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In this paper, the main characteristics and peculiarities of service tasks are investigated in order 

to propose the design criteria in the form of computationally efficient objective functions. Then, these 
design criteria can be implemented in a multi-objective optimization algorithm by using ever commercial 
packages in order to obtain optimal design solutions for service robots. The proposed procedure has been 
applied to a robotic arm for service tasks. It is composed of two modules with four degrees of freedom 
(dofs). The main module with two dofs is called SIDEMAR (Spanish acronym of Mechatronic Design of 
an Integrated System for Service Robots). It has been designed and built at the Carlos III University of 
Madrid as a module for service robot applications. Results of the above-mentioned case study are 
reported to show both the soundness and engineering feasibility of the proposed multi-objective optimal 
design procedure. 
©2010 Journal of Mechanical Engineering. All rights reserved.  
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0 INTRODUCTION 
  

A service robot can be defined as “a robot 
which operates semi or fully autonomously to 
perform services useful to the well being of 
humans and equipment, excluding manufacturing 
operations” [1]. In the last few years, service 
robots have attracted the interest of researchers 
and manufacturers in a wide range of applications 
including professional use (servicing humans 
environment) or personal/domestic use (direct 
servicing of humans) [2]. Service robots can be 
also classified as requiring or not requiring 
manipulative skills. Examples of applications not 
requiring manipulative skills are home security 
and surveillance, personal safeguarding, 
education, personal transportation, public relation 
robots such as guide robots in museums [3], 
assistance in hospitals, cleaning and 
housekeeping [4]. Examples of applications that 
require manipulative skills are humanitarian 
demining, agriculture, harvesting, robot-assisted 
surgery, automatic refilling, picking and 
palletising, inspection and maintenance, 
construction and demolition, defence, rescue and 
security applications, logistic systems, 
rehabilitation, elderly or handicapped assistance 
[5] and [6].  

The close interaction among service robots 
and humans makes it unadvisable to use a 
conventional approach for their design. In fact, 

human-robot interaction and safety become the 
most significant aspects while there is usually no 
need of high payload or high speed performances. 
These aspects should be taken into account since 
the beginning of the design process as proposed, 
for example, in [2] and [7] to [10]. Some 
researchers suggest that the design of a service 
robot should be optimised in order to increase its 
dexterity in the human environment [4], [11] and 
[12]. A lightweight design is also advisable in 
order to prevent serious injuries to human beings 
but also to the robot integrity [13]. An 
optimisation of the stiffness can be very useful in 
order to have a good accuracy with a lightweight 
design as proposed, for example, in [14] and [15]. 
Power consumption and path planning strategies 
should be taken into account for improving the 
autonomy and flexibility as proposed in [8], [16] 
and [17]. A minimization of kinetic energy and 
inertia can be useful from the safety point of view 
in order to suddenly stop a robot or even for 
escaping from critical situations as pointed out in 
[18]. The safety aspects become even more 
significant when a specific application of service 
robots requires manipulative skills. 

Optimizing a robot with respect to one of 
the above-mentioned design criteria usually 
produces a design that is not optimal with respect 
to other design criteria. A possible solution for 
overcoming this limit can be the implementation 
of a multi-objective design approach that can take 
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into account several design criteria at the same 
time as proposed in [19]. Therefore, in this paper 
a multi-objective design procedure is proposed 
for service robots. In particular, the design criteria 
are formulated in an analytical form by referring 
to main the characteristics of service robots with 
manipulative skills. Then, the proposed procedure 
is applied to a specific case of study for a four-
dofs robotic arm for service tasks in order to 
show feasibility and effectiveness of the proposed 
design approach. 

 
1 THE PROBLEM AND ITS FORMULATION 

 
The design process for a service robot 

should simultaneously take into account several 
design criteria since each design parameter affects 
the whole robot performance. Therefore, the 
design process can be conveniently conceived as 
a multi-objective optimization problem in order to 
consider all the design criteria at the same time. 
There is wide literature available proposing 
different numerical algorithms for searching a 
local optimum solution of multi-objective 
problems. The simplest approach is to combine 
all the objective functions in a single objective 
function by means of weighting factors. The main 
problem of this approach is that it is very difficult 
to select the weighting factors properly. 
Moreover, this approach does not guarantee that 
each single objective function will be optimized. 
Another approach is based on choosing the worst-
case value at each iteration among all the scalar 
objective functions for minimizing it in the next 
iteration, as outlined in [20] and [21]. In 
particular, the worst-case value is selected at each 
iteration as an objective function with maximum 
value among the N considered objective 
functions. This approach for solving multi-
objective problems with several objective 
functions and complex tradeoffs among them is 
known as “minimax method”. The “minimax 
method” is widely indicated in the literature for 
many problems, like for example for estimating 
model parameters by minimizing the maximum 
difference between model output and design 
specification, as outlined in [20]. However, this 
approach might pay attention only to one or a few 
objective functions if a much higher value with 
respect to others is assumed. We propose a third 
approach that is based on the minmax method 
together with the weighting factors that are used 

