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Abstract
The design of delta robots poses significant challenges as their mechanical behavior depends on a high number of dimen-
sional parameters and dynamic factors. This is further compounded by the presence of demanding performance require-
ments, particularly in terms of position accuracy during high-dynamics motion tasks. By leveraging theoretical models, 
dynamic optimization techniques and advanced simulations, the present paper aims to streamline the design process, 
providing a structured engineering method and tool to address the dimensional synthesis of delta robots, encompassing 
kinematics, dynamics, link flexibility, and ball joint clearance. The systematic design process incorporates user require-
ments, including bounding box specifications, cycles per minute for pick-and-place operations, end-effector accuracy 
tolerance, maximum static payload, and cost minimization. The methodology involves an initial dynamic optimization 
phase employing a genetic algorithm to derive optimal dimensional parameters. Analytical models implemented in Matlab 
expedite the iterative optimization process. Then, the optimized design is virtually prototyped in RecurDyn flexible mul-
tibody simulation tool for validation by including the link flexibility and the effect of ball joint clearances. The iterative 
approach ensures that the final design aligns with user expectations. Additionally, the paper addresses motor selection 
based on torque requirements and proposes an approach for evaluating the robot performance in terms of maximum end-
effector acceleration and payload. Finally, the efficacy of the tool is evaluated through a case study focused on designing 
a manipulator as an integral part of a collaborative research project with an industrial partner.
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1  Introduction

In the context of I4.0, industrial robotics has become one of 
the most valuable keys for factory progress and industrial 
innovations [1]. Several types of robotic tools and devices 
have played a crucial role in enhancing industrial efficiency, 
reducing losses and providing the adaptability required to 
navigate the ever-evolving landscape of market dynamics 
and competition. Industrial robots are generally divided 
into two main groups based on their kinematic architec-
ture: serial robots and parallel robots. The former presents a 
single chain of joints, offering great versatility and dexter-
ity, while the latter has multiple chains of joints. In recent 
years, significant research efforts have been dedicated to the 
design and advancement of parallel robots, driven by their 
superior attributes compared to serial manipulators, namely 
high dynamics and productivity [2, 3]. One of the most 
famous parallel manipulators is the Clavel Delta, which has 
been widely recognized for its performance in tasks such as 
fast pick-and-place operations [4]. Originally designed as a 
manipulator for handling lightweight and small objects, the 
Clavel has been successfully adopted in many applications 
across industries. In general, delta robots have found use 
in many domains, i.e. from driving simulators and medical 

devices to deployment in entertainment industries and vibra-
tion isolators [5]. However, due to their light structure and 
high speed, the operational efficiency of the delta robots can 
be compromised by various kinematic and dynamic effects 
arising from factors such as joint clearances, friction or 
link flexibility [6]. Their dynamic performance and posi-
tion accuracy are heavily influenced by the mutual inter-
action between the mechanical structure and the control 
system. As a result, the state-of-the-art separated mechani-
cal design and control development approaches could be 
expensive and may not result in significant improvements 
even after numerous iterations. A more effective approach 
would incorporate changes in the control system during the 
mechanical design, by developing and integrating advanced 
control modules with predictive capabilities within CAD-
based environments. This would allow for fast assess-
ment and correction of manipulator errors from the earliest 
design stages, offering a more cost-effective and efficient 
method for enhancing its overall performance. By creat-
ing a comprehensive virtual prototype that combines both 
mechanical design and control systems, this approach not 
only optimizes the design but also facilitates the creation 
of a high-fidelity framework for control system develop-
ment, deployment, and continuous optimization. Modern 
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commercial mechanical simulation tools, such as Recur-
Dyn or ADAMS, offer direct interfaces with MATLAB/
Simulink or Python, facilitating the co-simulation of the 
robot’s mechanical behavior alongside its control system, 
as detailed in [7–12]. This integration ensures that both sys-
tems are optimized together, enabling the implementation 
of predictive control strategies that adapt to real-world con-
ditions, thereby minimizing errors and enhancing perfor-
mance throughout the robot’s operational lifecycle. Then, 
considering that integrating innovative control modules into 
existing commercial robot controllers may pose challenges, 
during commissioning it becomes necessary to explore open 
and programmable commercial solutions where novel cus-
tom control modules can be implemented [13–15].

The scientific literature presents various methodolo-
gies for achieving an optimal design of parallel kinematic 
manipulators and, in particular, delta robots. A common 
approach addresses the drawback of a limited workspace 
in parallel manipulators. Such methods seek to identify 
the manipulator geometric dimensions that align with the 
prescribed workspace while also avoiding kinematic singu-
larities [16–18]. Although the workspace is one of the most 
crucial features for a robot, it is not the only parameter to 
consider during the optimization process. Indeed, other pro-
posed approaches are based on kinematic optimization to 
reduce the end-effector positioning errors [19, 20], dynamic 
optimizations centered on the minimization of manipulator 
torques and motors’ power [21], and kineto-static optimiza-
tion, which incorporates considerations of both kinematics 
and link flexibility within static conditions [22]. It can be 
observed that, despite the well-known substantial effects 
on the manipulator accuracy caused by the link flexibility 
in dynamic conditions and the clearance of the joints high-
lighted by numerous studies [6, 23–25], there is still no 
design methodology that allows for the consideration of 
these effects in the design phase due to their inherent ana-
lytical complexity.

