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ABSTRACT One of the main restrictions of commercial cobots can be found in their limited payload to
mass ratios. Flexible link manipulators seem to offer interesting advantages over traditional rigid robotics,
in terms of lower self-weight, lower energy consumption and safer operation. However, the design and
loading specifications in the general literature on flexible link manipulators differ from those expected in
a collaborative industrial setting. In this paper, we want to investigate whether the use of flexible links can
be truly beneficial for collaborative robotics. Firstly, the theoretical potential of flexible links to increase
the payload to mass ratio is investigated. The feasibility to design a cylindrical flexible link for specific,
realistic loading conditions is investigated, and the effect of link flexibility on the demanded motor torque
and maximum reachable payload is visualised, while considering cylindrical links. Subsequently, to get
insights in the accuracy and usability of such a manipulator, we experimentally quantify to what extent the
undesired side effects of the flexible design can be counteracted using an appropriate controller. To comply
with the envisioned application of collaborative robotics, a control strategy based on strain measurements
along the link and robust to payload changes is proposed. The obtained accuracy was measured by tracking
the end effector position using a Vicon motion capture system, considering two types of single link designs;
firstly, a very flexible link setup with rectangular cross section, and secondly, a cylindrical flexible link,
loaded to reach a payload to mass ratio of 1.

INDEX TERMS Collaborative robots, flexible links, lightweight robotics, strain-based control, vibration
control.

I. INTRODUCTION

Collaborative robotics can help in fulfilling the increasing
production flexibility demanded by the upcoming trend in
mass customization. By merging human dexterity, flexibility
and problem-solving ability with robotics strength, endurance
and precision, the use of cobots can help in decreasing
a worker’s workload and at the same time increase the
productivity. However, the economic attractiveness of a
collaborative workstation is still limited, given their current
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limitations. One of the main issues lies in the limited payload
to mass ratios. Table 1 lists the robot mass and maximum
payload specifications for a selection of commercially
available cobots, indicating in general a limited maximum
payload with respect to their self-weight. The mass of the
cobot however has a direct influence on the productivity
in collaborative mode; as imposed by the standard ISO/TS
15066, to guarantee safety towards the human operator,
the allowed operation speeds are restricted depending on,
amongst others, the robot’s moving mass. In addition, a high
mass impedes the possibility of mounting the robot arm on a
mobile platform.
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Therefore, many approaches have been proposed in
literature to decrease the robot’s mass. On the one hand,
this can be achieved by saving in actuator weight by e.g.
using passive gravity compensation techniques [10], novel
gearbox topologies [11] or off-joint actuation [12], [13].
Another strategy is to focus on reducing the structural
mass. Traditional robots are designed with a sufficient
stiffness of the links in order to minimize vibrations and
to obtain a good positional accuracy at the end effector,
resulting in voluminous and heavy designs. Commercial
cobots are typically fabricated from aluminium. The use
of lightweight materials with a higher specific stiffness,
such as carbon-fiber-reinforced composites, can be a first
approach to lower the robot’s weight while still main-
taining a significant structural stiffness. For the design of
ANYpulator, Bodie et al. [14] used lightweight carbon
fiber links, resulting in a payload to mass ratio of 1.04.
Yin et al. [15] proposed a hybrid structure design approach
to optimize lightweight robotic arms, combining carbon
fiber reinforced plastic and aluminium parts. The use of
composites unfortunately comes with a higher cost. Another
-or combined- approach is therefore to focus on optimizing
the link design and mass distribution of robotic links.
Barrett et al. [16] designed a lightweight manipulator arm of
10 kg, with payload capability of 3 kg, using an aluminium
exoskeletal design. Alternatively, topology optimization has
been proven to be successful to lower the robot’s weight to a
certain extent, while still maintaining a significant structural
stiffness [17], [18].

However, this stiffness constraint to assure good positional
accuracy impedes a further decrease in structural mass.
Therefore, for the design of the DLR LWR III [19], a novel
approach was taken. Instead of ensuring positioning accuracy
by a very rigid structure, the uncertainty introduced by the
lightweight design is covered using an appropriate control.
For assembly tasks, the target position is approximated
on a millimetric scale until contact is detected, whereafter
the exact assembly position is felt by a search movement
using the integrated torque sensors; similarly as done by a
human worker. This approach, in combination with high-
power density actuation units and links in carbon fiber
composites resulted in a design with a payload to mass ratio
of 1.

The idea of lowering the rigidity of the robotic links can
be extended to a higher degree when modelling the link
flexibility and compensating the effect in an appropriate
control strategy. As such, a significant additional weight
reduction can be obtained. This type of manipulators is
classified as flexible link robots and can be regarded as a
class between the classical rigid robotics and soft continuum
robots. A rough simulation in [20] revealed that, by shifting
the deformation limit with a factor 10 with respect to that of
traditional, rigid robots, a weight reduction of 94 % can be
obtained. When allowing for higher deflections, the weight
gain can be even further improved. The reduced structural
mass will not only directly positively influence the safety and
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operation speed, in addition, smaller motor units are required
to actuate the lightweight links, which again benefits the
power consumption and overall robot mass.

