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Abstract

This article presents a mathematical analysis of the geometric continuity of industrial robot
trajectories, highlighting the influence of continuity conditions on velocity, acceleration,
and vibration profiles. This study proposes an original approach: isolating geometric
continuity as an independent parameter and the comparative evaluation of the continuity
levels C1, C2, and C3 using a series of pre-computed kinematic metrics: vibration energy,
acceleration variability, and trajectory curvature stability. The methodology is validated
by numerical simulations performed with RoboDK for trajectory generation and by post-
processing in Python for metric evaluation. The results indicate that C1 trajectories exhibit
discontinuities in the higher-order derivatives, which lead to undesirable kinematic behav-
iors, while C2 continuity represents the minimum requirement for an acceptable, stable
motion in industrial applications. Higher-order continuity, C3, brings greater regularity
to the trajectories, but the practical advantages are limited and relatively insignificant for
standard industrial applications.

Keywords: industrial robot; simulation; trajectory; continuity; geometry; RoboDK; jerk;
impulsivity; discontinuity

1. Introduction
Path planning is a fundamental component of industrial robot control, directly influ-

encing the positioning accuracy, motion stability, and quality of technological processes. In
modern industrial applications such as precision assembly, robotic welding, high-speed
handling, or automated logistics processes, the trajectories generated for the robot’s termi-
nal point (Tool Center Point or TCP) must simultaneously satisfy requirements of geometric
accuracy, kinematic smoothness, and operational robustness.

In the literature, trajectory planning for industrial robots has been approached from
multiple perspectives, each focusing on a specific performance criterion. However, the
comparative analysis of these directions highlights a common feature: geometric continuity
is rarely treated as an independent design parameter.
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The first category of works aims at optimizing the execution time or temporal parame-
terization in the presence of kinematic and dynamic constraints [1,2]. In these approaches,
the trajectory geometry is considered fixed, and the problem is formulated as one of optimiz-
ing the velocity and acceleration profiles. Although these methods are effective in reducing
the duration of the movement, they implicitly accept the level of continuity imposed by the
motion law used (S-curve or polynomial type) without separately investigating the influ-
ence of the continuity order on the global kinematic behavior. Thus, continuity becomes a
consequence of the chosen method, not an explicitly analyzed parameter.

A second major direction is represented by methods based on polynomial interpolation
and splines [3,4]. Cubic, quintic, or B-spline interpolations provide different levels of
continuity (C1, C2, or higher), but in most studies, the order of continuity is directly
determined by the order of the interpolator and is not subject to systematic comparative
evaluation [1,5]. For example, the use of quintic polynomials provides continuity of
acceleration but is rarely justified by an explicit analysis of the differences with a cubic or
higher-order solution. Comparison of the effects of these choices on the jerk distribution or
on the local behavior of the trajectory is generally limited.

Another relevant category is constituted by works oriented towards the minimiza-
tion of jerk or the limitation of acceleration variations [6]. These approaches introduce
objective functions that penalize higher-order variations and can lead to trajectories with
continuous jerk. However, they simultaneously modify both the temporal profile and the
geometric structure of the motion, which makes it difficult to isolate the pure influence of
the level of continuity. Furthermore, local jerk optimization is not always correlated with a
global integrated energy analysis or with the assessment of the impulsive character of the
kinematic variations.

In industrial practice, C2 continuity is frequently adopted as the default standard
due to its ability to ensure acceleration continuity and acceptable kinematic behavior [7].
However, this choice is more a result of technical convention than a rigorous comparison
between C1, C2, and C3 under identical geometry and duration conditions. The additional
benefits of higher-order continuities are often assumed but rarely systematically quantified
in relation to the associated energy cost or computational complexity [8,9].

Another critical aspect identified in the existing literature is the predominant use of
integrated global metrics or local point-based assessments without explicit correlation
between them. For example, acceleration or jerk energy are frequently used to assess
smoothness, but these quantities may mask the existence of impulsive variations concen-
trated on short time intervals. The lack of an approach that combines global metrics with
local discontinuity indicators makes it difficult to fully interpret the kinematic behavior [10].

Therefore, the comparative analysis of existing directions highlights a common lim-
itation: although geometric continuity directly influences the behavior of higher-order
derivatives, it is mostly treated implicitly, in correlation with other variables (geometry,
time, dynamic constraints). There is a lack of a controlled framework in which the level
of continuity is isolated as an independent parameter and its effects are simultaneously
evaluated through global metrics and complementary local indicators.

This methodological limitation justifies the approach proposed in this paper, in which
the continuity of C1, C2, and C3 is comparatively analyzed under identical conditions of
geometry, duration, and boundary conditions, allowing a clear separation of the effects due
exclusively to the continuity order.