Owing to these considerations, the purpose of this paper 
is to describe an integrated method and tool for determining 
the optimal dimensions of a delta manipulator, considering 
not only kinematics and dynamics aspects but also account-
ing for the flexibility of the links and the clearance of the 
ball joints. Analytical models are developed and imple-
mented within Matlab scripts, which are then utilized for 
behavioral analysis and optimization purposes. The advan-
tage of employing analytical models lies in their ability to 
speed up the optimization process and their easy integration 
into the future control system. Furthermore, their versatility 
enables application for various purposes, as demonstrated 
in the paper, such as evaluating the dynamic performance 
of the manipulator. Finally, the identified optimal candidate 
is verified using a commercial flexible multibody solver 

(RecurDyn), where a dynamic simulation is run to assess 
both the overall end-effector position accuracy error and the 
structural integrity with an imposed motion profile. Apart 
from its advanced simulation features, e.g. the possibility to 
combine both rigid and flexible bodies in a single dynamic 
simulation environment, RecurDyn has been adopted in this 
study due to its ability to be executed in batch mode from 
external environments (e.g. Matlab) [26, 27], making it par-
ticularly advantageous for future applications, including the 
testing of novel control algorithms.

The remaining of the paper is organized as follows: 
Sect. 2 outlines the conceptual steps leading to the definition 
of the design method, Sect. 3 reports the analytical modeling 
of the kinematics and dynamics of the manipulator, Sect. 4 
presents the implementation of the proposed design method, 
whereas Sect. 5 shows its application on a case study. The 
concluding remarks are given in Sect. 6.

2  Delta robot design overview and 
methodology

The 3D CAD drawing of a delta robot is depicted in 
Fig. 1(a), which consists of a base, a moving platform and 
three identical kinematic chains that establish a connection 
between the base and the moving platform (end-effector). 
Each kinematic chain is composed of three links, namely an 
active arm and two passive arms arranged in a parallelogram 
configuration. The movement of the platform is constrained 
to pure translation, facilitated by ball joints connecting the 
active arm to the passive arms and the passive arms to the 
moving platform, respectively.

The active arms are actuated by servomotors, which 
are fixed to the upper base. Typically, the links are made 
from lightweight materials such as carbon fiber, reinforced 
plastics or aluminum alloys to minimize inertias, thereby 
enhancing the dynamic performance of the robot. Then, 
depending on the application, a specific tool is mounted on 
the moving platform. Figure 1(b) shows a schematic repre-
sentation of the manipulator including the main dimensions 
considered during the kinematic synthesis. The base and 
the moving platform can be conceptualized as two triangles 
inscribed in circumferences with radii R and r, respec-
tively. L represents the length of the passive arm, b is the 
length of the active arm, and H is the distance between the 
workplane and the base. The passive arms typically feature 
a cylindrical design, whereas the active arms may present a 
variety of different shapes.

Achieving an optimal design is a complex process due 
to the high number of involved parameters. The size and 
geometry of the manipulator are intricately linked to the 
intended workspace as this defines the volume in which 
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	● Maximum static payload [kg]: The maximum load that 
the manipulator can carry under static conditions, pro-
viding crucial information for structural considerations.

	● Cost minimization.
	● Maximum end-effector accuracy error e [mm]: 

Based on the accuracy requirements of the intended pro-
cess/application, users define the maximum allowable 
error for the robot end-effector.

Following the flowchart shown in Fig. 2, once the end-
effector workspace is defined, by taking into consideration 
the CPM that the manipulator must provide with a speci-
fied payload, trajectories for pick-and-place operations 
can be generated, e.g. with their initial and final points 
placed on the workspace borders. This circumstance leads 
to maximum accelerations and is further compounded by 
the manipulator being in an unfavorable position in terms 
of payload capability [4]. The computation of mobile plat-
form trajectories allows for the consideration of dynamic 
effects of the manipulator, enabling the calculation of motor 
torques required to achieve the desired motion. The most 
favorable configuration will be the one that, while main-
taining the same end-effector trajectory, yields lower torque 
profiles compared to other configurations. This choice aims 
to minimize energy consumption and motor size, meeting 
the cost reduction requirement. Since torque profiles are 
often irregular, direct comparison becomes challenging. 

the end-effector operates. Therefore, its synthesis involves 
a comprehensive assessment of reachability and singularity 
avoidance for all points within the workspace. Moreover, 
the dimensions of the manipulator are notably influenced by 
the specific task requirements and the maximum accelera-
tion assigned to the end-effector. This becomes particularly 
critical for a delta robot with demanding operability require-
ments (cycles/min). Under these circumstances, there is a 
potential risk of oversizing the motors, which could result in 
increased costs. On the other hand, reducing the cross-sec-
tion of the links may lead to significant deformations during 
operation. In fact, coupled with the unavoidable clearance 
in the ball joints, these significantly compromise the end-
effector position accuracy.

Given the high number of interconnected parameters, it 
is crucial to establish a systematic process for the mechani-
cal design of the delta robot. Such process inevitably starts 
with an in-depth analysis of the user requirements, which 
typically include:

	● Bounding box: The spatial constraints within which 
the robot is intended to operate. Users are required to 
specify the dimensions of the box ( A × B × C mm).

	● Cycles Per Minutes (CPM): Pertaining to pick-and-
place operations, users specify the desired cycle rate, 
also evaluating a specific payload (including the tool at-
tached to the end-effector).

