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Abstract: The vibration of a deformable object is often a problem when it is automatically
handled by a robot manipulator. However, humans can often handle and damp the vibration of
deformable objects with ease. This paper presents force/torque sensor-based skills for handling
deformable linear objects in a manner suitable to reduce acute vibration with simple human
skill inspired strategies, that consist of one or two adjustment motions. The adjustment motion is
a simple open-loop motion that can be attached to the end of any arbitrary end-effector’s
trajectory. As an ordinary industrial robot’s simple action, it has three periods, i.e.,
acceleration, constant speed and deceleration periods; it starts from a predicted time tightly
close to a force/moment maximum. The predicted time for the adjustment action is generated
automatically on-line based on the vibration rhythm and the data sensed by a force/torque
sensor mounted on the robot’s wrist. To find the matching point between the vibrational signal
of the deformable object and a template, template matching techniques including crosscorrelation and minimum squared error methods are used and compared. Experiments are
conducted with an industrial robot to test the new skills under various conditions. The results
demonstrate that an industrial robot could perform effective vibration reduction skills with
simple strategies.
Keywords: deformable object, vibration reduction, skill, adjustment motions,

force/torque sensor, template matching, cross-correlation, minimum squared error

1. Introduction
Automated handling and assembly of objects have been studied by many
researchers in the areas of manufacturing, robotics, and artificial intelligence. Until
now, most studies assumed that the objects to be manipulated were rigid. However,
deformable objects such as cables, wires, ropes, cloths, rubber tubes, sheet metals, paper
sheets and leather products are common in the real world. In most cases, deformable
objects and parts are still handled and assembled by humans. Practical methods for the
automatic handling and manipulation of deformable objects are urgently needed. In this
paper, we concentrate on deformable linear objects (DLOs), such as ropes, hoses,
electric wires or leaf springs, which can be found in many industrial products.
Recent reviews of robot manipulation of deformable objects are provided by
Henrich and Wörn [1] and Nakazawa [2]. Compared to the assembly of rigid
workpieces, some additional aspects must be taken into consideration. The shape of the
workpiece to be assembled is typically neither exactly known nor constant for the
assembly process. While the initial shape depends on the history of the workpiece, the
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deformation in the assembly process depends on contact forces and gravity. In addition,
non-rigid workpieces have an inherent compliance which can hardly be influenced.
Altogether, these effects cause high uncertainties that have to be dealt with.
There are two principle ways to cope with these problems. On the one hand, the
behavior of the workpiece may be taken into account by means of a quantitative
deformation model for computing the shape of the workpiece. On the other hand, the
deformation can be regarded as uncertainty that must be sensed and/or compensated for
while performing the assembly.
The use of deformation models for handing DLOs has been investigated by several
researchers; for example, Zheng et al. determined the required gripper trajectory for
inserting a flexible beam into a rigid hole by computing the deflection curve of the
beam [3], Wakamatsu et al. presented a general algorithm for computing the shape of
elastic DLOs [4] and Hirai et. al. modeled the deformable objects for simulation
considering bend, twist, and extension in 3D space [5]. These methods can be used if all
relevant parameters, geometries and boundary conditions are exactly known. Without
additional sensor information, they are likely to fail in the presence of uncertainties.
Other works are based on sensor integration. Inoue and Inaba used a stereo vision
system for picking-up a rope and guiding it through a ring [6], Smith et. al. conducted
vision-based manipulation of non-rigid objects [7], while others inserted bending beams
into holes under friction (Kraus and McCarragher [8] with force-based approach,
Nakagaki et al. [9] with vision-based approach). All of those approaches are used for
solving clearly specified tasks, but it is not clear how they may be re-used in other,
similar situations.

Figure 1. The vibration caused by a quick operation results in uncertainty and failure, e.g.,
when inserting a DLO into a hole in a gravity field

When a robot executes a manipulation task, its motion can be divided into several
motion primitives, each of which has a particular target state to be achieved in the task
context. These primitives are called ‘skills’. An adequately defined skill can have
generality to be applied to various similar tasks. Until now, most of the research work
on skill-based manipulation deals with rigid objects [10-12].
Skill-based manipulation for handling deformable linear materials has been
touched upon recently. For example, Henrich et. al [13] analyzed the contact states and
point contacts of DLOs with regard to manipulation skills, Abegg et. al [14] studied the
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contact state transitions based on force and vision sensors and Remde et.al [15]
discussed the problem of picking-up DLOs by experimentation.
However, the effects of vibration are not taken into account in the skill-related
work described above. The dynamic effects of deformable objects cannot be neglected,
especially when the objects are moved quickly by a robot arm. As shown in Figure 1,
the uncertainty resulting from oscillation may cause failure during the insert-into-hole
operation. Therefore, the vibration caused by inertia should be depressed during the
motion or eliminated as soon as possible after the motion.
Vibration reduction of flexible structures has been a research topic for many
researchers, and Chen et al. have reviewed the previous works [16]. Chen et al. also
present a passive approach based on an open-loop concept for vibration-free handling of
deformable beams; similar ideas can be found in [17,18], which applied the ‘input
shaping’ using a robot [18] but dealt only with rigid bodies. However, application of the
method presented by [16] is limited due to its stable start condition of the robot motion
and a relatively simple trajectory of the previous motion. Considering the complex
manipulations involved in practical situations, such as avoiding obstacles, picking-up
and insert-into-hole, stable start condition cannot be satisfied easily.
With respect to manipulation, only the vibration that may cause failure of the next
operation must be eliminated. Therefore, we prefer to remove as much as possible of the
unwanted vibration immediately after the previous motion. Previous motion here refers
to motions that are completed before the next operation starts and result in vibration in
the DLO. In a recent paper, we discussed a model-based method to reduce the vibration
of DLOs using attachable adjustment motions [19]. Although the model-based method
has proved the effectiveness of the adjustment motion, it is computed off-line.
Moreover, it depends on how well the model matches the real DLOs, and how well the
simulated robot operation matches the real robot operation. These disadvantages are
general and hold true for all model-based approaches.
To overcome these disadvantages, we present sensor-based skills to eliminate acute
vibration of DLOs on-line. With the new skills, no model is needed to describe DLO’s
dynamic behaviors; the status of the DLO is recognized by analyzing on-line data from
sensors. Visual sensors are not considered here for their low sampling rate (usually less
than 25Hz, or at every 40ms) and high computing cost. Data from a force/torque sensor
(sampling rate is as high as 62.5Hz, or at every 16ms) mounted on the wrist of the robot
is employed to find the actual status of the DLO by using template matching methods.
The idea of the sensor-based adjustment motion is based on observations of human
skills. For example, holding a long stainless steel ruler as a DLO, even only with
translation movements, we could start our effective vibration reduction by adjusting our
hand position within a very limited space and time. The area needed, the acceleration
and the speed of the hand and the time to start the adjustment motion are correlated in
human skill. One may argue that a human hand can always deliver more delicate
acceleration profiles than any industrial robot. This is probably true. However, whether
these delicate accelerations are needed for a human to fulfill these skills remains
unknown. In the paper, we will show that an industrial robot, with a force/torque sensor
and limited types of acceleration profiles, can also conduct a very effective skill to
reduce acute vibration of DLOs.
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The vibration reduction skill presented in this paper is an open-loop skill and it
does not involve any feedback-based control law or any change of the acceleration
profiles developed by robot suppliers and illustrated in detail in the robot manuals.
Therefore, it could be easily used in practice in similar situations.
The rest of this paper consists of five parts. The strategies are discussed and
specified in Section 2. The template matching methods used to determine the main
parameters of the vibration signal are described in Section 3. Implementation of the
experiments is given in Section 4. Experimental results validating the effectiveness of
the proposed sensor-based manipulating skill are shown in Section 5. Finally,
conclusions and future work are related.