1.1. Research Gap

Although the literature offers numerous solutions for trajectory planning, a systematic
analysis in which the level of geometric continuity is isolated as an independent parameter
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under controlled conditions is lacking. In particular, there are not enough comparative
studies that keep the trajectory geometry, execution time, and boundary conditions constant,
modifying exclusively the continuity order to evaluate its real impact on the global and
local kinematic behavior.

1.2. Problem Statement

If the trajectory geometry, execution duration, and boundary conditions are kept
constant, what is the real impact of the continuity level (C1, C2, and C3) on the kinematic
behavior of TCP trajectories of industrial robots? Can global energy metrics accurately
characterize the smoothness of the motion, or is it necessary to introduce complementary
local indicators to highlight impulsive phenomena?

1.3. Objective

The objective of the paper is to perform a controlled comparative analysis between
the C1, C2, and C3 continuities by isolating continuity as the only variable parameter
and evaluating its impact on kinematic behavior using both integrated global metrics
(acceleration energy and jerk energy) and local indicators (discontinuities and impulsivity).

1.4. Main Contribution

The main contributions of the paper are:

• Explicit treatment of geometric continuity as an independent design parameter.
• Definition of a controlled comparative framework in which geometry, time, and

boundary conditions are kept constant.
• Introduction and combined use of global and local metrics for evaluating

kinematic behavior.
• Highlighting the difference between the uniform distribution of kinematic variations

and their impulsive character.

1.5. Novelty Statement

The novelty of the paper does not lie in redefining the theory of geometric continuity
but in systematically demonstrating, in a controlled setting, that global energy metrics
can lead to incomplete interpretations if they are not correlated with local indicators of
discontinuity and impulsivity. This dual approach provides a clearer mathematical and
practical justification for choosing the optimal level of continuity in industrial applications.

2. Materials and Methods
2.1. Theoretical Set-Up

The analysis proposed in this paper is performed in the TCP space, considering the
trajectory as a parametric curve defined over a finite time interval. The TCP trajectory is
described by the position vector:

r(t) = [x(t), y(t), z(t)], t ∈ [t0, t1] (1)

where the component functions are continuous and differentiable depending on the level
of continuity imposed. This formulation allows an analysis independent of the kinematic
structure of the robot, the results being thus generalizable for different industrial plat-
forms [11]. The higher-order derivatives of the trajectory (velocity, acceleration, and jerk)
are defined as follows:

v(t) = r′(t) (2)

a(t) = r′′ (t) (3)
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j(t) = r′′′ (t) (4)

These quantities are used to evaluate the kinematic behavior associated with different
levels of geometric continuity.

In this study, three levels of geometric continuity are analyzed, relevant for industrial
robotics applications [12]:

(a) Continuity C1, characterized by continuity of position and velocity but allowing
discontinuities of acceleration.

(b) Continuity C2, which ensures continuity of position, velocity, and acceleration, leading
to a finite jerk.

(c) Continuity C3, for which even the third-order derivatives are continuous, resulting in
a smooth variation in the jerk.

Formally, at a connection point ti (node between two segments of a trajectory), the
continuity conditions are expressed as

lim
t→ti

−
r(k)(t) = lim

t→ti
+

r(k)(t), k = 0, 1, . . . ., n. (5)

This mathematical condition can be translated as equality between the value of the
limit of the derivative just before the point ti (when t tinde catre ti from the left side) and
immediately after the point ti (when t tinde catre ti from the right side). The order of the
level of continuity is denoted by k.

To allow an objective comparative assessment of different levels of continuity, we
introduce the following kinematic metrics, which describe the behavior of the trajectory
during execution.

Jerk energy: The energy that quantifies higher-order variations in acceleration and is
directly correlated with the mechanical excitations induced in the system [13].

J =
∫ t1

t0

∥j(t)∥2dt (6)

Acceleration variation: The way acceleration varies provides an overall measure of
the kinematic demands associated with the trajectory.

A =
∫ t1

t0

∥a(t)∥2dt (7)

Trajectory curvature is relevant for the analysis of variations in the direction of move-
ment and the global geometric behavior. The stability of the curvature is evaluated by
means of mean values and standard deviations over a considered time interval.

k(t) =
∥r′(t)× r′′(t) ∥

∥r′(t)∥3 (8)

To isolate the effect of geometric continuity, we must adopt a controlled comparative
framework so that the analyzed trajectories respect the following conditions [14]:

• The geometry of the trajectory must be identical;
• The execution time must be kept constant;
• The boundary conditions for position, velocity, and acceleration at the ends must

be equivalent.

The only variable parameter between trajectories is the level of geometric continuity.
This approach allows the observed differences to be attributed exclusively to the continuity
effect, eliminating the influence of other confounding factors.
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Respecting these conditions, the trajectories were generated using the RoboDK v.5.7.4
offline programming and simulation software environment. This application allows both
the precise definition of target points and the export of trajectories in a discretized format
so that numerical analysis of the exported data and the calculation of previously defined
kinematic metrics can be performed using Python 3.9.