Fig. 1  Delta manipulator: (a) 3D embodiment design, (b) schematic representation
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3  Analytical modeling

In this section, an analytical model covering the inverse 
kinematics and dynamics of the delta manipulator is dis-
cussed. Subsequently, the results obtained with the same 
model replicated in RecurDyn are reported and compared 
for validation. To facilitate the reproduction of the described 
approaches and support future developments, all the utilized 
models used are provided in the supplementary material 
section.

3.1  Inverse kinematics and singularity avoidance

Figure 3 depicts the kinematic scheme of the delta robot, 
where three identical kinematic chains are equally arranged 
at angles of 120° from one another. Each of these chains is 
identified by an index, denoted as i, where i = 1, 2, 3. The 
active arms are connected to the base through revolute joints 
Ai, which represent the abstraction of the motors, positioned 
at the center of each triangle side. Points Ci denote the ends 
of the active arms, whereas points Bi denote the centers 
of each side of the moving platform triangle. The connec-
tion between the moving platform and the active arms is 
established through the linkage of points Bi and Ci via the 
passive arms. The rotation angles of each revolute joint are 
denoted as qi, and their configuration determines the posi-
tion of the end-effector in the workspace. Conversely, when 
the position of the moving platform is known, the inverse 
kinematics is solved to obtain q1, q2 and q3 [29].

This problem can be approached geometrically by inter-
secting geometric entities to determine the spatial position 
of points Ci, as in [30]. Notably, deducing the angles qi 
from the positions of points Ci in the space is a straightfor-
ward process. Indeed, by considering only one kinematic 
chain (i.e. Ai − Ci − Bi), the position of point Bi is known 

Consequently, an evaluation parameter, such as the torque 
Root Mean Square (RMS), is used for a more straightfor-
ward comparison. Specifically, the RMS is calculated for all 
motors and the highest value (indicating the most stressed 
motor) is selected as the comparison index for the optimiza-
tion. It is evident that this optimization should also consider 
the kinematic aspects in order to enable the traversal of all 
points in the workspace without encountering singular con-
figurations and avoid impacts with the frame. Thus, the con-
figurations that do not satisfy these conditions are no further 
considered.

The sizing process outlined so far enables the deriva-
tion of a parameter set that meets almost all the user inputs 
listed above, except the last one. To bridge this gap and con-
clude the process, the obtained configuration must undergo 
structural verification accounting for the flexibility of the 
links and the clearance of the ball joints. This verification 
is crucial to prevent structural failures during high dynamic 
work cycles and ensure adherence to the specified position 
accuracy requirements. If the tests yield positive results, the 
optimization procedure is completed. Otherwise, adjust-
ments are to be made to the link sections before relaunching 
the optimizer. The final outputs are the optimal kinematics 
parameters, the link sections and the workspace.

Given the iterative nature of the proposed methodol-
ogy, depending solely on a commercial multibody solver 
may become laborious and time-consuming [28]. There-
fore, in order to maximize both versatility and calculation 
efficiency, theoretical formulations of the delta kinematics 
and dynamics have been developed in the following sec-
tion. As previously discussed, computationally efficient 
models prove valuable not only for the mechanical design 
but also for future implementation in developing the motion 
controller.

Fig. 2  Proposed flow chart for the optimal design of a delta robot
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centered symmetrically along the axis of the revolute joint 
with respect the circumference σ . The points of intersec-
tion between these two spheres define the circumference 
σ . This strategic approach leads to the establishment of 
three spheres ( α , β ,γ ) whose collective intersection pre-
cisely determines the spatial coordinates of point Ci. More 
precisely, the intersection of three spheres results in two 
outcomes, namely C′

i  and C′ ′
i , as shown in Fig. 4. Natu-

rally, as the procedure is repeated for all kinematic chains, 
eight potential configurations emerge for the manipulator, 
and only one is to be selected. Once the coordinates of Ci 
are found, the relative angle qi is simply determined as the 
inclination of segment Ai − Ci.

The solution of the inverse kinematics problem may 
lead to the manipulator reaching a singularity for a spe-
cific assumed position. Indeed, when the passive arms are 
nearly coplanar, the robot transmission behavior degrades, 
approaching the kinematic singular configuration. As dis-
cussed in [21], to mitigate this unwanted situation one pos-
sible strategy is to constrain the transmission angles (shown 
in Fig. 5) within specific limits:

45◦ ≤ {δ 1i , δ 2i} ≤ 135◦ � (1)

In addition, it is possible to use the volume of the tetrahedron 
formed by the unit vectors of the passive arms ( w1, w2, w3 
in Fig.  3) as a metric to assess the linkages transmission 
behavior:

V = 1
6
det ([w1, w2, w3]) ≥ Vmin = 0.372

6
� (2)

where Vmin is the volume of the tetrahedron when the 
angles formed by the intersection of each couple of passive 
arms equals 40°.

