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ABSTRACT Flexible link manipulators (FLMs) are often praised for their potential advantages in industrial
settings, such as being more lightweight, energy-efficient, and allowing higher operation speeds with smaller
actuators. Many studies make unrealistic assumptions, like simplistic links, small deflections, low payloads,
limited degrees of freedom, and well-defined mode shapes, which limit their real-world applicability. This
paper investigates the performance of a flexible link manipulator with three degrees of freedom, designed
for high payload capabilities and characterized by complex link shapes and complex vibration modes.
An advanced control methodology was developed following the identification of the parameter-varying
flexible link manipulator setup to manage the manipulator’s vibrations effectively. Comparative experiments
were conducted between the flexible link manipulator and a conventional rigid link manipulator, assessing
performance metrics such as repeatability, overshoot, settling time, torque and energy consumption. The
results show that the flexible link manipulator, equipped with the advanced control system, achieves a
repeatability of 0.14 mm, comparable to that of commercially available rigid robots. Moreover, energy
consumption is reduced even with the implementation of active vibration suppression. The study highlights
the potential of flexible link manipulators for real-world applications.

INDEX TERMS Vibration control, flexible links, repeatability, energy consumption.

I. INTRODUCTION

Flexible link manipulators (FLM) are often praised for their
many potential advantages in industrial settings. FLMs have
the potential to be more lightweight and energy efficient,
and to allow higher operation speeds and the use of smaller
actuators [1], [2], [3], [4], [5], [6]. However, flexible links
are almost exclusively discussed in a research setting, where
either modelling or control are prioritised. In addition
to that, many of the studies performed on flexible links
make unrealistic assumptions, e.g. simplistic links, small
deflections, low payloads, low degrees of freedom, and
well-defined mode shapes, limiting their applicability in
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real-world scenarios [1], [2], [3], [4], [5], [6]. It is essential
to develop more realistic FLM and experimental setups that
account for the complexities of real-world applications to
understand and mitigate complex vibration responses. This
includes considering high and varying payloads, complex link
shapes, higher degrees of freedom, and complex vibration
responses.

Examples are present in literature where researchers tend
to focus on individual setups to address the specific complex-
ities mentioned above, without combining all assumptions
into a single robotic system. This fragmented approach limits
the applicability of research findings to real-world scenar-
ios, where flexible link manipulators must simultaneously
handle multiple complex factors and perform under diverse
conditions [4]. Table 1 provides a structured overview of
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TABLE 1. Overview of literature on flexible link manipulators. This table summarizes key literature relevant to our study, highlighting their addressed
topics and identifying existing shortcomings. The identified gaps in the literature (such as complex link shapes, low degree of freedom, low payloads, and
vibrations patterns) are outlined, along with an indication of whether these challenges have been experimentally validated or remain unaddressed.

non-uniform | DOF>2 | Payload Direction of Successful Reference
link(s) >0.5kg | the vibrations | experimental validation
L X [71-[12]
X /L [13]
L [14]
X X L X [15]
L X [16]
Xk X // X [17], [18]
/A X [19], [20]
X L X [21]
X 1L X [22]
X X X // X This paper
*rigid links

L vibrations perpendicular to the axis of rotation
// vibrations parallel to the axis of rotation

FIGURE 1. Vibration perpendicular to the axis of rotation (top). Vibration

parallel to the axis of rotation (bottom).

TABLE 2. DH-parameters of the experimental setups. Values based on

the Kuka iiwa robot.

O [rad] | a[mm] | d[mm] | « [rad]
Joint1 | 6; 0 200 w/2
Joint2 | 0; 420 0 0
Joint 3 | 0;: 400 0 0

TABLE 3. Properties of the experimental setups, showing a 3DOF high

payload FLM with optimized lightweight links.

flexible links | rigid links
Degrees of freedom 3 3
Payload [kg] 10 10
Reach* [mm] 820 820
Link 1 length* [mm] | 200 200
Link 2 length* [mm] | 420 420
Link 3 length* [mm] | 400 400
Mass link 2 [kg] 0.59 3.84
Mass link 3 [kg] 0.47 2.5
Total mass [kg] 18.4 23.32

*Consistent with DH-parameters

the literature on flexible manipulators, highlighting the key
limitations that our work aims to address in its entirety and

comprehensively.
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A. LINKS

In research, flexible links are modelled as simplified beams,
often with uniform cross-sections and homogeneous mass
distribution. This approach is primarily done because simple
beams are mathematically tractable and provide a clear under-
standing of fundamental principles such as deformation,
vibration, and dynamic behaviour [3], [5]. The use of simple
beam models allows researchers to leverage well-established
mathematical tools and theories, such as Euler-Bernoulli,
Timoshenko beam theories and assumed modes method,
to derive analytical solutions for bending, torsion, and
dynamic responses. These models make it easier to predict
how the link will behave under various loads and constraints.
In contrast, real-world industrial robots have links with
complex geometries tailored to specific tasks and operational
environments. These practical designs often feature curved
surfaces, varying cross-sections, and integrated components
such as sensors, actuators, and cabling [3], [5]. Table 1
highlights studies that predominantly utilize simple link
geometries, often rectangular or cylindrical in shape. More
complex structural designs are rarely explored, and when they
are, they are typically considered as rigid rather than flexible.
This paper defines a complex link shape as one that exhibits
a non-uniform cross section and/or a non-homogeneous
distribution of mass.

B. PAYLOAD

In flexible link research, the inclusion or exclusion of
payloads, and the size of those payloads, significantly
impact the findings and their applicability to real-world
scenarios [1], [7]. By eliminating or minimising the payload,
researchers can isolate and study the fundamental effects
of flexibility, such as natural frequencies, and modes of
vibration. However, these can all change depending on the
payload [23]. In the literature of Table 1, no payloads exceed
1 kg, with average tested payloads around 200 g, limiting
the relevance of these studies for high-load applications and
real-world applications. Additionally, larger payloads can
introduce non-linear effects, such as large deformations and
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TABLE 4. Estimated fundamental frequencies with their respective
damping ratios for Gy when 6, = —90°, 6;3 = 0° and mp; = 10 kg.