2. Strategies
With the force/torque sensor mounted on the wrist of the robot, the vibrational
pattern and other critical parameters can be known before skills are conducted.
Therefore, no accurate model is needed. The most important thing is to determine when
to start the adjustment motion and how to adjust to the known vibration strength and
pattern of the DLO. However, some illustrations and assumptions are still listed here for
a better understanding of our strategy design.
2.1 Vibration patterns
2.1.1 Residual vibration period
Since only the vibration that may cause failure of the next operation should be
eliminated, adjustment motion can be done during the residual period immediately after
the corresponding previous motion. There is no externally exciting force during this
residual vibration period, so the vibration of DLOs is a kind of free vibration without
excited force. A DLO may have many modes of vibration. However, in most cases, the
dominant vibration is governed mainly by the first mode. To simplify the description,
we use a one degree-of-freedom (DOF) system as an example. It is also assumed that
the DLO behaves like a linear spring with constant stiffness. Thus, we have the
following equations for free vibration [20],
m&x& + cx& + kx = 0

(1)

where x is the endpoint displacement, m is the mass, c is the damping coefficient, and k
is the stiffness of the spring. The solution of equation (1) is as follows when the
damping is light;
x = Ae −αt sin(ω t + η )
(2)
where A and η depend upon initial conditions, α = c/2m and ω is the frequency of
oscillation. Equation (2) describes the residual vibrational displacement of a one DOF
system, implying that the vibration of such a DLO behaves like a Sine function.
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Figure 2. A typical low-pass filtered force signal of a DLO Fy during previous motion (0 to 1 sec.)
and residual period (after 1 sec.). It behaves most like Sine wave though the DLO has more
than one flexible DOF.

The force or moment signals are also Sine functions, according to the solution. A
typical DLO’s force signal obtained using a force/torque sensor is shown in Figure 2. It
behaves most like Sine functions too, although in fact the DLO may have more than one
flexible DOF. Therefore, it is reasonable to employ standard Sine functions as templates
for comparison with signals from the sensor during residual vibration periods. However,
if a DLO behaves in a different way, other kinds of template might be used.
2.1.2 Vibration during handling
If the free vibrating DLO is handled with various accelerations and speeds, the
vibration will be increased or decreased. During the acceleration and deceleration
period, the DLO is in fact excited by external forces. In this situation, the vibration of
the DLO can be treated as forced vibration.
The damped forced vibration equation can be written as [20]:
m&x& + cx& + kx = F sin (ω 1t )
if the exciting force is periodical.

(3)

