
 

 

 

Abstract—Future production systems must meet the continual 

demands for improved productivity and energy efficiency. Being 

flexible and adaptable, reconfigurable systems offer great 

opportunities to face these challenges. Against this background, 

this study is concerned with the reconfiguration planning of 

Delta-like parallel robots. Following the trend of equipping the 

original Delta robot with additional rotational dof, a potential 

analysis reveals a great variety of dimensional and functional 

reconfiguration possibilities. Based on this, the reconfiguration 

planning is optimized applying operations research techniques. 

In this approach, a fixed number of configurations is optimally 

selected from the entire configuration space and simultaneously 

allocated to a set of handling tasks in a most energy efficient way. 

Each allocation’s energy consumption is efficiently computed 

using Kane’s inverse dynamics formulation. The outcome of a 

case study demonstrates the general applicability and energy-

saving potential of the proposed method. 

 
Index Terms—Delta Robots, Industrial Robots, Inverse 

Dynamics Formulation, Parallel Robots, Reconfiguration 

Planning 

 

I. INTRODUCTION 

HE fourth industrial revolution continues to drive the 

digitalization of production and cooperative networks of 

employees and machines. Future production systems will be 

characterized by intelligent acquisition of information and 

targeted use of smart data (e.g., process monitoring by 

machine-integrated sensors, online process simulation, or 

multiphysics modeling). In this context, highly efficient and 

flexible systems evolve to establish sustainable automation 

concepts and finally allow for fast adaptation to changing 

market needs. Even though robotics technology has led to a 
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high level of automation in large-scale manufacturing 

industries, key aspects of future strategies still focus on 

increased flexibility and agility in order to serve a broader 

range of manufacturing technologies and products. Key 

technology targets for future production systems are, among 

others, efficient (re-)configurability, adaptability, and energy 

efficiency [1]. Essential success factors of all three targets are 

tools to (automatically) identify suitable (re-)configuration 

patterns of the mechanical system in order to fulfill functional 

requirements determined by current process specifications. 

Thus, the configuration of a system can be optimized in 

accordance with process or task specific requirements from a 

technological and economic viewpoint. 

Systems for highly dynamic handling tasks require a high 

payload-to-weight ratio, a high positioning accuracy as well as 

excellent stiffness characteristics. Parallel manipulators meet 

these requirements by their architecture with frame-based 

actuation and thus low moving masses. The most widely 

spread manipulators within the niche market of parallel 

robotics are the 6-dof Gough/Stewart platform [2], [3] and the 

4-dof Delta robot [4] as commonly used for highly dynamic 

flight or driving simulation and high-speed pick-and-place 

applications with light-weight objects, respectively. In recent 

years, the design of the latter has been modified significantly 

extending its field of application to handling tasks with up to 

six dof (e.g., assorting, tooling, or measuring tasks) and/or 

with heavy-weight objects (e.g., stacking or packing tasks). As 

already noted by the inventor Clavel [5], the Delta robot is 

distinguished by its modularity and the fact that some 

components are found in several identical copies in one robot. 

Thus, to generate a range of robot configurations, it is possible 

to allow several dimensional groups for select components of 

the robot. Against this background, the Delta robot is well-

suited for the following investigations in the field of 

reconfiguration planning.  

First, we briefly introduce general reconfigurable systems 

and reconfigurable Delta-like robots focusing on dimensional 

and functional reconfiguration possibilities. A novel approach 

is presented applying techniques of operations research to the 

optimization of the reconfiguration planning of robotic 

systems. Finally, a case study demonstrates the energy-saving 

potential for industrial applications. 
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II. TYPES OF RECONFIGURATION 

The term reconfiguration includes a range of definitions. 

