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Minimizing induced mechanical vibrations represents a challeng
ing and critical issue in robotics, as they can degrade motion accu
racy, reduce achievable performance, and accelerate mechanical 
wear. This article addresses the problem of minimum-jerk trajectory 
planning for redundant robotic manipulators by introducing an 
optimization approach that simultaneously exploits the structural 
redundancy of the robotic system and the functional redundancy 
of the assigned task. Unlike conventional redundancy-based 
approaches that typically rely on either kinematic redundancy 
alone or task redundancy properties, the proposed strategy lever
ages both types of redundancy to optimally plan the robot motion 
for the purpose of minimizing the end-effector jerk and, conse
quently, achieving smoother trajectories. In more detail, both the 
position of a selected redundant joint of the robot and one or 
more angles of the end-effector orientation are considered as opti
mization variables for each of the prescribed waypoints of the given 
path. The proposed strategy is verified on a robotic manipulator 
with seven degrees-of-freedom executing a pick-and-place opera
tion. Extensive simulations and experimental tests demonstrate the 
effectiveness of the proposed strategy in reducing the end-effector 
jerk by more than 90% compared to a reference case.
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1 Introduction
Jerk minimization, defined as the third time derivative of posi

tion, is a central objective in robotic trajectory planning, as it is 
responsible for the continuity of acceleration profiles and plays a 
key role in limiting the excitation of structural vibrations and 
dynamic loads. Reducing jerk contributes to smoother motions, 
lower mechanical stress on actuators and transmission components, 
and improved tracking accuracy [1,2]. These requirements are 
critical in modern industrial robotics, where high-precision manu
facturing tasks demand smooth trajectories, reduced wear, and reli
able dynamic performance [3–5].

A wide range of methods has been proposed for the generation of 
smooth, minimum-jerk trajectories. In Ref. [1], minimum-jerk 
motion planning is addressed through cubic polynomial trajectories 
formulated within a global constrained minimax optimization. A 
different strategy is introduced in Ref. [6], where a cost function 
accounting for both execution time and jerk is optimized using 
fifth-degree B-spline curves. More recently, the authors in 
Refs. [7,8] investigate smooth trajectory planning for robotic manip
ulators by exploiting multiquadric radial basis functions. In Ref. [9], 
a jerk-segmented trajectory planning method based on continuous 
oscillatory type curves is presented. An algorithm for jerk-limited 
online trajectory generation with arbitrary target states is evaluated 
in Ref. [10]. Additional approaches, primarily developed for nonre
dundant manipulators, focus on time-jerk trade-off [11], adopt alter
native motion laws, including sinusoidal jerk profiles [12], or employ 
heuristic optimization techniques such as particle swarm approaches 
[13]. However, these strategies typically assume a unique joint-space 
configuration of the robot imposed by the task, without leveraging 
additional degrees-of-freedom (DOFs).

In redundant manipulators, i.e., robots with more degrees- 
of-freedom than those strictly required to accomplish the task 
[14], redundancy can be leveraged as an additional variable for 
motion optimization, enabling further reductions in jerk. More spe
cifically, a robotic system is said to be structurally redundant when 
the number of its degrees-of-freedom N exceeds the dimension of 
the operative space (planar or spatial). A robot is defined as func
tionally redundant when it has more degrees-of-freedom than the 
number R of operational-space variables required to fulfill a 
given task, i.e., when N > R. Redundancy enhances the flexibility 
of redundant robots compared to their nonredundant counterparts 
[15,16], as it can be leveraged to accomplish secondary objectives, 
such as collision avoidance [17,18], manipulability maximization 
[19], dexterity [20], or energy efficiency [21–23], without affecting 
the primary motion of the robot end-effector.