Fundamental frequencies Damping ratio
fI[Hz] | f2[Hz] | f3[Hz] | (1[ul] C2[ul] C3[ul]
1.45 5774 9.89 0.0076 | 0.0113 | 0.0074

non-linear scaling behaviour, complicating the analysis and
modelling [3], [24].

N

(W\&Aluminiumg {AluminiumJ
J

lexible link

-

rigid links

Actuators

Actuators

FIGURE 2. The experimental setup used for comparing a flexible link
manipulator (left) and a rigid link manipulator with hollow cylindrical
links (right). There is no payload on either end effector in this figure.

C. DEGREE OF FREEDOM

Research often concentrates on single flexible links rather
than multi-link systems, primarily to simplify the analysis
and gain a fundamental understanding of how flexibility
influences robotic behaviour [1], [5]. However, this focus on
single links may not fully represent the complexities of real
robotic systems. Many real-world robotic systems require
multiple degrees of freedom (DOF) to function effectively,
and the dynamics of these systems can be significantly
more complex than those of single-link systems. Multi-
link systems often exhibit emergent behaviours arising from
the interactions between individual links, which cannot be
adequately represented by studying single links in isolation.
Additionally, interactions between links, such as vibration
coupling and transmission of reaction forces, are crucial
in multi-link systems but may be overlooked in single-link
studies. To address this gap, researchers are gradually incor-
porating multi-link studies into their research, starting with
simpler two-link systems and scaling up as their understand-
ing grows [1], [6], [25]. Advanced simulation and modelling
techniques, such as multi-body dynamics simulations, enable
researchers to explore system-level effects and interactions
in multi-link systems more comprehensively. Experimental
validation using realistic testbeds that replicate real-world
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FIGURE 3. Flowchart for developing an adaptive controller for a flexible
link manipulator to reduce vibrations.

15 ‘ ‘ ‘ ‘
—NVC

—Rigid
Desired |

Position [deg]

5 . . . .
110 111 112 113 114 115
Time [s]

FIGURE 4. Example comparability of position of joint 1 following a step
trajectory with payload of 10 kg and a max end effector speed of 1.5 m/s.
Robustness of the controller showed a difference of maximum 0.004°
between the RLM and FLM, following a smoothened step trajectory.

conditions, including multi-link systems with flexible com-
ponents, is also essential for validating theoretical models and
simulation results [6], [25]. By integrating multi-link studies,
advanced simulation techniques, and experimental validation
approaches, researchers can develop a more comprehensive
understanding of how flexibility impacts the performance of
multi-link robotic systems, advancing the design, control, and
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FIGURE 5. Control schematic of the flexible link manipulator for vibration control, including a strain feedback and adaptive controller on joint 1. The

rigid manipulator only uses the regular velocity controller.
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FIGURE 6. Breakdown of the adaptive controller, featuring a gain
scheduler that is dependent on the joint positions and the payload. This
gain scheduler supplies the PID values for the PID strain-feedback
controller.
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FIGURE 7. Multisine excitation signal assigned to joint 1 (blue) with the
strain gauge response (orange).

application of flexible robotic platforms in various domains.
However, as shown in Table 1, studies that incorporate higher
degrees of freedom often exhibit other limitations, such as
low/no payload and simple link structures.
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FIGURE 8. Example of frequency response function of the Best Linear
Approximation of the parameter varying flexible manipulator. The
influence of the different payloads is observed.

D. DIRECTION OF THE DEFLECTIONS

The direction of vibration in flexible link manipulators is
dictated by the shape of the link and by the orientation
of the actuator. The FLM setups described in the literature
are designed to ensure that the vibrations of the links
are perpendicular to the axis of rotation, while neglecting
vibrations that occur parallel to it, as shown in Fig. 1 (top)
[11, [4], [5]. However, researchers have conducted studies
on the first fundamental frequencies, and their corresponding
modes, of commercially available robots. Their findings
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FIGURE 9. The Best Linear Approximation of the parameter varying

flexible manipulator, showing the significance of varying joint angles.
A constant payload of 10 kg was used.
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FIGURE 10. Estimated transfer function graphed in combination with the
experimental response data (frequency domain) on the amplitude plot
(top) and phase plot (bottom).

showed that the directions of the vibrations are parallel to
the axis of rotation of the longest links, not perpendicular.
Additionally, the base joint had the most critical influence
regarding the dynamic behaviour [17], [18]. Fig. 1 (bottom)
shows the direction of vibration parallel to the axis of
rotation.

Therefore, this paper introduces a novel 3DOF flexible
link manipulator tailored for industrial applications, featuring
complex link shapes and designed to handle a high payload of
10 kg. Subsequently, a novel control strategy is developed to
address the added complexities, which are often simplified,

VOLUME 13, 2025
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FIGURE 11. Section of the validation data of the estimated transfer
function using a multisine trajectory of Gr;y for 6, = —90°, ¢;3 = 0° and
mp; =10 kg.
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FIGURE 12. Simulation of the strain response, controlled vs. uncontrolled.

never combined, or treated separately in the literature.
The FLM and its controller are evaluated based on the
performance characteristics (such as repeatability, overshoot,
settling time, peak torques, peak power, and energy con-
sumption) for industrial applications. These characteristics
are compared to those obtained for a rigid link manipulator
(RLM) across experiments conform to industry standards.
To do so, this paper uses an experimental setup where one
flexible link manipulator and one rigid link manipulator are
subjected to a series of experiments that reflect industry
guidelines, specifications, requirements and applications.
The outline of this paper is as follows; Section II and
Section III describe the creation of the FLM and RLM
and their control. Section IV and Section V describe the
different experiments to evaluate both manipulators. During
these experiments, the performance characteristics, such as
repeatability, overshoot, settling time, peak torques, peak
power and energy consumption are collected and discussed.
The findings of the comparative analysis are summarized in
the Conclusion, Section VI.