to scale all the objective functions to an initial 
unit value, that gives the same significance to all 
objective functions at an initial guess solution. 

Thus, the optimum design of manipulators 
can be formulated as: 
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where min is the operator for calculating the 
minimum of a vector function F(X); similarly 
max determines the maximum value among the N 
functions [wi fi(X)] at each iteration; G(X) is the 
vector of constraint functions that describes 
limiting conditions, and H(X) is the vector of 
constraint functions that describes design 
prescriptions; X is the vector of design variables; 
wi is a weighting factor for the ith objective 
function.  

The proposed scalar objective functions 
fi(X) have been formulated to be dimensionless. 
Moreover, weighting factors wi (with i = 1, …, N) 
can be properly used to emphasize one aspect 
over the other as a designer’s guide. In particular, 
weighting factors wi  also include scaling factors 
chosen so that each product wifi(X) is equal to the 
one for an initial guess of a design case. In this 
way, all the optimality criteria are assumed to 
have the same identical significance in the 
optimization process. Furthermore, one can easily 
compare the results of each optimality criterion 
with respect to the initial unit values. The above-
mentioned conditions on the objective functions 
can be written in the form: 

( )i 0
f 1iw =  , (4)
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w N
=
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where the subscript 0 indicates that the values are 
computed at an initial guess of the design case. 
Larger/smaller weighting factors can be chosen in 
order to increase/reduce the significance of an 
optimal criterion with respect to others. It is 
worth noting that the effect of changing a 
weighting factor is similar to the effect of 
changing a pareto frontier in a multi-objective 
optimization process without non-linear terms. 
Therefore, even small changes to the weighting 
factors can lead to completely different optimal 
solutions. 
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There is a wide range of possible solving 
techniques for Eq. (1). Indeed, a solving 
technique can be selected among the many 
available, even in commercial software packages, 
by looking at a proper fit and/or possible 
adjustments of the formulation of the objective 
function to the optimal design problem in terms 
of the number of unknowns, non-linearity type, 
numerical efficiency and convergence of the 
involved computations for optimality criteria and 
constraints. On the other hand, the formulation 
and computations for the optimality criteria and 
design constraints can be conceived and 
performed by looking also at the peculiarity of a 
chosen numerical solving technique even within 
commercial packages. Once the numerical 
technique is chosen or is advised for solving the 
proposed multi-objective optimization problem, 
the main efforts can be addressed to the 
formulation of common algorithms for numerical 
evaluation of optimality criteria and design 
constraints. 

 
2 OPTIMALITY CRITERIA  

FOR SERVICE ROBOTS 
 
A service robot with manipulative skills 

should substitute/help human beings in 
manipulative operations. Therefore, the basic 
characteristics should be referred to human 
manipulation performance considered as 
benchmark. A well-trained person is usually 
characterized for the purpose of manipulation 
mainly in terms of arm mobility, positioning skill, 
arm power consumption, movement velocity, 
fatigue limits, and safety. Similarly, a robotic arm 
to be used in service robotics should be designed 
and selected for manipulative tasks by looking 
mainly at workspace, path planning, lightweight 
design, power consumption efficiency, speed, 
stiffness, accuracy, and safety performances. 
Workspace design criterion can be addressed as 
being divided into position and orientation 
workspace volumes with a size comparable with 
the workspace of an average human arm. Power 
consumption efficiency can be defined by 
referring to lightweight design and mechanical 
efficiency. Therefore, it is quite reasonable to 
consider all these aspects together as design 
criteria. 

 
 

2.1 Workspace 
 
The position and orientation workspaces 

are among the most important kinematic 
properties of service robots, even from a practical 
viewpoint since service robots should share the 
operation workspace with humans. In order to 
evaluate the robot workspace as an objective 
function to optimize in the robot design process 
three aspects should be considered; the maximun 
robot reach, the position workspace volume, and 
the orientation workspace volume, can be seen as 
suitable workspace global performance indices. 