The research on flexible link manipulators started as part
of space research, given the specific concern of lightweight
structures. Since then, many researchers have acknowledged
the overall benefits of flexible link manipulators, namely the
potential lower energy consumption, higher operation speeds,
better transportability and safer operation, and have been
focusing on modelling and formulating control strategies to
counteract the undesired side effects of the link compliance.
Indeed, because of the increased flexibility, configuration-
dependent deflections will occur, whereas in addition, the
structure will be more sensitive to vibrations. Different
control strategies, both feedforward as feedback, have been
proposed to suppress the vibrations and obtain accurate end
effector positioning. Benosman and Le Vey [21], Rahimi and
Nazemizadeh [22] and Dwivedy and Ebehard [23] provide
good overviews of different control techniques that have
been proposed for flexible link manipulators. Most studies
investigated the behavior and control of a flexible link
manipulator in the horizontal plane, excluding the effect of
gravity. Different model-based control algorithms for flexible
link manipulators have been proposed [24], [25], [26], [27].
On the other hand, model-free vibration control has been
achieved using different techniques. Tokhi and Azad [28]
used a high-pass filter to decouple the flexural dynamics from
the rigid body dynamics in accelerometer measurements at
the end effector, and used the obtained signal as input to
a PID controller. Alternatively, different techniques based
on strain sensing have been proposed. In [29], vibration
control is achieved by direct strain feedback, using a set
of strain gauges placed near the hub, while Ge et al. [30]
proposed a nonlinear strain feedback strategy. In [31], a set
of strain gauges is used to extract an indication of the end
effector deflection. The rate of change of the derived signal
is subsequently used as feedback signal. Less works consider
motion in the gravity field, introducing joint configuration-
and payload-dependent static deflections on top of the
oscillations. Mansour et al. considers vibration suppression
for motion in the vertical plane, using visual data from
a camera mounted on the end effector [32]. On the other
hand, Subedi et al. proposed a method to compensate the
static deflection of a planar multi-link flexible manipulator
using the feedback from inertial measurement units [33].
Malzahn et al. [34] compensates both effects by proposing
a strain-based decentralized controller to damp out the
structural vibrations in combination with a visual servoing
controller as outer control loop to guarantee end effector
tracking under gravity.

In the general literature on flexible link manipulators,
the overall benefits of flexible link manipulators are only
shallowly mentioned, while the focus is laid on modelling
and counteracting the undesired side effects of the link
flexibility. In this paper, however, we want to investigate
whether flexible links can be feasible and truly beneficial
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TABLE 1. Specifications of a selection of commercial cobots.

cobot type av. repeatability mass max. payload payload
(mm) (kg) (kg) mass
ABB YuMi [1] 0.02 9.5 0.5 0.05
Universal URS [2] 0.1 18.4 5 0.27
Robotics URI0 [3] 0.1 28.9 10 0.35
URI16e [4] 0.05 33.1 16 0.48
Franka Emika  Panda [5] 0.1 17.8 3 0.17
KUKA iiwa 7 [6] 0.1 23.9 7 0.29
iiwa 14 [7] 0.1 29.9 14 0.47
Fanuc CR-7iA [8] 0.01 53 7 0.13
CR-35iA [9] 0.03 990 35 0.04

in our field of interest, namely collaborative robotics. This
targeted application will impose differences in cross section
design and payload ratings then normally considered in the
flexible link literature, and will influence the selection of
the sensor system. As a first major contribution, we look at the
theoretical potential of flexible links to increase the payload
to mass ratio, by investigating the effect of the amount of
link flexibility on the demanded motor torque and maximum
reachable payload, while considering cylindrical links. While
the general literature on flexible link manipulators considers
homogeneous links with rectangular cross sections, whereby
significant flexibility is only considered in the direction of
motor motion, this is not interesting for cobots regarding
both load capability as safety (because of sharp edges).
In addition, in the literature, the introduced deflections are
in general relatively high while only a very limited payload is
considered. The demanded payloads in real industrial settings
are in general significantly higher than those considered in the
literature on flexible link robots. Therefore, we investigate the
feasibility to design a cylindrical flexible link for a specific,
realistic loading condition and study theoretically whether
flexible links are indeed beneficial for increasing the payload
to mass ratio.

Secondly, to get insights in the accuracy and usability
of such a manipulator, we quantify to what extent the
undesired side effects of the flexible design, considering both
vibrations as gravity induced deflections, can be counteracted
using an appropriate controller which is robust to highly
varying payloads and feasible in industrial settings. While
vision is often used in studies that include the effect of
gravity [32], [34], the risk of occlusions makes a camera-
based control strategy not always interesting in industrial
settings. We therefore consider a control strategy based on
strain measurements along the flexible link, and track the
end effector position using a motion capture system, while
considering a manipulator with payload to mass ratio of 1.

The paper is organised as follows; in section II, we visu-
alise the effect of link flexibility on demanded motor torque
and maximum reachable payload for a desired loading con-
dition, as well as the potential of flexible links for increasing
the payload to mass ratio. Subsequently, in section III we
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FIGURE 1. The link is modelled as a cantilever beam, clamped at an angle
0 with the horizontal and featuring a payload at the end effector. xs
denotes the position of the set of strain gauges, considered in

section I11-C.

describe the control approach to compensate the flexural
effects, relying on strain measurements along the flexible link
and robust to varying payloads. In section IV, we measure to
what extent the undesired flexural effects can be counteracted
by the proposed strategy. Firstly, a very flexible link setup
is considered, whereafter the strategy is implemented on a
cylindrical flexible link, loaded to reach a payload to mass
ratio of 1. Finally, a usecase is presented to demonstrate the
robustness to varying payloads. The paper concludes by a
conclusion and prospect to future work in section V.

