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Abstract: Delta robot is a lightweight parallel manipulator capable of accurately moving heavy loads
at high speed and acceleration along a spatial trajectory. This intensive dynamic process may have a
significant impact on the end-effector trajectory precision and motor behavior. The paper highlights
the influence on the dynamic behavior of a Delta robot by considering individual and combined
effects of clearances and friction in the spherical joints, as well as the flexibility of the rod elements.
The CAD modeling of the Delta robot and its motion simulation on a representative spatial trajectory
where the maximum allowed values of speed and acceleration are reached were performed using
the Catia and Adams software packages. The obtained results show that the methods used were
successfully applied and the effects are mutually interconnected, but not cumulative.

Keywords: parallel robot; Delta manipulator; dynamic; flexible link; joint clearance; joint friction;
modelling; simulation

1. Introduction

The Delta parallel robot (DPR) is a three-degree-of-freedom (3-DOF) translational
manipulator that consists of a fixed base linked to a mobile platform by three arms. The first
model of the Delta parallel robot was invented in 1987 by Reymond Clavel [1] as a suitable
structure for high-speed and high-acceleration tasks, specially used for pick and place
operations, but also for packaging, sorting, precision positioning, and other applications.

In the industry, parallel robots have light structures and usually operate at high speeds
and accelerations with heavy payload; as a result, negative kinematic and dynamic effects
may intervene in the operation due to joint clearances and frictions or link flexibility.
Preliminary knowledge of the behavior of these robots represents a critical asset for their
optimal design.

Various studies related to the analytical modeling (both kinematic and dynamic ap-
proaches) of parallel robots but also their CAD modelling and simulation can be found
in the literature. To the best of our knowledge, no relevant works have been identified
that address the idea of analyzing the cumulative effect of the flexibility of elastic elements
in combination with the clearances and friction from the spherical joints. These three
parameters can have a major role in the dynamic behavior of parallel robots. The analysis
of the effects of these factors is exemplified in the paper on the case study of a Delta parallel
robot (DPR).

A new DPR is proposed and developed in [2], along with its dynamic optimization. A
direct and inverse pose modeling method for a DPR is addressed in [3] based on ADAMS,
and a DPR kinematic model is presented in [4], completed by a closed-form inverse dynamic
model using the Newton laws, a formulation called “in two spaces”. An analytical approach
for the dimensional synthesis of a Delta parallel robot is presented in [5]. The analytical
solution presented, with dimensional optimization for the link length, aims to find the
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DPR workspace. A dynamic dimensional synthesis using the pressure/transmission angle
constraints of a DPR is described in [6]. Two types of pressure angle are defined, and thus
direct and indirect singularities can be identified.

The kinematic calibration and sensitivity analysis for a DPR is described in [7], a
method which can be used successfully for other parallel robots.

An experimental verification of a newly developed DPR, based on the dynamic model
derived by using the Hamilton’s principle, is presented in [8]. An inverse dynamic model
is developed using the Euler-Lagrange approach, a model validated with real torques data
obtained from of a model of the Delta parallel robot developed by SIPRO [9].

Other approaches to dynamic DPR modeling are presented in [10], for example, the
Lagrange equations, Newton—Euler formulation and the Principle of Virtual Work. An
analysis of an analytical dynamic model of the Delta robot was presented in [11] and
another analytical model was validated by experimental data [12]. Different methods for
dynamic modeling of parallel robots are presented in [13-17], with numerical simulation
and experimental validation.

In addition, the kinematic modeling of parallel robots, especially the Delta robot,
has been extensively addressed in the literature [18-22] including forward and inverse
modeling and kinematic optimization.

The numerical simulation of parallel robots is an attractive topic, mainly using MAT-
LAB software (https:/ /en.wikipedia.org/wiki/MATLAB) [23,24] or MATLAB simulation
validated by experimental research [25,26].

In dynamic studies, various assumptions can be considered, such as rigid vs. flex-
ible links (analytical or numerical), ideal condition vs. friction and clearance in joints.
The effect of link flexibility is analyzed for different parallel robots by using ADAMS
software (https:/ /hexagon.com/products/product-groups/computer-aided-engineering-
software/adams) compared with rigid link case [27-29]. An alternative approach to obtain-
ing the analytical model of a DPR with flexible links is presented in [30].