 
2.1.1 Robot Reach 

The maximum reach of a robot Rrobot could 
be computed as: 

2 2 2
robot max max maxx y zR = + + , (6)

where xmax, ymax, zmax, indicate Cartesian 
coordinates of the maximum reach.  

A reasonable and computationally efficient 
expression of reach performance of a service 
robot can be given by the following expression  

( )1 robot humanf (X) 1 /R R= −  (7)

in which Rhuman stands for the maximum reach of 
the human arm and | | stands for absolute value.  

It is worth noting that the choice of using a 
ratio between Rrobot and Rhuman has been used in 
order to have normalized dimensionless objective 
functions. The normalization is very important in 
an optimization process in order to obtain 
homogeneous physical units [22]. Moreover, 
dimensionless objective functions are needed in 
multi-objective optimization for combining the 
results of all the objective functions.  

The minimization of the objective function 
in Eq. (7) gives results that are as close as 
possible to the human arm in terms of maximum 
reach. Nevertheless, each link length of a service 
robot cannot be smaller or greater than a given 
value. The upper and lower bound of link lengths 
are usually given by manufacturing constraints 
that can be expressed as: 

max 0i iL L− < , (8)

min 0i iL L− < , (9)
where  Li  is the link length and  Limax,  Limin  are 
the maximum and minimum design lengths. 
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2.1.2 Position Workspace Volume 
The volume of position workspace for a 

spatial robot is an important property since it is 
related with the position capabilities. Therefore, 
in this work the position workspace is considered 
as a suitable design criterion and it is computed 
by means of a kinematic model of a robot for all 
the feasible configurations of the actuators. A 
discretization of the workspace in suitable grids is 
implemented as proposed in [23] in order to 
compute the volume of position workspace in a 
computationally efficient manner. This method 
splits the workspace in several cross-section 
planes and calculates the volume as the sum 
workspace slice volumes in the form 

( )
max max

1 1 1
       

z i jn

pos k ij
k i j

V z P x y
= = =

⎛ ⎞
= Δ Δ Δ⎜ ⎟

⎝ ⎠
∑ ∑ ∑ , (10)

where Δx, Δy are the grid size and Δz is the slice 
size. Pij is a constant value that becomes equal to 
one if the (i, j) cell  belongs to the workspace 
(Pij=1), otherwise it is equal to zero (Pij=0). In 
Fig. 1, a general scheme of workspace evaluation 
is shown with the grid representation slice size. 
 

 
Fig. 1. A general scheme for a binary 

representation and evaluation of manipulator 
workspace 

 
Thus, the expression of position 

workspace volume performance will be given by  
( )2 _f (X) 1 /pos pos maxV V= − , (11)

in which  Vpos_max  stands for a maximum 
reference position workspace volume that can be 
considered as equal to the average volume of 
position workspace for a human arm. 
 
2.1.3 Orientation Workspace Volume 

Orientation workspace volume is also very 
important as it is related to robot orientation 

capability. It can be computed similarly to Eqs. 
(10) and (11) that have been proposed for the 
position workspace. For the orientation 
workspace, the discretization is made in terms of 
Euler angles φ, θ, ψ, about X, Y, and Z-axis. The 
relationship for the orientation volume 
computation can be written in the form: 

( )
max max

1 1 1

       
z i jn

or ij
z i j

V Oψ ϕ θ
= = =

⎛ ⎞
= Δ Δ Δ⎜ ⎟

⎝ ⎠
∑ ∑ ∑ , (12)

where Δφ, Δθ are the grid sizes for the Euler 
angles about X and Y-axis and Δψ is the slice 
dimension about the Z-axis. 

Thus, the expression of orientation 
workspace volume performance can be given by 

( )3f (X) 1 /or or_maxV V= − , (13)

in which Vor_max stands for a maximum reference 
orientation workspace volume that can be 
considered equal to the average volume of 
orientation workspace for a human arm. 
Additionally, one can compute the manipulability 
performance, when position and orientation 
workspace cannot be treated independently, as 
proposed in [24]. 

Both position and orientation workspaces 
are computed as based on a kinematic model. 
Thus, the same design constraints in Eqs. (8) and 
(9) holds also for the computation of the 
orientation workspace. 
 