Accordingly, a reconfigurable system “can reversibly achieve 

distinct configurations (or states), through alteration of system 

form or function, in order to achieve a desired outcome within 

acceptable reconfiguration time and cost” [6]. It is thus 

“designed for rapid adjustment of production capacity and 

functionality, in response to new circumstances, by rearrange-

ment or change of its components” [7]. A generally 

recognized definition is that “reconfigurability is the ability to 

repeatedly change and rearrange the components of a system 

in a cost-effective way” [8].  

In respect of parallel robots, different mutually influential 

types of reconfiguration can be identified. Examples refer to: 

a) modularity: Robot components, also called building blocks, 

are classified into fixed-dimension modules (e.g., actuators, 

passive joints, and tools) and variable-dimension modules 

(e.g., rigid links, the fixed platform, and the mobile platform). 

Different configurations can then be achieved by changing the 

number, types, and arrangement of modules [9]. 

b) state: It is distinguished between two states: static and 

dynamic reconfiguration. Whereas in static reconfiguration 

components are changed or rearranged while the robot is 

switched off, dynamic reconfiguration includes online 

adaption of link dimensions and/or locking of joints as well as 

switching of operation modes [10]. Dynamic reconfiguration 

may also be defined by variable grasping points and 

integrating or removing kinematic chains of a handling system 

during manipulation [11]. 

c) morphing: Three types of morphing can be identified: geo-

metry morphing (variation of link dimensions and/or arrange-

ment of kinematic chains without changing the kinematic 

architecture), topology morphing (variation of links as well as 

type and sequence of joints in order to obtain different dof), 

and group morphing (several modular robots are grouped 

and/or separated to perform a joint task) [12], [13]. 

According to a recent classification in [14], reconfiguration 

is mainly characterized by changing modules within the varied 

architectures, switching operation modes (i.e., changing the 

mobility) by passing through singular configurations, 

changing the geometric relations of joints and links, and 

locking joints. Also, it is worth noting that current research in 

the community of parallel robotics strongly focusses on 

reconfigurable parallel robots with multiple operation modes, 

which are also known as robots changing the group of motion, 

robots with bifurcation of motion, or disassembly-free 

reconfigurable robots [15]. Moreover, extensive overviews on 

reconfigurable parallel manipulators can be found in [8], [14], 

[16], [17], [18], [19], [20]. Apart from that, a survey and 

historical review on general reconfigurable systems can be 

found in [6] and [7], respectively. 

III. RECONFIGURABLE DELTA-LIKE ROBOTS 

The basic architecture of the Delta robot comprises three 

kinematic chains of the type R(SS)2 (where R stands for a 

revolute joint and S for a spherical joint). In each kinematic 

chain, frame-based rotary actuation is used to drive the 

proximal link which in turn is connected to the moving 

platform by a spatial parallelogram (in which the two parallel 

connecting rods are denoted as distal link in the following). 

With this design, the platform is restricted to three 

translational dof. Fig. 1 depicts the geometric relations and 

notations of the classical 3-dof Delta variant. Accordingly, 

several identical modules can be identified allowing for recon-

figuration by varying their dimensions. 

After the expiration of the original Delta patents in 2007, 

modified Delta variants entered the market. New variants 

particularly involve designs that enable additional rotational 

dof. For example, 4-dof fully-parallel versions comprise an 

additional kinematic chain which, regarding reconfiguration 

possibilities, either require a complex architecture due to the 

so-called articulated moving platform (e.g., Adept Quattro) or 

careful arrangement of the four kinematic chains amongst 

each other using a rigid moving platform (e.g., the 4-dof 

version of the Blue Workforce Ragnar). On the contrary, 

serial-parallel designs involve additional serial chains that can 

potentially be added or detached easily and in comparatively 

short times. 

In this context, the following analyses distinguish between 

dimensional reconfiguration (corresponding to the notion of 

variable-dimension modules or geometry morphing) and 

functional reconfiguration (by adding or removing additional 

serial chains to the classical parallel Delta architecture). The 

practical implementation is respected but not shown in detail. 

