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Abstract: As core equipment in intelligent manufacturing, residual vibration of robotic
arms during high-speed motion directly affects positioning accuracy and service life.
Focusing on vibration suppression in multi-axis robotic arms, this paper addresses the
limitations of the traditional seven-segment S-curve (7S) acceleration/deceleration
algorithm in jerk continuity and vibration control. Two improved seven-segment
algorithms based on cosine and exponential functions are proposed to enhance vibration
suppression performance by smoothing jerk transitions. Mathematical models of the
traditional 7S, seven-segment cosine (7S-Cos), and seven-segment exponential (7S-Exp)
algorithms are established. Experiments are conducted under practical operating
conditions with a 4 kg load at full speed, using joint synchronization control to evaluate
end-effector residual vibration. Results show that the 7S-Cos algorithm achieves the
smallest vibration amplitude and fastest attenuation, significantly outperforming the
traditional 7S and 7S-Exp algorithms while maintaining motion efficiency. The proposed
method provides a practical solution for vibration-sensitive robotic applications such as
precision assembly and high-speed handling.

1. Introduction

Robotic arms are widely used in industrial, medical, environmental, and other fields. During the
start-stop process of robotic arms, flexible components at the joints generate elastic vibrations.
Sudden changes in jerk exacerbate such elastic vibrations, causing impact loads on mechanical parts
and shortening their service life. By applying acceleration/deceleration control algorithms to
optimize and plan the displacement, velocity, acceleration, and jerk curves of the working path,
flexible control of the system during start-up, stop, acceleration, and deceleration stages is achieved,
which is of great significance for suppressing elastic vibrations generated during the operation of
robotic arms [1,2].

Research on vibration suppression of robotic arms focuses on the optimization of
acceleration/deceleration curves and residual vibration control. In terms of acceleration/deceleration
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curves, Han et al. proposed an improved S-curve flexible algorithm to reduce the impact load on
robots[3]; Fang et al. designed high-order S-curves to enhance the continuity of acceleration but
increased computational complexity[4]; Xingchen et al.'s asymmetric S-curve balances time and
vibration but lacks robustness to load changes[5]; Lee's polynomial profile optimization achieves
fast movement with low vibration, yet suffers from error accumulation[6].In residual vibration
suppression, Niu et al. integrated surrogate models with input shaping to optimize the vibration of
cooperative robots[7]; Tie et al. applied deep reinforcement learning to optimize joint control,
which however incurs high training costs[8]; Thomsen's multi-mode input shaping covers
wide-frequency vibration[9]; Cui's trapezoidal velocity profile shows limited effectiveness in
flexible systems[10].In scenario-specific studies, Jalendra et al. combined robot vision to suppress
vibration in assembly processes[11]; Yusuke's heuristic algorithm improved the efficiency of
vibration reduction in handling tasks[12]; Yukun's adaptive control provides a reference for
high-speed start-stop processes[13]. Existing studies still have limitations in non-polynomial curves
and adaptation to variable loads, which points out directions for this research.

Existing studies mainly focus on complex trajectory optimization algorithms but often overlook
the fundamental impact of acceleration curve characteristics on dynamic behavior. The performance
of high-order curves and their frequency-domain interaction with mechanical resonance remain
understudied.

2. Materials and methods
2.1 Mathematical Model of Acceleration Curves

Multi-axis robotic arms transmit motion through servo motors and reducers, where joint
flexibility—especially in harmonic reducers—introduces elastic deformation. Based on Spong's
torsional spring model, joint elasticity is elegantly represented as a frictionless torsional spring,
depicted in Figure 1. Analysis indicates that end-effector vibration is mainly excited during velocity
transition phases and is strongly correlated with joint acceleration and jerk. Therefore, reducing jerk
discontinuities is key to vibration suppression.