An optimal trajectory planning for a DPR is carried out in [31] aiming to suppress
robot vibration by developing an elasto-dynamic model assuming flexible links, and a
polynomial function in the operating space was considered. The dynamical model of a
parallel robot considering link flexibility was developed in [32] based on co-rotational and
rigid finite elements.

Several scholars have analyzed the phenomenon of friction in spherical joints. The
stability analysis of a ball joint based on Coulomb and Stribeck-type model was addressed
in [33]. Nonlinear periodic solutions were obtained depending on the ball joint friction
parameters. The error modeling for a DPR has been analyzed in [34] by considering
joint clearances.

Thus, there are works that separately deal with the influence of these factors on the
kinematic and dynamic behavior of the DPR, some through analytical modeling and most
through numerical simulation using specialized software, but without identifying relevant
results regarding the cumulative effect of these three factors (link flexibility, friction and
joint clearance).

The main problems of DPR highlighted in the literature are systematized in the
Introduction:

(a) kinematic and dynamic modeling and simulation of DPR;
(b) optimizations of the dynamic model;
(¢) new methods for solving the dynamic model;
(d) analytical modeling with experimental verification;
(e) the influence of the flexibility of DPR elements using different software;
(f)  the analysis of the friction in joints of DPR;
(g) errors produced by joint clearances of DPR.
This paper addresses the following gap identified in the literature: to the best of

the authors” knowledge, there is a lack of significant scientific works dealing with the
cumulative effects of link flexibility, joint friction and joint clearance on the dynamic


https://en.wikipedia.org/wiki/MATLAB
https://hexagon.com/products/product-groups/computer-aided-engineering-software/adams
https://hexagon.com/products/product-groups/computer-aided-engineering-software/adams

Appl. Sci. 2023, 13, 6693 30f18

behavior of parallel robots. Therefore, the proposed research is conducted on a Delta
parallel robot using a CAD model obtained in the CATIA software (https://en.wikipedia.
org/wiki/CATIA) and deriving specific simulations in the ADAMS software.

The rest of the paper is organized as follows: Section 2 presents the problem formula-
tion; Section 3 proposes seven simulation scenarios and discusses the obtained results; and
Section 4 draws final conclusions.

2. Problem Formulation

The effect of element flexibilities, frictions and clearances can be studied numerically
by developing a CAD model of the analyzed robot in the first stage, for example, using the
CATIA software, followed in the second stage by the ADAMS analysis. Since ADAMS does
not easily allow the creation of elements with complex shapes, it was decided to develop
the CAD model in CATIA and then export the 3D bodies (in an IGES format) to ADAMS.
Thus, a CAD model can be obtained in ADAMS that reflects the properties of the existing
physical robot as accurately as possible.

In this analysis, we consider the case study of a Delta Siax D3-1600 parallel robot
(Figure 1a, [35]). Its simplified CAD model (without motors) at a 1:1 scale was represented
in CATIA (Figure 1b) and then transferred to ADAMS (Figure 1c). The Delta Siax D3-1600
is a three degree-of-freedom (3-DOF) robot (the end-effector performs three independent
translations). It is composed of a fixed platform (0) and a mobile platform (4), interconnected
by three arms, A, B and C, each of them with a driving element (1) connected to the base by
a motor drive (R). Each arm has a parallelogram-type kinematic chain with two flexible
elements (2 and 3) and four passive spherical couples each (Syx1, Soxz and Ssk1, Sspo, where
k= A, B, C—Figure 1d). The three arms are equiangularly distributed (Figure 1e) in relation
to the global coordinate system (XoY¢Z) of the robot, with the origin located at point O
(Figure 1d). The Delta robot has attached to the end-effector (4) a payload in the form of
a cylinder (5) with a mass of 5 kg. The characteristic point P is the origin of the mobile
coordinate system of the end-effector and it travels a spatial trajectory established so as to
reach the maximum velocity and acceleration according to the values specified in Table 1.

Table 1. Delta SIAX D3-1600 parallel robot: main characteristics.