Il. EXPERIMENTAL SETUPS

Two distinct experimental setups are created. The first setup
involves a robot constructed with rigid links, which serves
as the benchmark for comparison. The second setup features
a robot designed with flexible links that are structurally
robust enough to support both the payload of 10 kg and the
robot’s own mass. Both setups use the same actuators and
are subjected to the same Denavit—Hartenberg parameters
(DH-parameters), as seen in Table 2. The DH-parameters
are based on the Kuka iiwa robots as this commercially
available robot is a widespread robotic platform [7], [26],
[27]. However, the degrees of freedom are limited to 3.
Therefore, the DH-parameters for our design were calculated
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TABLE 5. Repeatability of the FLM with vibration control (VC) and without
vibration control (NVC). The repeatability of the rigid link manipulator and
FLM VC are in close proximity and show similar repeatability.

NVC [mm] | VC[mm] | rigid [mm]
Okg 0.105 0.022 0.018
Skg 0.491 0.030 0.030
10kg 2.069 0.138 0.0620

TABLE 6. Overshoot of the FLM with vibration control (VC) and without
vibration control (NVC). Overshoot of the rigid link manipulator remains
constant for different payloads showing very similar dynamics for a
variety of payloads.

NVC [mm] | VC[mm] | rigid [mm]
Okg 0.65 0.61 0.52
Skg 1.97 1.60 0.52
10kg 2.11 1.08 0.58

from the Kuka morphology, by only considering the base,
shoulder and elbow joint of the Kuka as active joints, and
considering the remaining joints as locked.

T T T T
= Simulation controlled
Experimental controlled

millistrain [ul]

. . . . . . . .
110 112 114 116 118 120 122 124 126 128 130
time [s]

FIGURE 13. Simulation of the controlled strain response and the
experimental data.
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FIGURE 14. Static reference markers, which are mechanically separate
from the robots, during test measurements show no noticeable
influences such as external vibrations. Spectral analysis shows an equal
energy distribution across all frequencies at a low level, ensuring precise
measurements in x-,y- and z-axis. The noise represents deviations of the
static reference markers in millimetres.

A. DESIGN OF THE FLEXIBLE LINKS

The loading conditions on the links are estimated such that
the links can manipulate the payload of 10 kg, their own
weight, and withstand inertial forces. Fy, Fy, F;, My, M,
and M, are calculated for every structural component for
different 6,6 and 6. F xyz and My, are the forces and moments
acting on the links in the reference frame of the joints for the
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FIGURE 15. Trajectory of the repeatability experiment shown in Cartesian
space. The trajectory includes a sequence from the home position to the
start position, the trajectory itself, and a return sequence to the home
position. Six individual points are reached sequentially, with a 7th-order
polynomial trajectory used between each point for smooth transitions
and minimal jerk.

TABLE 7. Settling time of the FLM with vibration control (VC) and without
vibration control (NVC). The settling time of the FLM and NVC is not
measurable according to the I1SO norm as the vibrations do not have
enough time to settle before the trajectory continues.

NVC [s] VC [s] | rigid [s]
Okg 0.09 0.06 0
Skg | not quantifiable 0.61 0
10kg | not quantifiable 0.87 0

X-, y- and z-direction, in Newton. 6, 6 and @ are the joint
angles, joint speeds and joint accelerations respectively,
in radians per second. From this dataset, the peak load cases
are selected for further use in the design process. A safety fac-
tor (SF) of 1.25 is used to take into account unexpected forces
such as the weight of cables, manufacturing tolerances and
unequal mass distribution of the payload. The obtained forces
are applied in a stress-constrained topology optimization.
This results in a structure that is strong enough, as the stop-
criteria is dependent on the stress levels inside the part, yet
lightweight and inherently more flexible. This paper focuses
on link 2 and link 3, as these links contribute the most to the
moving mass and will create the largest amount of vibrations
when they are optimized. Links 2 and 3 are shown in Fig. 2 by
L, and L3 respectively. The resulting robot has the properties
described in table 3 and can be seen in Fig. 2.

B. ACTUATOR SELECTION

The actuator torque requirements are based on the same
loading conditions of Section II-A. The speed of the actuator
output are based on the joint speeds of the KUKA iiwa robot,
which are between 75-85°/s. The selected actuators have the
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FIGURE 16. The torque differences and standard deviations for joint 1 of the flexible manipulators with vibration control (red)
and without vibration control (blue), compared to those of the rigid manipulator for experiment 1 with a payload of 10kg. The
vibration control results in significantly more oscillations (e.g. between 11s and 14s) in the torque to compensate for
vibrations, which are not present when using the controller without vibration control.
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FIGURE 17. Power difference of joint 1 for flexible manipulators with vibration control (red) and without vibration control
(blue), compared to the rigid manipulator for experiment 1 with a payload of 10kg. The peaks show that the major

differences occur at the highest speeds of the trajectory.
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FIGURE 18. Energy difference and standard deviations of joint 1 of the flexible manipulators with vibration control (red) and without
vibration control (blue), compared to the rigid manipulator for experiment 1 with a payload of 10kg. The flexible manipulator clearly
shows a reduction of total energy consumption compared to the rigid manipulator wether vibration control is present or not. This
indicates that the energy is lower due to the mass reduction of the flexible link manipulator.

controller, motor and gearbox integrated into one component,
as is often the case with robots [27].