It is well-known that if the excitation frequency of the system ω1 happens to
coincide with the natural frequency of the system ω , i.e., when ω1/ω=1, the dynamic
magnification reaches very high values, although these are attenuated by the damping
present. The frequency at which the peak dynamic magnification occurs is called the
resonance frequency.
On the other hand, for an already existing free vibration, if an opposite phase
exciting force with the same resonance frequency is added for a short time for example,
the vibrational amplitude will be reduced. Therefore, in our strategy design, we will
make use of resonance frequency to increase the skill’s efficiency. Vibration reduction
without considering resonance frequency might also be possible but is not the topic of
this paper.
In this paper, the dominant natural frequency ω (or vibrational period T) and the
stiffness of the DLO are measured experimentally with the force/torque sensor and used
as known parameters when manipulating a certain DLO.
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2.2 Basic Strategy
Here Adjustment motion refers to a kind of open-loop small-scale motion that can
be performed by a robot end-effector (or jaws in this paper) after any arbitrary trajectory
to damp the vibration caused by this previous motion. Most of the possible adjustment
motions can be sorted into two different groups according to the type of motion
involved [19]. One is translation-adjustment motion (TAMo) and another is rotationadjustment motion (RAMo). The adjustment motions can also be classified as one-way
adjustment motion and two-way adjustment motion, as shown in Figure 3. Two-way
adjustment-motion style is very convenient for the immediate execution of the next
operation because the robot’s jaws are back to their original position. Unlike modelbased methods, the sensor-based adjustment motion will be generated on-line and
automatically according to the results of vibrational data analysis. The style of
adjustment motion used here is TAMo.
DSA (distance, speed and acceleration profiles): An adjustment motion could be
defined by specifying its acceleration, speed, deceleration and distance precisely.
However, an industrial robot can perform only limited types of acceleration profiles. We
have to define the adjustment motion in a simplified way: define it with distance, speed
and acceleration profiles. In other words, with the combined speed and acceleration
profiles, we hope that the robot jaws are able to cover a short distance within a certain
period of time with one type of acceleration profile. DSA specifies the flexible pattern
of adjustment motion. For example, we want the robot end-effector to run along a
straight line for 25cm within 0.25sec with acceleration profile type 1. This would mean
its speed should reach 1m/s at least; this seems easy for an industrial robot whose
highest speed may be over 5m/s.
The basic strategy: The basic strategy of the sensor-based skill consists of not
only the DSA of the adjustment motion, but also the time (when the robot jaws start the
adjustment motion) and the direction (which direction the robot jaws should move to).
To reduce the vibration of a DLO, one of the strategies of human skill is to try to
prevent the DLO from regaining elastic energy once the adjustment begins, though a
subject can almost start his hand at any time regardless of the current status of the DLO.
The ongoing adjustment motion’s accelerations, speed and scope are deeply correlated
with the start time and direction in the human skill. In our strategy design, the
vibrational period and strength of the DLO can be reflected with the flexible DSA. Once
the time and direction of the adjustment motion are determined, the DSA are able to be
formed in a way that the DLO’s vibrational amplitude will shape the distance of the
robot jaws’ adjustment motion, and the vibrational period, together with the amplitude,
will shape the speed and acceleration profiles of the robot jaws.
Time to start: to reduce the DLO’s vibration, humans often start from one of the
extreme positions, when the DLO is deflected to either its left or right extreme. The
reason is probably because at the two extreme positions, the speed of the deflection is
the lowest and is easily tracked with the eyes. Similarly, we chose to start our robot
adjustment motion when moment/force reaches one of its maximum or minimum
values. Actually, often the robot could not start exactly at the time we expected due to
computing error and internal system delay. However, these perturbations could not
affect the skill very much if they were far less than the DLO’s vibrational period. To
start the adjustment motion from other non-maximum or non-minimum points might be
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possible (as observed in human skills) but should be accompanied by other correlated
DSA.

(a)

(b)

Figure 3. The two types of adjustment motions used to build up the vibration reduction skills in
our experiments. Both of the adjustment motions start from a force/moment maximum/minimum
but with different DSA. (a) One-way TAMo, robot jaws will shift distance Done to another position,
and (b) Two-way TAMo, robot jaws will shift distance Dtwo = 0.5Done and return to its original
position, is thought to be convenient for next operation.

Direction: there are two opposite directions for the adjustment motion to choose:
follow the DLO’s endpoint movement or against it. Here we chose to follow the
endpoint back to its balanced position.
As related above, the robot arm will start its vibration reduction skill from one of
the DLO’s extreme positions (the DLO’s displacement, force and moment reach their
extreme at the same time) and follow the endpoint’s movement back to its balanced
position. The DSA of the adjustment motion will be shaped by the known vibrational
period and the on-line data which reflects DLO’s vibrational amplitude. However, oneway and two-way adjustment motion has different DSA.
2.3 One-way TAMo
A one-way adjustment motion consists of three parts, i.e. an acceleration period, a
constant velocity period and a deceleration period. The strategy of the one-way
adjustment motion is: (1) start at the time which could make the main acceleration
period tightly close to the maxima area of the sensed force/moment; (2) move to follow
the DLO’s endpoint movement; (3) along a straight line cover a distance which equals
the DLO’s adjacent maximal displacement; (4) the speed and acceleration profiles
should assure the whole adjustment motion is finished within a half DLO’s vibrational
period. The direction of the endpoint movement will be sensed by the force/torque
sensor. The strategy is also illustrated in Figure 4.
According to the strategy, the entire adjustment motion period is a half vibrational
period T. These maxima of the force/moment occur when
sin(ω t + η ) = 1

i.e. when
ωt=

4n + 1
π −η ,
2

(t > 0, n = 0, 1, 2, L)
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The equation (5) implies a theoretically infinite number of opportunities to implement
the sensor-based adjustment motion, if damping is neglected. Considering the internal
delay of the robot system, the time to start the one-way adjustment motion should be
modified,
t=

1 4n + 1
(
π − η ) − t sys ,
2
ω

(t > 0, n = 0,1, 2, L)

(5b)

where the tsys is the robot system delay which highly depends on the type of robot used
and is assumed as a constant for each execution.

Figure 4. The sensor-based one-way adjustment motion strategy, where the Sine wave
represents the sensed force/moment from the DLO and schematic acceleration profile is
illustrated in pink line with impulse like shapes. The adjustment motion is expect to cover a
distance equal to the vibration displacement amplitude within a half vibrational period.

The scope of the adjustment motion is determined by the vibrational amplitude of
the DLO, i.e. we have the following equation;
stamo =

1
β f end
2

(6)

where stamo is the distance from the start to the end of an adjustment motion, β is the
damping coefficient that varies with respect to vibrational period, fend is the vibrational
amplitude of the DLO during the residual period and defined as the value of a maximum
minus the value of an adjacent minimum.
The vibrational amplitude is known indirectly, based on the following linear
stiffness assumption;
δ = f end