2.2 Path Planning 

 
Path planning can be considered as the 

way to obtain a trajectory between an initial and 
final point [23]. The path position of a serial robot 
is specified in terms of the end-effector position 
in the Cartesian space. Different trajectories can 
be performed by means of actuators in order to 
determine a path of the end-effector from a start 
point to a goal point. Polynomial splines are used 
to represent the joint position as the function of 
time. In [13] B-Spline functions are used to 
obtain joint trajectories for industrial robots. 
Cubic Splines are widely used for interpolation 
since they ensure speed and acceleration 
continuity [25]. In this work a 2-polynomial has 
been used in order to fulfill the design 
requirements. 

Path planning optimization can be carried 
out by considering the optimal traveling time, 
which takes the robot to run a trajectory that is 
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defined by two points in Cartesian coordinates. 
Thus, an optimal criterion can be formulated as 

( )4f (X) 1 /path straightt t= − , (14)

where  tpath  is the time that takes the robot to run 
the trajectory and  tstraight  is the time that the robot 
will take to run a straight line trajectory. The 
position of the ith motor can be considered as a 
second order polynomial in the form 

2
0 1 2( ) = + +i i i iq t a a t a t , (15)

where aij are coefficients, which are calculated as 
based on the conditions 

0( 0)i iq t q= = , (16) 

0( 0)i iq t ω= =& , (17) 

0( 0)i iq t α= =&& , (18) 
with qi0, ωi0 and αi0 being the initial position, 
rotational velocity and rotational acceleration in 
Joint Space. In particular, the value qi0 is obtained 
from the initial position in Cartesian space 
Xs=[xs, ys, zs]T by means of the inverse 
kinematics. Similarly, the values ωi0 and αi0, are 
evaluated from the kinematics at the starting point 
of the path.  

The workspace characteristics depend on 
the link lengths, which can be considered as 
optimization parameters. A reasonable choice to 
assume as Xs start point is a robot position in 
which all actuators are in the zero position (qi=0). 
Then, goal point Xgoal can be chosen as a point, 
which is located at a fixed distance d, from the 
starting point. However, distance d has to satisfy 
the constraint equation: 

( ) ( ) ( )2 2 2

g s g s g sd x x y y z z= − + − + − . (19)

The value of distance d can be reasonably 
assumed for the service robot as equal to the 
maximum feasible movement of an average 
human arm, which can be set as equal to 0.2 m. 

One should also note that the whole 
trajectory from the start point to the goal point 
should belong to the robot workspace. Therefore, 
additional constraint equations can be added to 
Eq. (14) accordingly. In particular, a trajectory 
belonging to the workspace should satisfy the 
constraint condition: 

0 2iq π≤ ≤ . (20)

On the other hand, limiting restrictions in 
the movement actuators must be fulfilled as 

related to velocity, acceleration and jerk that can 
be expressed as: 

maxi iq ω≤& , (21) 

maxi iq α≤&& , (22) 

i maxiq γ≤&&& , (23) 
with prescribed maximum values of joint 
velocities ωmax, accelerations αmax, and jerks γmax, 
respectively. 
 
2.3 Lightweight Design 
 

A service robot should have a lightweight 
structure for cost reduction purposes and also for 
safety reasons since it interacts with human 
beings. In fact, a large mass of the links produces 
large inertias that can be the source of injuries to 
human beings. In addition, the larger the mass of 
links is, the bigger the size, power consumption 
and the cost of actuators will be. Moreover, 
several service robots are expected to carry 
batteries on board. In this case, a large power 
consumption of a motor will also decrease the 
autonomy of the robot. 

Thus, a reasonable and computationally 
efficient expression of the lightweight design 
criterion can be given as referring to mass 
characteristics in the form: 

5f (X) 1 T

d

M
M

= − , (24) 

where MT is the overall mass of a robot and Md is 
the desired overall mass of the same robot that 
can be the minimum possible value. Moreover, 
MT can be computed as the sum of the mass of 
links Mi, the mass of actuators Mj, and the mass 
of cables and sensors Mk, as: 

1 1 1

componentlink actuator ln m

T i j k
i j k

M M M M
= = =

= + +∑ ∑ ∑ . (25) 

It is worth noting that the most critical part 
for obtaining a lightweight mechanical design is 
to reduce the weight of links and actuators. In 
fact, cables and sensors are usually market 
components with a given size and mass. 
Similarly, actuators can be selected from market 
components, but size and mass mainly depend on 
the desired performance in terms of output power. 
Therefore, a reasonable choice for Md can be to 
set it as equal to the sum of the guess mass of the 
motors Mj, cables and sensors Mk. In this way, the 
objective function in Eq. (24) will minimize the 
masses of links and actuators, and this will 
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indirectly minimize the actuation torque and the 
motor masses (in the actuator selection process). 