3.2  Rigid body dynamic model

To evaluate the motors’ torque needed to obtain a desired 
motion of the end-effector, the dynamics of the manipu-
lator must be considered. For a delta robot, this has been 
addressed by applying the virtual work principle to a sim-
plified model with lumped parameters [31]. By condensing 
distributed masses and inertias into discrete, lumped val-
ues, this method reduces computational complexity while 
preserving the essential characteristics of the system’s 
dynamics. This is particularly advantageous in applications 
requiring rapid evaluations, such as iterative design pro-
cesses and real-time control loops. In the current model, the 
following assumptions are made:

as it belongs to the moving platform. The point Ci must 
be located on the sphere α  with center Bi and radius L. 
Also, Ci must belong to the circumference σ  of radius b 
and center Ai, perpendicular to the axis of the revolute 
joint. The coordinates of Ci can therefore be computed 
as the intersection of the sphere α  and the circumference 
σ . With reference to Fig. 4, to simplify the resolution of 
this analytical task, it is expedient to introduce two sup-
plementary spheres, named β  and γ . These have identi-
cal radii, arbitrarily selected but greater than b, and both 

Fig. 4  Inverse kinematics with intersection of three spheres

 

Fig. 3  Kinematic model of the delta robot
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of the active link, which in this case becomes 2/3. Regard-
ing the active link, the following expression holds:

rGb = b
1
2 mbr + mc + xmab

mb

� (4)

where

mb = mbr + mc + xmab� (5)

Here, mbr is the mass of the active link, mc is the mass of 
the elbow (connection between active and passive links), 
and rGb is the position of the final center of mass. The 
manipulator schematic and its geometric parameters are 
illustrated in Fig. 6. The final inertia of each active link, Ibi, 
is the sum of the motor inertia, Im, and the arm inertia, Ibr:

	● Rotational inertias of passive links are neglected: 
this is justified as passive links are typically slender and 
constructed from lightweight materials, and the forces 
exchanged with the mobile platform align closely with 
their orientation. As a result, their rotational inertias 
have minimal impact on the system’s dynamics and can 
be safely omitted.

	● Masses of passive links are lumped: 2/3 of the mass 
is concentrated at the ends of active links, and 1/3 is 
assigned to the mobile platform. This approximation is 
based on the fact that the inertia of a bar of length L 
and mass m is mL2/3, which is equivalent to the in-
ertia of 1/3 of the mass m placed at the mobile end of 
the active link. This simplification not only reduces the 
complexity of the equations but also facilitates the com-
putational efficiency required for practical uses.

	● Friction and deformability of bodies are neglected.

From these assumptions, it is possible to simplify the 
manipulator by “removing” the passive links and separating 
the upper group, consisting only of active links and actuated 
joints, from the lower group that constitutes the mobile plat-
form. The closure of the kinematic chain will be achieved 
analytically by leveraging the Jacobian matrix of the robot. 
Again, due to the triple axial symmetry, one kinematic chain 
at a time can be considered and analyzed. The resulting 
mass of the mobile platform is:

mnt = mpayload + mn + 3 (1 − x) mab� (3)

In this equation, mpayload is the mass of the load to be 
moved, mn is the mass of the mobile platform, whereas 
mab is the mass of the passive link. The parameter x iden-
tifies the portion of the passive link’s mass placed at the end 

Fig. 6  Dynamic model with lumped mass parameters

 

Fig. 5  Transmission angles of the 
kinematic chain
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where Γ  is the vector of torques that must be applied by 
the motors, and Γ Gb is the torque generated by the gravi-
tational forces acting on the active links, given by:

Γ Gb = mbrGbg [ cosq1 cosq2 cosq3 ]T � (13)

Ib is the inertia matrix of the active links in the joint space, 
defined as:

Ib =

[
Ib1 0 0
0 Ib2 0
0 0 Ib3

]
� (14)

To solve Eq. (12), the Jacobian matrix of the system must 
first be computed. In the following, the methodology for 
its assessment is presented. Each kinematic chain is identi-
fied in the same reference system {R} but rotated along z
-axis by angles θ i = 0◦ , 120◦ , 240◦  for frames 1, 2, and 
3, respectively. Hence, the transformation matrix between 
{Ri} and {R} is defined as:

i
RR =

[
cosθ i −sinθ i 0
sinθ i cosθ i 0

0 0 1

]
� (15)

Furthermore, since the mobile platform can only translate, 
it is possible to consider the distance of the reference sys-
tem {R} from the motor as RM = RA − RB and to have 
P = Bi (as shown in Fig. 7, where a single kinematic chain 
is considered). These considerations will significantly sim-
plify the derivation of the Jacobian matrix J of the manipu-
lator, which expresses the correlation between the velocity 
in the workspace Ẋ and the velocity in the joint space q̇:

Ẋ = Jq̇� (16)

The following constraint must be imposed to ensure that the 
length of the passive links cannot change:

∥CiBi∥2 = L2� (17)

which can be rewritten as:

sT
i · si − L2 = 0� (18)

where.

si = OiBi − (OiAi + AiCi) =[ xn
yn
zn

]
−i

RR
([ RM

0
0

]
+

[ bcosqi
0

−bsinqi

])
� (19)

Deriving Eq. (18) results in:

Ibi = Im + Ibr� (6)

Ibr = b2
(

1
3

mbr + mc + xmab

)
� (7)

By considering the introduced simplifications, along with 
the separation between the mobile platform and the active 
links, and leveraging the Jacobian matrix, the forces acting 
on both the motors and the mobile platform can be defined. 
In particular, gravitational forces Gn and inertial forces Fn 
act on the mobile platform. These are defined as follows:

Gn = mnt[ 0 0 −g ]T � (8)

F n = mntẌn� (9)

The contribution of these two forces on each motor can be 
calculated by multiplying with the transpose of the Jacobian 
matrix, i.e.:

Γ n = JT F n = JT mntẌn� (10)

Γ Gn = JT Gn = JT mnt[ 0 0 −g ]T � (11)

In accordance with the principle of virtual work, the con-
tribution of all non-inertial forces must be equal to the con-
tribution of all inertial forces. Applying this principle at the 
joint level yields:

Γ = Ibq̈ + JT F n − JT Gn − Γ Gb� (12)

Fig. 7  Single chain and kinematics simplifications
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3.3  Model validation

The analytical model has been coded and solved numerically 
in Matlab. To check its correctness and accuracy, a virtual 
prototype of the delta robot is also realized and simulated 
in RecurDyn [32]. To keep consistency among the models, 
in this preliminary analysis the links flexibility has been 
neglected in RecurDyn. Furthermore, the spherical joints 
have been idealized without friction, clearance, or mass to 
simplify the model. The tests are conducted considering an 
aluminum alloy and the parameters listed in Table 1.