M amp

(7)

where δ is a constant that can be measured in advance and Mamp is the amplitude of
moment that can be measured on-line for each adjustment motion. The constant δ is
obtained by measuring fend and Mamp before the skill is implemented in the experiments.
Here we used moment instead of force to estimate the vibrational amplitude of the DLO
because moment has larger and clearer peaks and valleys, especially during acceleration
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or deceleration periods, thus making feature recognition easier. However, using force
does not result in vital error but less accuracy.
2.4 Two-way TAMo
Two-way adjustment motions are more practical than one-way ones. If a two-way
adjustment motion is conducted, the robot jaws will finally return to the original
position with the pre-adjustment posture. This characteristic of the two-way adjustment
motion is more convenient for the following operation. For example, when a robot arm
moves a DLO quickly from somewhere to the front of a hole (as shown in Figure 1) and
is trying to insert the DLO into the hole, acute vibration caused by the quick motion
may result in failure or damage. To fulfill the task efficiently, a two-way TAMo to
reduce vibration followed by insertion should be one of the best choices.
A two-way adjustment motion can be defined as two tightly connected symmetrical
parts, as shown in Figure 5, with each part a one-way adjustment motion. One may
realize that a two-way adjustment motion and a one-way adjustment motion have
almost the same strategy. The detailed strategy of a two-way adjustment motion may be
described as: (1) start at the time which could cause the main acceleration impulse occur
tightly close to the maxima area of the sensed force/moment; second segment starts at
the time which could let the main deceleration occur tightly close to the minima area of
the sensed force/moment; (2) move to follow the DLO’s endpoint movement direction,
which is sensed by the force/torque sensor; (3) the first segment covers a distance which
equals to half of the maximal displacement, and so does the second segment; (4) the
combination of speed and acceleration profiles should let the first and second segments
be finished within a half DLO’s vibrational period respectively.

Figure 5. The sensor-based two-way adjustment motion strategy could let the robot’s endeffector go back to its original position. The Sine wave represents the sensed force/moment
from the DLO and the schematic acceleration profile is illustrated in pink (first part) and green
(second part) lines with impulse like shapes. The two acceleration profiles are connected
immediately one after another. The whole skill consists of two adjustment motions could be
finished within one vibration period.

Now, the problem is, how can we find the correct time for starting the adjustment
motion with only the force/torque sensor? In the following section, a template-matching
method will be employed to solve this problem.

9

Submit to Journal of Robotic Systems

Manipulating DLOs: Sensor-based Skills for Vibration Reduction (final. 12/10/2004)

3. Sensor Data Processing
From Section 2, we learnt that the DLO’s vibrational displacement theoretically
behaves like a Sine function if it has one DOF. The DLO’s vibration has been found to
behave most like a Sine wave even with multiple flexible DOFs. We also could have
sample data obtained from the sensor. If we find the matching point where the sample
data matches the Sine function, we may use the Sine function to predict all the maxima
of the vibrational signal in advance. The adjustment motion can then start based on the
calculated time corresponding to one of the predicted maxima.
To find out the maximum of the vibration (sensed force/moment), the signals from
the sensor will be compared with templates using different template matching
techniques. Cross-correlation and minimum squared error methods will be employed to
find out the match points between the signal and the template.
The sensor can provide 6D data, i.e. 3D for forces and 3D for moments. Here, only
moments are used to sense the vibration of DLO. The direction of adjustment motions
can be determined according to

Μ = (M x

My

i
 
M z ) j 
k
 

(8)

where M is the vector of moment and Mx, My and Mz are the moment in x, y and z axis,
and i, j and k are the unit vectors in x, y and z axis respectively. The absolute value of
the moment signal can be obtained as:
M = M x2 + M y2 + M z2

(9)

Thus, the 3D data from the sensor is translated to one column and compared with the
template in the following sub sections.
3.1 Cross-correlation (CCR) method

Figure 6. To recognize the matching point of the vibrational signal, a piece of the periodic signal
from the sensor is compared with the template of Sine segments using the Cross-correlation
(CCR) method. The signal is drawn using raw data without smoothing.
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The template matching method [21] is used here to find the matching point
between the signals obtained directly from the sensor and the Sine function. In fact, this
is a two dimensional problem, but to save processing time, we tried to transform it into
a one dimensional problem by computing the offset as described later. Let;
g(i) be the signal from the sensor data
t(i) be the template, and let
D be the domain of definition for the template t(i).
We are looking for a region of the signal in which the signal function is similar to a
previously specified template function. To measure how well a portion of the signal
matches the template, the cross-correlation Rg,t(m) between the two functions g(i) and
t(i) is defined as;
R g ,t (m) =

∑

(10)

g (i) t (i − m)

i − m∈D

Notice that this definition amounts to translating the template t(i) to position (m) in the
signal. The template and the signal are declared similar when the cross-correlation is
large. The normalized cross-correlation Ng,t(m) is given by;
1

N g ,t ( m) =

∑g

2

(i )

(11)

R g ,t ( m)

i

Hence, the normalized cross-correlation has a maximum value when the match
with the signal function is perfect (up to a scale factor). The above definition can also be
written as the following form if equation (9) is combined;
N g , t ( m) =

1

∑ (g

2
x

(i ) + g (i ) + g (i ))
2
y

2
z

R g , t ( m)

(12)

i

A half period of Sine function with a unit amplitude is used as a template (as
shown in Figure 6) and compared with each part of the digital signal obtained from the
force/torque sensor, according to equation (12). The point with the largest value of Ng,t
is the matching point. The time corresponding to the maximum of Ng,t is a critical time,
at which displacement is a maximum. Fortunately, there are many opportunities where
signal maxima are reached according to equation (5). As mentioned above, the signal
data should be translated by;
g (i) = g (i) − g av

(13)

where gav is the average value of the signal within one vibration period.
3.2 Minimum squared error (MSE) method
In the above CCR method, samples should cover at least one-and-a-half periods to
achieve a high success rate. We have to wait while sampling, which is very time
consuming. To decrease the total time of the adjustment motion process, the sampling
11
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time should be reduced. It is possible to find the matching point using only part of the
periodic signal from the sensor, if it is carefully compared. In this case, as shown in
Figure 7 for example, we used the minimum-squared-error (MSE) method to find the
matching points.

Figure 7. To recognize the matching point of the vibrational signal, a piece of the periodic signal
from the sensor is compared with the template of Sine segments using the minimum squared
error (MSE) method. The raw signal data from sensor may not cover a whole vibrational period.