One should note that the mass of the links 
can be easily related with their volumes and 
density. Thus, the minimization process given by 
Eq. (24) will attempt to reduce link lengths and 
cross section sizes. Nevertheless, a constraint 
should be added in the form: 

min 0i iA A− < , (26) 
where Ai is the cross section area of ith link and 
Aimin  is the minimum acceptable cross section 
area for ith link. The constraints given by Eq. (26) 
are needed for obtaining cross sections of links 
over a minimum area whose value depends on 
manufacturing constraints and strength limits. 
 
2.4. Stiffness 
 

The lightweight optimal design criterion 
tries to reduce the weight of motors and links. 
Nevertheless, if the links are very thin and 
lightweight they cannot be considered rigid such 
as in the case of massive industrial robots. If links 
are not rigid enough, the accuracy of a robot will 
be strongly reduced due to the large compliant 
displacements. Therefore, it is necessary to 
consider the stiffness behavior of a service robot 
in order to have good accuracy performance 
together with an as-light-as-possible design.  

A reasonable and computationally efficient 
expression of the stiffness criterion [26] can be 
given by Eq. (27): 

( )max df (X) 1 S S= − Δ Δ , (27) 
where maxSΔ  and dSΔ  are the maximum and 
design compliant displacements along X, Y, and 
Z-axes, respectively. One should note that maxSΔ  
and dSΔ  are also related to the maximum 
expected accuracy and the design accuracy of a 
robot. Thus, the stiffness criterion in Eq. (27) can 
be seen also as a criterion to optimize the 
mechanical accuracy of a robot along and about 
X, Y, and Z-axes. Thus, one can write Eq. (27) 
as: 

( )6 maxf (X) 1 X Xd= − Δ Δ , (28) 

( )7 maxf (X) 1 Y Yd= − Δ Δ , (29) 

( )8 maxf (X) 1 Z Zd= − Δ Δ , (30) 

( )9 maxf (X) 1 d= − Δϕ Δϕ , (31) 

( )10 maxf (X) 1 d= − Δψ Δψ , (32) 

( )11 maxf (X) 1 d= − Δθ Δθ . (33) 

The stiffness properties of a manipulator 
can be defined through a 6x6 matrix that is called 
‘Cartesian stiffness matrix K’. This matrix gives 
the relation between the vector of the compliant 
displacements:  
 [ ]TS= X, Y, Z, , ,Δ Δ Δ Δ Δϕ Δψ Δθ  occurring at the 
system’s end-effector when a static wrench 

T

x y z x y zW = F , F , F ,T ,T ,T⎡ ⎤⎣ ⎦  acts upon it, and W 
itself in the form 

6 6K(q) :  , W K Sℜ →ℜ = Δ , (34) 
ΔS=K-1 ΔW, (35) 

where K-1 is equal to the so called “compliance 
matrix”. It is worth noting that Eq. (35) can be 
obtained from Eq. (34) if and only if: 

det K 0≠ . (36) 
Therefore, Eq. (36) should be assumed as 

an additional constraint equation in order to avoid 
singularities on the stiffness matrix K. 
 
2.5 Safety 
 

Service robots are supposed to interact 
with humans and to operate within their 
environment. Therefore, risks that are derived 
from a possible collision and subsequent human 
injuries should be reduced at an early design 
stage. In particular, the kinetic energy should be 
minimal for links and components that could 
collide with humans while sharing the human 
environment and/or during human–robot 
interaction [18]. Furthermore, a reduction of the 
weight and inertia of a robot can improve its 
inherent safety characteristics since it implies a 
reduction the effective impedance of the robot as 
proposed, for example, in [26]. Thus, a measure 
of kinetic energy or inertial properties of a robot 
could be a suitable criterion for safety 
considerations both from qualitative and 
quantitative evaluation. However, a reduction of 
collision effects has been widely exploited in the 
field of car safety. In particular, crash tests have 
been used widely for several years. Moreover, 
crash test results are used for assessing car safety 
by means of several criteria, for example, the 
Head Injury Criterion (HIC) [27]. HIC is a 
measure of the brain injury after an impact and it 
is based on the resultant translational 
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acceleration. It can be mathematically expressed 
as: 

( ) ( )
2

1

2.5

2 1
2 1

1 d
t

h h
t

HIC a a t t t
t t

⎡ ⎤
= −⎢ ⎥

−⎢ ⎥⎣ ⎦
∫ , (37) 

where ah is a resultant head acceleration that takes 
into account all the head acceleration 
components; and t2, t1 are selected so that they 
maximize HIC [28].   