Recent research focusing on jerk minimization in redundant 
robotic systems includes the multilevel minimization approach 
proposed in Ref. [24], which addresses jerk-bounded trajectory 
planning for redundant manipulators. In Ref. [25], an approach 
for planning jerk-optimal trajectories with discrete time constraints 
for redundant robots in manufacturing tasks is presented. Addition
ally, the work in Ref. [26] introduces an optimization-based inverse 
kinematics method for a six-axis industrial robot that synthesizes 
joint trajectories following a specified tool path while ensuring 
smoothness and collision avoidance. More recently, the authors 
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in Ref. [27] present a minimum-jerk trajectory planning approach 
for redundant manipulators that simultaneously optimizes the 
time intervals between waypoints and the positions of a selected 
joint to minimize the end-effector jerk. However, in Ref. [27], 
only the robot structural redundancy is adopted to improve trajec
tory smoothness, without considering the possible functional 
redundancy of the assigned task.

By exploiting redundant degrees-of-freedom, these approaches 
enable smoother trajectories while keeping the robot end-effector 
on the desired path or guaranteeing its passage through specified 
waypoints. This results in reduced vibrations, decreased mechani
cal wear, and enhanced performance, which are especially critical 
in applications such as collaborative robotics [28] and precision 
manufacturing [29]. Consequently, redundancy-aware trajectory 
planning emerges as a promising approach to improve motion 
quality and system reliability. However, to the best of the 
author’s knowledge, existing literature lacks trajectory planning 
strategies that simultaneously optimize both the position of a 
robot joint and the end-effector orientation angles under a fixed 
total execution time, leveraging both structural and functional 
redundancy to improve motion smoothness.

In this article, we introduce a redundancy-aware trajectory 
planning approach that simultaneously exploits the structural 
redundancy of the manipulator and the functional redundancy of 
the assigned task to generate minimum-jerk motions under a 
fixed execution time. Unlike existing approaches, the proposed 
formulation explicitly considers both the position of a selected 
redundant joint and one or more end-effector orientation angles 
as optimization variables at each prescribed waypoint along the 
task path, thus enabling a more effective exploitation of the avail
able redundancy while preserving the geometric constraints of the 
task.

The proposed approach is validated on a robotic manipulator 
with seven DOFs performing a pick-and-place operation. Exten
sive numerical simulations and bespoke experimental tests demon
strate not only the feasibility of the approach but also its 
effectiveness in substantially improving motion smoothness, 
achieving a reduction of the end-effector jerk of up to 94.7% 
with respect to a reference scenario.

To summarize, the main contributions of this work are the 
following: 

• a minimum-jerk trajectory planning strategy for redundant 
manipulators that jointly exploits both structural and func
tional redundancy under a fixed total execution time;

• an extensive numerical evaluation, also including a quantita
tive comparison with the state-of-the-art technique proposed 
in Ref. [27];

• an experimental validation on a seven-DOF redundant robotic 
manipulator, confirming the practical applicability and perfor
mance of the proposed approach.

The remainder of the article is organized as follows: Sec. 2 illus
trates the proposed approach for smooth motion planning in redun
dant robots. Section 3 presents the case study, whereas the results 
of extensive numerical tests on a 7-DOF manipulator are presented 
in Sec. 4. Furthermore, Sec. 5 describes the results of bespoke 
experiments. Finally, Sec. 6 gives the conclusions of the work 
and outlines future research directions.

2 Proposed Approach for Smooth Motion 
Planning in Redundant Robots

In this article, we propose to exploit both the kinematic redun
dancy of the robotic system (structural redundancy) and the redun
dancy given by the difference between the robot degrees-of-freedom 
and those required by the prescribed task ( functional redundancy) to 
minimize the jerk of the robot end-effector and to achieve smooth 
motion. In line with common practice in the literature [30], vibration 
reduction is achieved by minimizing the jerk of the robot 
end-effector.

The following four optimization approaches are compared to 
quantify the jerk and mechanical vibration reduction in redun
dant manipulators: Approach 1 is the state-of-the-art technique 
[27] used for comparison, whereas the proposed approach is sub
divided into the incremental strategies named approaches 2, 3 
and 4.

