context, nodes that minimize equation (1) will be preferred by A* algorithm:

fm) =g +h®) @)

where h(n) is a heuristic that estimates the final cost of the design to achieve the
desired goal (i.e. trajectory). The function h(n) returns the average error of the inverse-
kinematic solver of the actual robot structure at node n for the discretized trajectory.
The more error is higher, the more the node will be penalized. Collision detection anal-
ysis is also processed to check the geometric configuration. Finally, g(n) stands for the
cost of a module, computed using a decision matrix (as represented in Table 1), where
each criterion is pondered according to robotics engineer’s specifications. For instance,
the equation (2) computes the allocated weight to a module at the tree stage S by divid-
ing the estimated needed static torque for this node by the real static torque of the con-
sidered module:
Mu*D+(N—S)*ﬁ*§

A;(S,M,,D,m,N) =W1=* (2

Tm

where M,, is the payload, S is the module’s stage in the tree, D is the distance from
the tested module at the tree stage S and the desired goal, N is the maximum number of
joint specified by the robotics engineer, m is the average mass of available modules
from the MPM system, and T;,, is the static torque of the considered module. Therefore,
if the real static torque is inferior to the estimated needed torque, the ratio will be



superior to 1, then penalizing this module. Finally, once the structural design achieved
and checked, the logical design is addressed by synthesizing the trajectory and actions
in simple robot instructions such as linear or joint motion with a time discretization.

Table 1. Decision matrix for the weighted graph computation

4 Case Study
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To illustrate the proposed methodology, a simple case study is introduced. The ob-
jective is to design a modular robot system to ensure a pneumatic linear actuator as-
sembly. In this context, some assumptions have been made, for instance here the robot
initial position is predefined, the end-effector orientation will remain constant for all

operations.
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Fig. 2. (a) Product assembly and (b) its working environment

The product to be assembled and the related working environment are described in
Fig. 2. This information is stored in the PDM system (for product information) and the
MPM system (for manufacturing information), then mapping within the developed on-
tology materialized by the concept graph in Fig. 3. According to the tasks’ definition,
pre-defined SPARQL queries (query language for searching into database) are executed
to generate the relevant information such as assembly sequence, position and mass of
each object to be assembled in the working environment. Finally, a list of minimal mo-
tions is established (i.e. composed of linear motions from point-to-point and actions
such as ‘close-gripper’).
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Fig. 3. Concept map and instances extracted from the ontology for robot task definition

For the sake of clarity, Figs. 4(a) and 4(b) give an example of SPARQL queries and
returned results that are analysed to compute trajectories and parameters used for crite-
ria evaluation using decision matrix describes beforehand. Finally, a weighted graph is
pondered and the A* algorithm is executed to generate both a design solution that fulfils
functional and behavioural specifications, and a robot programme as illustrated by
Fig. 5.
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Fig. 4. Example of SPARQL requests about (a) object’s mass selection and (b) parts
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Fig. 5. Weighted graph with preferred path highlighted the final modular robot structure and its
related program

5 Conclusion and Perspective

A knowledge-based methodology for modular robot system design has been pro-
posed in this paper. It is built upon two reasoning layers: (1) a knowledge-based pro-
cessing layer for the identification of functional and behavioural specifications enabling
robotics engineer to specify robotic tasks through abstract instructions, and (2) an A*
computational algorithm for generating both robot structure and program. Both layers
have been implemented in a PLM ecosystem in which an ontology with an inference
engine as well as a computational algorithm have been developed to generate robot
specifications, structure and programmes. The case study has demonstrated the suita-
bility of the proposed methodology for designing modular robots for task reconfigura-
tion. However, currently, this model is not extensible to real world manufacturing op-
eration. In fact, model information should be filled up to take into consideration im-
portant parameters such as assembly constraints, tolerance, robot calibration, etc. More-
over, the proposed methodology needs that all information about product assembly and
manufacturing are stored in PLM and PDM systems, but these systems are not always
implemented in SMEs and data are often incomplete and\or not up-to-date.

Built on these efforts, future work will be dedicated to the development of an appli-
cation prototype using Unity 3D engine, ROS (Robot Operating System) and a labora-
tory prototype PLM system. Additional investigation will be focused on the



consideration of robot reconfiguration according to real-time data from manufacturing
systems, therefore falling under the umbrella of context-aware cyber-physical systems
design.
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