2.2. Experimental Setup

To evaluate the impact of geometric continuity on kinematic behavior, trajectories
with the same spatial geometry, execution programs with the same duration, and identical
boundary conditions were generated. The only variable modified between the analyzed
cases was the level of geometric continuity imposed on the trajectory, respectively, C1, C2,
and C3.

In the RoboDK software application (v.5.7.4), a virtual station was created with an
industrial robot model, ABB IRB 1300, which was selected due to its versatility and use in
a wide range of industrial applications. RoboDK integrates the real robot post-processor,
allowing the generation of target points, trajectories, and programs to execute movements
identical to the real model.

Five sets of 20 randomly positioned points were generated in the robot workspace,
and then trajectories were generated through these targets. Table 1 presents the coordinates
of the first set of 20 target points, and Figure 1 shows the robot trajectory generated
between them. Due to the large amount of data, the other four sets of points are not
presented in tabular format, but only the trajectories generated between them can be seen
in Figures 2 and 3.

Table 1. First set of points.

No. X [mm] Y [mm] Z [mm] RX [◦] RY [◦] RZ [◦]

1 460.6447 137.8804 820.0924 0 90 0
2 605.7668 18.87753 605,294 0 90 0
3 846.1937 −67.3156 549.8528 0 90 0
4 528.5177 400.6719 174.0915 0 90 0
5 932.3085 −202,806 715,194 0 90 0
6 862.1414 312.9808 825.4004 0 90 0
7 477.6246 196.9541 648.7989 0 90 0
8 516.0405 −117,361 745.0748 0 90 0
9 607.0757 −300,478 780.6738 0 90 0

10 892.2601 −248,283 660.4557 0 90 0
11 513.8645 497.8536 584.5093 0 90 0
12 842.0969 134.5406 654.2602 0 90 0
13 865.7 68.71418 353.4616 0 90 0
14 1030,409 −492.53 490.7654 0 90 0
15 765.1458 118,809 239.8935 0 90 0
16 807.9702 −309,724 782.6877 0 90 0
17 647.3067 345.4127 640.1416 0 90 0
18 701.6887 240,297 845.3159 0 90 0
19 629.1637 −111,808 820.6739 0 90 0
20 822.3789 −388,914 329.5872 0 90 0

The orientation of the target points was maintained, keeping only the rotation about
the Y axis so as to avoid reorientation and reconfiguration movements of the robot that
could lead to substantial differences in the way the robot approaches from one target point
to another.
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Figure 1. Robot trajectory generated for the first set of points.

 

Figure 2. Robot trajectory generated for the second and third sets of points.

 

Figure 3. Robot trajectory generated for the fourth and fifth sets of points.

To isolate the influence of geometric continuity, each original trajectory was discretized
and reconstructed using three different methods so as to ensure each level of continuity
as follows:
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• Cubic interpolation [15] was used to ensure continuity of position and velocity (C1).
• Quintic interpolation [16] was used to ensure continuity of position, velocity, and

acceleration (C2).
• Seventh-order interpolation [17] was used to ensure continuity of position, velocity,

acceleration, and jerk (C3).

For each trajectory, an equal execution time (t = 20 s) was imposed for all continuity
levels, and then a time parameterization was imposed so that the discretization points
were distributed proportionally over the entire trajectory. This is a way to prevent speed
variations caused by the non-uniform distribution of nodes on the trajectory. In order to
analyze the sensitivity to different sampling frequencies, three study cases were conducted
with time parametrizations of 0.01 s, 0.02 s, and 0.05 s, resulting in frequencies of 100 Hz,
50 Hz, and 20 Hz.

So, the original trajectories were re-discretized using a fixed sampling rate 3 times,
once for each continuity type. After their reconstruction, each trajectory was exported in
.CSV format for analysis, and metrics were calculated. In Figure 4, the first trajectory and
the discretization points can be observed. All other trajectories were then discretized in a
similar way.

Figure 4. First trajectory and discretization points for C1.

3. Results
Each of the five original trajectories was discretized for each of the three types of

continuity, resulting in a total of 15 distinct trajectories whose differences are due exclusively
to the continuity conditions imposed by the interpolation method. The effects of continuity
on the metrics are presented individually in the following subchapters.

3.1. Acceleration Energy

To quantify the global kinematic stress associated with each trajectory, the acceleration
energy was evaluated for all five sets of trajectories, for each continuity level (C1, C2, C3),
and for the three sampling intervals analyzed (∆t = 0.01 s, 0.02 s, 0.05 s). Figures 5–7 present
the acceleration energy values calculated individually for each of the five trajectories, for
all continuity levels, and for the three sampling intervals. It is observed that the absolute
values differ depending on the geometry of each trajectory, with some sets generating
higher kinematic stresses than others. However, for each trajectory analyzed, the relative
order between the methods remains constant: C1 presents the lowest acceleration energy
values, C2 intermediate values, and C3 the highest values.
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Figure 5. Acceleration energy at a sampling rate of 0.01 s.