C. SENSING
Strain gauges are used to detect vibrations in flexible

link manipulators. Strain gauges are highly sensitive to
vibrations, offering precise measurements without being

VOLUME 13, 2025

invasive. Their lightweight nature ensures that they do not
add to or influence the dynamic vibrations of the flexible
links, making them ideal for accurate and reliable vibration
analysis in industrial applications. The link shape, derived
from a stress-constrained topology optimization, results in
a more uniform stress distribution compared to beams or
cylinders [28]. This in turn means that the location of the
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FIGURE 19. Power difference and standard deviations of joint 1 of the flexible manipulator with and without the vibration
control for experiment 1 with a payload of 10kg. The peaks show that the major differences occur at the highest speed of the
trajectory, as at these instances, the controller needs more power to compensate for the vibrations.

std dev NVC-VC
mean NVC-VC

15 20 25

time (s)

FIGURE 20. Energy consumption difference and standard deviations of joint 1 of the flexible manipulator with and without
vibration control for experiment 1 with a payload of 10kg. More energy is required for the active vibration control. However, the
energy saved from the usage of lighter flexible links is far greater than the added energy due to the vibration control.

strain gauges is less important. A Beckhoff system housed in
an electrical cabinet together with power supplies and braking
choppers is used for data acquisition (DAQ) and control [29].

D. DESIGN OF THE RIGID LINK SETUP

The setup with rigid link is created in a similar manner as
described in Section II-A. The amount of deflection for every
link is selected to be § > 0.2% of the length of the link for
it to be considered a rigid link’ [30]. To minimize variable
differences, the same actuators are used in the rigid as with
the flexible manipulator setups. However, the rigid robot is
not equipped with strain gauges for vibration measurement,
as its stiffness, similar to that of conventional robots, makes
such measurements unnecessary. The resulting robot has the
properties described in Table 3 and can be seen in Fig. 2.

Ill. CONTROLLER

The implementation of a controller is essential for vibration
reduction in flexible link manipulators, as uncontrolled
vibrations can severely compromise the robot’s performance
metrics. Without a properly designed controller, the inherent

118554

TABLE 8. The root mean square (RMS) energy of the system’s total
energy consumption during Experiment 1, illustrating the energy usage
across different payloads.

RMS Energy [J] | NVC VC RIGID
Okg 67435 | 67147 | 68735
Skg 72572 | 72748 | 74964
10kg 87200 | 87819 | 88599

TABLE 9. Maximum Torque of every joint given for the pick-and-place
task with 10kg payload. Rigid manipulator has increased torques due to
heavier links. Slight increase in joint 1 of vibration control compared to
no vibration control due to the active strain feedback for vibration
suppression.

Max Torque [Nm] | NVC VC Rigid
J1 18.65 18.84 18.86
J2 139.58 | 139.71 | 152.09
13 128.40 | 128.07 | 129.92

flexibility of the links can lead to significant oscillations,
particularly during fast dynamic movements and/or when
handling heavy payloads. These oscillations can cause
inaccurate positioning, degraded task performance, and even

VOLUME 13, 2025
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TABLE 10. Maximum Power of every joint given for the pick-and-place
task with 10kg payload. Rigid manipulator has increased power due to
heavier links. The maximum of the total trajectory is also given.

Max Power [W] | NVC vC Rigid
J1 18.40 20.11 19.22
12 74.00 74.32 80.94
I3 63.19 62.95 63.09
Total 121.98 | 123.61 136.69

TABLE 11. RMS energy of every joint given for the pick-and-place task
with 10kg payload. Rigid manipulator has increased power due to heavier
links especially visible when looking at the total.

RMS energy [kJ] | NVC | VC Rigid
J1 6.18 6.71 6.23
12 3279 | 32.83 | 36.94
13 39.74 | 39.68 | 40.24
Total 66.82 | 65.97 | 71.95
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FIGURE 21. Pick-and-place task trajectory for a payload of 10 kg and end
effector speed of 1.5 m/s.

potential damage to the system due to e.g. fatigue. Creating
a controller for flexible link manipulators involves different
steps and considerations compared to developing one for
rigid link manipulators [4], [6]. The flowchart in Fig. 3
illustrates the extra steps necessary for controlling the flexible
manipulator.

Before an adequate controller can be created for the
flexible manipulator, more information about this flexible
system is required. An experimental approach is used to
identify the linear and non-linear dynamics and to what
extent the payload and joint positions affect the robot
dynamics. These 2 variables are explored for the following
reasons.

Payload: The mass distribution between the robot and its
payload can significantly influence the system’s fundamental
frequency, with an increase in payload leading to a reduction
in the first fundamental frequency [23]. Additionally, the
mass distribution influences the first fundamental fre-
quency [23].

Joint Configurations: Similarly, variations in joint posi-
tions lead to alterations in the system’s dynamic behaviour
due to changes in mass distribution. Vieler demonstrated
substantial shifts in both the range and direction of the fun-
damental frequency when joint positions were adjusted [18].

VOLUME 13, 2025

A. TUNING REGULAR JOINT CONTROLLERS

To ensure a meaningful comparison between the experi-
mental setups of the flexible link manipulator and the rigid
link manipulator, it is crucial that both control systems
behave similarly on the joint level. This comparability allows
us to attribute any observed differences in performance to
the inherent characteristics of the manipulators themselves,
rather than to discrepancies in the control strategies. By stan-
dardizing the control systems, reliable and valid data can be
obtained that will facilitate a rigorous comparative analysis.
Hence, before the identification of the FLM, a temporary
regular velocity controller with an outer positional controller
is used. In contrast to a position controller, the use of a
velocity controller, combined with strain feedback control,
can significantly enhance damping [25]. The controller used
for the rigid-link manipulator is identical to that employed
for the flexible-link manipulator, with the sole exception
being the addition of the strain feedback, as discussed in
Section III-G and shown in Fig. 5. In the case of the
rigid-link manipulator, the strain feedback is disregarded,
as it is not relevant to the system dynamics of a rigid
structure. The two systems have been tuned to ensure that the
controllers are robust enough to achieve identical dynamic
responses on the joint level, even when operating at their
maximum payload capacities. This tuning process involved
optimizing the control parameters to maintain consistent
performance metrics of the joint such as overshoot, position
error, and settling time across both the flexible and rigid link
manipulators. An example of a step response at high payloads
can be seen in Fig. 4.