Approach 1 (for comparison): The reduction of the end-effector 
jerk X⃛ is carried out by optimizing the vector of joint positions q∗ of 
a selected redundant joint at the waypoints defining the task. For 
each optimization iteration, the robot configuration at each way
point is determined by solving the inverse kinematics problem, 
given the assigned value of the redundant joint q∗. Then, the joint- 
space trajectory interpolating the configurations at the waypoints is 
planned, from which the end-effector jerk is evaluated. The optimi
zation of a single joint variable at each waypoint, combined with 
the inverse kinematics resolution, leads to robot configurations 
that are selected to enhance trajectory smoothness, rather than 
being arbitrarily chosen. With respect to the minimum time-jerk 
formulation in Ref. [27], in this work the total execution time is 
fixed and defined a priori, and no optimization of the time intervals 
between successive waypoints is performed. This design choice 
allows us to isolate the contribution of jointly exploiting structural 
and functional redundancy without the additional optimization of 
the trajectory timing. If the generic trajectory (q, q̇, q̈, q⃛) with the 
fixed total time T is considered, the optimization problem is formu
lated as follows:

min
q∗

􏽘6

n=1

􏽚T

0
X⃛2

n(q, q̇, q̈, q⃛)dt (1) 

Fig. 1 Graphical representation of the ϕ, θ, ψ Euler angles in the ZYZ convention
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where the index n spans over the six components of the jerk of the 
end-effector. The problem (1) is subject to the following con
straints:

qmin < q < qmax
|q̇| < q̇max
|q̈| < q̈max
|q⃛| < q⃛max

⎧
⎪⎪⎨

⎪⎪⎩

(2) 

where qmin and qmax indicate the lower and upper joint position 
limits, whereas q̇max, q̈max, and q⃛max are the joint velocity, acceler
ation, and jerk limits, respectively. Additional constraints, such as 
obstacle avoidance and dynamics limits, are not considered in this 
work.

Approach 2 (proposed): Jerk reduction is obtained by jointly 
optimizing the vector of joint positions q∗ of a selected redundant 
joint and the vector of angular positions ϑ∗ that defines one of the 
orientation angles of the end-effector. The proposed approach 2 is 
incremental with respect to approach 1, since in this case the struc
turally redundant robotic system is also assumed to be functionally 
redundant with respect to the assigned task. In approach 2, a task 
with a fixed total time T is considered, and the following optimiza
tion problem is obtained:

min
q∗ , ϑ∗

􏽘6

n=1

􏽚T

0
X⃛2

n(q, q̇, q̈, q⃛)dt (3) 

The problem (3) is subject to the constraints in (2).

Fig. 2 Flowchart of the proposed minimum-jerk trajectory planning strategy based on kine
matic redundancy for robotic manipulators

Table 1 Position and orientation of the robot end-effector in the 
four waypoints that define the considered pick-and-place task in 
the reference case

wp x (m) y (m) z (m) ϕ (rad) θ (rad) ψ (rad)

1 0.3 0.3 0.2 −1.5708 3.1416 3.1416
2 0.3 0.3 0.5 −1.5708 3.4034 3.1416
3 0.3 −0.3 0.5 −1.5708 2.8798 3.1416
4 0.3 −0.3 0.2 −1.5708 3.1416 3.1416

Table 2 Joint positions in the four waypoints in the reference 
case

wp q1 q2 q3 q4 q5 q6 q7
(rad) (rad) (rad) (rad) (rad) (rad) (rad)

1 0.388 0.137 0.371 −2.647 −0.138 2.772 2.455
2 0.201 −0.531 0.480 −2.391 0.499 2.026 2.015
3 −0.408 −0.491 −0.307 −2.401 −0.393 2.069 1.043
4 −0.348 0.140 −0.408 −2.647 0.153 2.771 0.675
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Approach 3 (proposed): The number of optimization variables is 
further increased by considering the vector of joint positions q∗ of a 
selected redundant joint and two vectors ϑ∗1 and ϑ∗2 of angular posi
tions that define two orientation angles of the end-effector. The 
resulting optimization problem of the proposed approach 3, 

subject to (2), is

min
q∗ , ϑ∗1 , ϑ∗2

􏽘6

n=1

􏽚T

0
X⃛2

n(q, q̇, q̈, q⃛)dt (4) 