Arm

Figure 1: Flexible joint model
2.2 Seven-Segment S-Curve

The S-curve trajectory planning features continuous acceleration, which avoids the impact
problem at speed inflection points in traditional trapezoidal trajectory planning. This approach fully
utilizes the motor's performance while reducing impact and effectively minimizing residual
vibrations after the robot reaches the target point. The trajectory curves of various trajectory
planning algorithms are shown in Table 1.
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Table 1: Trajectory curves of different trajectory planning algorithms

Type Velocity Acceleration Jerk
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The seven-segment S-curve (7S) ensures jerk continuity at segment junctions via quadratic jerk
ramps in the initial and final stages, forming an S-shaped velocity profile that conforms to the
kinematic constraints of robotic joint motion. Widely used in motor control, 7S requires complex
planning judgment and high computational power for full segment implementation. Robot edge
controllers have resolved this limitation, enabling low-latency, efficient processing near the robot
platform for real-time tasks [14].The 7S-Cos planning is shown in Figure 2.

a0l

I

Figure 2: Curve diagram of 7S algorithm
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To meet the working requirements of multi-axis robotic arms, the acceleration at the start and
end points of the motion should be zero to ensure processing stability. Therefore, the duration of the
jerk-increasing interval and the jerk-decreasing interval must be equal, ie., T,=T;.
Similarly,Ts=T-.

The mathematical model of the jerk curve is as follows:

(Jmax 0=t<ty
0 t<t<t,
_jmax t2St<t3
=4 0 tz3<t<ty, 1)
_jmax t4St<t5
0 ts<t<tg
\jmax te St<t,

The mathematical model of the acceleration curve is as follows:

jmaxT1 0=t< t
Amax t,<t<t,
Amax — jmaxT3 tZ =t< t3
a(t) =<0 t; <t<t, 2)
_jmaxTS ts st< ts
—ap0x ts <t <ty

\—amax T JmaxT7 e St<ty
The mathematical model of the velocity curve is as follows:

(Vs + Zimax T3 0<t<t,
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V2 + AmaxTs — S jmaxTs Lz St<ty
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The parameters involved include: initial velocity v; end velocity v.; maximum v,,,,.; maximum
acceleration ay,,,; maximum jerk j ; t; isatime variable, t;=t-t. ;;
max 1

2.3 Algorithm Improvement Based on Seven-Segment S-Curve

The 7S offers continuity but requires high computational complexity. With eight-state
pre-judgment mechanisms and robot edge controllers, it now operates efficiently in robotic arms.
To address the jerk discontinuity in traditional 7S, this paper proposes two improved algorithms:
seven-segment cosine curve(7S-Cos)and seven-segment exponential acceleration/deceleration
curve(7S-Exp)—maintaining motion stability without increasing computational complexity.

The 7S-Cos algorithm replaces polynomial acceleration description with a cosine function,
smoothing the acceleration curve and reducing vibration from abrupt changes. It preserves 7S's
continuity while achieving smooth transitions via the cosine function's continuous differentiability.
Unlike Sahin's external signal superposition method [2], 7S-Cos enhances stability by optimizing
curve continuity internally, without added computational complexity. The 7S-Cos planning is
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shown in Figure 3.

Figure 3. Curve diagram of 7S-Cos algorithm

The mathematical model of the jerk curve is as follows:
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The mathematical model of the acceleration curve is as follows:
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The mathematical model of the velocity curve is as follows:
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Where: We employ cosine/sine basis functions: a(t)= A,..Sin(w,T;) and j(t)= A,ccWacc-
When selecting A =a ., the angular frequency is determined by the peak jerk as w=j_ /ap.x

(dimensionally consistent with the basis function).

The 7S-Exp algorithm uses exponential functions with amplitude and time constant parameters
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to enable smooth acceleration/deceleration transitions, adjusting dynamic characteristics via
controllable curve rate changes. Zou et al. [15] proposed a complementary method using
exponential filtering and iterative learning for parameter tuning, demonstrating the exponential
curve's effectiveness in suppressing residual vibrations (low computational cost, suitable for
low-cost sensor scenarios) through SCARA robot experiments.The 7S-Exp planning is shown in
Figure 4.