Thus, it is not distinguished between static or dynamic 

reconfiguration. It should be noted that it is possible to detect 

new (dimensional and functional) configurations and 

automatically generate the related kinematic and dynamic 

models for control [21]. 

A. Dimensional Reconfiguration 

The parallel architecture of the Delta robot includes three 

identical modules for the proximal links and three or six 

identical modules for the distal links and the connecting rods, 

respectively. Only a few approaches related to dimensional 

reconfiguration possibilities of the Delta robot can be found in 

literature. 

 

Fig. 1.   Geometric relations and notations of the 3-dof Delta robot 
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 In Miller’s New University of Western Australia Robot 

(NUWAR) [22], the size and shape of the Delta workspace 

can be varied by changing the orientation of the motor axes 

with respect to the local horizontal axis Xi and/or to the local 

vertical axis Zi (cf. Fig. 1). 

Variation of the radius determining the actuator positions on 

the frame (𝑟𝐹,𝑖) and the link lengths (𝑙𝑃𝐿,𝑖 and 𝑙𝐷𝐿,𝑖) are 

presented in [23]. Analyses include the influences of the 

reconfiguration of the said dimensions on the workspace size 

and shape as well as on payload capacities. Using ball screw 

drives as linear actuation, the frame radius can potentially be 

reconfigured symmetrically and dynamically during operation. 

Recent advances of the proposed design include vertical linear 

actuation in order to dynamically change the configuration of 

the frame radius and, additionally, adapt the relative height of 

the actuators to the frame [24].  

Recently, in another interesting study [25], variable 

dimensions of the moving platform radius (𝑟𝑃,𝑖) are generated 

using Bricard’s orthogonal 6R-linkage (i.e., an actuated closed 

overconstrained serial chain) to replace the rigid output link. 

Other conceivable reconfiguration possibilities include 

asymmetric circular arrangement of the frame- and platform-

related joints. In this study, symmetric arrangement with 120° 

is presumed. Similarly, the link lengths can be varied 

asymmetrically and other dimensions (e.g., radii and wall 

thickness) can be considered variable, which is not considered 

in this study. Table I summarizes the basic possibilities for 

symmetric dimensional reconfiguration. 

B. Functional Reconfiguration 

All industrial Delta robots can optionally be equipped with 

at least one additional rotational dof. Analyses of the portfolio 

of 18 manufacturers (including ABB, Adept, Bosch, Codian, 

FANUC, Kawasaki, and MAJAtronic) show that more than 

two thirds of the offered 4-dof models deploy the central 

telescopic shaft, and the rest a direct drive attached to the end-

effector. Available 6-dof-concepts consist of the basic Delta 

structure and a 3-dof rotational head or serial robotic wrist 

(type RRR) mounted on the platform and driven by three 

separate motors fixed on the frame (e.g., FANUC’s M-1 

Series) or integrated into the parallelogram (e.g., FANUC’s 

M-3 Series). These concepts are also offered with a single 

rotational dof. In other interesting designs (e.g., Yaskawa’s 

patent [26]) the complete chain (i.e., proximal link and 

parallelogram) is used to transmit up to three additional 

rotational dof from the frame to the platform.  

TABLE I 
POSSIBILITIES FOR DIMENSIONAL RECONFIGURATION 

Not. Parameter description 

𝑟𝐹,𝑖 Radius of the frame (denoting the related joint position) 

𝛿𝑖 Orientation of the motor axis with respect to Xi 

𝛾𝑖 Orientation of the motor axis with respect to Zi 

𝑙𝑃𝐿,𝑖  Length of the proximal link  

𝑙𝐷𝐿,𝑖 Length of the distal link/connecting rod 

𝑟𝑃,𝑖 Radius of the platform (denoting the related joint position) 

TABLE II 

POSSIBILITIES FOR FUNCTIONAL RECONFIGURATION 

Not. Parameter description 

EF Wrist motor(s) attached to the frame 
EPL Wrist motor(s) attached to the proximal link(s) 