Parameter Value
Total mass 80 kg
Maximum payload 5kg
Maximum end-effector speed 8m/s
Maximum end-effector acceleration 120 m/s?

34

(a) (b)

Figure 1. Cont.
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(d) (e)

Figure 1. Delta parallel robot: (a) Delta Siax D3-1600 type robot; (b) CATIA model without payload;
(c) ADAMS model with payload; (d) ADAMS model parametrisation; (e) arm arrangement.

The geometrical, mass and material properties of the robot’s component bodies are
key factors in determining its dynamic behavior. In the proposed analysis, the following
assumptions have been made:

- Elements 0, 1, 4 and 5 are rigid solid bodies;
- Rod Elements 2 and 3 have higher elastic characteristics than the other elements due

their dimensions, see Table 2;

- All bodies are made of steel.

Table 2. Geometrical and mass details of the Delta robot bodies.

Body CAD Model Parameters

Fixed platform (0) Ip =125 mm
[ =500 mm
mq =1.58 k
Crank (1) dll Cem nf
a1 =106 mm
Rod element d2 LZI :_lgmz 1_1863?1?1
(2 and 3) 2= M3 =1.0% K8

Iz dr =dz =20 mm
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Table 2. Cont.

Body CAD Model Parameters

my = 0.46 kg
dy =20 mm
aq =106 mm
r4 =97 mm

Mobile platform (4)

T I5 =212 mm

Payload (5) e 5 ms =5kg
; ds =50 mm

The reference model of the Delta robot is based on the assumptions of an ideal mech-
anism, where all bodies are rigid solids, all kinematic joints are ideal (no clearance, no
friction), and the characteristic point P follows a trajectory that reaches maximum allowed
values of speed and acceleration. Thus, the fifth degree polynomial function was chosen to
generate the movement trajectory in the joint space as well as a short trajectory travel time
of 0.2 s, the time resulting from the simultaneous provision of the conditions for the robot to
touch the PyP; trajectory (Figure 2), the maximum speed of the end-effector vp,,,x = 8 m/s
and the maximum acceleration ap,,; = 120 m/s? (see Table 1).

P

Po Po

(a) (b)
Figure 2. Cartesian trajectory of the Delta robot: (a) initial position; (b) final position.

The starting position of the Cartesian trajectory (Py) corresponds to the initial position
of the robot where all three motor torques R4, Rp and R¢ are in the zero position and
Elements 1 are arranged in a horizontal plane (parallel to XYy, see Figure 1d). The
trajectory in the Cartesian space PyP; is a spatial curve obtained by applying an angular
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displacement of 70° in the positive direction of the joint axis R4, 41° in the positive direction
of the coupling axis Rp and of 36° in the negative direction of the joint axis R¢ (Figure 3a).
Along this trajectory, the maximum angular velocity of 656° /s in joint A, 384° /s in joint B
and 292° /s injoint C is reached (Figure 3b), as well as the maximum angular accelerations of
10,103°/s? (engine A), 5124° /s? (engine B) and 4500° /s? (engine C), as shown in Figure 3c.
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Figure 3. Motion trajectories in the active joint space (R4, Rp and R¢): (a) angular displacement;
(b) angular velocity and (c) angular acceleration.

When polynomial movement trajectories of the fifth degree are applied to the active
joints, a Cartesian trajectory PoP; is obtained. This trajectory is characterized by the
displacement of the characteristic point P along all three axes of the global coordinate
system XY Z, (Figure 4), and it reaches a final position of rp = 1.245 m (Figure 5a). The
trajectory also reaches a maximum speed of vp =8 m/s at 0.1 s (Figure 5b) and a maximum
acceleration of ap = 120 m/s? at approximately 0.052 s and 0.158 s (Figure 5c).
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Figure 4. End-effector displacement components for the Delta robot reference model.

The torque in the active joints (Figure 6) on the stated trajectory has the allure of
angular acceleration (see Figure 3c); higher values of the moment TA are observed due to
the higher angular accelerations (and consequently higher values of angular speeds and
displacements) compared to the other two active torques.
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Figure 5. End-effector motion for the Delta robot reference model (magnitude of): (a) displacement;
(b) velocity and (c) acceleration.
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Figure 6. Driving torques (TA, TB and TC) for the Delta robot reference model.