Approach 4 (proposed): We consider as optimization variables 
the vector of joint positions q∗ of a selected redundant joint and 
all three vectors ϑ∗1, ϑ∗2, and ϑ∗3 of the angular positions that 
define the three orientation angles of the end-effector. The pro
posed approach 4 considers the task orientation to be completely 
redundant from a functional point of view. The optimization 
problem results in

min
q∗ , ϑ∗1 , ϑ∗2 , ϑ∗3

􏽘6

n=1

􏽚T

0
X⃛2

n(q, q̇, q̈, q⃛)dt (5) 

In (1), (3), (4), and (5), the vector q∗ includes the positions of the 
selected joint in each of the waypoints. For example, if four way
points (wp) define the robot path, q∗ = [q∗wp1, q∗wp2, q∗wp3, q∗wp4]. In a 
similar manner, in (3), (4), and (5), the vectors ϑ∗, ϑ∗1, ϑ∗2, and ϑ∗3
include the angular positions of a selected Euler angle in each of 
the waypoints. The symbol ϑ denotes one of the Euler angles in 
the ZYZ convention (ϕ, θ, ψ) that defines the end-effector orienta
tion in the Cartesian space. A graphical representation of Euler 
angles is shown in Fig. 1.

The vector X⃛, computed in (1), (3), (4), and (5), includes the six 
components of the jerk of the end-effector. It is computed using the 
Jacobian matrix J of the redundant robot, its first J̇ and second J̈
time derivatives, and the joint-space trajectory, as follows:

X⃛ = Jq⃛ + 2J̇q̈ + J̈q̇ (6) 

To parameterize the joint-space robot motion (q, q̇, q̈, q⃛) over 
time through the prescribed waypoints, we consider spline curve 
that adopt fourth-degree polynomials for the starting and final seg
ments, and cubic polynomial functions for the intermediate inter
vals, i.e., 434 spline curves [31]. The 434 parameterization 

Fig. 3 Percentage jerk reduction in the compared approaches 
with respect to the reference case

Table 3 Joint positions in the four waypoints in approach 1 (q∗5) 

wp q1 q2 q3 q4 q∗5 q6 q7

(rad) (rad) (rad) (rad) (rad) (rad) (rad)

1 −0.787 −1.125 1.714 −2.523 1.410 2.011 1.470
2 −0.484 −0.919 0.920 −2.333 0.947 1.673 1.679
3 0.485 −0.920 −0.920 −2.333 −0.948 1.672 1.463
4 0.786 −1.133 −1.712 −2.523 −1.414 2.003 1.672

Table 4 Joint positions in the four waypoints in approach 2 (q∗5, θ∗) 

wp q1 q2 q3 q4 q∗5 q6 q7 θ∗
(rad) (rad) (rad) (rad) (rad) (rad) (rad) (rad)

1 −0.776 −1.286 1.703 −2.468 1.185 1.881 1.593 2.850
2 −0.752 −1.207 0.998 −2.226 0.892 1.385 1.557 3.108
3 −0.857 −0.204 −0.060 −2.074 0.459 1.243 0.665 3.921
4 −0.953 0.272 0.057 −2.326 0.531 1.744 0.345 4.094

Table 5 Joint positions in the four waypoints in approach 3 (q∗5, ϕ∗, θ∗) 

wp q1 q2 q3 q4 q∗5 q6 q7 ϕ∗ θ∗
(rad) (rad) (rad) (rad) (rad) (rad) (rad) (rad) (rad)

1 −0.807 −0.969 1.752 −2.541 1.403 2.182 2.001 −2.118 3.207
2 −0.435 −0.939 0.921 −2.379 0.944 1.830 2.162 −2.055 3.435
3 0.526 −0.938 −1.139 −2.224 0.094 1.665 1.528 −1.903 4.058
4 0.853 −1.008 −1.847 −2.411 −0.128 2.027 1.131 −1.826 4.189