 

Figure 6. Acceleration energy at a sampling rate of 0.02 s.

 
Figure 7. Acceleration energy at a sampling rate of 0.05 s.

Figure 8 shows the average values of the acceleration energy (±standard deviation
calculated over the five trajectories) for each continuity level and for each sampling interval.
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Figure 8. Average values of the acceleration energy.

The statistical analysis confirms the trend observed at the individual level: the relative
order C1 < C2 < C3 is maintained for all three sampling intervals analyzed. Changing the
discretization step leads to moderate numerical variations in the absolute values but does
not produce inversions of the hierarchy between methods. The results indicate that, under
identical conditions of geometry, duration, and boundary conditions, the increase in the
continuity order is systematically associated with an increase in the integrated acceleration
energy both at the individual and average levels. It is observed that the values differ
depending on the trajectory geometry, but for each analyzed trajectory, the same general
trend is maintained: C1 records the lowest jerk energy values, C2 records intermediate
values, and C3 records the highest values.

3.2. Jerk Energy

To evaluate the acceleration variations over time and the kinematic stresses associated
with them, the jerk energy was calculated for all five sets of trajectories, for each continuity
level (C1, C2, and C3), and for the three sampling intervals analyzed (∆t = 0.01 s, 0.02 s,
0.05 s).

Figures 9–11 present the jerk energy values calculated individually for each of the five
trajectories, for all continuity levels, and for the three sampling intervals.

Figure 9. Jerk energy at a sampling rate of 0.01 s.
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Figure 10. Jerk energy at a sampling rate of 0.02 s.

 

Figure 11. Jerk energy at a sampling rate of 0.05 s.

Figure 12 shows the average values of the jerk energy (± standard deviation calculated
over the five trajectories) for each continuity level and for each sampling interval.

Figure 12. Average values of jerk energy.

The statistical analysis indicates that changing the discretization step produces moder-
ate numerical results, and the results indicate that, under identical conditions of geometry,
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duration, and boundary conditions, the increase in the continuity order is systematically
associated with an increase in the integrated jerk energy.

3.3. Sensitivity to Sampling Interval

For a more rigorous quantification of the influence of the discretization step, the
percentage variations in the average values were calculated relative to the reference case
∆t = 0.01 s. The results are illustrated in Figures 13 and 14 for the acceleration energy and,
respectively, for the jerk energy.

Figure 13. Acceleration energy percentage variation.

Figure 14. Jerk energy percentage variation.
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Figure 13 presents the percentage variation in the acceleration energy as a function
of the sampling interval. It is observed that for ∆t = 0.02 s, the deviations are reduced,
indicating a good numerical convergence. In the case of coarser discretization (∆t = 0.05 s),
more pronounced variations in the absolute values appear, but without changing the
hierarchy between the continuity levels.

Figure 14 presents a similar behavior for the jerk energy. In this case, too, although the
absolute values are influenced by the sampling step, the comparative trend between the
methods remains unchanged for all three analyzed values.

The results demonstrate that the comparative analysis of continuity levels is robust
to the temporal discretization in the studied interval. Thus, the conclusions regarding the
relative behavior of the C1, C2, and C3 trajectories are not dependent on the specific choice
of the sampling step used in post-processing.

3.4. Discontinuity Metrics

The previously analyzed energy indicators provide a global perspective on the kine-
matic load but do not allow the identification of the local behavior of the trajectories in
the transition areas between segments. To highlight these local effects, discontinuity indi-
cators for acceleration and jerk were calculated [18]. Discontinuities were quantified by
determining the maximum difference between two consecutive samples:

• max. ∆a = maximum acceleration difference between two successive points.
• max. ∆j = maximum jerk difference between two successive points.

These quantities reflect the sudden nature of kinematic variations and are sensitive to
the occurrence of impulsive phenomena.

Figures 15–17 present the maximum values of acceleration discontinuity for each
trajectory and for each continuity level.

It is observed that trajectories of type C2 and C3 present reduced values of acceleration
discontinuity compared to C1. In the case of C1, allowing acceleration discontinuity at the
connection points leads to higher values of this indicator for most of the analyzed trajectories.

 
Figure 15. Maximum acceleration difference for ∆t = 0.01 s.
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Figure 16. Maximum acceleration difference for ∆t = 0.02 s.

Figure 17. Maximum acceleration difference for ∆t = 0.05 s.

Figures 18–20 show the maximum jerk discontinuity values. The differences between
the methods are more pronounced than in the case of acceleration. C1 trajectories gener-
ally record the highest jerk discontinuity values, while C2 and C3 show lower and more
stable values.

It is also observed that certain geometries (especially trajectory 5) generate significantly
higher discontinuity values for all methods, indicating a direct influence of geometric
complexity on the local behavior of the motion.