A pick-and-place path on the XZ plane followed using 
double-S motion profiles suggested by an industrial partner 
is enforced in a series of discrete points (700 for each trajec-
tory segment) in both the simulation environments. Figure 8 
shows the 3D model of the manipulator simulated in recur-
dyn and also the motion law imposed at the end-effector. For 
each point of the trajectory, inverse kinematics and dynam-
ics are solved to obtain the rotation angles of the revolute 
joints and the driving torques. The theoretical models are 
validated through a comparative analysis of values obtained 
from matlab and recurdyn. The plots reported in Fig. 9 illus-
trate good agreement between the results obtained, with a 
maximum deviation of 1.2%, thereby confirming the cor-
rectness of the proposed model.

sT
i · ṡi = 0� (20)

where ṡi can be expressed as:

ṡi =

[
ẋn
ẏn
żn

]
+ i

RR
[

bsinqi
0

bcosqi

]
q̇i = Ẋn + biq̇i� (21)

Then, after rewriting considering Eqs.  (20)-(21) in vector 
form, one could obtain:



sT
1

sT
2

sT
3


 Ẋn +




sT
1 · b1 0

0 sT
2 · b2 0

0 0 sT
3 · b3


 q̇ =

[ 0
0
0

]
� (22)

where q̇ = [ q̇1 q̇2 q̇3 ]T is the vector of joint space 
velocities. Finally, recalling Eq. (16), the Jacobian matrix is 
determined as:

J = −




sT
1

sT
2

sT
3




−1 


sT
1 · b1 0 0

0 sT
2 · b2 0

0 0 sT
3 · b3


� (23)

It is observed that this formula encompasses all the main 
parameters related to the dimensions and masses of the 
manipulator, such as gravitational and inertial forces. There-
fore, knowing the masses of the links, the mobile platform, 
and the accelerations of the active arms and the end-effector, 
it is possible to uniquely define the torques profile exerted 
by the motors. From this result it is possible to calculate the 
RMS torque value of each motor.

Table 1  Parameters used for model validation
Parameter Value Parameter Value

b
220 mm mbr

0.054 kg

L
550 mm mc

0 kg

R
210 mm Im

2.6 kgmm2

r 100 mm mn
0.070 kg

mab
0.030 kg mpayload

0.1 kg

Fig. 8  Imposed pick-and-place motion: RecurDyn 3D path and input motion profiles
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structural failure and the prediction of the end-effector tra-
jectory while considering the influence of link flexibility 
and joints clearance. In this way, the deviation of the end-
effector position with respect to the ideal path is computed 
and compared with the maximum error tolerance specified 
by the user. If the manipulator is structurally verified and the 
prescribed accuracy is achieved, the optimization process 
concludes successfully. However, if the criteria are not met, 
the iterative process is repeated, exploring alternative sec-
tion dimensions of the links.

After completing the optimization process, another Mat-
lab script is used to determine the maximum torque required 
to support the maximum allowable payload under static 
conditions within the workspace. The static torques are 
subsequently compared to those required under dynamic 
conditions, guiding the appropriate sizing of the motors. 
Subsequently, the manipulator performance is assessed 
in terms of maximum end-effector accelerations based on 

4  Design tool

The analytical model has been leveraged within the frame-
work of a novel design tool specifically developed for opti-
mizing industrial delta robots. The tool, implemented in 
a main Matlab script, is organized in 5 different sections, 
as shown in Fig. 10. The first section involves user input, 
including the bounding box, end-effector accuracy error, 
and the required CPM with a specified payload for pick-
and-place operations. The script processes these inputs to 
define the workspace and the manipulator’s optimal dimen-
sions by executing a dynamic optimization with a genetic 
algorithm (i.e. ga routine from the Matlab library). After 
the optimization, the Matlab script interfaces with the mul-
tibody simulator RecurDyn, transmitting the parameters of 
the best candidate in order to execute flexible multibody 
batch simulations enabling the evaluation of potential 

Fig. 9  Comparison between theoretical and RecurDyn dynamic models
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kinematics parameters ( δ , R, b, L, H), where the param-
eter δ  is used to ensure a good proportion of the manipula-
tor [21]:

δ =
R
2 − r

2 + b
d
2

where 0.8 ≤ δ ≤ 1.3� (24)

From this relation, it is possible to calculate the value of the 
radius r of the moving platform as a function of the other 
optimization parameters. Aluminum links with hollow cir-
cular cross section have been chosen and their initial dimen-
sions are set based on design experience. For the active arm, 
the inner diameter dbi is set at 24 mm, whereas the outer 
diameter dbe is 26  mm. The passive arms have an inner 
diameter dLi of 6 mm and an outer diameter dLe of 8 mm. 
At last, the thickness of the moving platform s is set equal to 
3 mm. Starting from these considerations, the optimization 
problem can be formalized as follows:

Min. Γ RMS = max
(

1
k

∑
n
k=1Γ k

)

Constrain → rmin ≤ 2
(

R
2

+ b − δ
d
2

)

the payload for a pick-and-place trajectory chosen within 
the workspace and suggested by an industrial partner. 
This assessment is significant because the manipulator is 
sized considering critical trajectories that start and end at 
the edges of the workspace, which may not be utilized in 
typical operating conditions. In addition, the user may also 
decide to use a different payload. To perform this calcula-
tion, once again, a Matlab script is employed, implement-
ing the manipulator dynamics model detailed in Sect. 3.2. 
More details regarding all the process steps are given in the 
remaining of this section.