Under these considerations, the aim of this study is to analyze the kinematic and
dynamic effects of these three factors, both individually and in combination:

e  Friction on spherical joints;
e  (Clearances on spherical joints;
e  Elasticity of the flexible rod elements (2 and 3).

Thus, the comparative analysis of the Delta robotic structure is presented in seven
dynamic simulation scenarios, taking as reference the previously defined ideal model. The
study makes the following assumptions:

e  Scenario 1: considers only the frictions from the passive spherical joints (Syk1, Sako
and Szkq, Szky, k = A, B, C) assuming steel/steel friction with lubricant.

e  Scenario 2: considers only the elasticity of Elements 2 and 3 and only allows natural
frequencies lower than 250 Hz.

e  Scenario 3: considers only the play in the passive spherical joints with the value of

0.1 mm.

Scenario 4: combines Scenario 1 and Scenario 2.

Scenario 5: combines Scenario 1 and Scenario 3.

Scenario 6: combines Scenario 2 and Scenario 3.

Scenario 7: combines Scenario 1, Scenario 2 and Scenario 3.



Appl. Sci. 2023, 13, 6693

8 of 18

3. Results and Discussions

The influence of each of the three factors considered (Scenarios 1-3) as well as their
combination (Scenarios 4-7) was analyzed by comparison with the reference model (ideal
case) in order to identify

(a) kinematic (displacements, speeds and accelerations of the characteristic point) and
dynamic (driving torques) deviations generated by these factors. These deviations
are denoted generically withe_X_p = X_p — X, where X = rp, vp, ap, TA, TB, TC, p
is the considered parameter (u—friction, e—elasticity, c—clearance), and X_p is the
value of the X variable in the assumption of considering the p factor, X obtained in the
ideal case;

(b) the coupling effect of the factors, i.e., the extent to which they are independent
variables and whether their effects can be considered additive phenomena.

3.1. Scenario 1

In this scenario, we start from the ideal case of the robot structure, to which the friction
in the spherical joints Syxq, Soxr and Sai, Ssio, k = A, B, C is added, taking into account
steel/steel friction with lard oil lubricant with the 0.11 static friction coefficient and the
0.084 dynamic coefficient [36].

As is known, friction in kinematic joints does not influence the motion transmission
function but has an effect on the dynamic behavior of the robot. The friction from the
spherical joints has a moderate effect on the diving torques (about 0.007%, Figure 7),
resulting in deviations of up to 0.508 N-m for TA (Figure 7a), 0.207 N-m for TB (Figure 7b)
and 0.241 N-m for TC (Figure 7c).
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Figure 7. The driving torque deviations in the hypothesis of considering the friction from the spherical
joints (Scenario 1): (a) arm A; (b) arm B; (c) arm C.

0

A variation of these deviations is noted for all three driving torques, with a profile
similar to the acceleration a, (see Figure 5c) and in correlation with the moment variation
(Figure 6):

e  the deviation values e_Tk_p, k = A, B, C are directly proportional to the absolute values
of the moments Tk;

e friction leads to an increase in the driving torques value during the acceleration
phase (0.0-0.1 s interval) and helps the motors to brake during the deceleration phase

(0.1-0.2 s).

3.2. Scenario 2

In the hypothesis of considering the flexibility of the flexible elements of the Delta
parallel robot (Elements 2 and 3 on each arm, see Figure 8) and limiting the analysis to
the first 10 vibration modes (with natural frequencies lower than 250 Hz, as the effect of
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higher frequencies is negligible—the principal characteristics are presented in Figure 9),
the results represented in Figure 10 (motion deviations) and Figure 11 (torque deviations)

are obtained.

(b)

Figure 8. The CAD model of the Delta robot: (a) in ideal case, and with flexible links at (b) trajectory

start point Py; (c) trajectory end point Py.