An evaluation that is similar to the above-
mentioned head injury criterion could be used 
also for evaluating the safety performance of a 
service robot at the design stage. Nevertheless, in 
crash tests, ah is experimentally measured while 
in a design process one should provide a 
numerical estimation of this value. In order to 
obtain an expression for the optimization design 
process, the basic case of a single rigid joint 
moving at uniform velocity v before impact can 
be used and has been proposed in [29], 

3 73
54 42
222 cov T

oper T oper

K M
HIC v

M M Mπ

⎛ ⎞ ⎛ ⎞⎛ ⎞= ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟+⎝ ⎠ ⎝ ⎠ ⎝ ⎠
, (38) 

where MT is the robot mass, Moper is the impacted 
operator mass and Kcov is the lumped stiffness 
coefficient of a compliant cover on the robot.  

Based on the above-mentioned 
considerations an objective function related to the 
safety issue can be defined as 

( )9f 1 / sdHIC HIC= − , (39) 
where HIC can be computed through of Eq. (35) 
by replacing the velocity v with the end-effector 
standard velocity value that is computed as based 
on the rotational motor velocities; the HICsd can 
be chosen as a design value of the head injury 
criterion [27]. 

For a maximum velocity of the end-
effector of 2 m/s the HIC value can be estimated 
as less than 100. Thus, the maximum value of 
HIC can be limited to 100 [29]: 

100HIC < . (40) 
 

3 A NUMERICAL PROCEDURE 
 

The main aspects of the numerical 
procedure to solve the proposed multi-objective 
optimization are described in the flowchart of Fig. 
2. The proposed procedure does not guarantee the 
found optimal solution to be a global optimum. 
Therefore, a regular random grid of initial guesses 

should be tested in order to overcome the problem 
of finding local optimal solutions. 

The first step in the optimization process 
consists of selecting the design variables, which 
in this manuscript correspond to geometrical 
properties such as robot link lengths and 
equivalent areas. Then, robot constraints, and 
upper and lower limits of design variables must 
be identified in order to reduce the computational 
cost. In this case, design ranges can be obtained 
from Eqs. (8), (9) and (26). In addition, a suitable 
initial guess solution must be determined. In this 
work the MATLAB toolbox fminimax algorithm 
has been selected as the numerical technique to 
solve the formulated optimization problem.  

General information about the 
computation of the objective functions and the 
numerical optimization procedure is shown in 
Fig. 2. In this process, preliminary data on the 
kinematics and physical properties of the robot 
are needed in order to obtain computationally 
efficient expressions for the objective functions. 
In particular, the transformation matrix from the 
Denavit-Hartenberg parameters, equations of the 
actuators movement, and stiffness matrix for a 
lumped parameter robot model are calculated for 
this reason. In addition, the weighting factors are 
assumed as based also on the initial guess design 
variables that are used for the normalization 
process. In fact, the output of the computation 
multi-objective functions will be the normalized 
objective functions as expressed in Eqs. (4) and 
(5).  

On the other hand, the numerical minimax 
technique minimizes the worst-case value of a set 
of multivariable functions, starting at an initial 
estimate (vector X0). The minimax technique 
uses SQP (Sequential Quadratic Programming) to 
choose a merit function for the line search. The 
MATLAB SQP implementation consists of three 
main stages: Updating of the Hessian matrix of 
the Lagrangian function, Quadratic Programming 
problem Solution (QPS) and Line search and 
merit function calculation. The first and second 
stages are clearly explained in [20], the result of 
the QPS produces a vector Ψk which is used to 
obtain a new iteration (Xk+1=Xk+ Ψk δk).  The step 
length parameter δk is determined in order to 
produce a sufficient decrease in a merit function.  

If the test is satisfactory then the algorithm 
stops with an optimal solution, if it does not fulfil 
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any of the evaluations, then the loop starts again 
with a new iteration as shown in Fig. 2. 

 
3.1 Case Study: SIDEMAR Manipulator for 
Service Tasks 
 

The current challenge in robotics research 
is stated in the optimal design for robots which 
are able to work in daily human environments, 
providing aid or information. The design of a 
welfare robot depends strongly on the task to 

perform. In case of this work, the main goal is to 
optimize a four link robot, which is aimed at 
performing tasks of attendance for people with a 
certain degree of handicap, as for example, 
approaching objects in home or offices. In Fig. 3 
two schemes are presented for feasible operations 
of a service robot with a suitable arm when 
serving a glass of water, Fig. 3a), or handling a 
cleaning tool, Fig. 3b). 