The results show that although global energy indicators may suggest lower values
for C1, the discontinuity analysis highlights a less stable local behavior of this type of
trajectory [19].

https://doi.org/10.3390/technologies14030176
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Figure 18. Maximum jerk difference for ∆t = 0.01 s.

 
Figure 19. Maximum jerk difference for ∆t = 0.02 s.

https://doi.org/10.3390/technologies14030176

https://doi.org/10.3390/technologies14030176


Technologies 2026, 14, 176 15 of 25

Figure 20. Maximum jerk difference for ∆t = 0.05 s.

3.5. Impulsiveness of the Jerk

To capture the local and impulsive character of the jerk, we introduced an impulsivity
indicator Ij to capture the “spike-like” character. This dimensionless indicator is defined as
the ratio between the maximum peak and the average level of the jerk.

Ij =
jmax

jrms
(9)

where the average jerk level is calculated with the formula:

jrms =

√
1
N ∑N

k=1 ∥jk∥ 2 (10)

where k = time step index, jk = jerk value at discrete time tk, and N = number of samples.
The indicator was calculated for all three sampling intervals analyzed: ∆t = 0.01 s, 0.02 s,
and 0.05 s.

For each of the 5 trajectories, both impulsivity values and jerk profiles were calculated
and plotted over the entire duration of the trajectories. At this point, we have all the
necessary information so that we can highlight both the temporal distribution of the jerk and
the mechanical disturbances (possible shocks) induced by abrupt acceleration variations.
Tables 2–4 present the impulsivity values calculated for each trajectory, with minimum,
maximum, and average values highlighted in the last column by the corresponding colors
green, red, and yellow.
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Table 2. Impulsivity of each trajectory at ∆t = 0.01 s.

Trajectory Method jmax [mm/s3] jrms [mm/s3] Ij
Traj. 1 C1 376,334.0857 19,936.55915 18.8765816
Traj. 1 C2 83,836.94772 10,187.40394 8.229471237
Traj. 1 C3 72,211.87575 12,581.10041 5.73971063
Traj. 2 C1 706,495.2134 25,725.48969 27.46284802
Traj. 2 C2 181,269.423 13,996.10865 12.95141582
Traj. 2 C3 127,305.568 17,171.33772 7.413841024
Traj. 3 C1 562,892.3383 29,890.33773 18.8319163
Traj. 3 C2 141,556.7783 18,273.14856 7.74670976
Traj. 3 C3 148,383.9898 22,852.87615 6.493011594
Traj. 4 C1 701,873.0284 33,312.66599 21.06925421
Traj. 4 C2 255,624.418 23,777.32482 10.75076443
Traj. 4 C3 355,894.4441 30,476.86423 11.67752829
Traj. 5 C1 1,899,335.531 54,250.61326 35.01039744
Traj. 5 C2 783,243.4748 44,626.50331 17.55108325
Traj. 5 C3 981,546.6265 55,263.18661 17.76131068

Table 3. Impulsivity of each trajectory at ∆t = 0.02 s.

Trajectory Method jmax [mm/s3] jrms [mm/s3] Ij
Traj. 1 C1 138,414.1163 12,815.5885 10.8004495
Traj. 1 C2 50,449.43798 9313.614317 5.416741155
Traj. 1 C3 70,212.03333 11,806.60899 5.946841585
Traj. 2 C1 225,545.6819 14,941.37175 15.09537984
Traj. 2 C2 85,776.28951 12,529.22466 6.84609717
Traj. 2 C3 121,420.3198 15,860.77564 7.655383476
Traj. 3 C1 137,212.6137 18,024.77709 7.612444416
Traj. 3 C2 88,187.69331 16,699.39134 5.28089267
Traj. 3 C3 143,434.8854 21,614.718 6.635982271
Traj. 4 C1 387,099.9602 26,678.96348 14.50955771
Traj. 4 C2 210,495.8166 22,232.64364 9.467871661
Traj. 4 C3 315,179.532 27,672.14596 11.38977557
Traj. 5 C1 517,828.9147 29,391.6779 17.61821549
Traj. 5 C2 489,556.6807 33,066.65114 14.80514851
Traj. 5 C3 682,260.0015 40,500.02427 16.84591587

Table 4. Impulsivity of each trajectory at ∆t = 0.05 s.