Since the signal from the sensor does not cover even one period, it is impossible to
know the offset values of the signal due to asymmetry. Therefore, sample data from the
sensor should be translated in order to transfer the 2D template matching problem to a
1D one, as we do with the CCR method. Data g(i) from the sensor can be translated to
the domain of [0,1] by,
g (i) =

g (i) − g min
g max − g min

(14)

where
g min = min( g (i )) i∈Dg

(15)

g max = max( g (i )) i∈Dg

(16)

and

where Ds is the domain of the signal segment for comparison. The compared portion of
the template can also be translated to the domain of [0,1] in the same way,
t (i) =

t (i) − t min
t max − t min

(17)

where

t min = min(t (i )) i∈Dt

(18)

t max = max(t (i )) i∈Dt

(19)

and

where Dt is the domain of the compared portion of the template.
Now, the MSE based on the above equations (14) and (17) can be written as;
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M se (m) =

∑

( g (i − m) − t (i)) 2

(20)

( i − m )∈Dg

Notice that it is the sensor data that is translated to the position m in this case. The
definition in (20) is also the standard Euclidean distance between two vectors. The point
with the smallest value of Mse is the matching point. By knowing the location of the
matching point on the template, the time corresponding to the start point of the template
can be known. Hence, the critical times at which displacement is at maximum or
minimum can be predicted.
As we know, the vibrational amplitude of the DLO can be predicted based on
equation (7) if a whole period of the signal is obtained, but the vibrational amplitude
cannot be derived directly with only a piece of signal segment. An alternative method is
to calculate the vibration amplitude by;
As =

Asl
At
Atl

(21)

where As is the amplitude of the signal, Asl and Atl are the local amplitudes of the signal
segment and the matched template segment, respectively, and At is the amplitude of the
template. The distance of adjustment motion is determined (as discussed in Section 2.3
and 2.4) if As is acquired.

4. Implementation
For the sensor-based adjustment motion experiments, a Stäubli RX130 industrial
robot was used. A standard 500mm stainless steel ruler with cross section of
0.5mm×18mm was used as the DLO in the experiment. One end of the ruler was
grasped by pneumatic jaws, as shown in Figure 8, and the force/torque sensor was
mounted on the wrist of the robot. The sensor used was an AdaptForce 50/100. The
sensor weighs 0.35kg and its relative accuracy is 2% of full scale, the resolution
(standard deviation of force sensor readings with filter 2) is Fx: 0.027N, Fy: 0.027N, Fz:
0.16N, Mx, My, and Mz : 0.0023Nm.

Figure 8. Experimental set-up. The DLO is grasped by pneumatic jaws and the robot conducts
an adjustment motion to reduce vibration before inserting into a hole.

The experiments are conducted under various conditions with CCR- and MSEbased methods. First of all, the vibrational period and the stiffness coefficient δ of the
DLO are measured off-line. In the following experiments samples were taken every
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16ms. The damping coefficient β was set to 1. The internal system delay was neglected
and tsys is thus set to be zero. The two adjustment motions in two-way adjustment
motion are conducted one immediately after another without overlapping or delay.
The overall on-line adjustment motion procedure consists of seven main steps,
which are executed sequentially until the vibrational amplitude is smaller than a
predefined threshold:
(1). The raw data from sensor is written into an array.
(2). The matching point is determined using template matching technique.
(3). The amplitude of the moment is computed.
(4). The direction of the adjustment motion is determined.
(5). The speed, acceleration and distance of the adjustment motion are
determined.
(6). The adjustment motion is conducted.
(7). The effects of the adjustment motion are evaluated.

5. Experiments and Results
To verify the presented methods, experiments were conducted with different
situations and methods; for example, in the horizontal plane, in the vertical plane and in
the general plane, with the CCR method and the MSE method.
The speed of the robot jaw is defined by monitor speed and program speed [22]. In
the following experiment, the monitor speed of the robot was set to 50% if not
otherwise specified. The program speed altered automatically according to the scope of
the adjustment motion and the vibrational period of the DLO. The program acceleration
profile used was number 0 which is the strongest among the several types of
acceleration profiles and was set to 100% [22] if not otherwise specified in the
experiments.
5.1 Cases using CCR method

In this case, the DLO is grasped by pneumatic jaws with dominant vibration
occurring in the horizontal plane, as shown in Figure 8. To contain at least one peak, the
samples should cover at least one-and-a-half vibrational periods of the DLO. Here, all
samples had a duration of 1.5 periods.
The vibrational period of the DLO was experimentally determined to be T=0.667s
(frequency 1.5Hz), the constant δ, which is defined in equation (7), was determined to
be 200mm/Nm before experiments. The vibrational amplitudes and moments of the
DLO were measured before and after the adjustment motion. The vibrations were
recorded with a video camera and read carefully later (Figure 9 shows one of the video
images). Experimental results are shown in Table 1, Figure 10 and Figure 11,
respectively.
Please note that the data in table 1 are obtained based on the following equations;
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n

u = ∑ xi
i =1

1
n

(22)

and
n

σ 2 = ∑ ( xi − u ) 2
i =1

1
n

(23)

where u is the average value and xi is the measured data. The same method will also be
used in the following cases.
Table 1. Vibrational amplitudes before and after adjustment motion (using CCR).
TAMo
one-way
two-way

average amplitude and variance for 10 samples
before adjustment
after adjustment
2
26.71cm (σ = 0.4049)
2.97cm (σ2 = 0.8681)
2
28.25cm (σ = 0.2885)
2.98cm (σ2 = 0.4816)

amplitude reduction in
percentage
88.88%
89.45%

Figure 9. The endpoint vibration of the DLO along with a scaled ruler is recorded on video
tape to be carefully read later.

As can be seen from Table 1, when the dominant vibration occurs in the horizontal
plane, the amplitude of vibration was reduced from 26.71cm before adjustment to
2.97cm after application of the one-way adjustment motion. About 88.88%∗ of the
vibrational amplitude was removed by the one-way adjustment motion. In the case of
the two-way adjustment motion, the amplitude was reduced from 28.25cm to 2.98cm, a
reduction of about 89%. It should be noted that the two-way adjustment motion has a
smaller moving scope only one-half the one-way adjustment motion’s.
The moment My corresponding to the dominant vibration occurring in the
horizontal plane, and the results of FFT-analysis are shown in Figure 10 (one-way) and
Figure 11 (two-way) respectively. Data cannot be recorded during the data processing
period (from about 1.1s to 1.4s). It can be seen that the amplitudes of the moment were
decreased with the use of a one- or two-way adjustment motion. The results of FFTanalysis also show the sharp decrease of H(f) corresponding to the dominant frequency
after adjustment motions. Other low frequency vibrations, such as the second and the
third mode vibrations, were not stimulated during the adjustment motion according to
the FFT-analysis. Moreover, the presented method worked very well although the
signals were not perfect Sine functions.