(1)

Figure 4. Curve diagram of 7S-Exp algorithm
The mathematical model of the jerk curve is as follows:
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The mathematical model of the acceleration curve is as follows:
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The mathematical model of the velocity curve is as follows:

62



A

(Vs + 2 (@ae™ — 1) — AgecTy 0=st<ty
Wacc

Vi T amaxT? LSttty
A -

vy + et (1 — o703 — AgecTy t, St<t;

acc
v(t) = {V3 = V4 = Vipax LE=t<ty )

A

Vi — dec (ewdccts - 1) + AdecTS t=t<ts
Wdec

Vs — amax(T6) ts=t<ts

— M Wdec(ts—ts) — e ®dect7
Ve e (1-—e )+ AdgecT; tg <ttty
\ Wdec

Where: A,.., A4 are the amplitudes of the exponential function, A cc = jmax — @maxAdec =
—imax — @max; Oacc: Dgec are the growth rate parameters of the exponential function,w,e. =

Wgec = 1.0. The time equation is in logarithmic form, where T;, T;, T and T, < %ln (1 + a—m)

acc

ensuring that the acceleration limit is not exceeded.

The 7S-Exp algorithm ensures smooth motion control through an exponential acceleration curve.
It combines a state machine with numerical methods to determine time parameters, offering strong
adaptability and robustness across diverse motion scenarios. Implemented in C for high-precision
control systems, the algorithm rapidly approaches zero acceleration during start/stop phases,
minimizing mechanical wear from abrupt steps.

3. Results and discussion
3.1 Simulation result

Two improved methods based on the 7S curve are proposed above, which use trigonometric
functions and exponential functions to replace the step response in the jerk of the 7S curve, thereby
improving the discontinuity of its jerk curve, and further improving the operational stability of the
electric drive system, motor control accuracy, and reducing mechanical impact and vibration. The
velocity curve planning effects of the two new algorithms and the 7S algorithm are compared with
the following experimental data: ve=0mm/s : ve=160mm/s,
=30mm/s>, a,,,,=30mm/s?, v,,,,=240mm/s, s,,,=4000mm.
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Figure 5: Comparison of velocity curves among three 7S acceleration and deceleration algorithms

It can be seen from Figure 5 that the 7S-Cos and 7S-Exp algorithms proposed in this paper
effectively improve the jerk impact problem without weakening the dynamic performance of the
traditional 7S algorithm, thereby improving the operational stability of the electric drive system,
motor control accuracy, and significantly reducing mechanical impact and vibration. Incorporating
kinematic theory and an analysis of the velocity curves depicted in the above figure, it can be
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observed that within the trajectory planning process for an identical path, the exponential algorithm
employs a strategy of elevating the velocity upper limit to attain the control objective of time
compensation. Nevertheless, this approach deviates from the ideal state of smooth acceleration
transitions, thereby exacerbating acceleration discontinuities.

3.2 Experimental result

The experimental platform employs a four-axis full-harmonic robotic arm vibration test system
(Figure 6), comprising a HIBOT Z-ARM4160-ECT SCARA robotic arm , where the Z-axis uses
direct servo motor drive while the X/Y axes and end-effector rotation adopt a “servo motor +
harmonic reducer" configuration; the edge controller utilizes Huiling Technology's proprietary
HIAP-ECT platform operating at a 1 ms industrial-grade loop rate ; end-effector vibration is
measured via WTVBO01-BT50 accelerometers with all systems interfacing through Windows-based
computers; critically, the harmonic reducer's elastic deformation characteristics—though enabling
high torque output—introduce significant flexible dynamics that cause joint motion lag and elastic
vibrations during high-speed start-stop operations or load variations, thereby serving as the primary
excitation source for end-effector vibrations and establishing this platform's mechanical structure as
a representative testbed for validating algorlthmlc V|brat|on Sl;LEBI’eSSIon performance.
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Figure 6: Robotic Arm Vibration Test Platform