B. SYSTEM IDENTIFICATION

The first fundamental frequency is the most significant
as it typically dominates the system’s response. However,
ignoring higher modes can lead to incomplete or inac-
curate representations of behaviour, especially in complex
systems [31]. Thus, during identification and modelling,
higher modes are taken into account. A preliminary finite
element analysis (FEA) and analytical estimations show the
fundamental frequencies of the flexible link manipulator to
be always higher than 1.5 Hz. Hence, to incorporate higher
mode shapes, the identification will use a multisine, with
a frequency range of 0.3-15 Hz and a frequency resolution
of 0.005Hz, which is applied as an excitation to the base
joint. This investigated frequency range is consistent with the
fundamental frequencies of robots found in literature [18],
[32]. Fig. 7 shows part of the excitation signal and the
response during identification.

Nine periods of the multisine are applied to the first
joint 6;1, as this joint excites the vibrations the most. The
first period is disregarded to avoid transient behaviour. Joint
angles 6 and 6;3 are varied slowly during the experiment
over a range of —90° to 10° and 0° to 152° respectively,
which includes most of the work envelope of the FLM.
The corresponding response is measured using the strain
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FIGURE 22. Joints torques for experiment 1 with a payload of 10kg.

gauges at a sampling frequency of 1 kHz for each payload
and for each position. The total experiment time for one
identification multisine is approximately 26 minutes. The
identification is repeated for different payloads, namely of 0,
5 and 10 kg and varying joint angles. Various identification
trajectories are employed, each with slight variations. These
variations include focusing on specific frequencies and using
randomly distributed phases. This approach helps to capture
a comprehensive range of system behaviours and responses.

During the identification process, it was observed, by using
the Robust Method, that the nonlinearities of the FLM,
indicated by the presence of odd, non-excited frequencies, are
relatively minor compared to the varying system parameters
like joint positions and payload changes [33, Section 4.3].
Therefore, the non-linearities are disregarded in the remain-
der of this paper. Fig. 8 shows the Best Linear Approximation
(BLA) [33, Section 7.3] of the FLM for different payloads,
showing the influence of a varying payload. Here, the
reduction of the fundamental frequency becomes apparent
with increasing payload. Similarly, Fig. 9 shows the influence
of the joint positions on the dynamic response for a payload of
10kg. This highlights the necessity of using a controller that
can adapt to payload changes and joint variations to cancel
vibrations effectively.

C. EDGE CASE IDENTIFICATION
So far, this paper has focused on the initial identification of
the system, aiming to find its dominant behaviours, which
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FIGURE 23. Joints mechanical power for experiment 1 with a payload of
10kg.

are the joint positions and the payload. Additionally, it has
provided insights into the complexity of the system dynam-
ics, highlighting that modelling and predicting vibrations
using traditional models, such as assumed modes method,
finite elements method and lumped parameter modelling,
is impractical for real-time control. This is due to factors
such as complex link structures, uneven mass distribution,
a high number of degrees of freedom, and the direction
of the vibrations, which are reliant on computationally
intense modelling techniques [3]. Therefore, a data-driven
approach is employed instead. In order for accurate modelling
and tuning, more identification is done with a focus on
static edge cases of the robots work envelope. The edge
cases represent the extremes of the system’s operating
conditions, specifically based on the fundamental frequency.
By designing gains for these points, we ensure that the
controller can handle the entire range of system behavior.
By designing for edge cases, we effectively bound the
worst-case performance. Instead of designing gains for every
possible operating point (which is infeasible), this paper
chooses a finite set of representative points making the
design process more tractable. The edge cases are selected
based on the positions where the robots’ first fundamental
frequency changes from minimum to maximum for a given
payload. This method is also consistent with the work of
Vieler et al., who investigated the first fundamental frequency
in relation to the end effector position within the work
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FIGURE 24. Joints energy for experiment 1 with a payload of 10kg.

envelope of arigid manipulator, showing results similar to our
system identification findings [18]. This approach ensures
that only interpolation of the control parameters is necessary,
avoiding the potential errors associated with extrapolation.
More information on the control parameters can be found in
Section III-G. This approach is illustrated with an example
to show how it was used to tune the controller effectively.
Data from the identification process in section III-B is used
to select intermediate points of the flexible link manipulator.
This edge case example will focus on one of its most
challenging configurations: fully horizontally stretched out
with a high payload, 0, = —90°, 0;3 = 0° and my; =
10 kg. This configuration is most prone for vibrations in
the horizontal plane, and can only be countered using the
base joint. This configuration has a minimum of 1.55 Hz.
Additional identification trajectories are applied, similarly
as described in Section III-B. The data gathered is used to
create an edge case model. The bode plot and estimated
transfer function of this example is visible in Fig. 10 and the
fundamental frequencies and their respective damping ratios
can be found in table 4.

D. EDGE CASE MODELING

A transfer function is used to determine the input/output
(motion induced by joint velocity / strain) relationship,
represented by Grry in Fig. 5. The transfer function is
estimated via a Maximum Likelihood approach in the
frequency domain, as outlined in [33, Section 9.11]. The
estimated transfer function, plotted in Figure 10, is given by:

ZZ::O bus"

G(s) =
>ho ans”

ey

E. MODEL VALIDATION
The predicted input-output of the reduced-order model is
validated against additional experiments, visible in Fig. 11.
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F. EDGE CASE TUNING

Once the transfer function is estimated and validated, it can
be utilized to fine-tune one of the edge cases of the adaptive
controller. The goal of this tuning process is to achieve the
shortest possible settling time. For the specific scenario when
Op = —90° 653 = 0° and my; = 10 kg, a significant
reduction of 94% in settling time was achieved, as illustrated
in Fig. 12 and Fig. 13.