Trajectory Method jmax [mm/s3] jrms [mm/s3] Ij
Traj. 1 C1 82,254.27971 9689.375095 8.489121218
Traj. 1 C2 46,491.30138 8114.167101 5.729645544
Traj. 1 C3 57,498.52038 9744.90224 5.900369133
Traj. 2 C1 89,454.61879 9506.526732 9.409810892
Traj. 2 C2 63,833.20708 9928.786729 6.429104464
Traj. 2 C3 90,907.53173 11,856.75473 7.667151241
Traj. 3 C1 77,098.0485 12,875.90026 5.987779258
Traj. 3 C2 79,955.86961 13,776.4667 5.803800884
Traj. 3 C3 118,337.6251 17,353.71978 6.819150396
Traj. 4 C1 135,066.282 16,212.40852 8.331043586
Traj. 4 C2 127,779.8212 15,996.75985 7.987856443
Traj. 4 C3 138,130.242 18,437.59768 7.491770045
Traj. 5 C1 296,866.2328 21,250.66643 13.96973755
Traj. 5 C2 300,946.117 20,768.32105 14.49063293
Traj. 5 C3 305,307.8794 21,911.43906 13.93372104
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Jerk profiles for each trajectory and for each sampling rate are presented in the follow-
ing Figures 21–35.

 

Figure 21. Jerk profile, trajectory 1, ∆t = 0.01 s.

Figure 22. Jerk profile, trajectory 2, ∆t = 0.01 s.

Figure 23. Jerk profile, trajectory 3, ∆t = 0.01 s.
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Figure 24. Jerk profile, trajectory 4, ∆t = 0.01 s.

Figure 25. Jerk profile, trajectory 5, ∆t = 0.01 s.

Figure 26. Jerk profile, trajectory 1, ∆t = 0.02 s.
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Figure 27. Jerk profile, trajectory 2, ∆t = 0.02 s.

 
Figure 28. Jerk profile, trajectory 3, ∆t = 0.02 s.

 

Figure 29. Jerk profile, trajectory 4, ∆t = 0.02 s.
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Figure 30. Jerk profile, trajectory 5, ∆t = 0.02 s.

 

Figure 31. Jerk profile, trajectory 1, ∆t = 0.05 s.

 

Figure 32. Jerk profile, trajectory 2, ∆t = 0.05 s.
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Figure 33. Jerk profile, trajectory 3, ∆t = 0.05 s.

Figure 34. Jerk profile, trajectory 4, ∆t = 0.05 s.

 

Figure 35. Jerk profile, trajectory 5, ∆t = 0.05 s.

Figure 36 shows the statistical analysis graph (mean ± standard deviation).
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Figure 36. Mean jerk impulsivity vs. sampling interval.

4. Discussion
The results obtained in this study provide a perspective on the influence of geometric

continuity on the kinematic behavior of industrial robot trajectories. By isolating the
continuity level as the only variable parameter, keeping the trajectory geometry, execution
duration, and boundary conditions identical, the observed differences can be attributed
exclusively to the continuity order.

The analysis of the global metrics (acceleration energy and jerk energy) indicates
that increasing the continuity order systematically leads to increasing integrated energy
values. At first glance, this result could suggest that C1 trajectories are more energy
efficient. However, the analysis of the local discontinuity metrics (max. ∆a and max. ∆j)
and the jerk impulsivity indicator ( Ij

)
highlights an essential complementary aspect: C1

trajectories show pronounced local variations and an impulsive behavior that is masked by
the global integration.

The combined interpretation of the global and local metrics demonstrates that the C2

level represents an optimal structural compromise. It eliminates acceleration discontinuities,
significantly reduces jerk impulsivity, and ensures a more uniform distribution of kinematic
variations. Although the continuity of C3 guarantees the mathematical continuity of the
jerk, the additional benefits over C2 are limited in relation to the increase in integrated
energy and the complexity of interpolation.

Sensitivity analysis with respect to the sampling interval (∆t = 0.01 s, 0.02 s, 0.05 s)
shows that even if numerical values are influenced by the discretization, the comparative
hierarchy between C1, C2, and C3 remains unchanged. This consistency strengthens the
validity of the conclusions and demonstrates that the results are not an artifact of a particular
numerical resolution.

Overall, the results highlight that global energy metrics are not sufficient to fully
characterize the smoothness of the motion. Only by correlating the integrated measures
with local indicators of discontinuity and impulsivity can a correct interpretation of the
kinematic behavior of the trajectories be made.
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Limitations

First, the analysis was performed exclusively in TCP space. This approach allows the
generalization of the results for different robotic platforms but does not directly capture
the effects in the joint space, such as motor torques, inertias, structural flexibility, or the
influence of control loops.

Second, the study is based on offline simulation (RoboDK) and numerical post-
processing. Although the methodological framework is controlled and reproducible,
experimental validation on a real industrial robot was not included in the current ver-
sion. Under real conditions, factors such as filtering in the controller, servo dynamics,
mechanical compliance, or vibration couplings can influence the practical manifestation of
jerk discontinuities.

Third, the imposed execution duration (20 s) and the identical temporal parameteriza-
tion were chosen to ensure a rigorous comparative framework. Different optimal timing
strategies or dynamic constraints may lead to quantitative variations in the results, although
the qualitative comparative trends are expected to remain similar.