Vibration detection is performed using the three acceleration/deceleration algorithms mentioned
above. A 4kg load is installed at the end of the SCARA robotic arm, which operates at 100% speed.
Increasing the end-effector load can amplify the vibration response to simulate actual working
conditions. A joint synchronization control algorithm is used to unify the motion time of each joint.
The robotic arm achieved precise positioning within the joint space, successfully executing
trajectory planning from initial position A to target position B. Three acceleration and deceleration
algorithms underwent 10 repeated tests under identical conditions, with intervals of >30 seconds to
ensure joint reset.
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Figure 7: Residual acceleration comparison diagram
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As shown in Figure 7, for the motion process of SCARA robotic arm from the initial position A
to the target position B, the fluctuation characteristics reflect the consistency of repeated
experiments based on the residual vibration acceleration time curve of the end after 10 repeated
experimental treatments. the movement ends at 1.80s, and the subsequent residual vibration phase is
the core interval for evaluating the vibration suppression performance of the algorithm.
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Figure 8: Single-sided FFT amplitude

The frequency-domain analysis intuitively demonstrates the vibration-suppression advantages of the
three algorithms (Figure 8: Single-sided FFT amplitude). Within the critical bandwidth of 3-50
Hz—where flexible joint vibrations of robotic arms primarily occur—the spectral amplitude of the
7S-Cos trajectory is the flattest, with peak energy significantly lower than that of 7S and 7S-Exp.

In the resonance-sensitive region of 10-20 Hz in particular, 7S-Cos exhibits the strongest
attenuation, highlighting the effectiveness of the cosine-based shaping in suppressing
mid-frequency excitations. As summarized in Table 2, at the dominant vibration frequency of 9.863
Hz, the 7S-Cos algorithm achieves the lowest mean spectral amplitude and the smallest dispersion
among the compared methods, indicating more stable vibration suppression performance. This
frequency-domain behavior is directly linked to its jerk continuity: the smooth transitions
introduced by the cosine function reduce high-frequency excitation and spectral leakage, thus
minimizing the dynamic load on the flexible joint components.

Table 2: Spectral Amplitude at 9.863 Hz

Index 7S Minimum-jerk 7S-Cos 7S-Exp
Mea”( ;rgg't“de 0.01103 0.01075 0.00885 0.01089
SD(m/s3 0.00058 0.00054 0.00035 0.00042
SEM(m/sF 0.00018 0.00017 0.00011 0.00017
[0.01036, [0.00861,
0,
95% CI(m/s3 [0.01060,0.01146] 0.01114] 0.00900] [0.01060,0.01118]

The superior performance of the 7S-Cos algorithm arises from its cosine-based jerk shaping,
which guarantees C=2continuity across all transition phases. This smoothness eliminates the jerk
discontinuities inherent to the classical 7S and the exponential 7S-Exp variants. By suppressing
high-frequency jerk components, the 7S-Cos profile reduces excitation of the robot’s flexible modes,
resulting in a significantly lower vibration amplitude at the resonance frequency. The
frequency-domain results therefore quantitatively confirm the 7S-Cos algorithm’s enhanced
capability for vibration suppression in robotic motion planning.

3.3 Algorithm Comparison

Based on end-effector accelerometer feedback, the 7S-Cos algorithm demonstrates superior
performance, achieving the smallest residual vibration amplitude, fastest attenuation, and quickest
stabilization compared to the traditional 7S algorithm. In contrast, the 7S-Exp algorithm shows
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slower vibration decay and larger residual vibrations, with negligible improvement over 7S. Results
indicate that 7S-Cos effectively balances motion efficiency and end-effector stability, making it
ideal for high-dynamic SCARA robotic arm applications. While 7S-Exp requires further
optimization due to residual jerk mutations, it remains viable in scenarios prioritizing speed over
vibration suppression.

4. Conclusion

Aiming at residual vibration in high-speed robotic arm operations, this paper proposes the
7S-Cos algorithm by introducing cosine functions into the seven-segment acceleration/deceleration
curve. It enhances jerk curve continuity, reduces vibration energy by 35.6% in the 3-50Hz band,
and improves dynamic stability, outperforming traditional 7S and 7S-Exp algorithms. Future
research can focus on further optimizing the parameters of the 7S-Cos algorithm for different load
conditions and robotic arm structures.
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