This summarizes the process of tuning the adaptive control
for one of the edge cases. Various edge cases were examined,
each involving different combinations of payloads and joint
positions.

G. CREATION OF ADAPTIVE CONTROLLER

The different edge cases that were investigated were com-
bined to create a lookup table for the gain scheduler of
the adaptive controller. The gain scheduler was constructed,
utilizing linear interpolation between all the explored cases.
While much of this process was automated using MATLAB,
it still requires a significant amount of manual processing.
The time invested in identifying, modelling and tuning of the
cases will dictate the effectiveness of the controller tuning.
The more edge cases and intermediate cases that are explored,
the better the controller can be tuned. The overall control
schematic of the FLM can be seen in Fig. 5 and the adaptive
controller can be seen in Fig. 6.

H. EXPERIMENTS

Two distinct experiments are conducted. The first experiment
quantitatively assesses the performance of both manipulators
based on the ISO 9283 norm. The second experiment
involves a pick-and-place task, evaluating the manipulators’s
performance based on its ability to successfully complete the
task and look at the maximum torques, power and energy
consumption.
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(red) are compared to those of the rigid manipulator for experiment 1 with a payload of 10kg. Similarly, the torque differences
and standard deviations for joints 2 and 3 of the flexible manipulators without vibration control (blue) are compared to the rigid
manipulator for experiment 1 with a payload of 10kg. A reduction of 20 Nm is observed for a 10 kg payload in joint 2,
demonstrating the advantages of lightweight flexible links. This suggests that smaller actuators with lower torque requirements
could potentially be used when flexible links are implemented. Similarly, lower torques can be expected in joint3. No major
differences are visible between the FLM with and without vibration control as the vibration control has no effect on these joints.

P
T2 std dev NVC-RIGID 2 std dev NVC-RIGID
4t ————— NVC-RIGID 2t VC-RIGID
JL . !std dev NVC-RIGID td dev NVC-RIGID
— VC-RIGID — VC-RIGID
E 2 E 1
5} g
g 0 20
o o
jam a
= -2 e -1
4t B
6 -3
0 5 10 15 20 25 0 5 10 15 20 25

time (s) time (s)

FIGURE 26. Power difference of joints 2 and 3 for flexible manipulators with vibration control (red) compared to the rigid
manipulator for experiment 1 with a payload of 10kg. Power difference of joints 2 and 3 for flexible manipulators without
vibration control (blue) compared to the rigid manipulator for experiment 1 with a payload of 10kg. The flexible manipulator
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FIGURE 27. Energy difference and standard deviations of joints 2 and 3 of the flexible manipulators with vibration control (red)
compared to the rigid manipulator. Energy difference and standard deviations of joints 2 and 3 of the flexible manipulators without
vibration control (blue) compared to the rigid manipulator. No major differences are visible between the FLM with and without

vibration control as the vibration control has no effect on these joints.

system is calibrated. In addition, the robots are painted
mate black to avoid reflections which can cause the optical
measurement system to be inaccurate, as can be seen in

All experiments are performed in a temperature-controlled
room, with no people present in the measurement envi-
ronment [34]. In addition, following the manufacturer’s
guidelines, the measurement equipment is powered on one Figure 2.
hour prior to the beginning of the measurements, to allow Measures to avoid environmental influences are imple-
for thermal equilibrium of the measurements’ sensors. Once mented at various levels. Firstly, only shielded cables are used
thermal equilibrium is achieved, the optical measurement for robot control and data acquisition. Additionally, special
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shielding tape is applied to the strain gauges’s leads to prevent
any environmental electrical contamination of the signal
used for the controller. Secondly, independent reference
markers are used to verify the presence of environmental
influences such as ground vibrations. Figure 14 illustrates
the results of spectral analysis of one of the reference
markers, demonstrating an equal energy distribution across
all frequencies at a sufficiently low level to ensure precise
measurements in x-,y- and z-axis. Thus, showing that the
deviations measured are considered to be noise only. The
noise represents the deviations of the static reference markers
in millimetres.

IV. EXPERIMENT 1: ASSESSMENT OF THE
REPEATABILITY
ISO 9283 outlines the methods for measuring and evaluating
the performance of industrial robots, particularly focus-
ing on their accuracy, repeatability, and other operational
characteristics. The purpose of ISO 9283 is to provide a
consistent framework for assessing these performance met-
rics, enabling manufacturers and users to compare different
robots objectively [34]. The key performance characteristic
in industry is ‘repeatability’, this is the only metric that is
consistently shared by robotic manufacturers. However, more
performance characteristics will be used and compared in this
experiment. To assess repeatability, the robot is programmed
to follow a trajectory defined by the ISO 9283 standard. The
trajectory, shown in Figure 15, includes a sequence from
the home position to the start position, the trajectory itself,
and a return sequence to the home position. Six individual
points are reached sequentially, with a 7th-order polynomial
trajectory used between each point for smooth transitions
and minimal jerk. Figures 30 and 31 show one period of
the trajectory for this experiment in joint space. These tests
are conducted with a payload of 0, 5 and 10 kg and an end
effector speed of up to 1.5 m/s. This end effector speed is
higher than the typical end effector speed of around 1 m/s,
for industrial robots and 0.25 m/s for collaborative robots,
to account for highly dynamic conditions [35], [36], [37],
[38]. Joint speeds and accelerations reach up to 1.33 rad/s
and 2.83 rad/s?, respectively. The trajectories are performed
while the end effector position is measured, such that the
repeatability can be determined as:

R, =max Ry =max[[; +3S;] i=1...m (2
The repeatability R, is the maximum R,,; which represents the
radius of a circle in the normal plane and with its centre on the
barycentre line of the trajectory [34]. Where i is the indicator
of what trajectory is performed and where m = 3, which is
the total number of trajectories performed. And /; is the mean
of the repeated paths formulated as:

I
zi=;;z,-,- 3)
J=

VOLUME 13, 2025

Here is j = 10, which is the number of times the i
trajectory has been performed a number of j-times, and is a
requirement of the ISO 9283 norm. The standard deviation of
the trajectory Sy;, can be written as:

o _ |2 (= h) A
li n—1 ()

And [;; can be written as:

=V =5+ 0y =) + =3

xjj, yij and z;; are the measured spacial positions for the
i trajectory of the j* path for the x, y and z coordinates
respectively, in cartesian space. x;, y; and z; are the mean
values of the i’ trajectory, giving a barycentre line of all j-
amounts of paths taken. The data collected from these cycles
is then analysed to determine the repeatability of the systems.