Natural Freq. Generalized
Mode (Hz) Stiffness
1 1.1518958978e-03 5.2382497388e-05
2 7.9683124725e-04 2.506€427918e-05
3 6.7322190739%e-04 1.7892713855e-05
4  4.2411675126e-04 7.1011811048e-06
S 1.0216174116e-03 4.120370876%9e-05
[3 1,2931285196e-03 6.6015074361e-05
7  7.8683948112e+01 2.4441734563e+05
8 7.8720880107e+01 2.44€64€84450e+05
] 2.1644260022e+02 1.8494€1188%e+06
10 2.1655696823e+02 1.8514162115e+06
11 4.2357073107e+02 7.0829083423e+06
12 4.2377863224e+02 7.0898630547e+06
13 8.0134291407e+02 2.535108425%+07
14 £.0253908819e+02 2.542€824477e+07
15 1.2399320219e+03 €.0695359596e+07
16 1.2422770737e+03 6.0925159870e+07
17 2.2897598814e+03 2.0698535591e+08
18 2.6876483924e+03 2.8517052887e+08
18 6.4453936151e+03 1.6400558051e+09
20 7.1969750670e+03 2.0448418881e+09
21 1.838763441l¢€e+04 1.3347854309e+10
22 2.0763778650e+04 1.702050798€e+10
23 2.9880545194e+04 3.5248185976e+10
24 3.4802008438e+04 4.7815461595e+10
Mass :  2.€77430125 kg
CM Location 0.1481442¢€1, 0.3€094€0597, -0.475523€3783 meter, meter, meter

Inertia Tensor : (relative to the Local Body Reference Frame)
IXKX : 1.205559104 kg-meter**2
IYY : 0.877780837 kg-meter**2
IZ2Z : 0.483000€89 kg-meter**2
IXY : 0.175740214 kg-meter**2
IZX : -0.1281€18898 kg-meter**2
IYZ : -0.354€975703 kg-meter**2

Figure 9. The principal modes of vibration (Hz), generalized stiffness (N/m) and mass properties
(including CM and inertia tensor) of rods.

Taking into account the natural properties of the rod elements (Table 2), the ADAMS
dynamic simulation leads to low deviations from the theoretical trajectory of the effector
(e_rp < 4.2:10~® m, Figure 10a), the speed deviation of up to 3.1-10~* m/s for (Figure 10b)
and deviations of up to 5 m/s? for acceleration (i.e., max. 4.2%, Figure 10c). The largest
deviations e_vp and e_ap occur at around 0.042 s and 0.158 s, respectively, the moments of
time at which the acceleration 4, is at its maximum (see Figure 5c).
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Figure 10. Kinematic deviations in Scenario 2 for (a) displacement; (b) velocity and (c) acceleration.
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Figure 11. Driving torque deviations in Scenario 2 for (a) arm A; (b) arm B and (c) arm C.

The driving torque deviations have an oscillatory evolution (seven oscillations with
a period of approx. 0.025 s) characterized by maximum values of ~26.4 N-m for TA
(Figure 11a), ~10.8 N-m for TB (Figure 11b) and ~25.3 N-m for TC (Figure 11c). The
maximum deviations are recorded in the case of the engine in joint A (~0.035%). An
instability phenomenon occurs at the time of ~0.15 s, corresponding to the maximum
acceleration zone of the characteristic point.

3.3. Scenario 3

In this subsection, we analyze the influence of the clearances in the spherical, using
a single value of 0.1 mm for all 12 joints Syy1, Sy and Sz, Szka, k = A, B, C. Under these
conditions, the deviation of the characteristic point in the initial position is 0.2 mm.

The deviation from the characteristic point trajectory is up to 1.18-10~* m (Figure 12a),
with a velocity deviation of up to 0.0035 m/s (Figure 12b) and an acceleration of up
to 0.068 m/s? (Figure 12c). Compared to Scenario 2, the displacement deviation on the
trajectory is significantly higher (~20 times higher), but the deviation of the acceleration on
the trajectory is much lower (~70 times lower).
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Figure 12. Kinematical deviation in Scenario 3 for (a) displacement; (b) velocity and (c) acceleration.
The influence of the spherical joint clearances on the driving torques is moderate,
about 10-20 times lower than in Scenario 2, but 2-3 times higher than in Scenario 1. A
deviation of up to 1.7 N-m can be highlighted for TA (Figure 13a), up to 0.49 N-m for TB
(Figure 13b) and up to 0.47 N-m for TC (Figure 13c). The extreme values of the deviations
are also recorded around the values of 0.042 s and 0.158 s, which are co-responsible for the
extreme values of the driving motors (Figure 6).
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Figure 13. Driving torque deviations in Scenario 3 for (a) arm A; (b) arm B and (c) arm C.