Il. POTENTIAL OF FLEXIBLE LINKS FOR INCREASED
PAYLOAD TO MASS RATIO
In general, cobots feature cylindrical shells as links, given
the interesting load capabilities of hollow cylinders in
combination with the overall maximised contact area, which
is interesting to reduce the impact loads at collision. For a
specified load condition, a model based on Euler-Bernouilli
beam theory can provide interesting insights on the effect of
varying the internal and external radius of a cylindrical shell.
The link can be modelled as a cantilever beam with length
L, outer radius r, and internal radius r;, clamped at an
angle 6 with the horizontal (Figure 1). When considering
pure bending, the equation of the elastic curve v(x) can be
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FIGURE 2. Effect of the outer radius ro and inner radius r; of a hollow
cylindrical link on the static end effector deflection for specified payload;
usecase for a single link with length of 0.5 m made of aluminium,
considering a maximum payload of 14 kg and maximum angular
acceleration of 15 rad/ s2. To draw the line between rigid links, depicted
in dark grey, and flexible links, depicted in light grey, a maximum
deflection of 0.1 mm is selected. Coloured lines indicate the tendency of
constant necessary motor torques to reach the desired imposed loading
conditions.

calculated using the bending formula:

d?v(x)  M(x)
dx?  EI

ey

with E the link’s Young’s modulus, and I, the cross-
section’s area moment of inertia. M (x) is the internal moment
distribution at a distance x along the beam. For the following
analysis, we consider the gravity-induced deflection, and
are therefore interested in the internal moment distribution
caused by gravity, which can be calculated as:

F,L
M(x) = — T—i—FpLL coso

ng2
+(Fg+FpL)xcos9 ey cost 2)

with F, the gravitational force due to the link’s self weight
and Fpy, the gravitational force due to a payload at the link’s
end effector. By substituting equation 2 in equation 1 and
performing a double integration, the gravity-induced, static
deflection at the end point of the link (x = L) can be obtained:

cost ((Fp L3 F,L3
El, 3 8

3

Viip =

As the deflection reaches a maximum value for 6 = 0,
this case is considered for the following calculations.
By substituting the formulas for the mass and the surface
moment of inertia for a hollow cylinder, the deflection can
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FIGURE 3. Effect of the outer radius ro and inner radius r; of a hollow
cylindrical link on the static end effector deflection for a specified motor;
usecase for a single link with length of 0.5 m made of aluminium and
maximum angular acceleration of 15 rad/ s2, actuated by a Tinsmith
eRob110 motor with output torque of 62 Nm and weight of 3.3 kg.

To draw the line between rigid links, depicted in dark grey, and flexible
links, depicted in light grey, a maximum deflection of 0.1 mm is selected.
Coloured lines indicate the tendency of constant values of maximum
payload, while the thick, dotted lines give an indication of payload to
mass ratio that can be reached.

be calculated as function of the outer radius r, and internal
radius r;.

Figure 2 shows the results for a usecase for a single
link with length of 0.5 m made of aluminium, considering
a maximum payload of 14 kg and maximum angular
acceleration of 15 rad/ s2. In general, little information
can be found on the stiffness specifications of commercial
cobots. Therefore, to draw the line between rigid links,
depicted in dark grey, and flexible links, depicted in light
grey, a maximum deflection of 0.1 mm is chosen, which is a
common value for the repeatability of an average commercial
cobot platform (Table 1).!

In order to reach a rigid link design, the outer radius
should be big enough; in this case higher than 33 mm, while
the minimal thickness decreases for increased outer radius.
The outer radius of typical commercially available cobots
is located at the right boundary of the figure in order to
reach the necessary desired stiffness of the structure; the
Franka Emika Panda, for example, with maximum payload
of 3 kg, has an average outer radius of 55 mm, whereas the
URI16e, capable of carrying 14 kg, the outer radius is situated
around 54 mm and 42 mm, for the first and second link
respectively. Flexible links allow to significantly reduce the

1As the specific selection of this threshold can be questioned, we want to
emphasis that we aim to focus on investigating overall trends and the effect
of an increased structural flexibility. When adapting the threshold between
rigid and flexible links, the observed trends, discussed below, remain valid,
but evidently with a shifted boundary.
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FIGURE 4. Effect of the outer radius ro and inner radius r; of a hollow
cylindrical link on the static end effector deflection for specified payload;
usecase for a single link with length of 0.5 m made of PVC, considering a
maximum payload of 3 kg and maximum angular acceleration of 15 rad/
s2. Variations in gray scale indicate regions of higher deflection,

as clarified in the legend. Coloured lines indicate the tendency of
constant necessary motor torques to reach the desired imposed loading
conditions.

link’s diameter and allow for a more slender design. It is clear
that, when increasing the rigidity, and thus, the outer radius
and thickness, the self weight of the structure will increase
accordingly. Lines of constant necessary actuation torque to
reach the desired imposed loading conditions, as function of
the internal and external diameter, are superposed on Figure 2
using coloured lines. When allowing flexibility, the system
can be actuated with an actuation unit of less than 180 Nm.
When increasing the link rigidity, the necessary torque
increases, and limited torque needs can only be achieved
when considering a relatively large outer radius. As the
weight of the motor will scale with its torque output, higher
demanded torque will introduce heavier actuation units, and
therefore decrease the possibility to reach interesting payload
to mass ratios.