 
Fig. 2. A flow-chart for the proposed optimal design procedure by using the  MATLAB package 
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a) 

 
b) 

Fig. 3. Examples of SIDEMAR applications as a 
service robot: a) serving a glass of water; b) with 

a cleaning tool 
 

The proposed optimization formulation 
has been tested with a robotic arm with two-2R 
modules. This robot is called SIDEMAR [30]. It 
has four orthogonal revolute joints as shown in 
Fig. 4.  

The link lengths L1, L2 and equivalent 
cross-section areas A1 and A2 are chosen as design 
parameters for the optimization design problem. 
An equivalent cross-section area is obtained as 
the sum of link cross-section areas. Links are 
assumed to have a cylindrical shape. Therefore, 
one can write 

2

2
i

i bi
d

A n ⎛ ⎞= ⋅ π ⋅⎜ ⎟
⎝ ⎠

, (41) 

where nbi is the number of the link bars and di is 
the ith diameter. 

 
a) 

 
b)

Fig. 4. SIDEMAR manipulator: a) A 3D model;  
b) a prototype with one 2R module 

 
3.2 Computation of Object Functions 
 

For the purpose of studying of the 
SIDEMAR design, the objective functions related 
with workspace in Eqs. (7, 11, 13) can be 
expressed as: 

2 2 2

1
human

x y z
f (X) 1 j j j

R

+ +
= − , (42) 

 

( )
max max

1 i 1 j 1
2

   P   
f (X) 1

z i jn

ij
z

z x y
= = =

⎛ ⎞⎛ ⎞
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1 1 1
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P
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∑ ∑ ∑
. (44) 

Since the SIDEMAR design is concerned 
with a manipulator arm to which a wrist could be 
attached, the orientation capability can be 
considered as it is not pertaining to the 
SIDEMAR design. Therefore, the evaluation of f3 
can be omitted in favor of reduced computational 
efforts of the specific design procedure. 

Concerned with path planning 
optimization, the conditions in Eqs. (15) to (18) 
are calculated for each joint. Moreover, the 
objective function f4 in Eq. (14) has been 
computed by assuming tstraight as equal to 1 sec. 

On the other hand, the objective function 
f5 in Eq. (24) can be expressed as: 

4 4

1 1
5 4

1

f (X) 1
link_i act_i

i i

act_i
i

m m

m

= =

=

+
= −

∑ ∑

∑
, (45) 

where the masses in the SIDEMAR design can be 
calculated from the geometry of its mechanical 
design shown in Fig. 4 in the form: 

_ _link_i back plate forward plate i im m m AL= + + ρ , (46) 
where mlink_i is the ith link mass; mback_plate and 
mforward_plate are the masses of the two circular 
plates at beginning and the end of a link (see Fig. 
3); ρ is material density.  

The stiffness matrix for the SIDEMAR 
design can be calculated through the lumped 
parameter model in Fig. 5 by using Eq. (47). In 
this case, due to the SIDEMAR configuration, 
orientation in compliance study is not needed. 
Thus, it will not be considered in the present 
work. Therefore, simplified relationships can be 
derived for the stiffness matrix in the form: 

T
MM JKJK θ= , (47) 

where 
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and 
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⎣ ⎦

, (49) 

with ki lumped stiffness parameters being 
computed as EiAi/Li, due to the specific design of 
SIDEMAR. 

Therefore, the objective functions f6, f7, 
and f8 in Eqs. (28) to (30) can be computed 
through the computation of the maximum 
compliant displacements when a force is applied 
at point H whose x, y, z components are equal to 
10 N. In fact, 10 N is a reasonable maximum 
payload for a service robot that is going to carry 
objects for a disabled person. 

 
Fig. 5. A stiffness model for 4R of SIDEMAR 

design in Fig. 4 
 

HIC criterion for safety characteristics of 
the SIDEMAR design can be computed as 
referring to Eq. (38). Moper has been considered as 
the standard value of 4 kg, since it corresponds to 
a human head, and Kcov has been calculated as for 
the last link of the SIDEMAR arm (link number 
four corresponding to the end-effector). Thus, one 
can write 

x y zmax(K ,K ,K )covK = , (50) 
where Kx, Ky and Kz are the diagonal elements of 
the matrix obtained from the last link (in Fig. 5): 
while there is no need to consider the actuator 
lumped parameter KT4, since it is installed on the 

third link. Then, Eq. (38) can be used for 
computing the objective function in Eq. (39) 
where the desired value of head injury criterion 
HICsd has been assumed to be equal to 50, which 
is a value suitable to normal operation of a 
machine that are going to interact with humans 
[29].  
 