EDL Wrist motor(s) attached to the distal link(s) 

EP Wrist motor(s) attached to the moving platform 

 

Fig. 2.   Representation of functional reconfiguration possibilities (6-dof) 

In recent years, 5-dof versions too can be observed in 

industry. For their D5 series, Codian Robotics applies the 

known solution with two additional RUPUR chains where the 

motors are attached to the frame. MAJAtronic GmbH holds a 

patent [27] for a special design of the telescopic shaft allowing 

for tool media supply. In their RL5 series, another telescopic 

shaft is guided through it. Thus, two coaxial telescopic shafts 

are applied to drive two additional rotational dof. Krones AG 

recently proposed a similar design but with coaxial linear and 

rotary actuators [28]. 

To sum up, four different functional reconfiguration 

possibilities can be identified. Depending on the desired 

rotational dof, one to three kinematic chains are used in order 

to attach the additional serial chains. The attachment point is 

given by the wrist motor position on the respective body of the 

basic parallel Delta robot. Table II and Fig. 2 summarize the 

resulting possibilities for a functional reconfiguration. 

IV. METHODOLOGY 

Efficient robotic systems are usually tailored to specific 

requirements of known production processes or handling 

tasks. The number of systems however is restricted due to 

limited factory areas and fixed costs. Imagine an assembly line 

with handling objects of great diversity (e.g., variable size or 

weight) resulting from highly fluctuating known order 

streams. Using mathematical optimization modeling and 

solution techniques, it is possible to identify (a given number 

of) 𝑝 configurations from a set of reconfigurable handling 

systems such that the set of known objects is handled most 

efficiently. The optimized configurations will not be changed 

until the set of tasks is completed. Then, in order to efficiently 

handle a new set of tasks, each robot within a production line 

can be reconfigured. Mathematically, simultaneously selecting 

𝑝 configurations (from all possible) and assigning tasks to the 

selected ones resembles a standard problem in operations 

research, namely locating facilities for efficiently supplying 

demand locations. In this interpretation, 𝑝 configurations are 

identified (location), each accomplishing a specific task from 

a given set of handling tasks (allocation). The set of 

reconfigurable handling systems is given by the basic Delta 

EF EPL EDL EP



 

 

robot and a finite number of dimensional and functional 

reconfiguration possibilities, whereas market data is used to 

generate a set of potential handling tasks. 

V. MODEL FORMULATION 

Facility location problems, and the more relevant variant 𝑝-

median problems [29], have several practical applications. 

Examples include, among others, the reduction of the trim loss 

in glass cutting industry [30], the optimal design of demand-

related shipper and packaging sizes [31], [32], including a 

patent by Amazon Technologies [33], the optimization of 

production processes as cell formation problems [34], as well 

as cluster analyses [35]. The standard 𝑝-median problem can 

be formulated as a so-called integer program: 

𝛷 = 𝑚𝑖𝑛 ∑ ∑ 𝑐𝑘𝑗𝑦𝑘𝑗𝑗∈𝑀𝑘∈𝐴   (1) 

such that 

∑ 𝑦𝑘𝑗𝑗∈𝑀 =  1  ∀𝑘 ∈ 𝐴 (2) 

∑ 𝑥𝑗𝑗∈𝑀 = 𝑝   (3) 

𝑦𝑘𝑗  ≤  𝑥𝑗  ∀𝑗 ∈ 𝑀 (4) 

𝑥𝑗 ∈ {0,  1} ∀𝑗 ∈ 𝑀 (5) 