When starting from a selected actuation unit, a similar
exercise on investigating the effect of the shell parameters
can be performed. Figure 3 shows the results for a Tinsmith
eRob110 motor with output torque of 62 Nm and weight
of 3.3 kg, while again considering the same link length of
0.5 m and angular acceleration of 15 rad/ s2. In this case,
the calculated end-effector deflections to distinguish between
rigid and flexible links are based on the maximum payload the
motor can carry, on top of the link’s self weight as specified
by the internal and outer radius. The coloured lines show
the tendency of constant values of maximum payload, while
the thick, dotted lines give an indication of payload to mass
ratio that can be reached, depending on the inner and outer
radius. It is clear that, for a very rigid link structure, the
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FIGURE 5. Effect of the outer radius ro and inner radius r; of a hollow
cylindrical link on the static end effector deflection for a specified motor;
usecase for a single link with length of 0.5 m made of PVC and maximum
angular acceleration of 15 rad/ s2, actuated by a Maxon EC
motor-gearbox combination with output torque of 7.5 Nm and weight of
0.5 kg. Variations in gray scale indicate regions of higher deflection,

as clarified in the legend. Coloured lines indicate the tendency of
constant values of maximum payload, while the thick, dotted lines give
an indication of payload to mass ratio that can be reached.

maximum payload is limited, as most of the motor torque will
be consumed by the self weight and inertia of the link itself.
For very wide structures with high thickness, the self weight
even exceeds the maximum capability of the selected motor,
introducing the white area in the bottom right corner. When
reducing the link stiffness, the maximum payload increases,
as well as the payload to mass ratio. For a rigid link, a payload
of more than 4.8 kg can be reached only for a geometry with
large outer radius and small thickness. When considering
flexible links, the same payload capability can be reached
for smaller diameters. When allowing higher deflections, the
maximum payload increases, together with the payload to
mass ratio. A payload to mass ratio of 1 can here only be
reached for rigid links when considering large outer radius
and very small thickness, while the same values can be
obtained for more slender designs when considering flexible
links. When increasing the link flexibility, the payload to
mass ratio increases to ratios up to 1.4.

Most commercial cobots are made of aluminium because
of its interesting stiffness to weight ratio. Dropping the
stiffness constraint and allowing for higher link deflections
however could open the door for polymers, which, in general,
have a lower specific stiffness, but also lower density and
material cost.

Figure 4 visualises the results for a usecase for a link made
of PVC, considering a maximum desired payload of 3 kg
and, again, a maximum angular acceleration of 15 rad/ s>.
As for the previous examples, a link length of 0.5 m was
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selected. Because of the reduced stiffness, compared to that
of aluminium, and the combination of a relatively high link
length and moderate payload, the boundary between flexible
and rigid links is significantly shifted toward the right side.
To reach a rigid link design for this case, the outer radius
should be higher than 55 mm, whereas the minimal thickness
is around 10 mm. In order to analyse the amount of introduced
deflection, the region indicating flexible links is subdivided
using different light grey shades. It can be noted that the
outer diameter can be reduced by one third with respect
to the value for a rigid design, while still maintaining a
limited deflection at the end effector of maximum 0.5 mm.
An additional decrease in outer radius or selecting a very
thin design pushes the maximum deflection to higher values
in the order of centimetres. Studying the necessary torques
to actuate the system reveals that a reduced stiffness can
decrease the torque demand up to 30 percent.

Figure 5 shows the results for a Maxon EC motor-gearbox
combination with output torque of 7.5 Nm and weight of
0.5 kg, while again considering the same link length of
0.5 m, made of PVC and angular acceleration of 15 rad/ s2.
In this case, the limited motor torque significantly limits
the maximum thickness of the structure, depending on the
selected outer radius. It can be noted that, only for wide
structures, a payload higher than 0.3 kg can be reached for
a rigid design. Lowering the rigidity eventually results in an
increased payload. In addition, as indicated by the dashed-
dotted line, for this usecase, a payload to mass ratio of 1 can
only be obtained for a flexible design.

When selecting an outer radius of 10 mm, one can see that,
by lowering the thickness, the boundary of payload to mass
ratio of 1 is crossed. The yellow asterix denotes a design with
internal radius of 8.2 mm, which results in a geometry with
a weight of 67 gram. The total manipulator weight therefore
consists of 567 gram. The calculations indicate a maximum
payload 577 gram, corresponding to a maximum payload to
mass ratio slightly above 1. When considering the special
case of payload to mass ratio of 1, and thus, a payload of
567 gram, a static deflection of 19 mm is expected.

Ill. STRAIN-BASED CONTROL
The use of flexible link manipulators inevitably introduces
the need of a suitable control strategy to counteract the
undesired side effects of the lightweight design, namely the
introduced oscillations and the gravity-induced deflections.
Because of the flexibility, the end effector position control
can no longer be obtained by solely using joint angle data.
As elaborated in section I, different sensor systems have
been proposed to capture the necessary data to represent
the link’s flexural behavior. Studies that include the effect
of gravity mostly rely on vision. However, a camera-
based control strategy is not always feasible in industrial
settings, given the risk of occlusions. Therefore, in this
paper, we present a control algorithm for flexible link
manipulators under gravity, based on strain measurements.
Combined with regular joint angle measurements, the strain
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measurements enable to sufficiently characterise the behavior
of the flexible link manipulator, and the possibility of
counteracting the undesired drawbacks of the flexible link
design. Similarly as in [34], we propose a nested control
strategy, whereby an inner loop is responsible for vibration
control, whereafter the effect of the link compliance is
limited to a configuration dependent static deflection, which
is subsequently counteracted in an outer control loop.