∗

Obtained by: (26.71-2.97)/26.71≈88.88%; the same method will be used in the following cases unless
otherwise stated.
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(a)

(b)

Figure 10. (a). Dominant moment My during the one-way adjustment motion in which the CCR
method is used, with dominant vibration occurring in the horizontal plane. (b). FFT-analysis of
the DLO’s vibration before and after adjustment motion.

As described in Table 1, Figure 10 and Figure 11, one-way adjustment motion can
reduce the amplitude to 2.97cm within only 3.0 seconds. However, decline damped to
the same level needs about 33 seconds according to our test. The two-way adjustment
motion decreased the amplitude to 2.98cm within only 3.0 seconds, and decline damped
to the same level costs about 34 seconds. So, the sensor-based adjustment motion is
quite efficient.
It was noted that a high frequency around 24Hz in Figure 10(b) occurred during the
adjustment motion. We recorded the data when the gripper conducted the same
adjustment motion with and without DLO respectively. The FFT analysis shows the
frequency around 24Hz was still there though not as obvious as before (Figure 12). In
fact, not all the adjustment motions stimulate high frequency tremor according to our
experiments. Compared with other low frequency residual vibrations, these kinds of
high frequency tremors have almost no influence on the next operation.

(a)

(b)

Figure 11. (a). Dominant moment My during the two-way adjustment motion in which the CCR
method is used, with dominant vibration occurring in the horizontal plane. (b). FFT-analysis of
the DLO’s vibration before and after adjustment motion.
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Figure 12. FFT-analysis of the data obtained when the gripper conducts the same adjustment
motion with (bold line) and without DLO (thin line). The frequency around 24Hz is still there
though slightly weaker without DLO. This frequency is probably coming from the robot system or
system coupled with DLO and stimulated by fast motion. Its contribution to DLO’s vibration
amplitude is quite small.

Additional experiments were conducted with the same DLO at different
frequencies. The frequency was changed to 1.15Hz in one of these experiments by
sticking about 5g (two 50 pfennig coins) to the free end of the DLO. In this case, the
amplitude decreased from 31cm to 3cm within 3.0 seconds with the same program as
above, and the adjustment motion style was two-way TAMo. The recorded moments for
this example during the adjustment motion process and the results of FFT-analysis can
be found in Figure 13.
Although the results of the experiments proved the effectiveness of the presented
methods, in practice it is possible to further reduce the sampling time using new
methods like MSE. In the following sections, the MSE method is used to find the
matching points to reduce the sampling time.

(a)

(b)

Figure 13. Case of lower vibration frequency (1.15Hz) by addition of about 5g mass (two 50
pfennig coins) to the end of DLO. (a). the dominant moment My during the sensor-based twoway adjustment motion, with dominant vibration occurring in the horizontal plane. (b). FFTanalysis of the DLO’s vibration before and after adjustment motion.
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5.2 Cases using the MSE method

In this sub-section the MSE method is used to reduce the sampling time. It is
expected that the new method can still find the matching point with few samples.
However, the success probability in fact decreases with fewer samples from the sensor.
Experiments were conducted to test the capability of the MSE method and results are
shown in Figures 14 (a) and (b). It was found that with 20 samples (i.e. covering half a
period), the MSE method can find the matching point with almost a 100% success rate.
Thus, in the following experiments, samples covering half a period are used without
further comment.
An increase in the number of samples increases the percentage of amplitude
reduction, but the trend stops after 20 samples. In this situation (nearly one hundred
percent success rates in finding the matching point), the main factor limiting the effects
of adjustment motion is the resolution of the motion control.

(a)

(b)

Figure 14. Percentages of success and reduction versus number of samples used with MSE
method. Samples here mean the sample from force/torque sensor every 16ms. (a) Success
rates, where success in finding the correct match point is set to be 100% and the opposite
phase is set to be 0; (b) The percentage of amplitude reduction after one-way TAMo. All the
data are average values from 4 repeated experiments.

Table 2. Vibrational amplitudes before and after adjustment motion (using MSE).
TAMo
one-way
two-way

average amplitude and variance for 10 samples
before adjustment
after adjustment
26.71cm (σ2 = 0.4049)
2.83cm (σ2 = 0.3121)
26.71cm (σ2 = 0.4049)
2.72cm (σ2 = 0.6256)

amplitude reduction in
percentage
89.40%
89.82%

As described in Table 2, Figure 15 and Figure 16, a one-way adjustment motion
using MSE can decrease the amplitude to 2.72cm within only 2.3 seconds. The
sampling time is decreased considerably compared with the CCR method. The two-way
adjustment motion decreased the amplitude to 2.83cm within only 2.6 seconds, and
sampling time is also quite reduced. Therefore, the MSE method is more efficient in
finding the sensor-based adjustment.
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(a)

(b)

Figure 15. (a). Dominant moment My during the one-way adjustment motion using the MSE
method, with dominant vibration occurring in the horizontal plane. (b). FFT-analysis of the DLO’s
vibration before and after adjustment motion.

Additionally, to avoid collision, it is better to conduct the adjustment motion within
the scope that the previous motion had just occupied. This means that the adjustment
motion should start from an adjacent extreme with which collision is not possible. This
criterion can be called the safe prior criterion (SPC). On the other hand, to reduce the
waiting time, it is better to start adjustment motions as early as possible, no matter what
kind of extremes (either maximum or minimum) are involved. This criterion can be
called the wait-less criterion (WLC). Which demand can set the prior criterion depends
on the environment and situations involved. For example, for two-way adjustment
motions of very small scope, the safety may not be an important problem for this style
of adjustment motion. Fortunately, sometimes these two demands can be satisfied at the
same time, as shown in Figure 17. The adjustment motion starts from an adjacent valley
and moves within the scope of previous motion. The total time required decreased to 2.1
seconds with a two-way TAMo.