𝑦𝑘𝑗 ∈ {0,  1} ∀𝑘 ∈ 𝐴, ∀𝑗 ∈ 𝑀 (6) 

where 𝑀 is the set of potential configurations (with 𝑗 =
1, … , 𝑚), 𝐴 the set of handling tasks (𝑘 = 1, … , 𝑛), 𝑐𝑘𝑗 the 

energy consumption (denoted as costs) of configuration 𝑗 

performing task 𝑘 (V.C), whereas a penalty applies if 

configuration 𝑗 cannot perform task 𝑘. Furthermore, the binary 

decision variables are denoted as 𝑥𝑗 = 1 if configuration 𝑗 

applies (and zero otherwise) and 𝑦𝑘𝑗 = 1 if a task 𝑘 is 

allocated to a configuration 𝑗 (and zero otherwise). Constraint 

(2) ensures that each task 𝑘 is allocated to a configuration 𝑗. 

By (3) the number of applied configurations is fixed to 𝑝. 

Finally, with (4) it is ensured that a task 𝑘 can solely be 

allocated if configuration 𝑗 selected. Market figures are used to 

generate the set of handling tasks (V.A). For defining the 

configuration space a fixed value discretization is used (V.B).  

A. Demand-Related Handling Tasks 

It is assumed that the demand-related handling tasks are 

characterized by the mass of the handling object, the size of 

the prescribed workspace, and the required dof. Market figures 

can be used as a basis for generating the set of handling task. 

TABLE III 
SHARES OF PAYLOAD, WORKSPACE (WS) DIAMETER, AND DOF 

Payload 
[kg] 

Share 
[%] 

WS-∅ 
[m] 

Share 
[%] 

dof 
[–] 

Share 
[%] 

0.1 - 3 62 0 - 0.4 5 3 33 

3 - 6 18 0.4 - 0.8 23 4 52 

6 - 9 4 0.8 - 1.2 40 5 7 
9 - 12 4 1.2 - 1.6 31 6 8 

12 - 20 12 1.6 - 2 1   

 

TABLE IV 

DIMENSIONAL AND FUNCTIONAL CONFIGURATIONS 

𝑟𝐹,𝑖  

[m] 

𝑙𝑃𝐿,𝑖 

[m] 

𝑙𝐷𝐿,𝑖 

[m] 

Ext. 

[–] 

dof 

[–] 

0.2 0.200 0.5 EF 3 
0.3 0.275 0.6 EDL 4 

… … … EP 5 

0.6 0.500 1.3 none 6 

 

Accordingly, more than 150 commercial Delta variants were 

analyzed in respect of their payload, reachable workspace 

diameters, and dof. Table III summarizes the results. It can be 

seen that the payload of more than 80 % of commercially 

available models is not more than 6 kg. The diameter of the 

reachable workspace of more than 90 % of the variants is 

between 0.4 and 1.6 m. Finally, more than 80 % of the models 

offer three to four dof. From these figures a representative set 

of handling tasks is derived. The payload distribution is 

assumed to correspond to the distribution of object masses. 

For the workspace a fixed height of 0.3 m is presumed, where 

the largest workspace up to 2 m is ignored. Data need to be 

adjusted by currently unavailable process figures and actual 

product streams. In real application however, data can be 

extracted from current demand numbers or demand statistics.  

For this study market figures are used to establish basic data 

(i.e., value ranges and distributions) from which then 𝑛 = 200 

tasks are generated to form set 𝐴.  

B. Potential Configurations 

Potential dimensional and functional configurations were 

introduced in Sec. III. Set 𝑀 of potential configurations is 

generated combining discrete values for selected dimensions, 

types of extensions, and number of dof. For practical and 

symmetrical reasons, the orientations of the motor axes are set 

to zero, the platform radius is fixed to 𝑟𝑃,𝑖 = 0.1 m, and the 

theoretical functional extension EPL is discarded. Then, 

combining all potential candidates following Table IV, 

5 ∙ 5 ∙ 9 ∙ 4 ∙ 4 = 3,600 configurations can be derived.  