The proposed controller is schematically represented in
Figure 6. The control architecture is based on a central
joint position controller to regulate the motor’s angular
position, visualised by the coloured region at the bottom left.
To counteract the effects of the link’s compliance, two distinct
control loops work on different portions of the measured
strain signal. Vibration control is achieved by proportional
strain feedback [35], [36], based on the dynamic portion of
the measured strain signal. As the resulting motion can be
regarded as vibration-free, the remaining implications of the
link compliance, i.e., the gravitationally induced deflections
can be modelled using a simple static model, based on the
static portion of the measured strain signal, and counteracted
by compensating the joint position reference for the joint
position controller. In what follows, the specific components
of the global controller are discussed in detail.

A. JOINT CONTROL

Angular position control of the joint is achieved using a
nested control structure, consisting of a PD position control
loop Gpp, a PI velocity control loop Gp; and PID current
loop. The block diagram of the joint controller is depicted
in Figure 6 by the bottom-left coloured area. Given the
high dynamics of the current control loop, it’s not separately
modelled but included in the motor representation Gayror -

B. VIBRATION CONTROL

A proportional strain feedback strategy is used to dampen
out the oscillations. Given the nested control architecture of
the joint controller, the strain feedback signal can be inserted
at different stages within this nested structure. To investigate
the influence of the insertion point of the proportional strain
feedback, the potential of increasing damping is investigated
using a root locus plot, for both the input point of the
position controller and the velocity controller. Figure 7(a)
shows the close view of the root locus plot around the beam’s
first resonant frequency, for the proportional strain feedback
inserted at the PD joint position control summation point,
calculated using the transfer functions of the rectangular
flexible beam setup discussed in section IV-A. As can
be noted, the capability of increasing damping for this
control configuration is very limited, as the complex pole
pair originating from the beam’s transfer function cannot
significantly be pushed into region with higher damping.
Figure 7 (b) visualizes the root locus for the strain feedback
inserted at the joint velocity control summation point. Here,
the damping can be significantly improved for increasing
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FIGURE 6. Schematic representation of the nested control scheme. The control architecture is based on a
central joint position controller to regulate the motor’'s angular position, consisting of a PD position
controller Gpp, with a nested PI velocity controller Gp; and PID current loop, jointly represented with the
motor by G0, Vibration control is achieved using a proportional controller Gp on the dynamic
portion of the measured strain signal ¢4y,,. The gravity induced static deflections are counteracted by
compensating the joint position reference for the joint position controller, using a calculation of the
predicted deflection from the static strain signal €44, represented by fyg.
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FIGURE 7. Root locus for strain feedback controller (a) at the position feedback input point (b) at the velocity
feedback input point. The plots reveal that for (a) the proportional strain feedback cannot increase the damping
significantly, while for (b), the complex pole pair can be shifted to regions with significant higher damping for

increased values of the proportional gain.

values of the proportional strain gain. A similar conclu-
sion was found by [37]. The strain feedback is therefore
inserted at the velocity level summation point, as visualized
in Figure 6.

C. GRAVITY INDUCED DEFLECTIONS

Because the vibrations are dampened out in the inner
proportional strain feedback loop, the problem of end
effector positioning reduces itself to counteracting the static
deflections induced by gravity. This entails that in the
resulting control loop, not the complete, complex dynamic
model of the flexible link should be incorporated, but a simple
static model suffices.

VOLUME 11, 2023

For a cantilever beam with length L, clamped at an angle
6 with the horizontal, as visualised in Figure 1, the internal
moment distribution M (x) caused by gravity at a distance x
along the beam can be calculated using formula 2, which is
repeated here for the reader’s convenience:

FoL
Mkx) = — T—i—FpLL cos

Fox?

+ (Fg + FPL) X cosf — cost (@)
with F,, the gravitational force due to the link’s self weight
and Fpy, the gravitational force due to a payload at the link’s

end effector. The gravity-induced, static deflection at the
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FIGURE 8. The measured strain signal is split into a gravitationally induced static component, and the portion corresponding to the
vibrational behavior. When only using a low pass filter, the resulting static strain signal contains a portion of the motion-induced strain
(black). Therefore, this portion is firstly subtracted from the total strain signal prior to the filtering process, to obtain a clean strain signal

only reflecting the gravitational effect (grey).

end point of the link (x = L) was derived in section II
by substituting equation 4 in the bending formula, given by
equation 1, and performing a double integration:

cosO [ Fp L3 FgL3
EI, 3 8

&)

Viip =

The strain €(x) at the top surface of the link, introduced by
the bending moment can be calculated as:
M(x)c
EI,
with ¢ the distance between the neutral line and the link’s

surface.
Substituting M (x) by equation 4 yields:

(6)

ex)=—

) cost ¢ FqL 4P L (F 4 F ) +ng2
e(x)= — — X+ =
EI, 2 S Y

@)

By solving this equation for Fpy, and substituting this in
equation 5, a relationship between the deflection at the tip
Viip and the strain €(xy) at a specific location x, along the link,
independently of a possible payload, can be obtained:

L3e(xs) FgL2 cosd
3(L — x;)c 24EI,

The vertical offset due to the deflection can then finally be
calculated as:

(L — 4x,) ®)

Viip =

VZ = Viip - cos6 )