4 NUMERICAL RESULTS 
 
The results of the proposed design procedure as 
applied to 4R SIDEMAR design are reported in 
Figs. 6 to 9 and Tables 1 and 2. In particular, the 
evolution of the objective functions is reported in 
Fig. 6. The plots in Fig. 6 show the evolution of 
the objective functions converging to an optimal 
solution. Fig. 7 reports a global objective 
function as a weighted sum of the functions 
objective with the aim to clearly show the 
convergence of the optimality criteria as a whole. 
The numerical procedure takes less than 200 
iterations to converge to an optimum solution 
whose parameters are reported in Table 1. The 
total computational time is about 60 minutes with 
a X86 Intel 3 MHz personal computer.  The 
obtained optimal solution gives an increase of the 
first link length and a reduction of the other 
lengths. This optimal value increases the reach 
and workspace volume without causing problems 
to the accuracy in the movements as it can be 
seen in Table 2. Similar considerations hold for 
all the design characteristics for the optimum 
solution that are reported in Table 2. In 
particular, the results in Table 2 show also a 
significant reduction of the equivalent cross 
section areas and a reduction of one third of the 
robot mass by comparing the initial guess design 
solution with the optimal design solution that has 
been obtained. It should be noted that, in the 
optimal design solution, the enhancements of the 
design characteristics related to the workspace 
(Reach and position WS volume) and the robot 
lightweight are obtained also at a cost of an 
increment of the compliant displacements. 
Nevertheless, the compliant displacements are 
still lower than the maximum desired value (1 
μm), thus, this optimal solution is acceptable, as 
also shown by the evolution of design parameters 
during the optimization problem (Fig. 8) and the 
constraints evolution in Fig. 9. Finally, the 
evolution of the objective function is summarized 
in Table 3. 
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a)
 

b)
 

c)
 

d)
 

e)
 

f)
 

Fig. 6. Evolution of the optimization functions versus the number of iterations for the 4R-SIDEMAR 
optimal design corresponding to: a) Maximum reach; b) Position Workspace Volume; c) Path planning; 

d) Robot Mass; e) Three axis Compliance displacement; f) Head Criterion Injury 
 

Table 1. Optimal design parameters for 4R-SIDEMAR design from the computations in Figs. 6 to 9 

 L1 [mm] L2 [mm] L3 [mm] L4 [mm] A1 [cm2] A2 [cm2] A3 [cm2] A4 [cm2] F(X) 
Initial 
Guess 221.0 202.2 221.0 202.2 28.0 28.0 28.0 28.0 1.0 

Optimal 
Value 500.0 388.2 100.0 115.6 0.13 0.13 1.01 1.53 0.2426 

 
Table 2. Design characteristics of optimum solution 

 Rrobot 
[mm] 

Vpos  
[m3] 

tpath  
[sec] 

MT  
[kg] 

ΔXmax 
[mm] 

ΔYmax 
[mm] 

ΔZmax  
[mm] HIC 

Initial 
Guess 599.1 0.003 0.91 11.06 5.7 . 10-5 6.3 . 10-6 5.2 . 10-5 7246 

Optimal 
Value 783.4 0.004 0.40 4.70 1.4 . 10-3 5.9 . 10-4 1.4 . 10-3 0.3388 

 
5 CONCLUSIONS 

 
This paper proposes a systematic approach 

for designing service robots by taking into 

account their specific design requirements and 
constraints. Specific mathematical expressions 
have been proposed for design criteria such as 
workspace, path planning, lightweight design, 
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stiffness and safety. A suitable numerically 
efficient multi-objective formulation and 
algorithm have been proposed for taking into 
account all the design criteria at the same time. 
The proposed procedure has been applied 
successfully to the SIDEMAR arm for service 
tasks. Numerical results of the optimisation 
process for the SIDEMAR arm show the 
soundness and efficiency of the proposed design 
procedure. 
 

 
Fig. 7. Evolution of the global optimization 

function versus number of iterations for the 4R-
SIDEMAR design 
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