If a functional extension applies, the number of dof must be 

more than three. Thus, candidates without extension but more 

than three dof and, vice versa, candidates with extension but 

less than four dof are discarded. This finally results in 

𝑚 = 2,250 potential configurations. Note that model (1-6) is 

able to optimally select (and simultaneously optimally assign 

tasks) from the entire feasible configuration space. 

C. Performance Measure 

The energy consumption serves as performance indicator to 

assess the allocation of task 𝑘 to configuration 𝑗. Accordingly, 

performance trajectories need to be taken into account.  

The paths are defined in accordance with the required 

workspace size and for higher variance of the indicators 

randomly rotated about the vertical axis in steps of 𝜋/6 (cf. 

Fig. 3). Depending on the path geometry, times are set so that 

industrially-relevant motions similar to [36] arise. The relative 

position of the prescribed workspace and the related trajectory 

to the origin of the frame in 𝑍-direction is assumed to be the 



 

 

median of all valid relative positions identified by preliminary 

kinematic analyses. 

The kinematic and dynamic modeling of functionally 

extended Delta robots is presented in [37]. The functional 

reconfiguration possibilities are solely analyzed in respect of 

their influences on the actuation torques of the basic parallel 

structure of the Delta robot. Thus, the masses and mass 

moments of inertia are adapted according to the dimensional 

reconfiguration possibilities. The masses of the proximal and 

distal links are adapted by a linear scale factor  

𝐶𝑖𝑗 = 𝑙𝑖𝑗/𝑙𝑖0  (7) 

i.e., the ratio of the length of link 𝑖 in configuration 𝑗 and the 

corresponding original value based on real robot data denoted 

by zero (as provided in [37]). The connecting rods are 

modeled as thin rods. Thus, as a simplification, the mass 

moment of inertia (about the perpendicular axes) 𝐼 at the 

center of a connecting rod of the distal link is adapted by  

𝐶𝐷𝐿,𝑖𝑗,𝐼 = (𝑙𝐷𝐿,𝑖𝑗 𝑙𝐷𝐿,𝑖0⁄ )
3
  (8) 

Due to a more complex topology of the proximal link, its mass 

moment of inertia follows a more complicated definition 

which, even in a simplified case, additionally depends on 

radii. Thus, the properties of different links as used in real 

systems are compared. Accordingly, the mass moment of 

inertia of the proximal link can be approximated by the 

quadratic relation 

𝐶𝑃𝐿,𝑖𝑗,𝐼 = (𝑙𝑃𝐿,𝑖𝑗 𝑙𝑃𝐿,𝑖0⁄ )
2

 (9) 

The torques 𝜏𝑖 of the three main drives can finally be 

derived solving the inverse dynamics problem. Then the 

average energy consumption of a configuration 𝑗 performing a 

task 𝑘 is given as [37]: 

𝐸𝑘𝑗 = 𝑐𝑘𝑗 =
1

3
∑ ∫ 𝑚𝑎𝑥(𝜏𝑘𝑗𝑖𝜑̇1𝑘𝑗𝑖 , 0) ∙ 𝑑𝑡

𝑇

0𝑖   (10) 

 

Fig. 3.   Performance trajectories within the prescribed workspaces 

where 𝜑̇1𝑘𝑗𝑖 denotes the actuation velocity. Here, it is assumed 

that the braking energy cannot be recuperated. Thus, in order 

to optimize (1), 𝑛 ∙ 𝑚 = 450,000 cost values 𝑐𝑘𝑗 need to be 

computed. Therefore, efficient analytical dynamic modeling 

approaches are essential. A comparison study of six models in 

[37] (based on Newton-Euler, the principle of Virtual Work, 

the Lagrangian formulation, Kane’s equations, a natural 

orthogonal complement, and Hamilton), including validation 

with real experiments, showed that the Lagrangian 

formulation is most efficient for EDL and EP. Additional serial 

chains involving relative motions of the telescopic shafts 

however lead to cumbersome partial derivatives and 

comparatively high computation times. Alternatively, Kane’s 

formulation [38] can be applied to compute the actuation 

torques and energy consumption of EF more efficiently. 