Table 6 Joint positions in the four waypoints in approach 4 (q∗5, ϕ∗, θ∗, ψ∗) 

wp q1 q2 q3 q4 q∗5 q6 q7 ϕ∗ θ∗ ψ∗
(rad) (rad) (rad) (rad) (rad) (rad) (rad) (rad) (rad) (rad)

1 0.589 0.129 0.221 −2.618 0.454 2.675 0.396 2.494 2.913 5.637
2 0.738 −0.462 0.012 −2.400 0.297 2.079 0.617 1.768 2.843 4.905
3 0.756 −1.340 −1.142 −2.186 −0.241 1.563 −0.103 −4.967 2.240 4.360
4 0.769 −1.364 −1.790 −2.378 −0.476 1.896 −0.550 4.487 4.189 −5.096
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ensures that the generated joint-space trajectory interpolates the 
prescribed joint positions at all waypoints. In addition, it provides 
continuous velocity and acceleration profiles throughout the 
motion, with user-defined boundary conditions for the initial and 
final velocities and accelerations, which are set equal to zero. 
However, alternative motion planning primitives can also be inte
grated within the proposed approaches, as long as they conform to 
an analogous time parameterization. In this work, the robotic 
manipulator is modeled as a serial chain of rigid links and ideal 
joints. The nominal kinematic parameters of the robot together 
with its kinematic limits are assumed to be known. Furthermore, 
parameter uncertainties are neglected.

A flowchart of the proposed minimum-jerk trajectory planning 
strategy based on kinematic redundancy for robotic manipulators 
is reported in Fig. 2. From the flowchart, the optimization proce
dure can be summarized as follows. First, the optimization algo
rithm generates a candidate solution consisting of the 
optimization variables, namely the selected redundant joint posi
tions and, depending on the considered approach, one or more 
end-effector orientation angles at each waypoint. Then, the com
plete robot configuration at each waypoint is determined by 
solving the inverse kinematics problem. The resulting joint 

configurations are then interpolated to obtain a continuous joint- 
space trajectory over time. Forward kinematics is applied to 
compute the corresponding end-effector motion, from which the 
jerk profile is evaluated. Finally, the cost function is computed 
from the end-effector jerk and returned to the optimization algo
rithm, which iteratively updates the candidate solutions until the 
termination criterion is satisfied.

3 Case Study
This work considers a 7-DOF Panda arm by Franka Emika 

GmbH executing a pick-and-place task, as illustrated in Fig. 2. 
The task is specified by four Cartesian waypoints defining the 
pick-and-place operation, whereas the corresponding robot 
motion is parameterized in the joint space using a 434 spline inter
polation, following an approach similar to that adopted in Ref. [11]. 
The proposed approach, however, is readily extensible to tasks 
involving a larger number of waypoints and to more complex sce
narios. The desired end-effector poses [x, y, z, ϕ, θ, ψ] at each 
waypoint in the reference case are listed in Table 1. The 
end-effector positions reported in Table 1 are fixed for all 

Table 7 Numerical results of the maximum end-effector jerk and integral of squared jerk in the compared approaches 

x⃛max y⃛max z⃛max

(m/s3) (m/s3) (m/s3)
􏽐6

n=1

�T
0 X⃛2

n(q, q̇, q̈, q⃛)dt

Reference case 11.427 6.532 8.951 952.938
Approach 1 (q∗5) 0.870 5.640 7.635 182.783
Approach 2 (q∗5, θ∗) 4.056 4.157 7.925 58.524
Approach 3 (q∗5, ϕ∗, θ∗) 2.294 4.195 7.340 56.659
Approach 4 (q∗5, ϕ∗, θ∗, ψ∗) 4.311 4.129 7.904 55.138

Fig. 4 3D path and robot configuration at each of the waypoints in the compared approaches: 
(a) reference case, (b) approach 2, (c) approach 3, and (d) approach 4
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compared incremental approaches, whereas one or more Euler 
angles are considered as optimization variables in approaches 2, 
3, and 4. The allocation of time intervals between each couple of 
successive waypoints is fixed, with time intervals of 0.9 s assigned 
to the transitions between waypoints 1–2 and 3–4, and an interval 
of 1.2 s for the intermediate segment between waypoints 2 and 
3. The total execution time is therefore equal to T = 3 s.