Last but not least, the analysis was limited to three continuity levels (C1, C2, and C3).
Extension to higher-order continuities or to other smoothing methods could be relevant
directions for future studies.

Future work will include experimental validation on a real industrial robot, correlation
with dynamic quantities (torques and vibrations), and extension of the analysis to dynamic
performance indicators.

5. Conclusions
In this paper, an analysis of the influence of geometric continuity on the kinematic

behavior of industrial robots’ trajectories was performed. Unlike most existing studies in the
literature, where continuity is analyzed implicitly or in correlation with other parameters
(geometry, execution time, and dynamic constraints), in the present work, continuity was
explicitly isolated as an independent design parameter. The trajectory geometry, execution
time, and boundary conditions were kept constant, allowing a correct and reproducible
comparison between trajectories with C1, C2, and C3 continuity.

The results obtained show that global energy metrics, such as acceleration energy and
jerk energy, are not sufficient to assess the true degree of kinematic smoothness. Although
C1 trajectories can lead to lower energy values, this apparent advantage is associated with
pronounced impulsive variations and local discontinuities, which are masked by the global
energy integration. In contrast, C2 and C3 trajectories redistribute kinematic variations
over time, eliminating local shocks and leading to a more stable structural behavior, even if
this implies higher global energy values.

An important original contribution of the work is the introduction and use of dis-
continuity metrics (max ∆a and max ∆j) and the impulsivity indicator of the jerk. These
quantities allow a clear separation between the global and local behavior, providing a much
more faithful interpretation of the effects of continuity on the trajectories. The analysis
demonstrated that C1 trajectories are characterized by discontinuities and impulsive jerk,
while C2 minimizes both discontinuities and impulsiveness, representing an optimal com-
promise between smoothness and efficiency. The continuity of C3 ensures a continuous
jerk from a mathematical point of view, but the additional benefits over C2 are limited in
relation to the energy cost and increased complexity.

The study also highlighted the sensitivity of all metrics to trajectory geometry, demon-
strating that trajectories with more aggressive geometric variations can generate high
kinematic loads regardless of the chosen level of continuity. This result highlights the need
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for a combined assessment, which takes into account both geometry and continuity in
trajectory planning processes.

Through the proposed approach, the paper provides a mathematical and practical
framework that can be directly used in offline programming and simulation applications
for trajectory analysis. The introduced indicators can be integrated into algorithms for auto-
matic evaluation or optimization of trajectories, contributing to the reduction in vibrations
and mechanical wear and the improvement of precision in high-speed or high-precision
industrial applications. Future studies will aim at extending the analysis to the joint space,
the correlation with dynamic quantities (torques and vibrations), and the experimental
validation on real robots.

Author Contributions: Conceptualization, C.A.C.; methodology, C.A.C.; software, M.-V.D.; vali-
dation, B.N.S.; formal analysis, M.-V.D., R.-A.P. and G.P.; investigation, M.-V.D., R.-A.P. and G.P.;
resources, R.-A.P.; data curation, R.-A.P., G.P. and C.L.D.; writing—original draft, R.-M.N. and C.L.D.;
writing—review and editing, M.-V.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: To promote further use and development of this framework, the entire
project has been made available as open source. All the files are available at https://github.com/
Cozmin90/continuity_of_trajectoriesv2 (access date: 22 February 2026).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Wu, G.; Zhang, N. Kinematically Constrained Jerk–Continuous S-Curve Trajectory Planning in Joint Space for Industrial Robots.

Electronics 2023, 12, 1135. [CrossRef]
2. Qian, C.; Yao, J.; Zhang, Y. Time-Jerk Optimal Robotic Trajectory Planning Under Jerk and Continuity Constraints via Convex

Optimization. Actuators 2025, 14, 272. [CrossRef]
3. Zhou, Y.; Han, G.; Wei, Z.; Huang, Z.; Chen, X. A Time-Optimal Continuous Jerk Trajectory Planning Algorithm for Manipulators.

Appl. Sci. 2023, 13, 11479. [CrossRef]
4. van der Kruk, R. Should We Forget the Jerk in Trajectory Generation? Vibration 2026, 9, 1. [CrossRef]
5. Wu, Z.; Chen, J.; Bao, T.; Wang, J.; Zhang, L.; Xu, F. A Novel Point-to-Point Trajectory Planning Algorithm for Industrial Robots

Based on a Locally Asymmetrical Jerk Motion Profile. Processes 2022, 10, 728. [CrossRef]
6. Ma, P.; Xu, C. Dual-Objective Optimization of G3-Continuous Quintic B-Spline Trajectories for Robotic Ultrasonic Testing. Sensors

2025, 25, 5693. [CrossRef] [PubMed]
7. Mehmood, Y.; Cannella, F.; Cocuzza, S. Analytical Modeling, Virtual Prototyping, and Performance Optimization of Cartesian

Robots: A Comprehensive Review. Robotics 2025, 14, 62. [CrossRef]
8. Kim, J.; Jin, M.; Park, S.H.; Chung, S.Y.; Hwang, M.J. Task Space Trajectory Planning for Robot Manipulators to Follow 3-D

Curved Contours. Electronics 2020, 9, 1424. [CrossRef]
9. Hayati, H.; Eager, D.; Pendrill, A.-M.; Alberg, H. Jerk within the Context of Science and Engineering—A Systematic Review.