For each of the 𝑞 rigid bodies of the (functionally extended) 

Delta robot, the sum of generalized applied and inertia forces 

and moments (𝑾 and 𝑾∗) is zero. For the three generalized 

coordinates 𝜑1𝑖, Kane’s equations are then given as: 

𝑾 + 𝑾∗ = 𝑽 ∙ (𝑭 + 𝑭∗) + 𝛀 ∙ (𝑴 + 𝑴∗) = 𝟎𝟑  (11) 

with 𝑭 and 𝑭∗ (𝑴 and 𝑴∗) as (3𝑞 × 1)-vectors containing the 

resultant applied and inertial forces (moments) for each rigid 

body of the system and 𝑽 and 𝜴 as (3 × 3𝑞)-matrices 

containing the partial derivatives of the linear and angular 

velocities, respectively, according to the generalized 

coordinates. The actuation torques can then be extracted 

solving (11) for the applied moments 𝑴. For the sake of 

brevity, a detailed derivation of the Kane model of 

functionally extended Delta robots is left to be addressed in 

further reports. 

Each combination of handling task and configuration is 

analyzed in respect of the resulting energy consumption. The 

resulting (𝑛 × 𝑚)-cost matrix can then be transferred to the 𝑝-

median formulation (1-6) and solved to obtain the optimal 

allocations. Fig. 4 summarizes the overall approach. 

VI. ANALYSIS AND RESULTS 

The test instance includes 𝑛 = 200 handling tasks and 

𝑚 = 2,250 configurations. At this stage, set-up times and 

costs as well as capacity and occupancy figures are not 

considered in order to demonstrate general feasibility of the 

approach. Thus, allocations are unconstrained unless the 

imposed trajectory cannot be reached.  

 

Fig. 4.   Optimized reconfiguration planning using a 𝑝-median approach 
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TABLE V 

OPTIMAL CONFIGURATIONS FOR 𝑝 = 6 

𝑝 = 6 Conf. 1 Conf. 2 Conf. 3 Conf. 4 Conf. 5 Conf. 6 

𝑟𝐹,𝑖 [m] 0.2 0.3 0.2 0.3 0.4 0.3 

𝑙𝑃𝐿,𝑖  [m] 0.2 0.275 0.275 0.35 0.425 0.35 

𝑙𝐷𝐿,𝑖 [m] 1.1 1.3 1 1.3 1.3 1.3 

Ext. [–] EF EF EF – EF EF 
dof [–] 4 4 6 3 4 6 

WS-∅ [m] 0.8 1.2 1.2 1.6 1.6 1.6 

Cvg. [%] 22 33.5 9.5 13.5 16 6 

 

The energy consumption of each allocation serves as cost 

function whereas costs for installation and reconfiguration are 

neglected. In case a trajectory cannot be reached, a penalty 

applies for the related cost value (cf. Sect. V). The kinematic 

and dynamic models were implemented in MATLAB® and 

validated with real experiments as shown in a previous study 

[37]. For the underlying mass parameters it is referred to [36]. 

With this 𝑛 ∙ 𝑚 cost values were computed. The 𝑝-median 

problem was implemented in its standard formulation using 

Python
TM

 and then solved with Gurobi Optimizer. 

In automation industry a production line is usually equipped 

with five to seven Delta robots. In this case study, the 

production line is optimized using six configurations. 

Accordingly, from 2,250 reconfiguration possibilities, six 

configurations are selected and optimally allocated to 200 

known tasks. After a certain period, the robots may be 

reconfigured based on new process data and product streams.  