In approach 1, the task is modeled as six-dimensional, with the 
robot exhibiting a redundancy degree of N − R = 1. Therefore, 
the position q∗ of a single joint must be optimized at each of the 
four waypoints defining the operation, resulting in a total of four 
optimization variables. All seven joints are individually evaluated 
through numerical simulations to identify which joint yields the 
best improvement in trajectory smoothness and jerk reduction com
pared to a reference scenario. Table 2 reports the joint positions in 
the four waypoints in the reference case. In approach 2, the 
pick-and-place task is modeled as five-dimensional by allowing 
one Euler angle at each waypoint to vary freely (R = 5). This 
results in a redundancy degree of N − R = 2. Accordingly, the opti
mization problem involves both the position q∗ of a selected robot 
joint and one Euler angle defining the end-effector orientation at 

each waypoint, yielding a total of eight optimization variables. 
Approach 2 is therefore evaluated through 21 simulations carried 
out for each combination of joint and Euler angle. In a similar 
way, the number of operational space variables describing the 
task is equal to R = 4 in approach 3 (i.e., three optimization vari
ables at each waypoint) and to R = 3 in approach 4 (i.e., four opti
mization variables at each waypoint). The optimization problem is 
solved 21 times also for approach 3 to cover the whole combina
tions of joint and couple of free angles, whereas seven tests are per
formed to evaluate the performance of approach 4, considering all 
seven robot joints.

The numerical tests are performed on a computer running 
Windows 10 Pro with an Intel Core i9-10900 CPU at 2.80 GHz 
and 32.0 GB of RAM. The optimization problems in (1), (3), (4), 
and (5), all subject to the constraints in (2), are implemented in 
Matlab 2024b using the genetic algorithm ga. The size of the pop
ulation is set equal to 100 for approach 1, 150 for approach 2, 200 
for approach 3, and 300 for approach 4. Furthermore, the maximum 
number of iterations is set equal to 1000 for approach 1, 2000 for 
approaches 2 and 3, and 3000 for approach 4. A random initial pop
ulation within specified lower and upper bounds of joint positions 

(a) (b)

(c) (d)

Fig. 5 Joint positions, velocities, accelerations, and jerks in the compared approaches: 
(a) reference case, (b) approach 2, (c) approach 3, and (d) approach 4
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and orientation angles is chosen. The genetic algorithm is 
employed to enable a broader and more effective exploration of 
the solution space by evolving a population of candidate solutions, 
compared to gradient-based optimization approaches, which may 
be prone to convergence to local minima.

4 Numerical Results
The numerical results are first presented in Fig. 3 as percentage 

jerk reduction in the compared approaches with respect to the ref
erence case. In the figure, each box of the board represents the 
result of one optimization problem considering a different joint 
and, in addition to that, a different orientation angle (or set of 
angles) for approaches 2, 3, and 4, as optimization variables. The 
percentages of jerk reduction are computed with respect to the tra
jectory of the reference case (Tables 1 and 2).

Considering approach 1, the best results are obtained when joint 
q∗2 or joint q∗5 is considered as optimization variable: in both cases, 
the percentage of jerk reduction is equal to 80.8%. However, the 

(a) (b)

(c) (d)

Fig. 6 End-effector positions, velocities, accelerations, and jerks in the compared 
approaches: (a) reference case, (b) approach 2, (c) approach 3, and (d) approach 4

Fig. 7 The Franka Emika Panda robot used in the experimental 
tests
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worst result (59.9% when q∗4 is optimized) still represents a large 
improvement with respect to the reference case. When moving to 
approach 2, the best result in terms of jerk reduction is obtained 
when the joint q∗5 is considered together with angle θ∗ (93.9%). 
However, from Fig. 3, it can be seen that all the results obtained 
with approach 2 are greater than or equal to 69.6%, indicating 
that considering the functional redundancy of the task in addition 
to the structural redundancy of the manipulator leads to improve
ments in the optimization of minimum-jerk trajectories.