D. FILTERING OF THE STRAIN SIGNAL

As the overall control loop is based on feedback of two
distinct portions of the strain signal, a good filtering of the
complete signal into the two desired components is necessary.
The proportional strain feedback to counteract oscillations is
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based on the dynamic strain €y, (xy), i.€. the strain originating
from the motion of the end effector. On the other hand, in the
outer loop, equation 9 is used to calculate and counteract
the vertical deviation of the end effector, based on the
’static strain’ €gqs(X5), introduced by the bending moment
originating from the gravitational forces. As for a given
posture of the manipulator, the strain contribution caused by
the gravitational moment is static, while the main portion of
the dynamic strain will consist of an oscillating signal around
the resonance frequencies, a low pass filter, with cut-off
frequency below the link’s first resonance frequency is a first
logical attempt to extract the strain signal originating from the
gravitational force from the overall strain signal measured by
the strain gauges. This strategy is schematically visualised in
black in Figure 8. The left top graph shows the total signal
measured by the strain gauge bridge, when different steps are
imposed on the motor position. The static strain, i.e. the strain
originating from gravitational loads, should therefore follow
a similar trend, and thus, should consist of different steps. The
static and dynamic strain, obtained using low pass filtering
are visualized in black in the bottom graphs. Using low pass
filtering only, however, the resulting static strain signal will
also contain the non-periodic contribution of the strain caused
by the motor acceleration, reflected by the bumps in the static
strain signal. Therefore, this portion is first subtracted from
the total strain signal before passing it through the low pass
filter.

This additional filtering action is schematically visualized
in grey in the block scheme in Figure 8, while the static and
dynamic strain obtained using this combined filtering process
is visualised in grey in the bottom graphs of Figure 8. Except
for a small overshoot, the resulting static strain now follows
the desired trend by gradually increasing or decreasing from
the initial strain value to the next one, corresponding to the
imposed joint positions.
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IV. END EFFECTOR ACCURACY

To obtain an indication of the end effector accuracy that
can be achieved, the control strategy proposed in III was
implemented and experimentally validated on a one link
flexible manipulator by tracking the end effector position
using a Vicon motion capture system. The frame of reference
XYZ to express the end effector position is placed as
visualized in Figure 1. To validate the control strategy for
higher deflections and larger oscillations than can be reached
with selected design for the Maxon EC-4pole30, denoted
by the asterix in Figure 5 and discussed in section II, the
control strategy was firstly validated on a very flexible
system consisting of a rectangular shaped aluminium beam,
following the general trend of the literature on flexible link
manipulators. In a next step, the strategy was validated on the
cylindrical design, considering the specific case of payload to
mass ratio of 1. Finally, a small usecase is presented whereby
the manipulator picks up a workpiece, brings it at a certain
desired position at which a human operator performs an
assembly task, whereafter the workpiece is released at a final
position. Video’s of the experiments can be accessed here.

A. EXPERIMENTAL SETUP

The experimental setup is a one degree of freedom manipula-
tor, actuated by an EC-4pole30 maxon motor, combined with
a planetary gearbox with ratio 79:1. The angular position of
the motor is measured by an incremental encoder at the motor
side. The motor is controlled using an EPOS4 controller. The
angular velocity and acceleration of the link were limited to
values slightly higher than typical values of commercially
available cobot platforms. The angular speed of the link was
limited to 7 rad/s, while the speed limit of the elbow joint
of the UR16e [4], KUKA iiwa [7] and Franka Panda [5]
respectively equals 7 rad/s, 2.09 rad/s and 2.62 rad/s. For
the test setup, a link speed of m rad/s corresponds to a tip
speed of 1.5 m/s. The angular acceleration was limited to
15 rad/ s2, while the limit for the elbow joint of the Franka
12.5 rad/s%.

The rectangular shaped flexible link consists of a 0.5 m
aluminium beam with height of 0.002 m and width of 0.02 m.
The link is mounted such that the width of the beam is aligned
with the rotation axis of the motor. The connection part
between the motor axis and the aluminium beam introduces
an small additional increase in link length of 0.013 m. As the
link’s width is much larger than its height, only oscillations
and deflections in the direction of the beam’s height, and thus,
perpendicular on the motor axis, are considered.

The cilindrical flexible link corresponds to the geometry
denoted by the asterix in Figure 5 and discussed in section II;
the link consists of a 0.5 m hollow cylinder from PVC, with
outer and internal radius of respectively 0.01 m and 0.0082 m.

For both links, a pair of strain gauges is placed close to the
motor hub, in a half-bridge Wheatstone configuration to only

2https://www.youtube.com/playlist?list:PLgNGSQpNjzzKIGGGMOiTAd
63qot9ypB8k
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TABLE 2. Specifications of the hardware setup.

Actuation specifications

Motor type EC-4pole 30

Gear ratio 79:1

Imposed max speed 7 rad/s

Imposed max acc. 15 rad/s?

Link specifications

Length (L) 0.5m

Material aluminium PVC

Cross section rectangular hollow circle
width =0.02 m outer radius = 0.01 m

thickness =0.002 m  inner radius = 0.0082 m
69 Mpa 3 Mpa
2755 kg/ m? 1310 kg/ m®

Young’s mod. (E)
Density (p)

capture bending strain. Figure 9 shows the hardware setups,
while Table 2 lists the most important specifications. The
strain signals are captured using a Beckhoff data acquisition
system and processed together with the motor data in Matlab
Simulink using the TwinCAT environment [38] with a sample
rate of 1 kHz.