3.4. Scenario 4

In this subsection, we analyze the cumulative influence of friction in the spherical
joints and elasticity of the rod elements. We compare and analyze the cumulative resulting
deviations with the sum of the deviations identified in Scenarios 1 and 2 to identify the
coupling effect between these two factors.

Figure 14 shows the kinematic behavior of the Delta robot with the elastic elements
and the joint friction, highlighting both the deviations of the effector motion from the ideal
case (red, solid line) and the differences from the case of summing the separate effects of
the two factors (blue, dashed line). For the characteristic point displacement (Figure 14a), it
can be observed that the cumulative effect of the factors leads to a deviation (in absolute
value) of up to a maximum of 4.23-10~® m (compared to a maximum of ~4-10~° m for the
case of summing the effects), up to 4.2:10* m/s for velocity (Figure 14b) compared to
the maximum of 3.5-10~% m/s for the additive case, and up to ~6 m/ s2 for acceleration
(Figure 14c) compared to the maximum ~6 m/s? for the case of summing the effects. These
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results highlight that the kinematic effects of the two factors (friction in the spherical joints
and the elasticity of the elements) are not additive.
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Figure 14. Motion deviations in Scenario 4 (red solid line) and the additive effect of friction and
elasticity factors (blue dashed line) for (a) displacement; (b) velocity and (c) acceleration.
Similar to the motion case, the cumulative effect of the two factors results in a decrease
in the maximum values of the driving torque deviations compared to the additive case
(Figure 15). Therefore, it can be concluded that these factors have no significant coupling
effect. Friction (with less significance) does not affect the shape of the deviation curve, but
rather contributes to better curve shapes for the torque deviation values.
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Figure 15. Driving torque deviations in Scenario 4 (red solid line) and the additive effect of friction
and elasticity factors (blue dashed line) for (a) arm A; (b) arm B and (c) arm C.

Tnelses

3.5. Scenario 5

The kinematic deviations from the theoretical movement trajectory are shown in
Figure 16. In the case of displacement, it can be seen that the cumulative effect of these
two factors leads to a deviation similar to that observed in the simulative case. As a result,
the effects of the two factors on the kinematic behavior of the Delta parallel robot are not
cumulative and their coupling results in the same deviations.
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Figure 16. Motion deviations in Scenario 5 (red solid line) and the additive effect of friction and
clearance factors (blue dashed line) for (a) displacement; (b) velocity and (c) acceleration.
The cumulative effect of the two factors manifests similarly in the case of motor
moments: it leads to the increase in deviations up to 2.12 N-m (additive case) for TA torque
(Figure 17a), up to 0.36 N-m (TB torque, Figure 17b), 1.11 N-m (TC torque, Figure 17c). The
moment deviations still have the same value also in the case of summing the effects, when
their values are the same compared to the case of summing the effects, without affecting
the shape of the curves.
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Figure 17. Driving torque deviations in Scenario 5 (red solid line) and the additive effect of friction
and clearance factors (blue dashed line) for (a) arm A; (b) arm B and (c) arm C.

3.6. Scenario 6

The combination between the flexibility of the rod elements and the clearances in
the spherical joints (0.1 mm) has almost no effect in the displacement and velocity of the
characteristic point. However, the “picks” in the acceleration are considered reduced and
the cumulative effect is taken into consideration (Figure 18).
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Figure 18. Motion deviations in Scenario 6 (red solid line) and the additive effect of clearance and
elasticity factors (blue dashed line) for (a) displacement; (b) velocity and (c) acceleration.
In this scenario, the moment deviations have a relatively constant harmonic pitch and
amplitude variation, the maximum values reaching ~50 N-m vs. ~20 N-m (in the additive
case) for TA (Figure 19a), to ~30 N-m vs. ~10 N-m for TB (Figure 19b), 20 N-m vs. 22 N-m
for TC (Figure 19c).
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Figure 19. Driving torque deviations in Scenario 6 (red solid line) and the additive effect of clearance
and elasticity factors (blue dashed line) for (a) arm A; (b) arm B and (c) arm C.