Table V summarizes the optimal solutions for a production 

line with maximal 𝑝 = 6 configurations. It can be seen that 

each configuration covers at least 6 % of all tasks and at 

maximum 33.5 %. Since energy efficiency is used as target 

value, the lengths of the light-weight distal links reach 

maximum values for four of the six selected configurations 

and all extensions are related to the frame (i.e., EF) in order to 

minimize the inertial effects of the additional bodies.  

Tasks in which workspaces of 1.2 m and 1.6 m need to be 

reached are each served by configurations with equal proximal 

links except for configuration 5. It shows a larger dimension 

for the proximal links potentially resulting from the underlying 

4-dof trajectories which imposes higher demands on the robot 

than those served by configurations 4 and 6. Then, the inertial 

effects of the functional extensions on the actuation torques are 

smaller and thus, less energy consumption of the main drives is 

observed. Interestingly, all tasks requiring 5-dof are served by 

the 6-dof variants. In order to increase efficiency of the overall 

production line, a 4-dof variant with minimal proximal links is 

selected to perform tasks with workspaces of 0.8 m and less. 

To assess the potential energy saving, the total energy 

consumption of the six different optimal configurations is 

compared to the energy consumption of a production line with 

six identical configurations each covering all tasks. Among all 

potential configurations, configuration 6 of the optimal solution 

set covers all tasks. By allocating the tasks according to the 

optimal solution, energy consumption is effectively reduced by 

11.8 % compared to allocating all tasks to configuration 6.  

 

Fig. 5.   Normalized total energy consumption 𝛷0 depending on the number of 

configurations 𝑝 

Compared to the worst configuration covering all tasks, drastic 

reductions of 63.2 % can be achieved.  

Compared to the optimal solution for 𝑝 = 6, further 

reductions can be achieved allowing a higher number of 

configurations within the production line. Emphasizing the 

consistency of the approach, Fig. 5 displays the normalized 

total energy consumption 𝛷0 related to the number of 

configurations 𝑝 (cf. (3)). Accordingly, applying two optimal 

configurations instead of one (i.e. configuration 6), the total 

energy consumption drops by 6.9 %. Then, the energy 

consumption degressively decreases reaching a threshold of 

0.861 (corresponding to 13.9 % energy saving) for 𝑝 > 15. 

VII. DISCUSSION AND OUTLOOK 

This paper presented a novel and rigorous approach for the 

optimization of the reconfiguration planning. Results showed 

that operations research techniques can effectively be applied 

to reduce the energy consumption of reconfigurable 

production systems. The approach is robust in the sense that it 

can easily accommodate a number of future extensions and 

different data. The key advantage of the approach is that it can 

be repeated regularly in order to counter the increasing 

complexity of handling tasks stemming from the ever-growing 

demand for automation. The underlying handling tasks of this 

case study were generated using market figures and thus, are 

limited to 200 tasks. Future investigations will focus on larger 

data sets ideally gathered from real process data. For defining 

the configuration space we used a fixed value discretization, 

cf. Table IV. It should be evaluated in a sensitivity analysis 

whether it pays to work with a finer discretization. In a 

solution process, it could be dynamically adapted as needed. 

The total energy consumption was used as target value for 

optimization. Computation times for the cost matrix are very 

high even though efficient dynamic modeling techniques were 

introduced. The two latter aspects advocate for a different 

modeling and more elaborate solution technique known as 

column generation. This allows for handling an even larger 

configuration space while still guaranteeing an optimal 

selection and task allocation. It should however be noted that 

since a production system is only reconfigured after a certain 

period of time, even currently high computational costs can be 

considered acceptable. Kinematic performance measures (e.g., 

motion and force transmission factors or the installation space) 



 

 

can be considered as alternative optimization targets or as 

additional constraints. From the economic point of view, 

initial procurement and operating costs need to be taken into 

account. Moreover, set-up times and costs as well as capacity 

and occupancy figures need to be addressed for industrial 

application. Such figures can for instance be taken into 

account extending the proposed model to a capacitated 𝑝-

median problem including fixed (facility opening) costs. 
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