These results are further enhanced when moving to approach 3, 
which considers three optimization variables. In that case, the best 
result is the reduction of 94.3% (considering q∗7, ϕ∗, and θ∗), fol
lowed by the reduction of 94.1% obtained in both cases considering 
q∗5, ϕ∗, and θ∗, as well as q∗7, θ∗, and ψ∗. Finally, in approach 4, the 
combined optimization of one joint position and all three Euler 
angles yields percentage reduction results always greater than 
92.4% with respect to the reference case. The best jerk reduction 
is obtained when q∗7 is considered in the optimization together 
with all three orientation angles (94.7%), followed by the cases 
with q∗2 and q∗5 (94.2%).

For the sake of simplicity, in the following, we only consider the 
best cases for all approaches when joint q∗5 is considered, since the 
fifth joint of the Panda arm can be considered one of the structur
ally redundant joints with respect to traditional anthropomorphic 
industrial manipulators with 6 DOFs. The optimal joint positions 
in the four waypoints in approach 1 (q∗5), approach 2 (q∗5, θ∗), 
approach 3 (q∗5, ϕ∗, θ∗), and approach 4 (q∗5, ϕ∗, θ∗, ψ∗) are reported 
in Tables 3–6, respectively. Furthermore, the maximum 
end-effector jerk and integral of squared jerk in the compared 
approaches are reported in Table 7. From the table, it can be 
seen that the integral of squared jerk is more and more reduced 
moving from the reference case to the proposed approaches as 
additional sources of redundancy are exploited in the optimization 
problem. Moreover, the maximum values of jerk of the 

end-effector in all compared approaches are always lower than 
the reference case. The proposed formulation does not simply 
increase the number of optimization variables. Instead, it leverages 
an additional source of redundancy arising from the task specifica
tion, i.e., the unconstrained end-effector orientation, while preserv
ing the prescribed task and execution time.

Figure 4 shows the 3D path and robot configuration at each of 
the waypoints in the compared approaches (only the reference 
case, approaches 2, 3, and 4 are reported due to space constraints). 
Figure 5 illustrates the joint positions, velocities, accelerations, and 
jerks in the compared approaches (reference case, approach 2 with 
q∗5 and θ∗, approach 3 with q∗5, ϕ∗, and θ∗, and approach 4 with q∗5, 
ϕ∗, θ∗, and ψ∗). In the plots, the vertical solid lines indicate the 
desired way points. Figure 5 shows that the velocities, accelera
tions, and jerks of the robot in the proposed approaches are signif
icantly reduced compared to the reference case (the vertical limits 
of the graphs are deliberately kept the same for all plots for com
parison purposes). Furthermore, a reduction in the translational 
velocities, accelerations, and jerks of the robot end-effector can 
be appreciated from Fig. 6, which reports the Cartesian-space tra
jectory of the robot in the reference case, approach 2 with q∗5 and 
θ∗, approach 3 with q∗5, ϕ∗, and θ∗, and approach 4 with q∗5, ϕ∗, 
θ∗, and ψ∗.

5 Experimental Results
The optimal trajectories obtained with the proposed approaches 

are tested on a real Franka Emika robot with seven DOFs (Fig. 7). 
The robot has a reach of 855 mm and a maximum payload of 3 kg. 
The trajectories are sent to the robot controller via the robot oper
ating system Melodic Morenia and PYTHON 3.6 using a workstation 
with an Intel i5-10600k processor and 32 GB of RAM running 
Ubuntu 18.04 LTS Bionic Beaver. The desired trajectory is 

(a) (b)

(c) (d)

Fig. 8 Experimental results: jerk of the robot end-effector in the compared approaches: 
(a) reference case, (b) approach 2, (c) approach 3, and (d) approach 4

Table 8 Experimental results of the root-mean-square values of the end-effector jerk and integral of squared jerk in the compared 
approaches

x⃛meas,rms y⃛meas,rms z⃛meas,rms 􏽐6
n=1

�T
0 X⃛2

meas,n(q, q̇, q̈, q⃛)dt(m/s3) (m/s3) (m/s3)