4.1  Optimization problem

As outlined in Sect. 2, optimizing a delta robot involves a 
multitude of parameters. Specifically, dynamic optimization 
not only involves the kinematic parameters but also consid-
ers the masses of the robot components, influenced by their 
cross-sectional areas and material properties. Given the 
density of the chosen material, the dimensions of the sec-
tions cannot be directly fed into the optimization algorithm 
with all the other parameters as they would tend towards 
zero, aiming for the most dynamically favorable condition 
(where null or nearly null link masses result in nearly null 
motor torques). However, this leads to a manipulator that is 
excessively compliant and would inevitably deform exces-
sively or even break. For this reason, it has been decided to 
initially set tentative values for the links’ cross section area 
and then perform dynamic optimization based solely on the 

Fig. 10  Structure of the implemented design tool
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( rmin has been set equal to 100 mm). Likewise, the lower 
bound of the base radius, Rmin, has been chosen equal to 
200 mm to allow the assembly of the motors. Then, the min-
imum allowable value of the active arm bmin has been set 
at 100 mm, whereas the minimum value of H has been set at 
2h to prevent any interference between the links.

In the optimization process, configurations are excluded 
if they do not allow the end-effector to reach all points within 
the workspace or, alternatively, if they allow such reachabil-
ity but fail to avoid singularities. By discretizing the work-
space surface uniformly into points, the verification process 
involves confirming the existence of a valid solution for the 
inverse kinematic model at each point (via the equations 
outlined in Sect. 3.1), all while considering the condition 
to avoid singularity [33, 34]. This assumption holds true as 
long as the actual workspace lacks internal holes and singu-
lar configurations occur on the borders [4, 17]. In the opti-
mizer, the unsuccessful candidates are eliminated by setting 
the RMS torque value to infinity. A genetic algorithm has 
been chosen for this optimization task because of its robust-
ness, suitability for multi-parameter objective functions, and 
its ability to compute the global minimum, thereby over-
coming issues associated with local minima [35]. The algo-
rithm is configured to terminate after a maximum number 
of generations, calculated as the number of variables mul-
tiplied by 100. In this study, with five variables, this results 
in a maximum of 500 generations. The population size for 
each generation is set to 600 individuals, providing a robust 
sample for genetic operations such as selection, crossover, 
and mutation. To prevent unnecessary computations and 
ensure convergence, the algorithm includes a termina-
tion criterion based on stalling generations. Specifically, it 
would stop if the relative average change in the best fitness 
value over 50 consecutive generations is less than or equal 
to a threshold of 1e-4. The crossover fraction is 0.8, mean-
ing that 80% of the population in the subsequent generation 
is generated through the crossover operation. Additionally, 
the elite count is determined as 5% of the population size. 
The optimized parameter set is rounded and utilized in the 
subsequent step, i.e. the performance validation conducted 
in RecurDyn environment.

4.2  Multibody simulation

The RecurDyn model utilized in Sect. 3.3 has been updated 
based on the parameter set derived from the optimization. 
However, differently from the previous analysis, the current 
model incorporates the flexibility of the links and the clear-
ance of the ball joints, which has been set at 0.1 mm. Spe-
cifically, the links are meshed with 1D beam elements since 
they are essentially thin, constant-section beams primarily 
subject to bending. The upper arms are discretized with an 

Design var. →





H ϵ [2h, C]
δ ϵ [0.8, 1.3]

b ϵ
[
bmin, min(A,B)

2 − Rmin
2

]

L ϵ

[√(
0.8 d

2
)2 + h2,

√(
min(A,B)

2

)2
+ C2

]

R ϵ
[
Rmin, 2

(
min(A,B)

2 − bmin

)]

where Γ RMS is the highest value of the RMS torques cal-
culated for the three motors (i.e. active joints), evaluated 
in k incremental steps for each trajectory segment. The 
trajectories are based on the specified CPM and define a 
cylindrical workspace from the bounding box. The diam-
eter d is set at approximately 75% of the minimum value 
between the lateral sides of the box, ensuring large space 
on the sides and avoiding collisions with the lateral wall. 
Maintaining practical proportions, the workspace height h 
is set at around 35% of the diameter. The border trajecto-
ries, as illustrated in Fig. 11, must be executed while adher-
ing to the specified CPM, i.e. ensuring compliance with the 
cycle time. It is assumed that the cycle time is partitioned, 
with 50% allocated to the diametrical path and the remain-
ing 50% evenly distributed between the pick-and-place 
actions. Double-S timing laws are employed, divided into 
three equal time periods, two with constant acceleration 
and one with constant velocity. It is also assumed that the 
end-effector starts to travel each segment from a stationary 
position and comes to a stop at the conclusion. The imposed 
constraint in the optimization problem ensures a minimum 
value of the radius r, enabling the proper mounting of a tool 

Fig. 11  Trajectory considered for the optimization
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three dimensions. The components of the penetrations can 
be simply evaluated as:

η x =
(
1 − c

DM
)

DX η y =
(
1 − c

DM
)

DY
η z =

(
1 − c

DM
)

DZ � (26)

where DX, DY and DZ are the components of the total 
displacement DM.