The results of the experiments are displayed in Tables 5-7
showing the repeatability, the overshoot and the settling time.

The repeatability of a RLM is dependent on the pay-
load [36]. This is confirmed by the results in Table 5 for a
FLM, with an increase in payload, so does the repeatability
increase. Typical RLMs/commercially available robots have
a repeatability ranging from 0.4 mm to 0.02 mm. From
the experimental results, it is clear that the FLM without
vibration control is performing significantly worse compared
to commercially available robots when there is no vibration
control. However, when vibration control is applied, the
repeatability falls within the range of commercial robots. The
repeatability tests demonstrated that the flexible manipulator
achieved a repeatability of 0.138 mm at a 10 kg payload.
This level of repeatability is comparable to that of traditional
rigid manipulators. These results indicate that a flexible link
manipulator, even with these complex link structures and
high payload capacity, can perform on par with commercially
available rigid robots when equipped with an advanced con-
trol system. This finding underlines the potential of flexible
link manipulators to match the performance standards of rigid
robots in industrial applications.

However, repeatability should not be the only performance
factor. Overshoot and settling time should also be considered,
especially with flexible manipulators.

Overshoot is calculated as:

O = max O; (6)

And O; is the overshoot for different trajectories and can be
expressed as:

Oj =max Dy if maxD;; > limit band
=0 if maxDj < limit band @)

Here, D;; represents the overtravel distance of the robots
end effector compared to the barycentre of the measured
point for the ith trajectory of the jth path. The limit band in
this formulation represents the repeatability. Settling time is
related to the overshoot as it is the time necessary for a robot
to stabilize at the attained pose.
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FIGURE 29. Energy consumption difference and standard deviations of joint2 and 3 of the flexible manipulator with the vibration control
compared to without vibration control for experiment 1 with a payload of 10kg.

The flexible link manipulator exhibits relatively high over-
shoot and settling time compared to the rigid manipulator,
as can be seen in Table 6 and Table 7. Depending on the
specific task, these performance metrics might be excessive
and could impact the suitability of the flexible manipulator
for certain applications. It is important to note that the
comparison of overshoot and settling time is challenging
because manufacturers do not provide these metrics for their
robots and especially as it is highly dependent on the control
strategy. This lack of standardised data makes it difficult to
directly compare and position the performance of flexible
and rigid manipulators based on these criteria. Overshoot and
settling time can be reduced by fine-tuning the parameters
of the adaptive controller. However, this adjustment is
likely to come with trade-offs. Specifically, improving these
metrics may result in increased cycle times and reduced
operational speeds. Another strategy is to simply reduce the
manipulator’s operating speed. In certain applications, such
as collaborative robot, speed is intentionally limited. This
reduction in speed leads to less dynamic excitation, making
it easier to manage vibrations and improve overall system
stability. Table 6 and Table 7 both show that vibration control
is necessary for better performance of an FLM. The settling
time of a flexible structure without vibration control is so high
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that it is considered ‘not quantifiable’ according to the ISO
9283 standard.

Additionally, in Table 6, the FLM with VC exhibits
a higher overshoot at a payload of 5kg compared to a
payload of 10kg, indicating poorer performance at the lower
payload. This observation is not counterintuitive, as the
relationship between overshoot and payload is not expected to
be linear nor expected to be always increasing with increasing
payload. Similar to the findings for rigid manipulators by
Offodile et al., it was also demonstrated that repeatability
does not consistently increase with increasing payload or
speed, but it also shows there are combinations of lower
speeds and lower payloads that yield worse repeatability
values [36]. To address this behaviour, one potential solution
is to fine-tune the adaptive controller for specific scenarios
involving lower payloads. Instead of using a general approach
as shown in Fig. 3, it would be beneficial to customise
the controller for particular tasks where the payload and
trajectories are predetermined. This targeted tuning could
enhance the controller’s performance by accounting for the
unique dynamics and requirements of each specific situation,
leading to more precise and reliable operation under varying
conditions. Notably, when no payload is present, the flexible
links behave very much like a rigid link.
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FIGURE 31. Joint speeds of one period of the path taken for repeatability
tests in degrees.

One of the main advantages of flexible links is their
reduced mass, which can significantly impact joint torques,
power requirements, and energy consumption in robotic
tasks. Since there is no definitive consensus in the literature
on which trajectories or tasks to use for investigating
these performance characteristics, this paper will utilize
the trajectories provided by the ISO 9283 norm. Although
ISO 9283 is primarily used for repeatability assessment, its
trajectories can also be effectively used for analyzing power
and energy consumption. Figures 16-18 respectively show
the obtained torque, power and energy values obtained for
this trajectory. To enhance interpretation of the results, the
results obtained with and without vibration control are shown
as difference with respect to the values obtained for the
rigid link robot. Figure 16 shows the mean values and the
standard deviation of the torques of joint 1. Additional torque
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oscillations can be seen when the vibration suppression is
active.