Reference case 2.717 2.290 3.050 829.624
Approach 1 (q∗5) 0.612 2.684 3.141 168.527
Approach 2 (q∗5, θ∗) 1.013 2.146 2.933 64.084
Approach 3 (q∗5, ϕ∗, θ∗) 1.097 2.226 2.857 73.373
Approach 4 (q∗5, ϕ∗, θ∗, ψ∗) 1.143 2.126 2.914 61.401

104501-8 / Vol. 18, OCTOBER 2026                                                                                    Transactions of the ASME

D
ow

nloaded from
 asm

edigitalcollection.​asm
e.​org/​m

echanism
srobotics/​article-pdf/​18/​10/​104501/​7632739/​jm

r-26-1061.​pdf by U
niversita D

egli Studi D
i U

dine user on 02 O
ctober 2026



provided to the robot controller in terms of joint positions, veloci
ties, and accelerations over time. The robot controller executes the 
received trajectory by tracking the reference values contained in 
the trajectory file. Any communication delay or latency is 
common to all experiments and therefore does not influence the 
comparison between the reference and optimized trajectories. 
The measured outputs consist of the actual joint positions, joint 
velocities, and joint torques. The accelerations and jerks of the 
measured trajectory are then obtained via numerical differentiation 
starting from the joint velocities.

Table 8 reports the results of the experimental tests in terms of 
root-mean-square (rms) values of the end-effector jerk and integral 
of squared jerk in the compared approaches. Moreover, Fig. 8 reports 
the jerks of the robot end-effector along the x, y, and z coordinates. 
From Table 8 and Fig. 8, it can be seen that all compared approaches 
perform better than the reference case in terms of both maximum jerk 
and integral of squared jerk. Furthermore, approaches 2, 3, and 4, 
which leverage both the structural redundancy of the robot and the 
functional redundancy of the task, show superior performance 
with respect to the state-of-the-art techniques of approach 1, 
which considers only a selected redundant joint in the optimiza
tion routine. These results demonstrate the feasibility of the 
proposed approach and the capability of the optimization strategy 
to reduce the jerk of the robot end-effector in an experimental sce
nario. Furthermore, comparing Table 7 and Table 8, it can be seen 
that a good agreement between numerical and experimental tests 
is found.

A critical aspect of the proposed methodology concerns the 
choice of the joint and angle whose positions are included in the 
optimization. However, defining a criterion for selecting the most 
suitable joint and angle, and investigating their relationship with 
the robot kinematics, task geometry, and optimization outcomes, 
lies beyond the scope of this work. Moreover, although the pro
posed approach does not guarantee convergence to a global 
optimum, it achieves a substantial reduction in jerk of the robot 
end-effector with respect to the reference case and to the 
state-of-the-art technique in Ref. [27], as confirmed by the exten
sive numerical and experimental results.

6 Conclusions
This article presented a novel redundancy-aware minimum-jerk 

trajectory planning approach for redundant manipulators that 
jointly exploits the structural redundancy of the robot and the func
tional redundancy of the task to achieve highly smooth motions and 
significantly reduce end-effector vibrations. The performance of 
the approach has been validated on a robot with seven DOFs 
through extensive numerical tests, and compared with the 
state-of-the-art strategy in Ref. [27]. Furthermore, bespoke exper
iments have proven the effectiveness of the proposed approach in 
reducing the jerk of the end-effector in a real scenario. The 
results demonstrated that, by jointly optimizing both the position 
of a redundant joint and the angles that define the orientation of 
the end-effector for each of the task waypoints, jerk can be 
reduced by more than 90% with respect to a reference case.

Future work will include the extension of the proposed strategy 
to robotic systems with more than seven degrees-of-freedom, the 
comparison with additional alternative strategies from the litera
ture, as for instance Ref. [10], and the application of the proposed 
approaches to more complex scenarios, also including dynamics 
constraints and obstacle avoidance, as in Ref. [32]. Furthermore, 
artificial intelligence will also be considered for optimizing the 
solution of the inverse kinematic problem in redundant robots.
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