3.7. Scenario 7

In this scenario, the cumulative effects of the three factors (friction, flexibility and
clearance) on the kinematic and dynamic behavior of the Delta robot are not considered.
ADAMS simulations that consider the simultaneous action of those three factors resulted
in values of kinematic deviations that are approximately the same values for displacement
and speed (Figure 20). However, for acceleration, smaller values are emphasized due to the
better numerical integration in ADAMS compared to summing the deviations generated
individually by each factor (Figure 20c).
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Figure 20. Motion deviations in Scenario 7 (red solid line) and the additive effect of friction, elasticity
and clearance factors (blue dashed line) for (a) displacement; (b) velocity and (c) acceleration of the
characteristic point.

The maximum deviation of the driving torques shows the same type of harmonic
variation as in the scenarios where the elasticity factor is considered. It reaches ~120 N-m vs.
~20 N-m (in the additive case) for TA (Figure 21a), ~80 N-m vs. ~10 N-m for TB (Figure 21b)
and ~70 N-m vs. ~10 N-m for TC (Figure 21c).
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Figure 21. Driving torque deviations in Scenario 7 (red solid line) and the additive effect of clearance,
friction and elasticity factors (blue dashed line) for (a) arm A; (b) arm B and (c) arm C.

4. Conclusions

A new approach is employed in this paper by analyzing the impact of three factors
on the kinematic and dynamic behavior of the Delta parallel robot: the elasticity of the
robot’s supple elements (rod elements), friction and clearance in the spherical joints. For
this purpose, the analysis was carried out for the case study of a Delta SIAX 3-1600-type
robot based on the 3D models developed in CATIA and simulated in the ADAMS software.

The following summarizes the effects of these factors’ actions on the movement
trajectory:

- Friction has an insignificant influence on the movement parameters of the characteris-
tic point (displacement, speed, acceleration);
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- The elasticity of the elements causes practically negligible deviations in the displace-
ment on the trajectory (of the order of 10~% m), small deviations on velocity (of the
order of 1074 m/ s), but significant in the acceleration (of up to 5 m/ sz);

- Joint clearances (considered at the value of 0.1 mm) have a substantial effect on the
characteristic point displacement (deviations of the order of 104 m), moderate on
velocity (of the order of 1073 m/s) and relatively negligible on acceleration (of order
1072 m/s?);

- The coupling of any two of these factors results in the cumulative effects on kinematics
and dynamics, except in Scenario 6, where the deviations reach values three times
higher than those in the case of the individual effects summation;

- The coupling of the three factors leads, from a kinematic point of view, to a slight
reduction in deviations, except for acceleration, where a significant reduction in
deviations, and especially in picks, can be observed, leading to a better numerical
integration solution;

- Regarding dynamics, the effects of the three factors are the following:

- Friction in the joints causes a practically insignificant variation in the driving torques
(of the order of 10~ N-m) compared to their nominal values of the order of 103 N-m
(<750 N-m);

- The elasticity of the elements has a substantial impact on driving torques (deviations
of up to 25 N-m, i.e., 3.3%, with a harmonic evolution);

- Joint clearances have a moderate effect on driving torques (<2 N-m);

- When two factors are combined (except in Scenario 6), the deviations can reach vaues
up to two times higher compared to the case of the summation of individual effects
and values up to three times higher when all three factors are combined.

For all factor coupling scenarios (54-57), the study observed that individual effects
are not always cumulative. The coupling of factors can increase deviation values when
the clearances and elasticities in the joints are considered simultaneously. Consequently,
it is not recommended to simulate these factors separately and sum their effects. Since
the phenomena are not linear, a combined approach of the factors is necessary to obtain
relevant results. The authors propose to validate the conclusions of this theoretical study
resulting from numerical simulations in the ADAMS software through experimental means
in the future.
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