B. CONTROLLER IMPLEMENTATION

As indicated in section III-A, the joint controller consists of
nested control structure, including a PD position control loop,
a PI velocity control loop and PID current loop. Both the
current and velocity control loop of the joint controller are
integrated in the EPOS4 controller and run at respectively
25 kHz and 2.5 kHz, while the position controller was
integrated in Simulink, therefore running at the TwinCAT
sampling rate of 1 kHz.

The gains for the current and velocity loop were obtained
using the EPOS’s auto tune function, while the position
loop gains were experimentally selected to obtain a smooth
step response without overshoot. Figure 10 visualizes the
performance of the joint controller for the rectangular shaped
flexible link setup.

C. RECTANGULAR SHAPED FLEXIBLE SETUP

Experiments were performed whereby step-like trajectories
were imposed on the vertical coordinate of the end effector.
Regular inverse kinematics for the rigid manipulator then
resulted in the desired joint angle reference. Experiments
were performed with and without payload, ranging up to
96 gram.

Figure 11 visualises the results of the proportional
strain feedback controller. Figure 11 (a) shows the vertical
coordinate of the end effector position captured by the Vicon
system, while Figure 11 (b) visualises the measured strain
signal. The grey signal depicts the measurements for a
zero proportional gain, representing the baseline reference
whereas the black curve shows the effect of the vibration
controller. Without vibration control, an initial average
overshoot in end effector position of 4 mm is detected. The
structure only features a very limited damping effect, as the
vibrations keep propagating with quasi constant amplitude.
After 5 seconds, when a new position is imposed, the
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outer radius
NN = 0,01 m

(b)

FIGURE 9. Experimental 1DOF flexible link setup (a) rectangular shaped flexible link, (b) cylindrical flexible link.
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FIGURE 10. Performance of the joint position controller for different step responses, obtained for the rectangular

shaped flexible link setup (no payload).

oscillation amplitude is still 3 mm. The beam’s vibrational
behavior is clearly reflected by the oscillations in the
measured strain signal. The strain measurements clearly
indicate that, when activated, the direct strain feedback
controller succeeds in suppressing the dynamic strain very
well, which results in a quasi vibration-free motion of
the end effector, as visualised by the motion capture
measurements.

The effect of outer control loop to counteract the gravity
induced deflections is visualized in Figure 12. The imposed
end effector trajectory consists of different steps and is
depicted by a dashed line. Figure 12(a) visualises the
complete trajectory sequence, while Figure 12(b) shows
an enlarged view of the first step. Without static strain
compensation, depicted in grey, an offset from the desired
end effector position is noted, which depends of the exact
configuration of the manipulator as described by equation 3.
The offset is the most significant at Z = 0 mm,
as this corresponds to the situation where the link is placed
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horizontally (6 = 0°). The deflection due to the self weight
of the link, and thus the positional error at the end effector in
that case equals 13 mm. The measured end effector position
with the outer control loop activated, is depicted in black.
An average overshoot of 1.7 mm can be noted, and the steady
state value is reached within 1.5 seconds. Comparison of the
obtained measurement with the imposed reference indicates
that the static deflections could be well compensated using
the proposed control strategy, with a maximum relative steady
state error of 0.004.

To investigate the robustness of the controller to payloads,
different weights were placed at the end effector and the
same end effector trajectories were imposed. Figure 13
groups the results for a payload of 96 gram. The baseline
measurement, depicted in light grey in Figure 13, is obtained
by disabling both the vibration controller as the static
deflection compensator. When adding additional weight, the
resonance frequencies of the combined flexible system are
expected to decrease with respect to the resonance frequency

VOLUME 11, 2023
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FIGURE 12. Results of the static deflection compensation algorithm for different steps in end effector position for the rectangular
shaped flexible link setup (without payload). Dashed line: end effector reference, black: measured position with compensation
algorithm activated, grey: measured position without compensation (baseline). (a) Complete trajectory sequence, (b) enlarged view

of the first step.

of the plain link. FFT’s of the measured strain signals indeed
indicate a first fundamental frequency fi 1.87 hz when
incorporating a payload of 96 gram, with respect to a value
of 4.2 hz for the non-loaded link. Because of the additional
weight at the tip, the magnitude of the resulting oscillations is
significantly larger then those encountered without payload,
now reaching an initial value in the order of 100 mm. As the
vibration controller is model-free, no adaptations need to
be done in the controller for varying payloads. The effect
of the direct strain feedback is visualized by the dashed-
dotted signal. As for the payload-free case, a good and
fast suppression of the end effector vibrations is obtained.
As no static deflection compensation is performed yet,
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a configuration-dependent steady state error can be noted.
The maximum error detected in this case equals 76 mm.
Finally, the black signal depicts the results when the complete
control system is enabled. The gravity induced deflections
could be counteracted well with a maximum relative steady
state error of 0.003, which indicates the robustness of the
compensation strategy to counteract gravitational deflections
for different payloads.

D. CYLINDRICAL LINK SETUP WITH PAYLOAD TO MASS
RATIO OF 1

A similar strategy was followed to validate the control
algorithm on the cylindrical flexible link. A payload of
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FIGURE 13. Results of the control algorithm for different steps in end effector position for the
rectangular shaped flexible link setup with payload of 96 gram. Dashed black line: end effector
reference, grey: measured position without compensation and without vibration control, grey

dashed-dotted: with vibration control activated, but without static deflection compensation,
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FIGURE 14. Results of the control algorithm for the cylindrical flexible link setup, for different steps in
end effector position with 567 gram payload (= Payload to mass ratio of 1). Dotted black line: end
effector reference, thin black: measured position without compensation and without vibration control,
grey dashed-dotted: with vibration control activated, but without static deflection compensation, thick
black: measured position with complete controller activated.