Figure 17 presents a comparison of the power differences
between the rigid manipulator and the flexible link manipu-
lators (with and without vibration control). The mean values
and standard deviation of the power of joint 1 is calculated
as:

Pij 1 = Tij, 51045, 71 (8)
_ 1 <&
Py = - ;Pij,n )

(10)

Pi,Jl std dev

J

\/Z}Ll Py —Pinn)
n—1

Figure 17 illustrates that for a 10kg payload, mechanical
power consumption of joint 1 can be reduced by up to 4.1W
at a given moment, which is significant when considering that
the maximum power of the initial power requirement is 24W,
visible in Figure 23. Similar findings for joints 2 and 3 can
be seen in Figure 28 , indicating that the FLM required less
power. When examining Figure 17, it was anticipated that the
torque oscillations between 11s and 14s from Figure 16 would
also be present in the power. However, due to the low speed
required to minimize the vibrations, the power is negligible
compared to the power reduction of the payload to move at
high speed. In this case, the mass reduction of the structure
is the dominant factor. This reduction is also reflected in the
total energy consumption, as shown in Figure 18 by the mean
values of the path and the standard deviation, indicating that
flexible manipulators can save overall energy regardless of
whether vibration control is active. This can also be seen
for joints 2 and 3 in the Appendix, Figure 29. The energy
consumption Ej; ;1 for a given trajectory and path for joint
1 is calculated as:
t

Ej 1= /P,"/'ﬁ_]ldt (11D

And the mean energy for the trajectory after performing the
path a j-number of times for joint 1, which is the energy used
to make the comparisons in Figures 16-20:

t
Eij= /i)i,Jldt (12)
With the standard deviation:

= 2
> (Ej.on—Ein)
&nmm=/’ (13)

n—1

As introduced above, FLMs need active vibration com-
pensation to obtain better performance characteristics, which
in turn increases the energy consumption. Figures 19-20
show how much additional power and energy is required
for vibration control to compensate the vibrations, calculated
using Equation 8-11. From this this paper demonstrates that
the energy saved from the usage of lighter flexible links is far
greater than the added energy due to the vibration control.
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The analysis of power and energy consumption primarily
focused on joint 1, as it is the joint responsible for
reducing vibrations. Detailed graphs for all joints can be
found in Appendix. Furthermore, the total RMS energy
of the manipulators can be found in Table 8 for every
payload.

V. EXPERIMENT 2: PERFORMANCE EXPERIMENT

An additional pick-and-place task (PAP) is selected for
evaluating the robot’s performance due to its fundamental
and broadly applicable nature. Pick-and-place operations are
straightforward and represent basic functionalities that are
present in numerous industrial applications. This simplicity
allows for a clear assessment of essential performance
characteristics, energy consumption, peak power, etc. without
the added complexity of more intricate tasks [39]. The
trajectory of the PAP task can be seen in Fig. 21.

The results of the experiments are displayed in Tables 9-
11 showing the peak torques, peak power and energy
consumption for a PAP task of 10kg.

Tables 9-11 illustrate the considerable advantages of
utilizing lightweight flexible links. One of the most notable
improvements is the significant reduction in energy con-
sumption for a 10kg pick-and-place task. Although more
energy is put into the system to actively dampen vibrations
with joint 1, the overall energy consumption remains lower
compared to that of a rigid manipulator. This efficiency
gain highlights the potential for flexible link manipulators to
operate more sustainably and cost-effectively. Additionally,
when comparing the rigid manipulator to the flexible link
manipulator, a notable reduction in maximum torque and
power requirements is evident, particularly in joints 2 and
3. The use of flexible links allows for a reduction in
actuator requirements. By needing smaller and less powerful
actuators, the overall system can benefit from lower weight
actuators and lower operating cost.

VI. CONCLUSION

This paper demonstrates advantages and arguments for
flexible link manipulators that can be realized without the
restrictive assumptions commonly found in the literature.
These assumptions typically include low payload capacity,
limited degrees of freedom, simplified link structures, and
vibrations parallel to the axis of rotation. This paper
presents the development and comparison of a flexible link
manipulator without these restrictive assumptions and a rigid
manipulator. Both experimental setups are evaluated against
each other, with their performance measured and analyzed.
The results demonstrate that flexible link manipulators can
be designed and utilized in a reliable manner, making them
suitable for real-world applications. Specifically, the repeata-
bility of the flexible link manipulator of 0.138 mm is shown to
be comparable to that of commercially available rigid robots,
making flexible link manipulators much more suitable for
real-world applications than originally anticipated. While we
have demonstrated that flexible link manipulators (FLMs)
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can achieve repeatability on par with commercially available
rigid link manipulators, other performance metrics, such
as overshoot and settling time, suggest that FLMs are
better suited for applications involving lower dynamic
loads or slower operational speeds. Operating under these
conditions helps mitigate the effects of overshoot and reduces
settling time, thereby enhancing overall control stability.
One example of such an application may be collaborative
robots. Collaborative robots function at reduced speeds and
the reduced mass of the flexible link manipulators make them
safer compared to the rigid link manipulators. However, it is
important to note that evaluating the suitability of flexible link
manipulators for collaborative tasks was beyond the scope of
this study. Future investigations should explore this potential
more thoroughly, particularly in terms of safety certification,
human-robot interaction dynamics, and compliance with
collaborative robotics standards.

Additionally, energy consumption of a flexible link manip-
ulator is lower compared to a rigid manipulator even with
active vibration suppression. Future work will focus on
the development of safe interaction controllers, along with
conducting impact tests to gain a deeper understanding of
flexible manipulators in collaborative environments. A key
focus will be on improving safety to ensure reliable and
secure interactions between humans and robots. Additionally,
we plan to incorporate a wrist mechanism, adding an
extra 3 degrees of freedom (3DOF), to further enhance the
manipulator’s capabilities.

APPENDIX A

REPEATABILITY TRAJECTORY 10KG

APPENDIX B

JOINT 2 AND JOINT 3 PERFORMANCE CHARACTERISTICS
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