(a)

(b)

Figure 16. (a). Dominant moment My during the two-way adjustment motion using the MSE
method, with dominant vibration occurring in the horizontal plane. (b). FFT-analysis of the DLO’s
vibration before and after adjustment motion.
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(a)

(b)

Figure 17. The adjustment motion conducted within the scope of previous motion and dominant
vibration occurring in the horizontal plane, safe prior criterion (SPC) and wait-less criterion
(WLC) are satisfied in this case. (a). Dominant moment My during the two-way adjustment
motion using the MSE method, (b). FFT-analysis of the DLO’s vibration before and after
adjustment motion.

5.3 Cases in vertical plane

Since the presented methods only depend on the amplitudes and phases of the
signals, the large offset due to gravity will not affect the final results. Here we also
present experiments in the vertical plane using our MSE method to find the matching
point of the signals from the sensor. The adjustment motion is conducted with a safe
prior criterion. The dominant vibration occurs in the vertical plane, and the DLO has a
certain pre-deformation due to gravity. The measured dominant frequency changed
slightly in the experiments and the period was 0.662 second. This period will be used in
the following examples if not stated otherwise.
The results can be found in Table 3, Figure 18 and Figure 19. In the vertical plane
with gravity, a one-way adjustment motion using MSE can decrease the amplitude to
2.81cm within only 1.5 seconds, reducing vibrational amplitude by 87.44%. The twoway adjustment motion can decrease the amplitude to 2.47cm within no more than 1.8
seconds, reducing vibrational amplitude by 88.96%. Therefore, the sensor-based
adjustment motion has proven to be very efficient even with gravity.

(a)

(b)

Figure 18. Safe prior criterion (SPC) and wait-less criterion (WLC) were satisfied with dominant
vibration occurring in the vertical plane. (a). Dominant moment My during the one-way
adjustment motion using the MSE method; (b). FFT-analysis of the DLO’s vibration before and
after adjustment motion.
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Table 3. Vibrational amplitudes before and after adjustment motion in the vertical plane (using
MSE) with safe prior criterion (SPC) and wait-less criterion (WLC).
average amplitude and variance for 10 samples
amplitude reduction in
TAMo
percentage
before adjustment
after adjustment
one-way
87.44%
22.37cm (σ2 = 0.4241)
2.81cm (σ2 = 0.6061)
two-way
88.96%
22.37cm (σ2 = 0.4241)
2.47cm (σ2 = 0.6961)

(a)

(b)

Figure 19. Two-way adjustment motion with dominant vibration occurring in the vertical plane,
Safe prior criterion (SPC) and wait-less criterion (WLC) were satisfied. (a). Dominant moment
My during the two-way adjustment motion using the MSE method; (b). FFT-analysis of the
DLO’s vibration before and after adjustment motion.

5.4 Cases in general plane

When DLOs are handled in a certain plane that is neither a horizontal nor vertical
plane, how does the presented method perform in this general situation? Here we also
perform experiments in general cases to test the presented method. Safe prior criterion
(SPC) and wait-less criterion (WLC) are used in these cases. The adjustment motions
start with the TOOL coordinates x: 1104.998mm, y: -24.004mm, z: 316.320mm, yaw: 6.639o, pitch: 114.825o and roll: 50.071o. Adjustment motion results are shown in Table
4, Figure 20 and Figure 21, respectively. In both of the cases, vibrational amplitudes
were reduced to lower level within 2 seconds.
Table 4. Vibrational amplitudes before and after adjustment motion in general cases (using
MSE) with safe prior criterion (SPC) and wait-less criterion (WLC).
average amplitude and variance for 10 samples
amplitude reduction in
TAMo
percentage
before adjustment
after adjustment
2
2
one-way
84.50%
21.68cm (σ = 0.1442)
3.36cm (σ = 0.9684)
two-way
88.24%
21.68cm (σ2 = 0.1442)
2.55cm (σ2 = 0.4685)
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(a)

(b)

Figure 20. One-way adjustment motion with dominant vibration occurring in the general plane,
safe prior criterion (SPC) and wait-less criterion (WLC) were satisfied. (a). Dominant moment My
during the one-way adjustment motion using the MSE method; (b). FFT-analysis of the DLO’s
vibration before and after adjustment motion.

(a)

(b)

Figure 21. Two-way adjustment motion using the MSE method with safe prior criterion (SPC)
and wait-less criterion (WLC), dominant vibration occurring in the general plane. (a). Dominant
moment My ; (b). FFT-analysis of the DLO’s vibration before and after adjustment motion.

5.5 Effect of frequency errors

One may realize that errors in the off-line measured frequency could influence the
vibration reduction. The problem here is just how much effect the frequency error
actually has. For this reason, we investigated the effect of the presented method with
respect to frequency errors experimentally. All of the experiments in this section were
conducted under the same conditions (i.e. using the same algorithms and with dominant
vibration occurring in the same horizontal plane, etc.) as in Section 5.2 except for
variations in the frequencies. All of the values are the average of 4 samples
As shown in Figure 22, the percentage of amplitude reduction for one- and twoway adjustment motions decreases with increased error in the dominant frequency.
However, for one-way adjustment motion, with errors within –2% to 2%, the
adjustment motion can still reduce the vibrational amplitudes by more than 80%, as
shown in Figure 22(a). Two-way adjustment motion with error between –4% to 2% can
maintain a more than 75% reduction in vibrational amplitudes.
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This implies that slight errors in the off-line measured frequency do not affect the
presented methods very much. However, in most of the cases, effect of the vibration
reduction will drop dramatically if error in dominant frequency is more than 2%.