In the current implementation, the joint is supposed to be 
rigid, so the stiffness is set to a high value. Once the model of 
the manipulator is completed, motion laws are then applied 
to the active arms to achieve the same trajectories of the 
end-effector used for the optimization process. The simula-
tion gives as a result the displacement of the end-effector 
influenced by dynamic forces, flexibility of the links and 
joints clearance. Also, the stress contourplot is generated to 
monitor the status of meshed elements (i.e. passive links) 
during the motion execution.

During the behavioral analysis in RecurDyn, if the mod-
ule of the position error of the end-effector deviates from the 
user-specified value e expressed in millimeters (as detailed 
in Sect. 2), it indicates that the manipulator is excessively 
compliant. In response to this, the dimensions of the link sec-
tions are automatically adjusted, initiating a new iteration of 
the optimization process described earlier, and this contin-
ues until all design requirements are satisfied. The iterative 
approach is also employed until the maximum stress σ max 
observed on the flexible links falls below the prescribed 
limit σ lim, defined as a fraction of the material yield stress. 
With each new iteration, the optimization parameter bounds 
are dynamically adjusted based on the calculated solution, 
aiming to minimize computational time. This adjustment is 
feasible because the new optimal solution is expected to be 
in close proximity to the previous one.

element size of 5  mm, whereas the passive arms are dis-
cretized with an element size of 10 mm. These dimensions 
have been chosen considering the overall dimensions of the 
links and as an attempt to balance the quality of the result 
and the required computational time. The mobile platform 
is modeled as a rigid body due to its small size and greater 
stiffness compared to the other components. To account for 
the clearance in the ball joints, these are no longer mod-
eled using the standard joint feature within the RecurDyn 
library but rather exploiting a 6-Dof force element con-
nector with a custom governing equation. This approach 
becomes necessary since RecurDyn, like other multibody 
solvers, treats ball joints as ideal kinematic elements with-
out the capability to include clearances. In the utilized force 
element, translational forces are configured exclusively (via 
equations), while rotational contributions are set to zero. In 
this case, the spherical joint is conceptualized as an outer 
spherical shell that encloses an inner sphere within it. Clear-
ance between them determines whether they are in contact 
or not. During motion, if the distance between the center 
of the inner sphere and the outer spherical shell is less than 
the specified clearance, no contact force is generated. Con-
versely, if the distance is equal to or greater than the clear-
ance, an elastic contact force is activated, considering the 
joint stiffness K. The custom force equation can therefore 
be expressed as follows:

Fcontact =
{

0 if DM < c
Kη if DM ≥ c � (25)

where η = DM − c is the penetration during contact, being 
DM the total displacement of the internal sphere and c the 
clearance. A two-dimensional representation of the contact 
is illustrated in Fig. 12, which can be readily extended to 

Fig. 12  Evaluation of the clearance in the ball joints
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is systematically decreased until a feasible value is identi-
fied. This iterative process is applied across the designated 
range of payload investigation. The current framework only 
considers linear paths, assuming the assessment of delta 
performance for pick-and-place tasks, although more diver-
sified paths and motion profiles can potentially be included. 
The implemented Matlab script is illustrated in Fig. 13. The 
primary outcome of this analysis is the generation of robot 
performance maps, which are plots illustrating the relation-
ship between acceleration and payload. These maps serve as 
valuable tools to aid operators in the practical utilization of 
the manipulator.

5  Case study

The optimization tool described so far has been tested to 
design a delta manipulator intended for use in the context of 
an industrial research project. In particular, this manipula-
tor will serve as a testing platform for the development of 
innovative control algorithms. Therefore, the following user 
requirements have been considered in accordance with the 
industrial partner:

	● Bounding box 750 x 750 x 750 mm;
	● Pick-and-place operation at rate of 40 CPM with pay-

load of 0.1 kg;
	● Maximum end-effector accuracy error e = 1 mm;
	● Maximum payload of 0.6 kg.
	● Direct drive motors (i.e. no speed reducers).

The optimization process described in Section 5 has been 
executed, producing as results the parameters listed in 
Table 2.

4.3  Motors sizing and performance evaluation

To properly choose the motors, it is crucial to derive values 
for both peak and rated torque that must be provided during 
operation [28]. Peak torque values can be extrapolated from 
the numerical dynamic model, considering the manipulator 
executing the critical (i.e. most traveling extensive) trajec-
tories. For selecting rated torque, in addition to the RMS 
torque under dynamic conditions, static considerations must 
be included. Indeed, the required torques in quasi-static 
conditions with the maximum payload might exceed the 
dynamic maximum RMS torque. The evaluation is per-
formed by uniformly discretizing the workspace surfaces 
into points and considering the manipulator with the end-
effector positioned at these points, with the implemented 
dynamic model [4]. From these considerations, the required 
rated torque value for the selection of the motors will be the 
maximum either in static or dynamic conditions.