567 gram was attached to the manipulator’s end effector,
reaching a payload to mass ratio of 1. Figure 14 shows
the measured end effector trajectories for this setup. The
desired step-like trajectory is visualised by the dotted line.
The reference measurement, i.e., the captured end effector
trajectory when disabling the vibration controller and gravity
compensation, is visualised by the thin black line. It can be
noted that the effect of vibrations is less present as for the
rectangular shaped flexible link, as could be expected from
the increased stiffness resulting from the cylindrical design.
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The effect of the vibration controller is visualised by the
grey dashed-dotted line. A maximum steady state error of
19 mm can be detected. When activating the static deflection
compensation, as depicted by the thick black line, this error
could be reduced to a maximum value of 1 mm.

E. USECASE

As last validation, we consider a usecase whereby the
cylindrical flexible link setup picks up a workpiece, brings it
to a desired position where an assembly process is performed,
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FIGURE 15. Use case for the cylindrical flexible link setup. Top:
visualisation of the different steps of the usecase. Bottom: measured end
effector positions with and without deflection compensation, respectively
depicted in black and grey.

subsequently offers it to a position where the payload is
released, whereafter the manipulator goes back to its initial
position. With this usecase we aim to focus on investigating
the effect of the variation in payload introduced in the
different steps. The top part of Figure 15 visualises the
different steps of the usecase, while the bottom part shows
a zoomed view of the measured end effector trajectory
with and without activation of the deflection compensation
depicted in, respectively, black and grey. At the start of the
usecase, at time A, the manipulator is placed horizontally,
at & = 0°. As no payload is present, the deflection for this
setup is rather small, namely 0.8 mm. Therefore, no clear
visible distinction can be made when the compensation is
activated or deactivated. At time B, the manipulator moves
to 6 = —80°, where a workpiece of 110 gram is attached
to the end effector at time C. At time D, the manipulator
is again placed at & = 0°. Subsequently, a top part is
assembled to the workpiece, slightly increasing the mass of
the total workpiece to 123 gram. This region is indicated
by E, where the effect of the assembly process is reflected
in the fluctuations in end effector position. At time F, the
assembly process is finished. In contrast to the situation
at time A, the presence of the payload now introduces a
higher deflection, which results in a notable distinction of
end effector position with and without compensation. At time
G, the manipulator is placed at & = 45° wherafter at
time H, the payload is released from the manipulator. When
considering the case without deflection compensation, the
release of the payload results in an increase of end effector
position, because of the change in deflection. For the case
with compensation, however, we can conclude that, except
for a small overshoot, the end effector position is held
constant, which illustrates the potential of compensating the
deflection for changing payloads. Because without payload,
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the deflection is negligible, the end effector positions with
and without compensation coincide starting from that time
instant. At time I, the manipulator is again placed at the start-
ing position, at@ = 0°, where the effect of the deflection stays
negligible.

V. CONCLUSION AND FUTURE WORK

In this paper, we investigated the potential of flexible links
for increasing payload to mass ratios for collaborative robots.
We started by visualising the effect of link flexibility on
demanded motor torque and maximum reachable payload for
adesired loading condition, as well as the potential of flexible
link manipulators to increase the payload to mass ratio. While
most literature on flexible links considers rectangular cross
sections, this is not interesting for collaborative manipulators.
Therefore, we focused on hollow cylindrical links and
plotted the data as function of the outer and internal radii.
For a selected motor unit, we were able to design a
manipulator with payload to mass ratio of 1, which was
only possible by considering flexible links. Subsequently,
a strain-based control strategy for flexible link manipulators
was proposed. The challenge of obtaining good positional
end effector tracking was split into, on the one hand,
the suppression of introduced vibrations, and on the other
hand, the compensation of the residual static deflections
introduced by gravity. This approach resulted in a nested
control architecture, whereby vibration control is achieved
by an inner, model-free, proportional strain feedback loop,
while the outer loop provides the rigid body motion control
by using a simple, static model to predict and counteract
the current static end effector deflection from a single strain
measurement along the link. Both main parts of the controller
work on different contributions in the measured strain signal.
Therefore, a good filtering technique to split the global
strain signal in the dynamic component, corresponding to
the oscillatory motion, and the static component, originating
from the gravitational forces, is crucial. To quantify the
accuracy of the end effector tracking, the proposed controller
was implemented and experimentally validated on a one link
flexible manipulator whereby the end effector position was
measured using a Vicon motion capture system. In a first
step, similarly like in the general flexible link literature,
a very flexible setup with rectangular cross section was
considered, while in a next step, the cylindrical flexible
link setup with payload to mass ratio of 1, resulting from
the initial theoretical study, was used. As final validation,
we considered a usecase whereby the cylindrical flexible is
used to pick up and release a workpiece, to demonstrate
the effect of the compensation algorithm when changing
the payload. The results show that, independently of the
payload, the direct strain feedback successfully suppress
the induced oscillations. In addition, the gravity-induced
deflections could be compensated with a satisfying accuracy
in steady state. While the necessary accuracy of a robot is of
course very dependent on the exact task, within the specific
field of collaborative robotics, the slightly reduced position
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accuracy can in several situations be compensated by the
presence of the human worker, or a impedance/force control
strategy.

Future work includes extending the formulated models and
algorithms towards multi-link manipulators, as well as going
towards interaction strategies to allow safe collaboration with
flexible link manipulators.
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