(a)

(b)

Figure 22. The frequency errors can affect the reduction in vibration amplitude. Each point in
the figures is averaged from 4 repeated experiments. (a) one-way adjustment motion, (b) twoway adjustment motion.

5.6 Summary and discussions of the experiments

In the above sections, several experiments have been done to test the sensor-based
vibration reduction skills. We presented CCR and MSE methods to find the matching
point in the experiments. The MSE method can achieve the same vibration reduction
effect but saves about 1T in sampling. For almost each experiment, we provided oneway and two-way adjustment-motion respectively. The two-way adjustment-motion
style is very convenient for the immediate execution of next operation, since the robot
gripper will be back to its original position. Of course, a two-way adjustment-motion
costs 0.5T more compared to a one-way one. The time required for a complete trial of
adjustment motion with different matching point finding methods and criterions can be
found in table 5.
Table 5. The time required for each method. The total time includes sampling, computing,
waiting and execution time. Where T is the DLO’s vibrational period.
Methods
CCR

MSE

Sampling

Computing

Execution

Total time

0.35s
0.35s
0.35s
0.35s

Waiting
(at most)
0.75T
0.75T
0.75T
0.75T

One-way
Two-way
One-way
Two-way

1.5T
1.5T
0.5T
0.5T

One-way
(WLC)
Two-way
(WLC)

Related
Figures
Fig.10
Fig.11
Fig.15
Fig.16

0.5T
1T
0.5T
1T

2.75T+0.35s
3.25T+0.35s
1.75T+0.35s
2.25T+0.35s

0.5T

0.35s

0.5T

0.5T

1.5T+0.35s

Fig.18 and
20

0.5T

0.35s

0.5T

1T

2T+0.35s

Fig.17,19
and 21

The total time of an adjustment motion is the added up time from sampling to the
end of the execution of the adjustment motion. Using the CCR method, it costs at most
(2.75T+0.35s) for one-way and (3.25T+0.35s) for two-way to finish a complete trial.
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For the MSR method, it costs at most (1.75T+0.35s) for one-way and (2.25T+0.35s) for
two-way respectively. Combining with a specified criterion, such as WLC which allows
the adjustment motion to start from a nearest maximum/minimum, the total time
required could be reduced to even shorter as listed in Table 5. However, the decline
damps the same vibration to the same level costs tens of vibrational periods, for
example, 34 seconds as mentioned in section 5.1.
Based on the results of the above experiments, the presented skills have been
proven to be effective in practice. Although not all of the vibration can be eliminated
due to the limited resolution of the robot system, it is reasonable to expect that if other
low frequencies vibrations still behave dominantly, the sensor-based adjustment motion
can also be used to reduce them in the same manner.
In the presented methods, we assumed that the robot’s accelerating ability and the
vibration period T satisfied
0.5T
(24)
>> 1
∆t
where ∆t is the required time for the robot to accelerate its gripper to a certain high
speed. There are several acceleration or deceleration profiles provided by the Robot
supplier, we chose the fastest one as indicated in the experiment illustrations. It is clear
that the presented method would be less effective or ineffective if the vibration
frequency were much higher beyond the robot’s motion abilities.

Additionally, internal system delay and variance of the robot acceleration are
actually beyond our control during the experiment. However, as described in the
moment figures above (sampling rate every 16ms), adjustment motion could always
start at or tightly close to the expected time and slight delay has not affected the
vibration reduction very much. The reason is probably because these perturbations are
relatively weak and the skill is robust to these weak variations. For example, the system
delay tsys<<0.25T as we have found in the above figures and described in [22]. On the
one hand, could not control the acceleration in details makes the skill rather easy to be
implemented; on the other hand, it is probably one of the reasons for the skills could not
reduce the vibration to an even lower level, for example, from current centimeter level
to millimeter level.
In the above experiments, we did not redesign the motion control law, which was
already well developed by the suppliers. The only thing that an operator should do is to
supply the robot with the vibrational period (or frequency) and the stiffness coefficient,
which are measured off-line automatically with a well established program. In fact, this
kind of calibration can also be performed on-line without significant difficulty, if
demand for integration finally emerges.
As mentioned in section 3, vibration reduction skill could start from other point of
time and other direction as well; DSA should be changed to cope with the new start
point and direction. For example, start at the time when the DLO reaches its balanced
position (where the deflection is zero for one DOF system), the DLO’s vibration can be
reduced too according to reference [23], in which the effect of a vibration reduction skill
was tested with DLOs made of different materials and with different residual vibration
amplitudes as well. The correlations between start time, directions and DSA might be
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easy to establish and implement if skills are accommodated and/or mediated by an
artificial neural network in the future.

7. Conclusions
In this article, special skills, i.e. force/torque sensor-based methods for eliminating
acute vibration on-line during the handling of DLOs, were presented and the
experimental results were discussed. Based on the simple strategies inspired from
human skills, the attachable on-line skills can reduce the vibrational amplitude of DLOs
effectively (cut by more than 85% on average) without stimulating other low frequency
vibrations with an ordinary industrial robot.
Besides the strategies, most of the information to construct the skills is obtained
from
the
force/torque
sensor
mounted
on
the
robot’s
wrist.
Unlike model-based methods, the sensor-based method does not use any information
from previous motions. That is to say, the previous motion that resulted in vibration
need not be known. The adjustment motion is generated automatically on-line by
analyzing data from the sensor. Template matching technique and minimum squared
error method are used to determine the matching point between the vibrational signal of
the DLO and a template to meet different demands. Since the presented methods do not
depend on the absolute value of signals from the sensor, they perform well whether or
not there is an influence by gravity (which would result in offset of the absolute value).
These on-line skills are based on an open-loop concept without any feed-back
information during operation. All the experiments were completed using an industrial
robot. Therefore, the presented approaches could be easily used in practice due to their
simple but effective characteristics. In the future, information from visual sensor may be
integrated into the skill to simplify the implementation or extracted as redundant
information to confirm the status of the DLO. Furthermore, to make the skill even more
effective and flexible, neural networks with enough flexibility might be used.
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