Vibration 2020, 3, 371–409. [CrossRef]
10. Dafarra, S.; Romualdi, G.; Pucci, D. Dynamic complementarity conditions and whole-body trajectory optimization for humanoid

robot locomotion. IEEE Trans. Robot. 2022, 38, 3414–3433. [CrossRef]
11. Kiemel, J.C.; Weitemeyer, R.; Meissner, P.; Kröger, T. TrueAdapt: Learning Smooth Online Trajectory Adaptation with Bounded

Jerk, Acceleration and Velocity in Joint Space. arXiv 2020, arXiv:2006.00375.
12. Su, Y.; Lin, C.; Liu, T. Real-Time Trajectory Smoothing and Obstacle Avoidance: A Method Based on Virtual Force Guidance.

Sensors 2024, 24, 3935. [CrossRef] [PubMed]
13. Li, J.-T.; Chen, C.-K.; Ren, H. Time-Optimal Trajectory Planning and Tracking for Autonomous Vehicles. Sensors 2024, 24, 3281.

[CrossRef] [PubMed]

https://doi.org/10.3390/technologies14030176

https://github.com/Cozmin90/continuity_of_trajectoriesv2
https://github.com/Cozmin90/continuity_of_trajectoriesv2
https://doi.org/10.3390/electronics12051135
https://doi.org/10.3390/act14060272
https://doi.org/10.3390/app132011479
https://doi.org/10.3390/vibration9010001
https://doi.org/10.3390/pr10040728
https://doi.org/10.3390/s25185693
https://www.ncbi.nlm.nih.gov/pubmed/41012932
https://doi.org/10.3390/robotics14050062
https://doi.org/10.3390/electronics9091424
https://doi.org/10.3390/vibration3040025
https://doi.org/10.1109/TRO.2022.3183785
https://doi.org/10.3390/s24123935
https://www.ncbi.nlm.nih.gov/pubmed/38931718
https://doi.org/10.3390/s24113281
https://www.ncbi.nlm.nih.gov/pubmed/38894073
https://doi.org/10.3390/technologies14030176


Technologies 2026, 14, 176 25 of 25

14. Roy, R.; You, Y.-P.; Sheu, L.-J.; Chieng, W.-H.; Tang, L.-C.; Ismail, H. Path Planning and Motion Control of Indoor Mobile Robot
under Exploration-Based SLAM (e-SLAM). Sensors 2023, 23, 3606. [CrossRef] [PubMed]

15. Luo, L.; Guo, T.; Cui, K.; Zhang, Q. Trajectory Planning in Robot Joint Space Based on Improved Quantum Particle Swarm
Optimization Algorithm. Appl. Sci. 2023, 13, 7031. [CrossRef]

16. Xu, J.; Ren, C.; Chang, X. Robot Time-Optimal Trajectory Planning Based on Quintic Polynomial Interpolation and Improved
Harris Hawks Algorithm. Axioms 2023, 12, 245. [CrossRef]

17. Zhang, M.; Liu, J.; Wu, Y.; Hou, T.; Li, T. Multi-Objective Trajectory Planning for Robotic Arms Based on MOPO Algorithm.
Electronics 2025, 14, 2371. [CrossRef]

18. Bussola, R.; Uncerti, G.; Remino, C.; Tiboni, M. S-Curve Trajectory Planning for Industrial Robots Based on Curvature Radius.
Robotics 2025, 14, 155. [CrossRef]

19. Alpers, B. On Fast Jerk-Continuous Motion Functions with Higher-Order Kinematic Restrictions for Online Trajectory Generation.
Robotics 2022, 11, 73. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/technologies14030176

https://doi.org/10.3390/s23073606
https://www.ncbi.nlm.nih.gov/pubmed/37050664
https://doi.org/10.3390/app13127031
https://doi.org/10.3390/axioms12030245
https://doi.org/10.3390/electronics14122371
https://doi.org/10.3390/robotics14110155
https://doi.org/10.3390/robotics11040073
https://doi.org/10.3390/technologies14030176

	Introduction 
	Research Gap 
	Problem Statement 
	Objective 
	Main Contribution 
	Novelty Statement 

	Materials and Methods 
	Theoretical Set-Up 
	Experimental Setup 

	Results 
	Acceleration Energy 
	Jerk Energy 
	Sensitivity to Sampling Interval 
	Discontinuity Metrics 
	Impulsiveness of the Jerk 

	Discussion 
	Conclusions 
	References