After selecting the motors, it is possible to evaluate the 
manipulator’s dynamic performance in terms of maximum 
end-effector acceleration, with the payload becoming a 
variable. By considering both the capability of the motors 
in terms of torques and the specified path within the work-
space, the performance for each trajectory segment of a 
pick-and-place task can be evaluated in terms of maximum 
acceleration. The payload is systematically incremented in 
0.1  kg intervals, within the given range of investigation. 
This evaluation considers a double-S timing law, which, 
is supposed to be divided in three equal time period, two 
with constant acceleration and one with constant velocity. 
Starting with a high acceleration value, the torques required 
to execute the imposed end-effector motion are com-
puted. If it proves incompatible with the installed motors 
in terms of peak torque and rated torque, the acceleration 

Fig. 13  Performance evaluation routine 
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maximum accuracy error ( e) of the platform, calculated as 
the Euclidean sum of the position deviation from the ideal 
commanded path, a maximum value of 0.27 mm is observed, 
which meets the previous specified user requirements.

Static and dynamic analyses allow for determining the 
maximum torque and maximum RMS torque of the most 
stressed motor, which are 3220 Nmm and 2070 Nmm, 
respectively. The maximum torque required in static condi-
tion is 1970 Nmm. Based on these values and on the last 
requirement (i.e. direct drive actuation), it has been decided 
to choose to mount Beckhoff AM8032 motors, which can 
deliver a standstill torque of 2.38 Nm and a peak torque 
of 11.66 Nm. After designing the manipulator and select-
ing the motors, the performance can be assessed in terms of 
the maximum acceleration of the end-effector based on the 
payload. The corner points of the chosen pick-and-place tra-
jectory for the performance evaluation are listed in Table 3. 

The outputs of the final RecurDyn simulation are pre-
sented in Fig. 14, where the extrapolated stress and accu-
racy error functions over time are shown. The results 
indicate that the maximum Von Mises stress of the active 
and passive links are 63.4 MPa and 24.2 MPa, respectively, 
which are significantly lower than the adopted limit, given 
that the Aluminum yield stress is 240 MPa. Regarding the 

Table 2  Optimization results
Parameter Value Parameter Value
d 600 mm H 572 mm
h 210 mm s 3 mm
b 243 mm dbi

26 mm
L 506 mm dbe

30 mm
R 301 mm dLi

8 mm

δ
1.14 mm dLe

10 mm

r 100 mm

Fig. 14  Output processing of the multibody simulation (scaling factor of two on to the path trace): end-effector position error and Von Mises 
stresses
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facilitates future extensions, including the integration of 
additional sensing modules, compensation layers, and 
advanced control strategies without major reconfiguration 
of the core framework.

6  Conclusions

This paper presents an integrated approach for the mechani-
cal design optimization of delta robots. A novel design tool 
is proposed which comprehensively considers key aspects 
such as kinematics, dynamics, link flexibility, and ball joint 
clearance. It follows a structured design process that starts 
with a detailed examination of user requirements, including 
bounding box specifications, CPM for pick-and-place oper-
ations, maximum end-effector accuracy error, maximum 
static payload, and the objective to minimize costs (e.g. 
motor size). The optimization process, executed by means 
of a genetic algorithm from the Matlab library, results in 
optimal kinematic parameters, link sections, and workspace 
dimensions. The use of analytical kinematic and dynamic 
models enables efficient execution of the optimization by 
significantly reducing computational effort. The optimized 
design candidate is then virtually prototyped and checked 
within the flexible multibody tool RecurDyn, considering 
link flexibility and ball joint clearances. This step supports 
the assessment of structural integrity and predicts the end-
effector accuracy under dynamic conditions. The iterative 
nature of the process, incorporating user feedback and 
adjustments, ensures that the final design aligns with perfor-
mance requirements and cost considerations. After the opti-
mization process, the sizing of the motors is carried out and 

The range of payload investigation has been set from 0 kg 
to 2 kg. The maximum accelerations for each trajectory seg-
ment are shown in Fig. 15. It is evident that increasing the 
load results in a quasi-hyperbolic decrease in maximum 
allowable acceleration. Additionally, it is noteworthy that 
the range of movable loads extends considerably beyond the 
specified maximum payload in static condition. This is justi-
fied by the fact that operating within the workspace allows 
for a greater load-carrying capacity.

The physical prototype derived from the optimized 
design (see Table 2) will be actuated via Beckhoff technol-
ogy, adopting AX8108 drive units, and controlled within 
the TwinCAT platform. The control framework will be 
developed in C++, taking advantage of TwinCAT’s native 
real-time integration and direct access to motion control 
libraries. The implemented strategy will operate in posi-
tion control mode, where the kinematic models described 
in Sect. 3.1 will be used to generate the position setpoints 
transmitted to each drive, with all control loops closed at 
the drive level every 62.5 µs. Then, the dynamic model 
presented in Sect.  3.2 will be used to compute the corre-
sponding expected torque profiles, which will be applied in 
feedforward to enhance tracking accuracy and reduce fol-
lowing error, particularly under high-dynamics conditions. 
The modular architecture of the TwinCAT-based controller 

Table 3  Corners of the pick-and-place trajectory for performance 
evaluation
Points x [mm] y [mm] z [mm]
P1 300 0 -572
P2 300 0 -472
P3 -300 0 -472
P4 -300 0 -572

Fig. 15  End-effector acceleration vs. payload for each segment of the pick-and-place path
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terms of maximum acceleration of the end-effector is pro-
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